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A. Abstract

Pancreatic adenocarcinoma is one of the leading causes of cancer death and despite

aggressive surgical or medical management, the mean life expectancy is only 3 - 6 months

for patients with metastatic disease. Combination of surgery and current chemo- or

radiotherapy on long-term survival is minimal, since escape from apoptosis (programmed cell

death) is a characteristic feature of pancreatic cancer cells. This calls for new strategies that

tackle apoptosis resistance in order to improve the poor prognosis of this cancer.

Targeting the tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL)

apoptotic pathway is considered as a promising candidate for cancer therapy, since TRAIL

has been shown to induce apoptosis specifically in tumor cells without harming most normal

cells. However, many cancers including pancreatic cancer, exhibit resistance towards TRAIL,

e.g. due to high expression of anti-apoptotic proteins such as cellular FLICE-inhibitory protein

(c-FLIP) proteins. In an attempt to investigate regulators of TRAIL signaling in pancreatic

cancer, we explored the role of c-FLIP proteins in the control of TRAIL-induced apoptosis.

Here, we identified both the long (c-FLIPL) and the short isoform (c-FLIPS) of c-FLIP as

promising targets to overcome resistance of pancreatic carcinoma cells towards TRAIL.

Simultaneous downregulation of c-FLIPL and c-FLIPS as well as individual knockdowns of

either isoform by RNA interference cooperates with TRAIL to trigger caspase activation and

caspase-mediated apoptosis. Furthermore, pre-treatment with chemotherapeutic drugs, like

5-Fluorouracil (5-FU) or Cisplatin at subapoptotic concentrations causes downregulation of c-

FLIP proteins and renders resistant cells sensitive to death receptor-induced apoptosis.

Importantly, primary cultured pancreatic cancer cells are also primed for TRAIL-induced

apoptosis by pre-exposure to 5-FU or Cisplatin. Mechanistic studies revealed that 5-FU-

mediated suppression of c-FLIP proteins results in increased recruitment to and activation of

caspase-8 at the death inducing signaling complex (DISC), leading to caspase-3 activation

and caspase-dependent cell death. Overexpression of c-FLIPL rescues cells from

sensitization for TRAIL-induced apoptosis by 5-FU or Cisplatin, indicating that c-FLIP

suppression is a key event in this chemotherapy-mediated sensitization to TRAIL.

Importantly, pre-exposure to 5-FU also sensitizes cells for TRAIL receptor antibodies that are

currently used in clinical trials for, among others, pancreatic cancer.

In conclusion, both c-FLIPL and c-FLIPS are negative regulators of death receptor-induced

apoptosis in pancreatic carcinoma and targeting one of these isoforms is sufficient to prime

for apoptosis. These findings have important implications for the design of TRAIL-based

combination protocols with drugs currently used in the clinic for pancreatic cancer.
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1. Introduction

1.1 Cancer cell biology

According to the American Cancer Society, 7.6 million people died from cancer (medical

term: malignant neoplasia) worldwide during 2008, thereby representing the second most

frequent cause of death after cardiovascular diseases in the US (Jemal et al., 2008). In the

western world, prostate cancer, colon cancer and lung cancer are the most common by

occurrence in men and breast cancer, lung cancer and colon cancer in women (Jemal et al.,

2008). Leukemia (usually acute lymphoblastic leukemia) is the most common cancer in

children aged 1-14, followed by cancer of the brain and other nervous system (all irrespective

of sex) (Jemal et al., 2008). The common thread in all known cancers is the acquisition of

abnormalities in the genetic material of the cancer cell and its progeny. These mutations

include chromosomal translocations and inversions, gene deletions, gene amplifications,

point mutations and duplication or losses of chromosomes, leading to uncontrolled cell

division, evasion from the immune system and finally tumor formation. The term tumor is

synonymous with solid neoplasia or abnormal proliferation of cells. Tumors can be either

malignant (cancerous) or benign (non-cancerous), with only the malignant tumors being

capable of metastazing.
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Fig. 1: Occurrence of
cancer diseases (in %) in
male and female patients
worldwide for 2005.
While prostate cancer is the

most common cancer type

in male, it is breast cancer

in female. Lung cancer is

the second most frequent

type of cancer both in male

and female patients,

followed by colon

carcinoma (Unk Prim:

unknown primary tumor)

The formation of tumors (tumorigenesis) is regarded as a multistep process, with the single

steps reflecting genetic alterations that drive the progressive transformation of cells into

tumors. This is reflected in the observation, that many types of cancers are diagnosed in the

population with an age-dependent incidence (Renan, 1993).



                                                                                                                                 Introduction

3

Mutated genes leading to cancer can be divided into two groups: oncogenes with a dominant

gain of function mutation and tumor suppressor genes with a recessive loss of function. The

non-mutated precursor of an oncogene is called proto-oncogene. Only a relatively small

modification of the proto-oncogene´s original is needed to convert it to an oncogene, e.g. an

increase in protein activity, a loss of regulation or an increased protein concentration. In

contrast,  a tumor suppressor gene is a gene that protects a cell from one step on the path to

cancer. When this gene is mutated to cause a loss or reduction in its function, the cell can

progress to cancer, usually in combination with other genetic changes. A well-established

model describes six essential alterations in cell physiology that collectively dictate malignant

growth (Hanahan and Weinberg, 2000). These alterations include: self sufficiency in growth

signals, insensitivity to antigrowth signals, limitless replicative potential, sustained

angiogenesis, tissue invasion and metastasis and evasion of apoptosis (Fig. 2). While

virtually all cancers seem to acquire these six “hallmarks of cancer” capabilities, the mean of

doing so varies significantly, both mechanistically and chronologically. Thus, the order in

which these capabilities are acquired is variable across the spectrum of cancer types and

subtypes.

Tumor Evading apoptosis

Self-sufficiency in growth signals

Sustained angiogenesis

Limitless replicative potential Insensitivity to anti-growth signals

Tissue invasion & metastasis

Fig. 2: The six “classical” hallmarks of cancer.
The six “classical” hallmarks of cancer suggest that most if not all cancers have acquired the same
set of functional capabilities during their development, albeit through various mechanistic strategies
(Hanahan and Weinberg, 2000). A set of additional hallmarks that include evading of immune
surveillance and depict the stress phenotypes including metabolic stress, proteotoxic stress, mitotic
stress, oxidative stress and DNA damage stress have recently been proposed (Luo et al., 2009).

1.1.1 Self sufficiency in growth signals

For proliferation and growth, cells need external stimuli mediated by mitogenic growth

signals. The independence on these external growth signalling molecules was the first clearly

defined capability of cancer cells and can be divided into three molecular strategies:

alterations of extracellular growth signals, alterations of the transducers of those signals or

alterations of intracellular signaling pathways (Hanahan and Weinberg, 2000).
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In contrast to normal cells, where one cell type synthesizes and releases a mitogenic growth

factor in order to stimulate another (heterotypic signaling), cancer cells create an autocrine

stimulation. In this positive feedback loop, cancer cells aquire the ability to produce and

release essential growth factors needed for their proliferation, leading to an independence on

growth factors supplied from other cells (Fedi et al., 1997).

The external signals provided by mitogenic growth factors are transmitted into the cytosol by

transmembrane receptors, that bind the growth factor with their extracellular domain. These

cell surface receptors are themselves target of deregulation during tumor formation, e.g. by

overexpression leading to a hypersensitivity of the cancer cells to growth factors (Fedi et al.,

1997) or even to ligand independent signaling (Di Fiore et al., 1987).

Finally, alterations in the intracellular signaling pathways represent the most complex

mechanism of acquired growth factor autonomy. All human tumors show deregulation in

intracellular growth signaling pathways, with mutations in the ras oncogene playing a central

role in different cancers and with a variety of crosstalking connections with other pathways.

1.1.2 Insensitivity to antigrowth signals

As a counterpart for growth factors, anti-proliferative signaling molecules  e.g. soluble growth

inhibitors or immobilized inhibitors embedded in the extracellular matrix, act to maintain

cellular quiescence and tissue homeostasis. Antigrowth signals either drive cells into a

quiescent state (G0 phase), from which they can emerge again after positive growth signals

or into a postmitotic and therefore irreversible state, usually associated with a highly

differentiated cell status. The cell cycle machinery, that drives a cell through proliferation and

growth, is highly regulated by external signals, e.g. (anti-) growth factors and the cells´

external environment in general. Integrating all these different signals, a cell then decides

whether to proliferate, to be quiescent or to enter into a postmitotic state.

The best characterized antigrowth factor is transforming growth factor-  (TGF- ). TGF-

prevents the phosphorylation and thereby inactivation of retinoblastoma protein (pRB). At the

molecular level, antiproliferative signals are funneled through pRB, which blocks proliferation

by inhibiting distinct transcription factors, leading to a blockage of the cell cycle and keeping

cells in G0 phase (Weinberg, 1995). Many cancers show mutations in the pRB pathway

(Fynan and Reiss, 1993), e.g. by loosing TGF-  responsiveness through downregulation of

TGF-  receptors, by expressing dysfunctional receptors or by mutations in genes involved in

downstream signaling of the pRB pathway (Fynan and Reiss, 1993; Markowitz et al., 1995;

Schutte et al., 1996). However, cell proliferation and growth depends on more than an

avoidance of cytostatic antigrowth signals and cancer cells have developed various
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strategies to escape from final differentiation (Kinzler and Vogelstein, 1996; Kahn et al.,

1986; Foley and Eisenman, 1999).

1.1.3 Limitless replicative potential

Uncoupling of the tumor cell growth program from its environment by growth signal autonomy

and insensitvity to antigrowth signals is not sufficient to ensure expansive tumor growth. In

contrast to normal cells, cancer cells show defects in their intrinsic, cell-autonomous

programm that limits their multiplication. These defects seem to operate independently from

the already described cell-to-cell signaling pathways and are essential for the development of

a macroscopic tumor. In culture, cells have a potential of 60 - 70 doublings before they stop

growing - a process called senescense (Hayflick, 1997). Senescent cells are still

metabolically active, but show a characteristic, flat morphology (Schmitt, 2003). One of the

limiting factors for the number of cell divisons are the telomeres, the ends of the

chromosomes. Telomeres consist of several thousands repeats of a 6 bp sequence element

and are shortend by 50 - 100 bp during each cell cycle. This shortening is caused by the

inability of DNA polymerases to completely replicate the 3´-ends of chromosomal DNA during

S phase. Finally, this leads to end-to-end chromosomal fusions, to karyotypic disarray and to

death of affected cells (Counter et al., 1992). The shortening of telomeres is therefore

proposed to be a tumor suppressor mechanism.

Tumor cells have lost this mechanism by upregulation of the enzyme telomerase, which has

reverse transcriptase activity. The enzyme consists of an RNA-protein complex and is able to

add hexanucleotide repeats onto the end of telomeric DNA (Bryan and Cech, 1999). In

healthy tissue, active telomerase can only be found in cells of the germline, in stem cells and

in cells of the immune system, but not in others. In contrast, 85 - 90 % of all tumor cells

maintain their telomeres by upregulation of telomerase (Shay and Bacchetti, 1997), thereby

having the potential of unlimited cell divisions.

1.1.4 Sustained angiogenesis

Delivery of oxygen and nutrients like glucose by vasculature is essential for cell survival, with

a maximal distance of 100 µm between a capillary blood vessel and any cell. During

organogenesis, this closeness is ensured by the coordinated growth of new vessels

(angiogenesis). Typical angiogenesis-initiating molecules are vascular endothelial growth

factor (VEGF) or acidic and basic fibroblast growth factor (FGF1/2), each binding to its

corresponding receptor expressed on endothelial cells (Fedi et al., 1997; Veikkola and

Alitalo, 1999).  Thrombospondin-1 is a typical angiogenesis inhibitor and binds to CD36 on



                                                                                                                                 Introduction

6

endothelial cells (Bull et al., 1994). At all, there are more than 20 known angiogenesis-

inducing factors and the same number of endogenous inhibitors.

Once a tissue is formed, angiogenesis is highly controlled and proliferating cells lack

angiogenic ability, even though they depend on nearby capillaries. Therefore, in order to

progress to a larger size, incipient neoplasias must develop angiogenic ability (Bouck et al.,

1996; Hanahan and Folkman, 1996; Folkman, 1997). The ability to induce angiogenesis

seems to be acquired in discrete steps via an “angiogenic switch” from vascular quiescence

at an early or mid-stage level of tumor development (Hanahan and Weinberg, 2000). Altered

gene expression leads to increased expression of VEGF and / or FGFs or downregulation of

thrombospondin-1 (by loss of p53, the most important tumor suppressor), thereby changing

the balance of angiogenesis inducers and countervailing inhibitors (Hanahan and Folkman,

1996; Singh et al., 1995; Volpert et al., 1997; Dameron et al., 1994). The complete molecular

mechanisms of tumor angiogenesis are not fully understood, but they seem to be an

attractive therapeutic target for tumor treatment.

1.1.5 Tissue invasion and metastasis

The distant settlement of tumor cells (metastases) is the cause of 90 % of all cancer deaths

(Sporn, 1996). During the development of most cancer types, cells from primary tumor

masses move out, invade adjacent tissue and generate new tumors in tissues, where

nutrients and space are not a limiting factor. For a “successful” invasion and metastasis,

tumor cells need changes in the physical coupling to their microenvironment and the

activation of extracellular proteases. Several classes of proteins are involved in the changes

to coupling to the microenvironment, like cell-cell adhesion molecules (CAMs) (Johnson,

1991), which mediate cell to cell interaction and integrins, which link cells to substrates of the

extracellular matrix. Changes in expression of N-CAM from a highly adhesive to a poorly

adhesive form are described for neuroblastoma, Wilms´ tumor and small cell lung cancer

(Johnson, 1991; Kaiser et al., 1996), while reduction in the overall expression level of N-CAM

was found in invasive pancreatic and colon cancers (Fogar et al., 1997). Changes in integrin

expression were also evident in invasive and metastatic cells, giving a cancer cell the

possibility to adopt in a new tissue and its microenvironment. This adaptation is achieved

through shifts in the spectrum of integrin  or  subunits. These novel permutations result in

at least 22 integrin subtypes having distinct substrate preference (Varner and Cheresh, 1996;

Lukashev and Werb, 1998).

The second general parameter of invasive and metastatic cells involves the upregulated

expression of extracellular proteases, while protease inhibitor genes are downregulated

(Coussens and Werb, 1996; Chambers and Matrisian, 1997). Matrix-degrading proteases
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can facilitate invasion of cancer cells into nearby stroma, across blood vessel walls and

through normal epithelial cell layers. In addition, they can also be produced and released  by

conscripted stromal and inflammatory cells, thereby contributing to invasion and metastasis

of cancer cells (Werb, 1997).

1.1.6 Evading apoptosis

The ability of tumor cell populations to expand in number is determined not only by the rate

of cell proliferation and growth, but also by the rate of cell attrition. A process called

“programmed cell death” (apoptosis) (Kerr et al., 1972) represents a major cause of this

attrition. Apoptosis is a common property of multicellular organisms and is present in virtually

all cell types throughout the body. It represents a highly organized series of events in

physiological processes, especially in mammalian development and in the immune system

that finally lead to cell death (Vaux and Korsmeyer, 1999; Krammer, 2000). Cancer cells

typically express surface molecules that are recognized by the immune system, followed by a

killing of the cancer cell. Acquired resistance towards apoptosis is a hallmark of most if not all

types of cancer with virtually all cancer cells harboring alterations that enable evasion of

apoptosis (Hanahan and Weinberg, 2000). The molecular mechanisms of apoptosis and

apoptosis resistance are explained in detail in chapter 1.2.

1.1.7 Additional factors leading to cancer

In addition to the six hallmarks of cancer originally described by Hanahan and Weinberg

(2000), a further set of hallmarks were proposed depicting the stress phenotypes of cancer

cells (Luo et al., 2009). These include (a) evading of the immune surveillance, (b) metabolic

stress, (c) proteotoxic stress, (d) mitotic stress, (e) oxidative stress and (f) DNA damage

stress. Functional interplays among these hallmarks promote the tumorigenic state and

suppress oncogenic stress. For example, elevated levels of reactive oxygen species result in

increased levels of DNA damage that normally elicits senescence or apoptosis but is

overcome by tumor cells.

1.2 Apoptosis

Multicellular organisms often need to eliminate cells that are present, in excess or potentially

dangerous. To this end, cells use an intracellular progam called “programmed cell death” or

“apoptosis”. This process helps to sculpt parts of the body, carving out cavaties, separating

digits or eliminates structures, that once served a function but are no longer needed. For
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example, the differentiation of fingers in a developing embryo occurs because cells of the

interdigital web undergo apoptosis. Therefore, apoptosis allows the organism to tightly

control cell numbers and tissue size, and to protect itself from rogue cells that threaten

homeostasis. Apoptotic cells are rapidly “eaten” by phagocytizing cells, before there is any

leakage of their content. Apoptotic cells show typical morphological features like cell

shrinkage, membrane blebbing, nuclear condensation and DNA fragmentation (Kerr et al.,

1972)

1.2.1 Molecular mechanisms of apoptosis signaling

Most of the morphological chances in apoptotic cells observed by Kerr et al. are caused by a

set of cystein proteases, called caspases (Alnemri et al., 1996), thereby representing the

central executioners of apoptosis. Caspases are highly conserved through evolution, and can

be found from humans all the way down to insects, nematodes and hydra (Budihardjo et al.,

1999; Cikala et al., 1999). Apoptotic signaling events can be divided into two pathways,

depending on the mechanism of initiation: the extrinsic pathway and the intrinsic pathway.

Although different molecules participate in these two distinct pathways, a crosstalk exists at

multiple levels. Both the intrinsic and extrinsic apoptotic pathway are tightly regulated and

their dysfunction can cause many disorders including cancer.

1.2.2 Caspases

To date, over a dozen caspases have been identified in humans, with about two-third having

been suggested to function in apoptosis. All known caspases possess an active-site cystein,

and cleave substrates after an aspartate. Altough the preferred motif differs slightly, the

specificity of cleavage for caspases can be described as X-Glu-X-Asp (Thornberry et al.,

1997). Caspases have been divided into subfamilies based on their substrate preference,

extent of sequence identity and structural similarities. Caspases involved in apoptosis are in

general subdivided into “initiator caspases” (caspase-2, -8, -9, -10) and “effector caspases”

(caspase-3, -6, -7). All caspases are synthesized as inactive proforms (zymogens),

consisting of an N-terminal prodomain and a p20 and a p10 domain. The p20 and p10

domain can also be found in activated caspases. When activated, caspases form

heterotetramers, consisting of two p20/p10 heterodimers and therefore having two active

sites.  Effector caspases are activated by cleavage of the zymogen by initiator caspases -

according to the definition -  after an aspartate. In contrast, initior caspases possess an

intrinsic protease activity and are activated through dimerization via adaptor proteins and

autocatalysis (induced proximity model) (Muzio et al., 1998). An exception is the initiator
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caspase procaspase-9, which forms together with the cofactors cytochrome c, Apaf-1 and

dATP the so called “apoptosome”. Rather than the proteolytic processing of procaspase-9,

this complex is thought to represent the true active form of caspase-9 (Rodriguez and

Lazebnik, 1999).

Additionally, only initiator caspases contain a Caspase Recruitment Domain (CARD)

(caspase-2, -9) or an Death Effector Domain (DED) (caspase-8, -10). These death adaptor

modules usually mediate intrafamily interaction, but might also act with other molecules.

Once activated, effector caspases cleave a broad spectrum of cellular targets, including

structural components, regulatory proteins, inhibitors of DNases and other proapoptotic

proteins (Adrain and Martin, 2006).

1.2.3 The extrinsic apoptotic pathway (death receptor pathway)

The first step in signaling via the extrinsic pathway is the binding of a ligand to its cognate

death receptor (DR). Death receptors are type I transmembrane proteins with a

cytoplasmatic protein interaction domain, the death domain (DD), as a common feature.

These receptors belong to the Tumor Necrosis Factor Receptor (TNFR) gene superfamily

and six members have been identified so far: TNF-R1 (CD120a), CD95 (APO-1, Fas), DR3

(APO-3, LARD, TRAMP, WSL-1), TRAIL-R1 (APO-2, DR4), TRAIL-R2 (DR5, KILLER,

TRICK2) and DR6 (Dempsey et al., 2003). Death receptors are activated by their natural

ligands which are members of the TNF family with TNF- , CD95L and TRAIL as the most

frequently involved in apoptotic signaling and therefore the best characterized. TRAIL

especially gathered attention as a molecule for potential cancer therapy, because it induces

apoptosis in a wide range of tumor cell lines, but not in untransformed cells in tissue culture

(Wang and El-Deiry, 2003), therefore being an interesting molecule for potential cancer

therapies. All members of the TNF family are synthesized as type II transmembrane proteins,

but soluble forms can be generated by N-terminal cleavage by metalloproteinases. The

formation of a multimolecular complex of proteins triggered by receptor crosslinking

(trimerization) after binding of a ligand is the crucial point of DR signaling. The complex

formed is called the death-inducing signaling complex (DISC) and consists, among other

proteins, of the initiator caspase caspase-8 and the adaptor molecule Fas-Associated protein

with Death Domain (FADD). The caspase is recruited to the DISC via its DED and auto-

activated via the induced proximity model. In cells known as “type I” cells, the amount of

activated caspase-8 at the DISC is sufficient to initiate a caspase cascade leading to

apoptosis. In contrast, in “type II” cells the activation of procaspase-8 at the DISC is not

efficient enough to activate further caspases directly and therefore the signal is amplified via

the mitochondria  (Scaffidi et al., 1998) (Fig. 3).
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1.2.4 The intrinsic apoptotic pathway (mitochondrial pathway)

Key regulators of the intrinsic apoptotic pathway are members of the Bcl-2 family,

cytochrome c and Smac/DIABLO (second mitochondria-derived activator of caspases/direct

IAP-binding protein with low pI) (Cory and Adams, 2002; Du et al., 2000). To date, more than

20 members of the Bcl-2 family have been identified, including pro-apoptotic (Bax, Bak,

Bok/Mtd, Bad, Bid, Bik, Bim, Hrk, Puma/Bbc3, Noxa, EGL-1, Bcl-B) and anti-apoptotic (Bcl-2,

Bcl-XL, Mcl-1, Bfl-1/A1, Bcl-W, Bcl-G) (Cory and Adams, 2002). Bcl-2 proteins are localized

at, or translocated to the mitochondrial membrane and modulate apoptosis by

permeabilization of the inner and / or outer membrane. This permeabilization leads to release

of cytochrome c (leading to the formation of the apoptosome) and other pro-apoptotic

proteins. Most Bcl-2 family members can interact with each other, forming homo- or

heterodimers (Cory and Adams, 2002). Smac/DIABLO inactivates directly inhibitors of active

caspases - the cytoplasmatic inhibitors of apoptosis (IAPs) (Fig. 3).

caspase-8

caspase-3/-7

Apoptosis

Mitochondria

Bid Bax Bak

BclXL Bcl-2

tBid

Cytc

caspase-9

Apaf-1

IAPs Smac

DNA damage
Chemotherapeutic agents

Cellular stress

FADD

procaspase-8c-FLIP

Death Receptor Ligand

Death Receptor

Fig. 3: Simplified model of the extrinsic and intrinsic apoptotic pathway.
Apoptosis can be induced by triggering of death receptors (extrinsic / death receptor pathway) or by
perturbation of mitochondria upon cellular stress (intrinsic / mitochondrial pathway). In the extrinsic
pathway, procaspase-8 is recruited to the DISC - a multiprotein complex - and thereby activated.
Caspase-8 directly activates the effector caspases procaspase-3/-7 finally leading to apoptosis. In
the intrinsic pathway, mitochondrial perturbation is regulated by members of the Bcl-2 family. Upon
mitochondrial pertubation, cytochrome c and Smac are released into the cytosol. Cytochome c
together with Apaf-1 and procaspase-9 form the so called “apoptosome”, which can activate
procaspase-3/-7. Both apoptotic pathways converge therefore at the level of the effector caspases-
3/-7 activation, which is inhibited by IAPs. Further, apoptotic signals may be transduced from the
death receptor pathway directly to the mitochondrial pathway by tBid.
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1.3 The DISC protein c-FLIP

After death receptor triggering, cellular FLICE-inhibitory protein (c-FLIP) is - like procaspase-

8 - recruited to the DISC via its DED.  c-FLIP is able to modulate activation of procaspase-8

and thereby prevents induction of apoptosis mediated by death receptors most proximal to

the plasma membrane. Therefore, c-FLIP appears to be an important modulator that

determines life and death decision in various cell types. Endogenously, three splice variants

are expressed in mammalian cells: c-FLIPS, c-FLIPR and c-FLIPL (Golks et al.,  2005).  All

three are recruited to the main receptors of the TNF-R superfamily, i.e. CD95, TRAIL-R1 and

TRAIL-R2.

1.3.1 Structure of c-FLIP

c-FLIP shares sequence homology with procaspase-8 and -10 and with the adaptor molecule

FADD. The c-flip gene is mapped on chromosome 2q33-q34 and clustered with procaspase-

8 and -10. Although the human flip gene is reported to give rise to 14 distinct isoforms by

alternative splicing, only the three isoforms mentioned are expressed on the protein level

(Djerbi et al., 2001; Golks et al., 2005). All three variants contain two DEDs at their N-

terminal part, that are structurally and functionally similar to that of caspase-8 and FADD,

enabling the recruitment of c-FLIP proteins to the DISC. c-FLIPL in addition to the two DEDs

has a long C-terminal extension comprising a caspase-homologous domain (caspase-like

domain) similar to that of caspase-8 and -10. Due to substitutions of key amino acids

including active-side cystein, c-FLIPL is devoid of proteolytic activity (Nicholson and

Thornberry, 1997).

1.3.2 Regulation of c-FLIP expression

c-FLIP proteins are expressed in many cell types such as endothelial cells (Bannerman et

al., 2001; Sata and Walsh, 1998; Imanishi at al., 2000a), keratinocytes (Irisarri et al., 2000) or

dendritic cells (Willems et al., 2000) and are found in abundance in the heart, in sceletal

muscles, in lymphoid tissues and in the kidney (Irmler et al., 1997; Shu et al., 1997; Inohara

et al., 1997; Srinivasula et al., 1997; Hu et al., 1997; Han et al., 1997; Rasper et al., 1998).

The tissue distribution of c-FLIP transcripts differs from that of caspase-8 and caspase-10

transcripts (Rasper et al., 1998). c-FLIP proteins are very short lived proteins (Micheau et al.,

2001; Kreuz et al., 2001; Fulda et al., 2000), whose expression can be downregulated by

various stimuli, e.g. by viruses (Perez and White, 2003), cytokines (Sharief et al., 2001; Kim

et al., 2002), bacterial-derived proteins (Erwert et al., 2002), UVB irradiation (Zeise et al.,

2004), antiviral drugs (Zhang et al., 2003), chemotherapeutic agents (Shimada et al., 2004;
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Ichikawa et al., 1996; Maxwell et al., 2003; Chatterjee et al., 2001; Hotta et al., 2003;

Kinoshita et al., 2000; Song et al., 2000; Kelly et al., 2002), histone deacetylase (HDAC)

inhibitors (Watanabe et al., 2005), heat stress (Tran et al., 2003), ectopic gene expression

(Ricci et al., 2004; Perez and White, 2003; Fukazawa et al., 2001) and kinase inhibitors

(Yang et al., 2001; Panka et al., 2001; Platzbecker et al., 2003). In contrast, c-FLIP protein

upregulation has been described by T and B cell receptor stimulation (Kirchhoff et al., 2000;

Wang et al., 2000), bacterial infections (Chaussabel et al., 2003), double stranded RNA

(Geiss et al., 2001)  and ectopic gene  expression (Yang et al., 2003; Stanelle et al., 2002).

1.3.3 Post-translational modifications of c-FLIP

In addition to being upregulated at the transcriptional level, c-FLIP proteins have been

described to also undergo post-translational modifications. Phosphorylation of c-FLIPL and c-

FLIPS has been shown in a number of cell lines, thereby inhibiting the association of c-FLIPL

and c-FLIPS with the adaptor molecule FADD at the DISC and sensitizing cells towards death

receptor-induced apoptosis (Higuchi et al., 2003; Yang et al., 2003). Furthermore it has been

shown, that both c-FLIPL and c-FLIPS are regulated post-translationally by the ubiquitin-

proteasome pathway (Zhang et al., 2004; Fukazawa et al., 2001). Modulators of the

peroxisome proliferator-activated receptor-  (PPAR- ) do not decrease c-flip mRNA

expression, but rather accelerate c-FLIPL degradation by the 26S proteasome (Kim et al.,

2002). Protein stability of c-FLIP proteins is probably controlled by different molecular

mechanisms involving E3 ubiquitin-protein ligases responsible for c-FLIP ubiquitylation

(Kataoka, 2005).

1.3.4. c-FLIP function

All three c-FLIP isoforms have been reported to interact with FADD and procaspase-8 and

thereby inhibit apoptosis induced by trimerization of CD95, TRAIL-R1 and TRAIL-R2 (Irmler

et al., 1997; Goltsev et al., 1997; Shu et al., 1997; Inohara et al., 1997; Srinivasula et al.,

1997; Hu et al., 1997; Han et al., 1997; Rasper et al., 1998). Since they all lack proteolytic

activity, they have been suggested to act as typical dominant-negative inhibitors of

procaspase-8 and procaspase-10, with an intact upstream protein-protein interaction domain

(the DEDs), and - in the case of FLIPL - linked to an inactive downstream enzymatic domain

(the caspase-like domain). Consistently, in cell lines in which c-FLIP expression has been

inactivated by use of short interference RNA (siRNA), apoptosis can be induced by triggering

death receptors (Yeh et al., 2000; Sharp et al., 2005).
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Upon treatment with TRAIL or CD95L, all three c-FLIP isoforms are recruited to the DISC via

their DEDs, like FADD and procaspase-8 and -10. Whereas procaspase-8, procaspase-10

and c-FLIPL are (partially) processed at the DISC, the short isoforms c-FLIPS and c-FLIPR are

not. It is well established that binding of procaspase-8 to the DISC results in autocatalytic

cleavage via a two-step mechanism (Medema et al., 1997). The initial cleavage at Asp374

generates two cleavage intermediates p41/p43 and p12. Afterwards, an additional cleavage

occurs at Asp216, resulting in formation of the active enzyme subunit p18 and the inactive

prodomain p26/p24. Two p18 and two p26/p24 subunits form a heterotetramer already at the

DISC, representing active caspase-8, that is finally released into the cytosol (Lavrik et al.,

2003).
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Fig. 4: Mode of c-FLIP action.
The two main isoforms of c-FLIP, c-FLIPL and c-FLIPS, differ in their action of inhibiting caspase-8
activation. Depending on the concentration of c-FLIPL, this isoforms is supposed to be either an
inhibitor or activator of the procaspase-8 cleavage process into the heterotetrameric form of caspase-
8. Low c-FLIPL can not completely inhibit procaspase-8 homodimer formation, while high c-FLIPL can
do so. In this case, procaspase-8 can still undergo the first cleavage step, but this fragment then
stays tethered to the DISC and may have distinct cleavage substrates different from the cytosolic
form of activated caspase-8. In contrast, c-FLIPS (and the third described isoform c-FLIPR) completely
block any cleavage step of procaspase-8. Yellow = (Pro-) Caspase-8; Red = c-FLIP.

While c-FLIPS completely inhibits cleavage of procaspase-8 at the DISC by forming

heterocomplexes, c-FLIPL allows the first cleavage step of procaspase-8 into p41/p43 but
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blocks further processing and thus generation of the p18 subunit (Fig. 4). c-FLIPL itself is

cleaved by caspase-8 at the DISC, leading to a p43 fragment of c-FLIPL.

However, depending on the expression level, c-FLIPL seems to have another side on it. The

estimated ratio of 1:100 between c-FLIPL and procaspase-8 is inconsistent with c-FLIPL

being an inhibitor of caspase-8 (Scaffidi et al., 1999). Accordingly, it has been demonstrated

that c-FLIPL is not only an inhibitor of apoptosis, but also an activator of procaspase-8

(Chang et al., 2002; Micheau et al., 2002). Formation of heterodimers of c-FLIPL and

procaspase-8 is favoured over caspase-8 homodimer formation, with similar enzymatic

properties than the caspase-8 homodimers (Boatright et al., 2004). Therefore, the initiator

caspase caspase-8 does not need to be fully processed to have full enzymatic activity after

death receptor stimulation (Boatright et al., 2004). It appears that a complete block of

caspase-8 is not desirable for a cell, owing to alternative apoptosis-independent activities of

caspase-8 like proliferation and cell cycle progression (Chun et al., 2002; Salmena et al.,

2003).

In summary, the function of c-FLIPL strongly depends on its expression level. When c-FLIPL

is expressed at low levels, activation of caspase-8 is accelerated due to the ability of c-FLIPL

to associate with caspase-8. In this case the ratio between FLIPL and procaspase-8 is not

sufficient to avoid complete processing of procaspase-8 into p18 fragments, thereby leading

to apoptotic signaling (Fig. 4). At high c-FLIPL levels, the processing is restricted to the first

cleavage step of procaspase-8 and the heterodimers remain tethered to the DISC, but have

the same substrate specificity as active caspase subunits released into the cytosol (Fig. 4).

Owing to the DISC-proximal location, these incomplete processed procaspase-8  molecules

inhibit apoptotic signaling, but may cleave a different set of substrates (themselfes, RIP, c-

FLIPL) than the fully active heterotetramer, that is released into the cytosol. These cleavage

events may be important in regulating apoptosis-independent processes such as

proliferation.

1.3.5. c-FLIP and human diseases / disorders

Growing evidence indicates that dysregulation of c-FLIP expression plays an important role

in human diseases (Micheau, 2003). Downregulation of c-FLIP might be involved in

cardiomyocytes originated from cardiomyopathic hearts that have undergone apoptosis

(Rasper et al., 1998; Imanishi et al., 2000b), leading to the idea that c-FLIP plays a role in

controling vascular tissue destruction (Sharief et al., 2000). Downregulation of c-FLIP has

also been described to contribute to Alzheimer´s disease (De Felice et al., 2002; Engidawork

et al., 2001).
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While upregulation of c-FLIP has been implicated in a range of human diseases, such as

multiple sclerosis, rheumatoid arthritis and autoimmune diabetes (Perlman et al., 2001; Bai et

al., 2004; Savinov et al., 2003), the best characterized role of c-FLIP in human diseases is in

cancer. c-FLIP has been shown to be an important player in tumor etiology (Djerbi et al.,

1999; French and Tschopp, 2002; French and Tschopp, 1999) and upregulation of c-FLIP

has been correlated with resistance to death receptor-induced apoptosis in vitro in B cell

lymphoma (Irisarri et al., 2000; Tepper et al., 1999; Thomas et al., 2002; Uherova et al.,

2004; Mathas et al., 2004), colon adenocarcinomas (Ryu et al., 2001), gastric

adenocarcinomas (Zhou et al., 2004; Lee et al., 2003), ovarian carcinomas (Mezzanzanica et

al., 2004) and melanoma (Griffith et al., 1998). c-FLIP downregulation and therefore

sensitization of resistant tumor cells towards TRAIL- or CD95-induced cell death can be

achieved by various stimuli (Poulaki et al., 2002; Sharp et al., 2005; Kim et al., 2002; Fulda et

al., 2000; Watanabe et al., 2005). Importantly, chemotherapeutic drug treatment also leads to

c-FLIP downregulation and has been shown to sensitize resistant cells towards death

receptor-induced apoptosis (Chatterjee et al., 2001; Kinoshita et al., 2000; Kelly et al., 2002;

Micheau et al., 1997; Lacour et al., 2003). Further, the oncogene c-myc was identified as a

major determinant of TRAIL sensitivity with c-FLIP being a direct target of c-myc-mediated

transcriptional repression (Ricci et al., 2004).

1.4 Biology of pancreatic cancer

Pancreatic cancer is an aggressive and devastating disease, posing an enormous challenge

to clinicians and cancer scientists due to its high resistance towards cytotoxic treatment and

radiotherapy. Without active treatment, patients with metastatic pancreatic cancer have a

median survival of 3 - 6 months and of 6 - 10 months for locally advanced disease, which

increases only slightly to around 11 - 15 months with resectional surgery (Alderson et al.,

2005). The late presentation - due to a lack of specific symptoms - and the aggressive nature

of this disease means that only 10 - 15 % of patients can undergo potentially curative

surgery. In the last years, significant progress has been made in unraveling the molecular

basis in pancreatic carcinogenesis, leading to potentially exciting new developments in

diagnosis and mechanistic based treatments. Pancreatic ductal adenocarcinoma (PDAC),

whose nomenclature derives from its histological resemblance to ductal cells, is the most

common pancreatic neoplasm and accounts for > 85 % of pancreatic tumor cases (Warshaw

and Fernandez-del Castillo, 1992). PDAC develops from pancreatic intraepithelial neoplasia

(PanIN), that are classified into early and late lesions, starting with PanIN-1A, -1B

(hyperplasia) and progressing to PanIN-2 and then to PanIN-3 or carcinoma. Abberations of

tumor suppressor genes and mutations of specific genes occur in an apparent temporal
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sequence and synergistically accelerate progression of the carcinogenic pathway through

PanIN lesions to invasive ductal adenocarcinoma (Fig. 5).

1.4.1 Molecular mechanisms of pancreatic carcinogenesis

Molecular analysis of evolving pancreatic adenocarcinoma has revealed a characteristic

pattern of genetic lesion. The great majority (overall frequency of 90 %) of PDAC cases

harbour a gain-of-function mutation of KRAS (Almoguera et al., 1988). Ras is a GTP-binding

protein involved in growth factor-mediated signaling and mutations result in a constitutively

active form of RAS, leading to an uncontrolled activation of mitogen-activated protein kinases

(MAPK). Furthermore, more than 50 % of pancreatic cancer cases have mutations in the

TP53 gene (Rozenblum et al., 1997). The transcription factor p53 is stabilized under

genotoxic damage and oncogene activation and regulates a  transcription response leading

to cell cycle arrest or to apoptosis.

Fig. 5: Cellular pathways involved in PDAC development and progression.
The upper panel pathway involves the development of PanINs originating from ductal cells. The lower
panel involves the appearance of ductal complexes occuring as an intermediate stage that may - with
or without PanINs - lead to PDAC. The PanIN grading scheme reflects increasing atypia, leading to
adenocarcinoma. The genetic alterations documented in adenocarcinoma also occur in PanIN,
although these alterations have not been correlated with the acquisition of specific histopathological
features. Typical genetic alterations for each PanIN are mentioned (picture taken from Hernandez-
Munos et al., 2008).

Alterations in the MADH4 locus, encoding the protein SMAD4, occur in 50 - 90 % of

pancreatic cancer but are not particularly common in other types of cancer (Rozenblum et

KRAS TP53 SMAD4SHH
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al., 1997). SMAD4 is a signal mediator in transforming growth factor-  signaling, that plays

an important role in the negative regulation of cell proliferation. SMAD4 comprises a hetero-

multimer with SMAD2 and SMAD3, which functions as a transcription factor (Miyazono et al.,

2003). A panel of further mutations were described in PDAC, like overexpression of

epidermal growth factor receptor (EGFR), leading to the activation of the PI3K/Akt signalling

pathway, which mediates cell cycle progression and survival as well as mutations in the

sonic hedgehog pathway (SHH), regulating the growth and patterning of many organs during

embryogenesis (Hezel et al., 2006).

1.4.2 Pancreatic cancer and apoptosis

In addition to the genetic lesions mentioned in 1.4.1, several apoptosis-related genes have

been identified to be deregulated in pancreatic cancer (Trauzold et al., 2003).  This includes

molecules involved in death receptor signaling, like c-FLIP and FADD, and proteins of the

intrinsic pathway. However, since pancreatic cancer cells are type II cells, death receptor-

induced apoptosis can also be blocked at this level. In contrast to various other tumors,

expression of the prototypical pro-survival protein Bcl-2 is normal or even decreased in

pancreatic cancer cells (Evans et al., 2001; Campani et al., 2001), while Bcl-xL and Mcl-1 are

known to be overexpressed (Campani et al., 2001). Bax expression is lowered in around 50

% of patients with pancreatic cancer and in line with its function, the median survival of Bax-

positive patients after pancreatic resection is 19 months versus 11 months of Bax-negative

patients (Magistrelli et al., 2006).  Further, members of the IAP family, like cIAP2 and XIAP,

have been shown to be overexpressed and seem to play key roles in anti-apoptotic signaling

(Lopes et al., 2007; Vogler et al., 2009).

The transcription factor nuclear factor- B (NF- B) has been described to be constitutively

activated in the majority of pancreatic cancers (Wang et al., 1999), leading to activation of

the classical (canonical) NF- B pathway. In line with this activation, the NF- B subunit

RelA/p65 is located in the nucleus in up to 70 % of pancreatic cancers (Wang et al., 1999).

This translocation is a predictor of poor patient survival and is linked to a higher expression

of NF- B target genes like the anti-apoptotic proteins Bcl-XL (Weichert et al., 2007) and c-

FLIP (Micheau et al., 2001).
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1.5 Aim of the study

Little is known about the initial signaling events activating the extrinsic apoptotic pathway in

pancreatic cancer cells. In this study we investigated the role of the c-FLIP isoforms c-FLIPL

and c-FLIPs in pancreatic tumor cells. c-FLIP proteins are well known as potent inhibitors of

the extrinsic apoptotic pathway by interfering with procaspase-8 and are described to be

highly expressed in pancreatic ductal adenocarcinoma (Elnemr et al., 2001). The high

expression of c-FLIP is recognized as one potential reason for the resistance of pancreatic

cancer cells to apoptosis. While c-FLIPS is solely described to inhibit apoptosis by preventing

the recruitment of procaspase-8 into the DISC, the role of c-FLIPL has been controversially

discussed. Indeed, c-FLIPL has been reported both as an inhibitor and inducer of apoptosis

signaling, possibly depending on its expression levels.

As far as pancreatic cancer is concerned, the question whether or not one or both isoforms

of c-FLIP contribute to the resistance of this cancer towards death receptor-induced

apoptosis has not been answered yet. Therefore, in an attempt to investigate regulators of

death receptor signaling in pancreatic cancer that function upstream at the death receptor

level, we explored the role of c-FLIP and its two main isoforms in the control of TRAIL-

mediated apoptosis. In more detail, we asked whether c-FLIPL or c-FLIPS is the main inhibitor

in death receptor-induced apoptosis in pancreatic cancer cells. Furthermore, we wanted to

elucidate whether a combinational treatment with TRAIL and chemotherapeutic drugs

targeting c-FLIP expression is a promising strategy for the treatment of pancreatic

carcinoma.
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2. Materials and Methods

2.1 Eukaryotic cell culture
Cell lines
ASPC1 Pancreatic carcinoma cell line; provided by R.M. Schmid (TU

Munich)
PancTu1 Pancreatic carcinoma cell line; provided by R.M. Schmid (TU

Munich)
PaTuII Pancreatic carcinoma cell line; provided by R.M. Schmid (TU

Munich)
Colo357 Pancreatic carcinoma cell line; provided by R.M. Schmid (TU

Munich)
Capan-1 Pancreatic carcinoma cell line; provided by R.M. Schmid (TU

Munich)
Panc-1 Pancreatic carcinoma cell line; provided by R.M. Schmid (TU

Munich)
Panc98 Pancreatic carcinoma cell line; provided by R.M. Schmid (TU

Munich)
DanG Pancreatic carcinoma cell line; provided by R.M. Schmid (TU

Munich)
MiaPaCa Pancreatic carcinoma cell line; provided by R.M. Schmid (TU

Munich)
ULA-PaCa Primary cultured pancreatic cancer cells; provided by Prof. Dr.

Dr. Dr. h.c. Bachem, Ulm
HPDE Immortalized human pancreatic duct epithelial cells; provided

by M.S. Tsao (Ontario, Canada)
RetroPackTM PT67 Packaging cell line; BD Bioscience, Heidelberg, Germany
Media
DMEM Invitrogen, Karlsruhe, Germany
RPMI 1640 Invitrogen, Karlsruhe, Germany (for DanG cells)
DMEM F12 Invitrogen, Karlsruhe, Germany (for ULA-PaCa cells)
Keratinocyte SFM Invitrogen, Karlsruhe, Germany (for HPDE cells)
Chemicals
FCS Invitrogen, Karlsruhe, Germany
Penicillin / Streptomycin Biochrom, Berlin, Germany
Trypsin/EDTA (10×) Biochrom, Berlin, Germany
L-Glutamin Invitrogen, Karlsruhe, Germany
Trypan blue Sigma Aldrich Chemie GmbH, Deisenhofen, Germany
Buffers
Hepes Biochrom, Berlin, Germany
PBS Biochrom, Berlin, Germany
Materials
tissue culture flasks Becton Dickinson, Franklin Lakes, USA
tissue culture plates Becton Dickinson, Franklin Lakes, USA
Polypropylen conical
tube (15 ml, 50 ml)

Becton Dickinson, Franklin Lakes, USA

Instruments
CO2-Incubator NuAire, Plymouth, USA
Centrifuge 5417R Eppendorf, Hamburg, Germany
Haemocytometer Brand, Wertheim, Germany
Microscope Olympus GmbH, Hamburg, Deutschland

All pancreatic cancer cell lines, except DanG, were cultured in DMEM medium. DanG cells

were cultured in RPMI 1640 medium. The primary cultured pancreatic cancer cells ULA-
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PaCa cells were cultured in DMEM F12 medium and the immortalized human pancreatic

duct epithelial cells HPDE were cultured in Keratinocyte SFM. All in vitro experiments were

done in medium supplemented with 10 % FCS, 1 mM glutamine, 1% penicillin / streptomycin

and 25 mM Hepes. Keratinocyte SFM was prepared according to the manufacture´s protocol.

For harvesting, cells were washed once with PBS before adding prewarmed Trypsin/EDTA.

For counting living cells, 30 µl of cell suspension was mixed with 30 µl Trypan blue and cells

were then counted using a haemocytometer. For experiments, cells were cultured in a

density of 0.5×104/cm2.

2.2 Cell Viability Assay (MTT Assay)
Media
RPMI 1640 (without
phenolred)

Invitrogen, Karlsruhe, Germany

Chemicals
MTT Sigma Aldrich Chemie GmbH, Deisenhofen, Germany
Isopropyl alcohol Sigma Aldrich Chemie GmbH, Deisenhofen, Germany
Buffer
5 MTT buffer 20 % (w/v) MTT in PBS
1 MTT buffer 20 % (v/v) 5 MTT buffer, 80% (v/v) RPMI 1640 (without

phenolred)
Equipment
Plate reader Wallac 1420
Victor multilabel counter

Perkin-Elmer, Waltham, USA

96-well microtiter plate Becton Dickinson, Franklin Lakes, USA

Cell Viability Assay was based on the reduction of 3-(4,5-dimethylthiaziol-2yl)-2,5-diphenyl-

tetrazolium bromid (MTT) to colored formazan in living cells. According to the manufacture´s

instruction, cells were plated and stimulated in 96-well microtiter plates before incubation with

1 MTT buffer for 3 h at 37 °C. To precipitate the reduced formazan, isopropyl alcohol was

added for 30 min before analyzing the microtiter plate at 550 nm in a plate reader.

2.3 Cell Count
Cell lines
ASPC1 Pancreatic carcinoma cell line; provided by R.M. Schmid (TU

Munich)
Buffer
CASYton Innovatis, Reutlingen, Germany
Equipment
CASY1 Schärfe System, Reutlingen, Germany

To asses cell growth, cells were taken out of culture and directly counted in a 1:100 dilution

in CASYton buffer according to manufacture´s instructions.
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2.4 Protein preparation
Buffer
Lysis buffer 30 mM Tris/HCl, 150 mM NaCl, 1 % Triton-X100, 10 % glycerol,

Protease inhibitor cocktail (Roche, Mannheim, Germany)
PBS Biochrom, Berlin, Germany
Equipment
Centrifuge 5417R Eppendorf, Hamburg, Germany

For protein preparation, cells were harvested and washed with icecold PBS. Cell pellets were

lysed in 100 % (v/v) icecold lysis buffer for 20 min on ice. After centrifugation for 10 min at

10.000 g, supernatant was transferred into a new 1.5 ml reaction tube. Protein probes were

stored at -20 °C.

2.5 Determination of protein concentration
Kits
BCA Protein Assay kit Thermo Scientific, Rockford, USA
Equipment
Plate reader Wallac 1420
Victor multilabel counter

Perkin-Elmer, Waltham, USA

Protein concentration was determined using the BCA Protein Assay kit following the

manufacture´s protocol.

2.6 SDS-Polyacrylamide-Gelelectrophoresis (SDS-PAGE)
Buffer
6×protein loading buffer 60 mM Tris/HCl (ph 6.8), 1 % glycerol, 0.01 mg/ml

Bromphenolblue, 0.34 M -Mercaptoethanole
Resolving gel buffer 1 M Tris/HCl, ph 6.8
Casting gel buffer 1.5 M Tris/HCl, pH 8.8
Running buffer 125 mM TrisBase, 1.25 mM glycine, 0.1 % SDS
Chemicals
Rotiphorese® Gel 30
(37.5:1 Acryl/Bisacryl)

Carl Roth GmbH & Co.KG, Karlsruhe, Germany

10 % (w/v) APS in
ddH2O

Sigma Aldrich Chemie GmbH, Deisenhofen, Germany

TEMED Carl Roth GmbH & Co.KG, Karlsruhe, Germany
Prestained Protein
Ladder

Fermentas, St.Leon-Rot, Germany

Equipment
Power supply Amersham, Chalfont St. Giles, United Kingdom
Elektrophoresis gel
chamber

Bio-Rad, Munich, Germany

Thermostat 5320 Eppendorf, Hamburg, Germany

SDS-PAGE was done in a vertical gel chamber (Bio-Rad, Munich, Germany). Depending on

the size of the detected protein, 10 % resolving gels or 12 % resolving gels were used
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according to standard protocol (Ausubel, 1999). For all gels, a 4.5 % stacking gel was used.

For all SDS-PAGEs, 50 µg whole cell lysates were used. Depending on the gel size, SDS-

PAGE was done with 120 V or 150 V for 1.5 h - 3.5 h. All SDS-PAGEs were done at 400 mA.

Whole cell lysates were denatured in protein loading buffer for 5 min at 96 °C. As standard

for protein size, 3 µl of a prestained protein ladder was loaded on each gel.

2.7 Western blot Analysis
Buffers
Blotting buffer 125 mM TrisBase, 1.25 mM glycine, 0.1 % SDS
Blocking buffer 5 % (w/v) milk powder in PBS/T
PBS 8,0 g/l NaCl, 0,2 g/l KCl, 1,44 g/l Na2HPO4, 0,24 g/l KH2PO4; ph

7.4
PBS/T 0.1 % (v/v) Tween20 in PBS
PBS/T/M 2.5 % (w/v) milk in PBS/T
PBS/T/B/A 0,025 % (w/v) BSA; 0,02 % (w/v) NaN3 in PBS/T
Kits
Super Signal® West
Dura ECL Substrate

Pierce, Rockford, USA

Primary antibodies
mouse anti-FLIP
monoclonal antibody
(clone NF6; 1:500)

Alexis Biochemicals, Grünberg, Germany

mouse anti-caspase-8
monoclonal antibody
(Clone C-15; 1:1000)

Alexis Biochemicals, Grünberg, Germany

rabbit anti-caspase-3
polyclonal antibody
(1:1000)

Cell Signaling, Beverly, MA, USA

mouse anti-FADD
monoclonal antibody
(1:1000)

BD Bioscience, Heidelberg, Germany

mouse anti- -actin
monoclonal antibody
(clone AC-15; 1:1000)

Sigma Aldrich Chemie GmbH, Deisenhofen, Germany

mouse anti-ubiquitin
monoclonal antibody
(1:1000)

BD Bioscience, Heidelberg, Germany

rabbit anti-DR5
polyclonal antibody
(1:5000)

Chemicon, Hofheim, Germany

rabbit anti-Mcl-1
polyclonal antibody
(1:1000 in 2.5% milk)

Cell Signaling, Boston, USA

mouse anti-XIAP
monoclonal antibody
(1:5000)

BD Bioscience, Heidelberg, Germany

rabbit anti-survivin
polyclonal antibody
(1:5000)

R&D Systems, Wiesbaden, Germany

mouse anti-Bcl-xL
polyclonal antibody
(1:5000)

BD Bioscience, Heidelberg, Germany
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mouse anti-TRAIL-R2
monoclonal antibody
(1:5000)

Chemicon, Schwalbach, Germany

mouse anti- -tubulin
monoclonal antibody
(1:5000)

Sigma, Steinheim, Germany

Secondary antibodies
goat-anti-mouse IgG
(1:5000), conjugated to
horseradish peroxidase

Santa Cruz Biotechnology, Santa Cruz, CA, USA

goat-anti-rabbit IgG
(1:5000), conjugated to
horseradish peroxidase

Santa Cruz Biotechnology, Santa Cruz, CA, USA

goat-anti-mouse IgG1,
conjugated to
horseradish peroxidase

Southern Biotech, Birmingham, USA

rat-anti-mouse Kappa,
conjugated to
horseradish peroxidase

Biozol, Eching, Germany

Equipment
Trans-Blot SD Semi-Dry
Transfer Cell

Bio-Rad, Munich, Germany

Hybond-ECL
Nitrocellulose membrane

Amersham, Chalfont St. Giles, United Kingdom

Blotting Paper Pall Corporation, Dreieich, Germany
Autoradiography film GE Healthcare, Munich, Germany

Upon SDS-PAGE, proteins were transferred to a nitrocellulose membrane in blotting buffer

with a semidry system. To reduce unspecific protein binding, the membrane was blocked for

45 min in blocking buffer. Detection of specific protein was done using the indicated primary

antibodies and the corresponding secondary antibodies conjugated to horseradish

peroxidase. All primary antibodies were diluted in PBS/T/A, all secondary antibodies were

diluted in PBS/T/M. As substrate, enhanced chemoluminescence was used to visualize

enzymatic activity. All Western blots shown are representative of a least 3 independent

experiments.

2.8 Overexpression of c-FLIPL

Cell lines
ASPC1 Pancreatic carcinoma cell line; provided by R.M. Schmid (TU

Munich)
PancTu1 Pancreatic carcinoma cell line; provided by R.M. Schmid (TU

Munich)
Plasmids
pBABE-135 c-FLIPL overexpressing vector based on pBabe vector; kindly

provided by O. Micheau (Dijon, France)
pBABE-empty pBabe vector; kindly provided by O. Micheau (Dijon, France)
Media
DMEM Invitrogen, Karlsruhe, Germany
Reagents
DMRIE-C reagent Invitrogen, Karlsruhe, Germany
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Puromycin Sigma, Steinheim, Germany
Equipment
6-well microtiter plate Becton Dickinson, Franklin Lakes, USA

To overexpress c-FLIPL , transfection of ASPC1 and PancTu1 cells was done using DMRIE-

C reagent (Invitrogen) according to the manufacture´s protocol. Transfection was done in 6-

well microtiter plates. 48 h after transfection, ASPC1 cells were selected with 3 µg/ml

Puromycin, PancTu1 were selected with 1 µg/ml Puromycin. Cells were cultured in

appropriate concentrations of Puromycin after selection. Overexpression of c-FLIPL was

controlled by Western blot analysis.

2.9 Cloning of RNA interference vectors
Cells
E.coli TOP10 Chemical competent Escherichia coli; Invitrogen, Karlsruhe,

Germany
Vector
pRETROSUPER Retroviral expression vector; kindly provided by Dr. Agami, The

Netherlands Cancer Institute
Media
LB 0.5 % yeast extract (w/v), 1 % Bacto-Trypton (w/v), 1 % NaCl

(w/v)
LBAmp LB medium, 100 µg/ml Ampicillin
LBAmp plates 1.2 % (w/v) Agarose in LBAmp

SOC++ 2 % (w/v) Bacto-Trypton, 0.5 % (w/v) yeast extract, 100 mM
NaCl, 2.5 mM KCl, 20 mM Glucose, 10mM MgCl2; ph7.0

Kits
Plasmid Mini kit QIAGEN, Hilden, Germany
Plasmid Maxi kit QIAGEN, Hilden, Germany
E.coli TOP10 kit Invitrogen, Karlsruhe, Germany
QUICK ligase kit Roche, Mannheim, Germany
Enzymes
Hind III New England Biolabs, Ipswich, USA
Bgl II New England Biolabs, Ipswich, USA
Reagents
Lipofectamin2000 Invitrogen, Karlsruhe, Germany
Agarose Carl Roth GmbH, Karlsruhe, Germany
Ampicillin Sigma, Steinheim, Germany
Equipment
Centrifuge 5417R Eppendorf, Hamburg, Germany
Thermomixer 5436 Eppendorf, Hamburg, Germany

RNAi sequences targeting the mRNA of flipL and flipS simultaneously or of flipL or flipS

individually were cloned into the retroviral vector pRETROSUPER (kindly provided by Dr.

Agami, The Netherlands Cancer Institute). As control, a RNAi sequence with no

corresponding part in the human genome was used. All sequences were cloned downstream

of the polymeraseIII Histone H1-RNA promoter of pRETROSUPER using restriction enzymes

Hind III and Bgl II and the QUICK ligase kit. For transformation, 50 µl of chemical competent
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E.coli TOP10 were mixed with 10 µl of ligated pRETROSUPER. Cells were incubated on ice

for 10 min and then a heat shock for 45 sec at 42 °C was done. After the heat shock, 1 ml

prewarmed SOC++ was added and cells were carefully shaken at 37 °C for 1 h. After

centrifugation (1 min; 1500 g) cells were plated onto a LBAmp plate and incubated over night

at 37 °C.  The next day, single colonies were picked, cells were grown over night at 37 °C in

LBAmp medium and used for plasmid purification using a MiniPrep kit or MaxiPrep kit. Plasmid

sequencing was done by Seqlab (Göttingen, Germany).

Sequences for simultaneous targeting of flipL mRNA and flipS mRNA
Name Sequence (5´-3´) Targeting bases in c-flip mRNA (5´-3´)

shRNA FLIPL+S(1) GTGCCGGGATGTTGCTATA 333 - 352
shRNA FLIPL+S(2) CAGGAACCCTCACCTTGTT 733 - 752
shRNA FLIPL+S(3) GTAAAGAACAAAGACTTAA 1003 - 1022

Sequence for specific targeting of flipS mRNA
Name Sequence (5´-3´) Targeting bases in c-flip mRNA (5´-3´)

shRNA FLIPS GGAACTGCCTCTACTTAAT 967 - 986

Sequence for specific targeting of flipL mRNA
Name Sequence (5´-3´) Targeting bases in c-flip mRNA (5´-3´)

shRNA FLIPL AGAACTATGTGGTGTCAGA 1455 - 1474

Control sequence
Name Sequence (5´-3´) Targeting bases in human genome
control GATCATGTAGATACGCTCA none

All sequences targeting c-FLIP were designed online with the Dharmacon siDESIGN Center

(www.dharmacon.com/DesignCenter/DesignCenterPage.aspx)

2.10 Genetic downregulation of c-flip mRNA by RNA interference
Cell lines
ASPC1 Pancreatic carcinoma cell line; provided by R.M. Schmid (TU

Munich)
PancTu1 Pancreatic carcinoma cell line; provided by R.M. Schmid (TU

Munich)
RetroPackTM PT67 Mouse fibroblast cell line for production of high-titer virus; BD

Bioscience, Heidelberg, Germany
Vectors
pRETROSUPER Retroviral expression vector; kindly provided by Dr. Agami, The

Netherlands Cancer Institute
Reagents
Lipofectamin2000 Invitrogen, Karlsruhe, Germany
Chemicals
Puromycin Sigma Aldrich Chemie GmbH, Deisenhofen, Germany
Polybrene Sigma Aldrich Chemie GmbH, Deisenhofen, Germany
Equipment
6-well plates Becton Dickinson, Franklin Lakes, USA
Plastic syringe (50 ml) BD Bioscience, Heidelberg, Germany

http://www.dharmacon.com/DesignCenter/DesignCenterPage.aspx
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Cellulose filter (0.45 µm) VWR, Darmstadt, Germany
Centrifuge 5417R Eppendorf, Hamburg, Germany

Genetic downregulation of flip mRNA with RNA interference was done by retroviral

transduction. For production of retroviral supernatant, RetroPackTM PT67 cells were

transfected with pRETROSUPER containing sequences targeting flip mRNA using

Lipofectamin2000 according to the manufacturer´s protocol. After transfection, PT67 cells

were selected with 1 µg/ml Puromycin for 10 days. For production of virus-containing

supernatant, cells were cultured in DMEM without FCS and without Puromycin. Supernatant

was harvested after 4 - 6 days and filtered to remove cell debris. Then, supernatant

containing 8 µg/ml Polybrene was transferred over night to ASPC1 or PancTu1 cells

cultivated in a cell culture flask with a confluency of 70 - 80 %. Alternatively, spin

transduction was performed to increase transduction efficiency. Therefore, cells were

cultivated in a 6-well plate with a confluency of 70 - 80 %, virus-containing supernatant with 8

µg/ml Polybrene was added and 6-well plates were then centrifuged for 1 h at 1300 g at

room temperature. After centrifugation, incubation was continued over night before changing

medium. Stable bulk cultures were generated by selection with 1 µg/ml Puromycin (PancTu1)

or 3 µg/ml Puromycin (ASPC1). Downregulation of c-FLIP protein expression was controlled

by Western blotting.

2.11 Quantitative Real-time PCR
Kits
RNEasy Mini kit QIAGEN, Hilden, Germany
ImProm-II Reverse
Transcription System

Promega, Mannheim, Germany

Light Cycler FastStart
DNA Master SYBR
Green I Kit

Roche, Mannheim, Germany

Equipment
Light Cycler Roche, Mannheim, Germany

Total RNA was extracted from ASPC1 or PancTu1 cells using the RNEasy Mini kit (QIAGEN)

according to the manufacturer´s protocol. 1 µg/ml mRNA was converted to cDNA using the

ImProm-II Reverse Transcription System following the manufacturer´s protocol.

For Real-time PCR, a Light Cycler FastStart DNA Master SYBR Green I Kit (Roche) was

used according to the manufacurer´s recommendations with 5 mM MgCl2 final concentration.

The following primers were used for RT-PCR:
FLIP

mRNA Forward (5´-3´) Reverse (5´-3`) Tm
(°C) cycles

flipL GAACATCCACAGAATAGACC GTATCTCTCTTCAGGTATGC 58 40

flipS GAACATCCACAGAATAGACC TTTCAGATCAGGACAATGGG 58 40
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PCR conditions were as follows: (a)15 s at 95 °C, (b) 30 s at 58 °C, (c) 30 s at 72 °C.

2.12 Immunoprecipitation of ubiquitylated c-FLIP protein
Cell lines
ASPC1 Pancreatic carcinoma cell line; provided by R.M. Schmid (TU

Munich)
Buffer
Lysis buffer 30 mM Tris/HCl (pH7.4), 150 mM NaCl, 1 % Triton-X, 10 %

glycerol,  Complete Protease Inhibitor (Roche)
Reagents
5-FU Sigma Aldrich Chemie GmbH, Deisenhofen, Germany
Velcade (bortezomib) Janssen-Cilag, Neuss, Germany
Protein G-Agarose
beads

Roche, Mannheim, Germany

Antibodies
mouse anti-FLIP
monoclonal antibody
(clone NF6)

Alexis Biochemicals, Grünberg, Germany

mouse anti-ubiquitin
monoclonal antibody
(1:1000)

BD Bioscience, Heidelberg, Germany

Equipment
Overhead Shaker NeoLab, Heidelberg, Germany
Centrifuge 5417R Eppendorf, Hamburg, Germany

2,5 106  ASPC1 cells were  seeded in a 100 20 mm tissue culture dish and left untreated or

were incubated with either 1 mM 5-FU or 30 nM Velcade (bortezomib) for 48 h. Cells were

then lysed in lysis buffer containing 30 mM Tris/HCl (pH7.4), 150 mM NaCl, 1 % Triton-X, 10

% Glycerol and Complete Protease Inhibitor (Roche) for 30 min and then centrifuged for 20

min at 14000 g. Supernatants were transferred into a new reaction tube together with 10 µl

(slurry) Protein G-Agarose Beads (Roche) and 1 µg/ml anti-FLIP antibody (clone NF6;

Alexis) or an IgG control antibody. Supernatants were incubated at 4° C over night in an

overhead shaker, washed 3 times with icecold PBS, followed by the detection of

ubiquitylated c-FLIP by Western blotting using an mouse anti-ubiquitin antibody (BD

Bioscience).

2.13 Immunoprecipitation of the Death Inducing Signaling Complex (DISC)
Cell lines
ASPC1 Pancreatic carcinoma cell line; provided by R.M. Schmid (TU

Munich)
Medium
DMEM Invitrogen, Karlsruhe, Germany
Buffer
Lysis buffer 30 mM Tris/HCl (pH 7.4), 150 mM NaCl, 5 mM KCl, 10 %

glycerol, 2 mM EDTA, 1 % Triton-X100, Complete Protease
Inhibitor (Roche)
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PBS Biochrom, Berlin, Germany
Reagents
5-FU Sigma Aldrich Chemie GmbH, Deisenhofen, Germany
FLAG-TRAIL Alexis Biochemicals, Grünberg, Germany
Anti-FLAG M2
monoclonal antibody

Sigma Aldrich Chemie GmbH, Deisenhofen, Germany

Dynabeads Pan mouse
IgG

Invitrogen, Karlsruhe, Germany

Equipment
Centrifuge 5417R Eppendorf, Hamburg, Germany

ASPC1 cells cultured in a T150 tissue culture flask were preincubated with 1 mM 5-FU for 48

h or left untreated, harvested with a cell scraper and centrifuged for 5 min at 1500 g.

Supernatant was discarded and the pellet was dissolved in 1 ml prewarmed DMEM. Cells

were then stimulated with 1 µg/ml FLAG-TRAIL and 1,25 µg/ml anti-FLAG antibody or left

untreated and incubated at 37 °C for 30 min. Cells were then washed with 10 ml icecold PBS

and the pellet was lysed in 500 µl cold lysis buffer for 45 min at 4 °C in an overhead shaker.

After centrifuging for 20 min at 14000 g, supernatant was transferred into a new reaction tube

and protein concentration was determined. 2 mg complete protein was used for all probes.

10 µl (slurry) Dynabeads Pan mouse IgG were transferred to each probe and 1 µg/ml FLAG-

TRAIL and 1,25 µg/ml anti-FLAG antibody were given to the lysates of unstimulated probes.

Probes were then incubated at 4 °C over night in an overhead shaker. The next day, beads

were washed 5 times with cold lysis buffer and then 30 µl 1,5 SDS loading buffer was

added. Probes were incubated at 95 °C for 5 min, centrifuged for 1 min at 10000g and then

loaded on a gel for Western blotting.

2.14 Determination of apoptosis
Cell lines
ASPC1 Pancreatic carcinoma cell line; provided by R.M. Schmid (TU

Munich)
PancTu1 Pancreatic carcinoma cell line; provided by R.M. Schmid (TU

Munich)
ULA-PaCa Primary cultured pancreatic cancer cells; provided by Prof. Dr.

Dr. Dr. h.c. Bachem, Ulm
Buffer
“Nicoletti” buffer 1 0.1 % sodium citrate pH 7.4
“Nicoletti” buffer 2 1 % Triton X-100
“Nicoletti” buffer 3 23,75 ml buffer 1; 23,75 ml buffer 2; 2,5 ml Propidium Iodide
PBS Biochrom, Berlin, Germany
Reagents
Trypsin/EDTA (10×) Biochrom, Berlin, Germany
Equipment
Centrifuge 5417R Eppendorf, Hamburg, Germany
FACScalibur BD Bioscience, Heidelberg, Germany
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For determination of apoptosis, cells were cultured at 0.5 105 cells/cm2. Apoptosis was

determined by fluorescence-activated cell-sorting analysis of DNA fragmentation of

propidium iodide-stained nuclei as described previously (Fulda et al., 1997).

2.15 Receptor staining
Cell lines
ASPC1 Pancreatic carcinoma cell line; provided by R.M. Schmid (TU

Munich)
PancTu1 Pancreatic carcinoma cell line; provided by R.M. Schmid (TU

Munich)
Buffer
PBS/FCS 1 % (v/v) FCS in PBS
Antibodies
mouse anti-TRAIL-R1 ApoTech Corporation, Epalinges, Switzerland
mouse anti-TRAIL-R2 ApoTech Corporation, Epalinges, Switzerland
mouse anti-TRAIL-R3 ApoTech Corporation, Epalinges, Switzerland
mouse anti-TRAIL-R4 ApoTech Corporation, Epalinges, Switzerland
Mouse anti-CD95 Kindly provided by Dr. Gudrun Strauss, Ulm
rabbit anti-mouse
F(ab´)2IgG/Biotin

Dako, Glostrup, Denmark

Control mouse IgG Dako, Glostrup, Denmark
Reagents
strepdavidin-PE BD Bioscience, Heidelberg, Germany
Equipment
FACScan BD Bioscience, Heidelberg, Germany
Centrifuge 5417R Eppendorf, Hamburg, Germany

To determine TRAIL receptor expression and CD95 expression, 5 105 cells were incubated

with mouse anti-TRAIL-R1, mouse anti-TRAIL-R2, mouse anti-TRAIL-R3, mouse anti-TRAIL-

R4 or an anti-CD95 antibody for 30 min at 4 °C, washed in PBS containing 1 % FCS,

incubated with rabbit anti-mouse F(ab´)2IgG/Biotin for 20 min at 4 °C in the dark, washed in

PBS containing 1 % FCS, incubated with strepdavidin-PE for 20 min at 4° C in the dark and

analysed by flow cytometry.

2.16 Nuclear fractionation
Buffer
Resuspension buffer
(hypertonic)

10 mM Hepes, 1.5 mM MgCl2, 10 mM KCl

Resuspension buffer
(hypotonic)

20 mM Hepes, 420 mM NaCl, 1.5 mM MgCl2, 0.5 mM EDTA,
25 % Glycerol

Reagents
NP-40 Sigma Aldrich Chemie GmbH, Deisenhofen, Germany
Equipment
Centrifuge 5417R Eppendorf, Hamburg, Germany
Overhead Shaker NeoLab, Heidelberg, Germany
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To obtain nuclear fractions, cells were resuspended in hypertonic buffer. After swelling of

cells for 10 min on ice, cells were lysed by adding 25 µl NP-40 and vortexing for 30 s. After

centrifugation for 5 min at 4500 g, the supernatant was discharged and the nuclear pellet

was resuspended in hypotonic buffer and incubated for 20 min on a overhead shaker at 4 °C.

Supernatant containing nuclear proteins was collected after 5 min centrifugation at 10000 g.

Determination of protein concentration was done as described in 2.5.

2.17 Electrophoretic Mobility Shift Assay (EMSA)

Buffer
Binding buffer 1 mM MgCl2, 0.5 mM EDTA, 0.5 mM DTT, 50 mM NaCl, 10

mM Tris/HCl pH 7.5, 4 % glycerol
TBE (5 ) 54 g Tris, 27.5 g boric acid, 20 ml EDTA (0.5 M) dissolved in 1

l H2O
Reagents
NP-40 Sigma Aldrich Chemie GmbH, Deisenhofen, Germany
Equipment
Autoradiography film GE Healthcare, Munich, Germany

For Electrophoretic Mobility Shift Assay (EMSA; kindly done by Hubert Kasperczyk), the

following NF- B-specific oligonucleotides were used:

sense: 5´-agttgaggggactttcccagga-3´

antisense: 5´-gcctgggaaagtcccctcaact-3´

Single-stranded oligonucleotides were labeled with y-32P-ATP by T4-polynucleotide kinase. A

twofold molar excess of unlabeled complementary oligonucleotides was annealed and

double-stranded oligonucleotides were purified on spin columns. Binding reactions were

performed for 30 min on ice in 20 µl buffer containing 5 µg nuclear extract protein, 1 µg

poly(dI:dC) and 10000 cpm labeled oligonucleotides. Binding complexes were resolved by

electrophoresis in vertical nondenaturating 6% polyacrylamide gels, using 0.3  TBE  as

running buffer. Gels were dried and radioactive signals were detected by autoradiography

films.
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3. Results

3.1 Expression of c-FLIP isoforms in pancreatic carcinoma cells

To explore the role of c-FLIP proteins in the regulation of death receptor-induced cell death in

pancreatic cancer, we determined protein levels of c-FLIP in a panel of human pancreatic

carcinoma cell lines by Western blotting. All investigated pancreatic carcinoma cell lines

displayed high levels of the long isoform of c-FLIP (c-FLIPL) and 5 out of 8 cell lines also

expressed the short isoform of c-FLIP (c-FLIPS) at different expression levels (Fig. 6A).

Further, all cell lines expressed caspase-8 and FADD, two important members of the death-

inducing signaling complex (DISC). For further experiments, we selected ASPC1 cells, which

express both c-FLIPL and c-FLIPS protein and PancTu1 cells, which only express c-FLIPL

protein. Both ASPC1 cells and PancTu1 cells showed higher expression levels of c-FLIP

protein compared to primary cultured pancreatic carcinoma cells derived from a patient with

pancreatic adenocarcinoma (ULA-PaCa) and to non-malignant human pancreatic duct

epithelial (HPDE) cells (Fig. 6B). Further, ULA-PaCa showed higher expression of c-FLIPL

compared to HPDE, which expressed only low levels of c-FLIPL (Fig. 6B). Although both

ULA-PaCa and HPDE showed weak expression levels of c-FLIPS compared to ASPC1, the

primary cultured cells ULA-PaCa showed a slight upregulation of this c-FLIP isoform

compared to the non-malignant HPDE cells (Fig. 6B).
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Fig. 6: Expression of c-FLIP isoforms in pancreatic carcinoma cells.
(A) Protein expression of c-FLIP, caspase-8 and FADD was assessed in a panel of pancreatic
carcinoma cell lines. -actin served as loading control. (B) Protein expression of c-FLIP in ASPC1
cells and PancTu1 cells compared to primary cultured pancreatic carcinoma cells (ULA-PaCa) and
human pancreatic duct epithelial cells (HPDE) analyzed by Western blotting. -actin served as loading
control.
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3.2 Effect of TRAIL-stimulation in TRAIL-resistant pancreatic carcinoma cells

Since it has been described that death receptor triggering not only leads to apoptotic

signaling, but might also have proliferative effects, which is mediated by c-FLIP and caspase-

8 (Micheau et al., 2002), we investigated as an initial experiment the effect of TRAIL on cell

growth of ASPC1 cells (Fig. 7).

Cell count after TRAIL

stimulation for up to 7 days

(216h) showed no

differences in cell growth

between unstimulated

ASPC1 cells and cells

stimulated with different

concentrations of TRAIL

(Fig. 7). This experiment

shows that the TRAIL

concentrations used do

not lead to increased

proliferation of ASPC1

cells after death receptor triggering.

3.3 Downregulation of c-FLIP proteins by CHX sensitizes pancreatic carcinoma cells
for death receptor-induced apoptosis

Previously, c-FLIP proteins were identified as short-lived proteins that are rapidly

downregulated upon inhibition of protein synthesis (Fulda et al., 2000). Therefore, in a first

approach to interfere with c-FLIP expression, the protein synthesis inhibitor Cycloheximide

(CHX) was used to downregulate c-FLIP proteins (Fig. 8).
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Fig. 8: Effect of CHX on c-FLIP protein expression (dose response).
ASPC1 cells (left) and PancTu1 cells (right) were treated with indicated concentrations of CHX for 24
h. Protein expression of c-FLIP was assessed in whole cell lysates by Western blotting. -actin served
as loading control.
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 Fig. 7: Effect of TRAIL on cell growth of ASPC1 cells. ASPC1
cells were stimulated with different concentrations of TRAIL for
the indicated time points. Cells were counted with CASY. Mean +
SEM of three independent experiments.
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Incubation with CHX for 24 h resulted in a concentration-dependent downregulation of c-

FLIPL and c-FLIPS proteins in ASPC1 cells (Fig. 8, left) and of c-FLIPL proteins in PancTu1

cells (Fig. 8, right). Treatment with 6 µg/ml CHX led to a strong downregulation of both c-

FLIP isoforms in ASPC1 cells, while for PancTu1 the same effect was reached with 1 µg/ml

CHX. Importantly, incubation with these concentrations of CHX for 24 h showed no or only

little cytotoxic effects on the cells as observed microscopically (no cells in suspension).

Therefore, ASPC1 cells were treated with 6 µg/ml CHX and PancTu1 cells with 1 µg/ml CHX

for further experiments.

To further clarify the optimal pre-treatment conditions with CHX, ASPC1 cells were incubated

with 6 µg/ml CHX and PancTu cells with 1 µg/ml CHX for different time points (Fig. 9).

Western blot analysis showed, that for ASPC1 a significant downregulation of c-FLIP

occurred after 24 h incubation with 6 µg/ml CHX, while for PancTu1 cells c-FLIP

downregulation started already after 2 h treatment with 1 µg/ml CHX, with the strongest

downregulation after 24 h (Fig. 9). Importantly, other members of the DISC, like caspase-8 or

FADD, as well as members of the Bcl-2 family (Bcl-xL, Mcl-1) were not or only slightly

affected by this treatment (Fig. 9). In contrast, Survivin, a member of the IAP family, was

rapidly downregulated already after 1 h in both cell lines, while XIAP expression level was

only slightly influenced by incubation with CHX for the indicated time points (Fig. 9).
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Fig. 9: Effect of CHX on c-FLIP protein expression (kinetic).
ASPC1 and PancTu1 cells were treated with 6 µg/ml CHX (ASPC1) or 1 µg/ml CHX (PancTu1) for
indicated times. Protein expression of c-FLIP, caspase-8 and FADD was assessed in whole cell
lysates of pancreatic carcinoma cell lines by Western blotting. -actin served as loading control.

Importantly, pre-incubation with CHX for 24 h massively enhanced apoptosis induced by

death receptor ligation, i.e. treatment with TRAIL or agonistic anti-CD95 antibody in a dose-

and time-dependent manner in both ASPC1 and PancTu1 cells (Fig. 10A, B). For both cell
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lines, 48 h treatment with TRAIL or agonistic anti-CD95 antibody showed higher specific

apoptosis compared to 24 h treatment with TRAIL or agonistic anti-CD95 antibody alone

(Fig. 10A, B).
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Fig. 10: Effect of CHX on death receptor-induced apoptosis.
ASPC1 and PancTu1 cells were left untreated or pre-treated with 6 µg/ml CHX (ASPC1) or 1 µg/ml
CHX (PancTu1) for 24 h, followed by treatment with TRAIL (A) or anti-CD95 antibody (B) at indicated
concentrations for 24 h or 48 h. Apoptosis was determined by FACS analysis of DNA fragmentation of
propidium iodide stained nuclei and is expressed as specific apoptosis. *, P < 0.01; #, P < 0.05
comparing pre-treated and non pre-treated cells. Mean + SEM of three independent experiments. (C)
Effect of CHX on TRAIL-induced caspase-activation. ASPC1 and PancTu1 cells were left untreated or
pre-treated with 6 µg/ml CHX (ASPC1) or 1 µg/ml CHX (PancTu1) for 24 h, followed by treatment with
30 ng/ml TRAIL (ASPC1) or 10 ng/ml TRAIL (PancTu1) for indicated times. Cleavage of procaspase-8
and -3 was assessed by Western blotting, active caspase cleavage fragments are indicated by
arrowheads.
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Furthermore, while ASPC1 cells could be sensitized up to 70 - 80 % of specific apoptosis

(Fig. 10A, left; Fig. 10B, left), PancTu1 cells could only be sensitized up to 30 - 40 % of

specific apoptosis for both TRAIL and agonistic anti-CD95 antibody (Fig. 10A, right; Fig. 10B,

right).

To characterize the molecular basis of the profound sensitization for apoptosis after pre-

treatment with CHX and death receptor ligation, we investigated cleavage of procaspase-8

and of procaspase-3. Sensitization of both cell lines was accompanied by rapid cleavage of

caspase-8 and -3 upon addition of TRAIL (Fig. 10C) into the corresponding cleavage

fragments. While full cleavage of procaspase-8 could be detected after double treatment with

CHX and TRAIL in ASPC1 cells already after 1 h (Fig. 10C, left), cleavage of procaspase-8

and procaspase-3 in PancTu1 cells is delayed and much weaker compared to ASPC1 cells

(Fig. 10C, right). No cleavage of procaspases could be detected after single treatement with

CHX or TRAIL alone (Fig. 10C).

These findings demonstrate that pancreatic carcinoma cells can be sensitized to death

receptor-induced apoptosis by inhibition of short-lived proteins, such as c-FLIP.

3.4 Simultaneous knockdown of c-FLIPL and c-FLIPS protein expression sensitizes
pancreatic carcinoma cells for death receptor-induced apoptosis

Since the protein synthesis inhibitor CHX potentially affects the expression of a variety of

short-lived proteins in addition to c-FLIP, we then used RNA interference (RNAi) to

specifically downregulate c-flip mRNA. To this end, we generated short-hairpin RNA (shRNA)

vectors directed against both the long and short isoforms of c-FLIP proteins. A shRNA vector

that contains a sequence with no corresponding part in the human genome was used as

control.
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Fig. 11: Efficiency of RNAi-mediated knockdown of c-FLIPL and c-FLIPS.
ASPC1 and PancTu1 cells were infected with virus carrying control shRNA vector or c-flip shRNA
vectors. Protein expression of c-FLIP proteins and procaspase-8 was assessed by Western blotting.

-actin served as loading control.
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Stable expression of c-flip shRNA resulted in profound suppression of both c-FLIPL and c-

FLIPS protein expression levels in ASPC1 and PancTu1 cells (Fig. 11). For ASPC1 cells, two

stable bulk cultures with an efficient knockdown of c-FLIP proteins were generated  (Fig. 11,

left), while for PancTu1 cells only one bulk culture showed an efficient knockdown of the

protein ( Fig. 11, right). The shRNA sequences, which led to an efficient downregulation of c-

FLIP protein expression in ASPC1 cells (shRNA FLIPL+S(1) and shRNA FLIPL+S(2)), were not

identical with the sequence, that led to an efficient knockdown in PancTu1 cells (shRNA

FLIPL+S(3)). Western blotting experiments to control for potential off-target effects of RNAi-

mediated gene silencing showed that c-flip shRNA vectors exerted no off-target effects on

caspase-8 (Fig. 11), which is highly homologous to c-FLIP (Peter and Krammer, 2003).
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Fig. 12. Effect of simultaneous knockdown of c-FLIPL and c-FLIPS on death receptor-induced
apoptosis in pancreatic carcinoma cells.
Effect of c-FLIP knockdown on death receptor-induced apoptosis. ASPC1 and PancTu1 cells infected
with virus containing a control shRNA vector or c-flip shRNA vectors were treated for 48 h with
indicated concentrations of TRAIL (A) or anti-CD95 antibody (B). Apoptosis was determined by FACS
analysis of DNA fragmentation of propidium iodide stained nuclei. *, P < 0.01 comparing control cells
and knockdown cells. Mean + SEM of three independent experiments.
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Importantly, knockdown of c-FLIP significantly enhanced TRAIL- and CD95-induced

apoptosis in a concentration-dependent manner (Fig. 12A, B). For both cell lines, c-FLIP

knockdown cells showed a specific apoptosis rate of up to 40 % for the highest TRAIL or

anti-CD95 concentration used. For ASPC1, this apoptosis rate is much lower compared to

the apoptosis rate for pre-incubation with CHX followed by death receptor triggering (Fig.

12A, left; 12B, left), while for PancTu1 cells comparable effects could be detected (Fig. 12A,

right; Fig. 12B, right).
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Fig. 13:  Effect of shRNA-mediated c-FLIP downregulation on TRAIL-induced caspase
activation.
(A) Caspase-activation after TRAIL stimulation. ASPC1 and PancTu1 cells infected with virus
containing a control shRNA vector or c-flip shRNA vectors were treated with 30 ng/ml TRAIL (ASPC1)
or 10 ng/ml TRAIL (PancTu1) for indicated times. Cleavage of procaspase-8 and -3 was assessed by
Western blotting, active caspase cleavage fragments are indicated by arrowheads; s = space. (B)
Effect of caspase inhibition on TRAIL-induced apoptosis. ASPC1 and PancTu1 cells infected with
control or c-flip shRNA vectors were treated with 30 ng/ml TRAIL (ASPC1) or 10 ng/ml TRAIL
(PancTu1) for 48 h in the presence or absence of 50 µM zVAD.fmk. Apoptosis was determined by
FACS analysis of DNA fragmentation of propidium iodide stained nuclei. *, P < 0.01 comparing cells
treated with or without zVAD.fmk. Mean + SEM of three independent experiments.
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To investigate the underlying molecular mechanism of the observed cell death, cleavage and

therefore activation of procaspase-8 and of procaspase-3 was determined. The enhanced

sensitivity of c-FLIP knockdown cells was accompanied by increased cleavage of

procaspase-8 and -3 into active cleavage fragments in TRAIL-treated cells (Fig. 13A). In

ASPC1 knockdown cells, as for pre-treatment with CHX, TRAIL-stimulated cells show strong

cleavage of procaspase-8 already after 1 h (Fig.13A; Fig. 10C). In contrast to the results

seen for CHX, PancTu1 knockdown cells show cleavage of procaspase-8 already after 2 h

(Fig. 13A; Fig. 10C). For both cell lines, partial cleavage of both procaspases could be

detected in the control cells. To explore whether caspase activation was required for

apoptosis induction, we used the broad range caspase inhibitor zVAD.fmk. Addition of

zVAD.fmk almost completely blocked TRAIL-induced apoptosis in cells with knockdown of c-

FLIP, indicating that apoptosis occurred in a caspase-dependent manner (Fig. 13B).

Besides TRAIL, we further tested the effect of cytotoxic drugs on ASPC1 cells with c-FLIP

knockdown. Neither treatment with 5-FU, VP16 nor with Gemcitabine showed a statistically

significant effect in c-FLIP knockdown cells compared to control cells (Fig. 14A, B, C).
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Fig. 14: Effect of cytotoxic drugs on
cell viability in ASPC1 cells with
shRNA-mediated downregulation of
c-FLIP.
ASPC1 cells infected with viruses
carrying a control shRNA vector or c-flip
shRNA vectors were treated with
indicated concentrations of 5-FU (A),
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3.5 Induction of NF- B activity in ASPC1 cells with simultaneous knockdown of c-

FLIPL and c-FLIPS protein expression
It has been described that c-FLIP expression and cleavage either promotes (Kataoka et al.,

2000; Hu et al., 2000 ; Golks et al., 2006) or inhibits NF- B activity (Kreuz et al., 2004). To

investigate the effect of c-FLIP in pancreatic cancer cell lines, we induced NF- B activity by

addition of TNF-  for different time points in ASPC1 cells infected with control or c-flip

shRNA vectors (Fig. 15).

Fig. 15. Induction of NF- B activity
in c-FLIP knockdown cells.
ASPC1 cells infected with virus
carrying a control vector shRNA
vector or c-flip shRNA vectors were
treated with 10 ng/ml TNF-  for
indicated timepoints. NF- B
activation was assessed by
Electrophoretic Mobility Shift Assay
(EMSA) with NF- B-specific
oligonucleotides.
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As shown in Fig. 15, cells with a knockdown of c-FLIP proteins showed markely increased

NF- B activity after TNF-  stimulation compared to control cells. Further, the activity of NF-

B occurs earlier in c-FLIP protein knockdown cells compared to control cells. In knockdown

cells, a strong induction of NF- B could be detected already after 2 h (Fig. 15).

3.6 Selective knockdown of c-FLIPL and c-FLIPS protein expression in ASPC1 cells
sensitizes for death receptor-induced apoptosis

Since the individual impact of c-FLIPL and c-FLIPS on the regulation of death receptor-

induced apoptosis has been controversially discussed and may depend, at least in part, on

the cellular context (Micheau, 2006), we wished to explore the specific contribution of the

long and the short isoform of c-FLIP to the regulation of apoptosis in pancreatic carcinoma

cells. To this end, we selectively targeted either c-flipL or c-flipS mRNA via unique regions in

ASPC1 cells, since the cells express both c-FLIP isoforms (Fig. 6). Vectors containing a

shRNA sequence against c-flipL or c-flipS caused selective and marked downregulation of c-

FLIPL protein or c-FLIPS protein expression, without affecting caspase-8 expression levels

(Fig. 16).
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Importantly, targeting of either FLIPL protein expression or c-FLIPS protein expression

significantly enhanced TRAIL- or CD95-induced apoptosis in a concentration-dependent

manner (Fig. 17A, B).
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Fig. 17. Effect of selective knockdown of c-FLIPL or c-FLIPS on death receptor-induced apoptosis
in pancreatic carcinoma cells.
ASPC1 cells infected with virus carrying a control shRNA vector or c-flipL or c-flipS shRNA vectors were
treated for 48 h with indicated concentrations of TRAIL (A) or anti-CD95 antibody (B) for 48 h. Apoptosis
was determined by FACS analysis of DNA fragmentation of propidium iodide stained nuclei. *, P < 0.01
comparing control cells and knockdown cells. Mean + SEM of three independent experiments.

Furthermore, knockdown of c-FLIPL or c-FLIPS in ASPC1 cells promoted TRAIL-induced

activation of caspase-8 and -3 (Fig. 18A). For both c-FLIP knockdowns, cleavage of

procaspase-8 and procaspase-3 occurred already after 1 h, peaking after 2 h. Interestingly,

no significant differences in procaspase cleavage could be detected between the two

knockdowns (Fig. 18A), although apoptosis determination after death receptor triggering

showed, that knockdown of c-FLIPS sensitizes ASPC1 cells significantly more compared to

knockdown of c-FLIPL (Fig, 17A, B). Addition of the caspase inhibitor zVAD.fmk potently

blocked TRAIL-induced apoptosis in cells with knockdown of either c-FLIPL or c-FLIPS

demonstrating that in both cases apoptosis was caspase-dependent (Fig. 18B).
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Fig. 16: Efficiency of selective
knockdown of c-FLIPL and c-FLIPS
in ASPC1 cells.
ASPC1 cells infected with virus
carrying a control shRNA vector or c-
flipL or c-flipS shRNA vectors. Protein
expression of c-FLIPL, c-FLIPS and
caspase-8 was assessed by Western
blotting. -actin served as loading
control.
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Fig. 18: Effect of isoform-selective c-FLIP knockdown on TRAIL-induced caspase activation.
(A) ASPC1 cells infected with virus carrying acontrol shRNA vector or c-flipL or c-flipS shRNA vectors
were treated with 30 ng/ml TRAIL for indicated times. Cleavage of caspase-8 and -3 was assessed
by Western blotting, active caspase cleavage fragments are indicated by arrowheads. -actin served
as loading control. (B) Effect of caspase inhibition on TRAIL-induced apoptosis. ASPC1 cells infected
with control or c-flipL or c-flipS shRNA vectors were treated with 30 ng/ml TRAIL for 48 h in the
presence or absence of 50 µM zVAD.fmk. Apoptosis was determined by FACS analysis of DNA
fragmentation of propidium iodide stained nuclei. In (B), mean + SEM of three independent
experiments performed in triplicates are shown; *, P < 0.01 comparing cells treated with or without
zVAD.fmk.

3.7 Selective knockdown of c-FLIPL protein expression sensitizes PancTu1 cells for
death receptor-induced apoptosis

Although PancTu1 cells do not express c-FLIPS on the protein levels (Fig. 6), we

“specifically” targeted c-FLIPL protein expression by using a c-flipL shRNA vector (Fig. 19).

Knockdown of c-FLIPL was much less efficient compared to the shRNA vector for

simultaneous knockdown of both isoforms (Fig. 11).
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Fig. 19: Efficiency of
selective knockdown of c-
FLIPL in PancTu1 cells.
PancTu1 cells infected with
virus carrying a control
shRNA vector or c-flipL
shRNA vectors. Protein
expression of c-FLIPL and
caspase-8 was assessed
by Western blotting. -actin
served as loading control.

Although densitometry revealed, that c-FLIPL is still expressed to 64 % in knockdown cells

compared to control cells, this slight downregulation of the c-FLIPL isoform significantly

enhanced TRAIL- and CD95-induced apoptosis in a concentration-dependent manner (Fig.

20A, B). Interestingly, the specific apoptosis rate of cells with slight downregulation of c-FLIPL

were comparable to cells with an efficient knockdown of c-FLIPL (Fig. 12A, right; Fig.12B,

right).
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Fig. 20: Effect of c-FLIPL-selective knockdown on death receptor-induced apoptosis in
PancTu1 cells.
PancTu1 cells infected with a control shRNA vector or c-flipL shRNA vectors were treated for 48 h with
indicated concentrations of TRAIL (A) or anti-CD95 antibody (B). Apoptosis was determined by FACS
analysis of DNA fragmentation of propidium iodide stained nuclei. Mean + SEM of three independent
experiments performed in triplicates are shown; *, P < 0.01 comparing control cells and knockdown
cells.

Western blotting revealed that despite this weak knockdown efficiency, caspase-8 and -3

were cleaved to a degree comparable to cells with a very efficient knockdown (Fig. 21A).

Again, addition of the caspase inhibitor zVAD.fmk potently blocked TRAIL-induced apoptosis



                                                                                                                                        Results

43

in cells with knockdown of c-FLIPL, demonstrating that apoptosis occurred in a caspase-

dependent fashion in both bulk cell cultures (Fig. 13B, right; Fig. 21B).
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3.8 Downregulation of c-FLIP proteins by 5-FU occurs on mRNA level and sensitizes
pancreatic carcinoma cells for death receptor-induced apoptosis

To translate the approach of targeting c-FLIP protein expression into a therapeutic setting,

we used the chemotherapeutic drug 5-fluorouracil (5-FU), the active metabolites of which

Fig. 21: Effect of shRNA-mediated c-FLIPL protein downregulation on TRAIL-induced caspase
activation in PancTu1 cells.
(A) Caspase-activation after TRAIL-stimulation. PancTu1 cells infected with control or c-flipL shRNA
vectors were treated with 10 ng/ml TRAIL for indicated times. Cleavage of caspase-8 and -3 was
assessed by Western blotting, active caspase cleavage fragments are indicated by arrowheads; s =
space. (B) Effect of caspase inhibition on TRAIL-induced apoptosis. PancTu1 cells infected with
control vector or a c-flipL specific shRNA vector were treated with 10 ng/ml TRAIL for 48 h in the
presence or absence of 50 µM zVAD.fmk. Apoptosis was determined by FACS analysis of DNA
fragmentation of propidium iodide stained nuclei. *, P < 0.01 comparing TRAIL-treated cells in the
presence and absence of zVAD.fmk.
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inhibit RNA synthesis (Longley et al., 2003) and thus might interfere with the expression of

short-lived proteins, such as c-FLIP. Incubation with 5-FU resulted in a concentration- and

time-dependent suppression of c-FLIP protein levels. Importantly, no changes were observed

in expression levels of caspase-8 and FADD, two other upstream regulators of death

receptor signaling (Fig. 22). Further, no changes in expression levels of XIAP, a member of

the IAP family, and only slight changes in expression of Mcl-1, a member of the Bcl-2 family

and known to be a short-lived protein, could be detected after 5-FU treatment (Fig. 22).
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Fig. 22: Effect of 5-FU on c-FLIP protein expression.
(A) ASPC1 and PancTu1 cells were treated with indicated concentrations of 5-FU for 24 h or 48 h.
Protein expression of c-FLIP, caspase-8, FADD,  XIAP and Mcl-1 was assessed by Western blotting.

-actin served as loading control.

To examine whether 5-FU causes a reduction of c-FLIP expression at the transcriptional or

post-transcriptional level, we determined mRNA and protein levels of c-FLIPL and c-FLIPS

following incubation with 5-FU (Fig. 23A, B). Quantitative Real-Time PCR (qRT-PCR)

analysis of c-flip mRNA expression revealed that mRNA levels of c-flipL and c-flipS rapidly

decreased after 4 - 8 h incubation with 5-FU (Fig. 23A). By comparison, protein levels of the

two c-FLIP isoforms declined upon treatment with 5-FU with delayed kinetics, starting at 24 h

for both cell lines (Fig. 23B). While no c-FLIPS could be detected for PancTu1 cells on protein

level (Fig. 23B, right), qRT-PCR showed a clear signal of this isoform (Fig. 23A, right). Taken

together, this indicates that c-FLIP protein expression is regulated by 5-FU at the

transcriptional level.

To further examine whether 5-FU controls c-FLIP protein expression at the post-

transcriptional level, e.g. by proteasomal degradation or proteolytic cleavage by caspases,

we tested the effects of 5-FU on c-FLIP protein expression in the presence of the



                                                                                                                                        Results

45

proteasome inhibitor bortezomib or the broad range caspase inhibitor zVAD.fmk (Fig. 24A).

While bortezomib led to an increased signal for both c-FLIPL or c-FLIPS (Fig.  24A,  left)  in

ASPC1 cells, no increase after incubation with bortezomib could be detected in PancTu1

cells (Fig. 24A, right). Incubation with zVAD.fmk alone had no effect on c-FLIP protein

expression in both cell lines, while any combination with 5-FU led to a downregulation of c-

FLIP to comparable levels as treatment with 5-FU alone (Fig. 24).

To sum up, neither bortezomib nor zVAD.fmk rescued 5-FU-mediated downregulation of c-

FLIP protein, suggesting no role for the proteasome or for caspases in this process.
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Fig. 23: Effect of 5-FU on c-flip mRNA and c-FLIP protein expression.
ASPC1 and PancTu1 cells were treated with 1 mM 5-FU (ASPC1) or 0.6 mM 5-FU (PancTu1) for
indicated times. c-flip mRNA expression was assessed by qRT-PCR analysis (A) and c-FLIP protein
expression by Western blotting (B). In (A), mean + SEM of three independent experiments  is shown.

To further clarify the downregulation mechanism of c-FLIP by 5-FU, we investigated

ubiquitylation of c-FLIP proteins after 5-FU treatment by immunoprecipitation. c-FLIP proteins

showed no increased ubiquitiylation after treatment with 5-FU compared to non treated cells

(Fig. 24B). In contrast, cells treated with the proteasome inhibitor bortezomib, that was used

as positive control since this drug leads to an accumulation of ubiquitylated proteins in the

cytoplasm, showed a strong signal for ubiquitylated c-FLIP (Fig. 24B).

Together, this set of experiments indicates that 5-FU causes downregulation of c-FLIP

proteins by suppressing their expression on mRNA level rather than by promoting

proteasomal degradation or caspase-mediated cleavage.
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Fig. 24: Effect of 5-FU, bortezomib and zVAD.fmk on c-FLIP protein levels.
(A) Effect of 5-FU, bortezomib and zVAD-fmk on c-FLIP protein expression. Cells were treated with 1
mM 5-FU for 48 h (ASPC; left) or 0.6 mM 5-FU for 24 h (PancTu1; right) and / or 30 nM bortezomib
and / or 50 µM zVAD.fmk. Protein expression of c-FLIP was assessed in whole cell lysates. -actin
served as loading control. (B) Immunoprecipitation of ubiquitylated c-FLIP. ASPC1 cell were treated
with either 1 mM 5-FU or 30 µM bortezomib for 48 h. Immunoprecipitation of c-FLIP was done with an
anti-c-FLIP antibody, detection of ubiquitylated c-FLIP was done with an anti-ubiquitin-antibody. *:
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Functional studies revealed that pre-incubation with 5-FU to downregulate c-FLIP protein

levels markedly sensitized pancreatic carcinoma cells to TRAIL-induced apoptosis in a time-

and concentration-dependent manner (Fig. 25A) to a similar rate of specific apoptosis

compared to c-FLIP knockdown cells (Fig. 12A). In contrast, specific apoptosis rate of both

cell lines after pre-incubation with 5-FU is much lower after TRAIL stimulation compared to

pre-incubation with CHX (Fig. 25A; Fig. 10A).

Importantly, pre-treatment with 5-FU enhanced apoptosis triggered by agonistic monoclonal

antibodies (ETR1) against TRAIL-R1 or agonistic monoclonal antibodies (ETR2) against

TRAIL-R2 (Fig. 25B), which are currently used in early clinical trials (Humphreys and

Halpern, 2008). While ASPC1 cells showed sensitivity after triggering TRAIL-R2, but not

TRAIL-R1 (ETR1) (Fig. 25B, left), PancTu1 cells were sensitive for both TRAIL receptors,

with a higher specific apoptosis rate after triggering TRAIL-R1 compared to TRAIL-R2 (Fig.

25B, right).
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Fig. 25: Effect of c-FLIP downregulation by 5-FU on death receptor-induced apoptosis in
pancreatic carcinoma cells.
(A), (B) and (C), Effect of 5-FU on death receptor-induced apoptosis. ASPC1 and PancTu1 cells were
left untreated or pre-treated for 48 h with 1 mM 5-FU (ASPC1) or for 24 h with 0.6 mM 5-FU
(PancTu1), followed by treatment with TRAIL for 24 h and 48 h (A), TRAIL receptor 1 or TRAIL
receptor 2 specific antibodies for 48 h (ASPC1) or 24 h (PancTu1) (B) or anti-CD95-antibody for 24 h
and 48 h (C). Apoptosis was determined by FACS analysis of DNA fragmentation of propidium iodide
stained nuclei and is expressed as specific apoptosis. In (A), (B) and (C), mean + SEM of three
independent experiments are shown. *, P < 0.01 comparing apoptosis in the presence and absence of
5-FU.
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Recombinant TRAIL led to a specific apoptosis rate of more than 40 % in ASPC1 cells (Fig.

25A, left), the same concentrations of agonistic monoclonal antibodies against TRAIL-R1 or -

R2 only led to 30 % specific apoptosis (Fig. 25B, left). Interestingly, in PancTu1 cells

stimulation with ETR1 led to a higher specific apoptosis rate compared to recombinant

TRAIL, while triggering TRAIL receptors with ETR2 or TRAIL showed comparable results

(Fig. 25A, right; Fig. 25B, right).

Similarly, pre-exposure to 5-FU significantly enhanced CD95-mediated apoptosis in both cell

lines with results comparable to c-FLIP knockdowns (Fig. 25C, right; Fig. 12B, right).

Together, these results demonstrate that pre-incubation with 5-FU leads to downregulation of

c-FLIP protein expression by targeting c-flip mRNA and sensitization towards death receptor-

induced apoposis in pancreatic carcinoma cells.

3.9 Molecular events involved in the synergistic interaction of 5-FU and TRAIL

Next, we wished to systematically explore the molecular events that are involved in the

synergistic interaction of 5-FU and TRAIL. In a first step, we determined the cell surface

expression of death receptors upon treatment with 5-FU.  Importantly, no changes in death

receptor expression on the cell surface - neither an upregulation nor a downregulation of any

death receptor - could be detected after 5-FU treatment in both cell lines (Fig. 26A, B).

In the next step, we analyzed the formation of the TRAIL DISC upon TRAIL receptor ligation.

Interestingly, pre-treatment with 5-FU strongly increased the TRAIL-induced recruitment of

caspase-8 to activated TRAIL receptors as well as cleavage of procaspase-8 into p41/43

fragments compared to cells treated with TRAIL in the absence of 5-FU. Similar amounts of

the c-FLIPL cleavage product p43 were detected at the DISC of TRAIL-treated cells

irrespective of pre-exposure to 5-FU, although c-FLIPL levels were reduced in cell lysates

after 5-FU treatment (Fig. 27; right). This is consistent with the high affinity of c-FLIPL for

recruitment to the DISC. By comparison, 5-FU-mediated reduction of c-FLIPS levels resulted

in decreased recruitment of c-FLIPS to the TRAIL DISC upon stimulation with TRAIL

compared to cells that received no pre-treatment with 5-FU (Fig. 27). No differences were

detected in recruitment of the adaptor protein FADD (Fig. 27). For cells treated with 5-FU

alone, a slight cleavage of c-FLIPL could be detected, but no cleavage of procaspase-8 or

recruitment of FADD (Fig. 27).
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Fig. 27: TRAIL-induced DISC
formation.
TRAIL DISC analysis in ASPC1
cells after sensitization with 5-FU.
ASPC1 cell were left untreated (-)
or pre-treated (+) for 48 h with 1
mM 5-FU, followed by stimulation
with 1 µg/ml FLAG-TRAIL and
1.25 µg/ml anti-FLAG antibody
(+) or left unstimulated with
TRAIL (-). Isolated receptor
complexes (IP) and control
lysates (Lysates) were assessed
for caspase-8, c-FLIP, FADD and
TRAIL receptor 2. Tubulin served
as loading control for lysates and
as purity control of isolated
receptors. *, heavy chain.
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Fig. 26: Expression of death
receptors in ASPC1 and PancTu1
cells.
Surface expression of TRAIL-R1 - R4
and of CD95 was determined in
untreated cells and cells treated with 1
mM 5-FU for 48 h (ASPC1; A) or 0.6
mM 5-FU for 24 h (PancTu1; B) using
fluorescence-conjugated antibodies and
flow cytometry (spotted black line:
isotype control; green line: untreated,
stained cells; red line: 5-FU-treated,
stained cells).
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Monitoring of activation of the caspase cascade by Western blot revealed that pre-exposure

to 5-FU profoundly enhanced TRAIL-induced cleavage of procaspase-8 and procaspase-3

into active cleavage fragments (Fig. 28). Like for pre-incubation with CHX (Fig. 10C) or in c-

FLIP knockdown cells (Fig. 13A), procaspase cleavage occurs earlier in ASPC1 cells than in

PancTu1 cells. While for ASPC1 strong cleavage of procaspases could be detected already

after 1 h of TRAIL stimulation, in PancTu1 cells cleavage of procaspases could be detected

after 2 h.
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Fig. 28: Effect of 5-FU on death receptor-induced apoptosis.
ASPC1 and PancTu1 cells were left untreated or pre-treated with 1 mM 5-FU for 48 h (ASPC1, left) or
with 0.6 mM 5-FU for 24 h (PancTu1, right), followed by treatment with 30 ng/ml TRAIL (ASPC1) or 10
ng/ml TRAIL (PancTu1) for indicated times. Cleavage of caspase-8 and caspase-3 was assessed by
Western blotting, active caspase cleavage fragments are indicated by arrowheads. -actin served as
loading control.
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Fig. 29. Kinetics of
procaspase cleavage in
ASPC1 cells.
ASPC1 cells were left
untreated (- 5-FU) or pre-
treated with 1 mM 5-FU (+ 5-
FU) for 48 h, followed by
treatment with 30 ng/ml TRAIL
for indicated times. Cleavage
of procaspase-8 and
procaspase-3 was assessed
by Western blotting, active
caspase cleavage fragments
are indicated by arrowheads.
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control.
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Since cleavage of procaspases in ASPC1 cells was already pronounced after 1 h and did not

increase for later time points, we investigated the kinetics for the first 60 min after TRAIL

treatment. Western blot analysis revealed that cleavage of procaspase-8 and -3 was

detectable as early as 20 min after TRAIL stimulation, with the strongest cleavage occuring

after 30 min (Fig. 29). The caspase inhibitor zVAD.fmk significantly reduced TRAIL-induced

apoptosis both in the presence and absence of 5-FU, pointing to caspase-dependent

apoptosis (Fig. 30).

Taken together, these findings demonstrate that the 5-FU-mediated decrease in overall c-

FLIP levels results in reduced recruitment of c-FLIP proteins (in the case of ASPC1 mainly c-

FLIPS) to activated TRAIL receptors, which in turn leads to enhanced recruitment and

activation of caspase-8 at the TRAIL DISC, increased caspase-3 activation and caspase-

dependent apoptosis.

ASPC1 PancTu1

20

40

60

%
ap

op
to

si
s

*

*

0

5-FU
zVAD

TRAIL - -

- +
- -

- -

+-
+ +

+ +
- -
- +

+ +
+ +
- +

20

40

60

80

%
ap

op
to

si
s

*

*

0

5-FU
zVAD

TRAIL - -

- +
- -

- -

+-
+ +

+ +
- -
- +

+ +
+ +
- +

Fig. 30:  Effect of caspase inhibition on TRAIL-induced apoptosis.
ASPC1 and PancTu1 cells were pre-treated for 48 h with 1 mM 5-FU (ASPC1) or for 24 h with 0.6
mM 5-FU (PancTu1), followed by stimulation with 30 ng/ml TRAIL (ASPC1) or 10 ng/ml TRAIL
(PancTu1) for 48 h in the presence or absence of 50 µM zVAD.fmk. Apoptosis was determined by
FACS analysis of DNA fragmentation of propidium iodide stained nuclei. *, P < 0.01, comparing
apoptosis in the presence or absence of zVAD.fmk.

3.10 Overexpression of c-FLIPL rescues 5-FU-pre-treated cells from TRAIL-induced
apoptosis

The data obtained so far suggest that 5-FU promotes death receptor-induced apoptosis, at

least in part, via suppression of c-FLIP levels. To further explore the specific contribution of

c-FLIP to the 5-FU-conferred sensitization to death receptor-triggered apoptosis, we

interferred with the 5-FU-mediated downregulation of c-FLIPL by ectopic expression of c-

FLIPL (Fig.  31),  since it  is  c-FLIPL that is modulated by 5-FU in both ASPC1 and PancTu1

cells (Fig. 22).  Western blotting of cells overexpressing FLAG-tagged c-FLIPL, especially in



                                                                                                                                        Results

52

ASPC1, showed marked bands at approximately 48 kDa, 40 kDa and 24 kDa (Fig. 31, left).

For PancTu1 cells overexpressing c-FLIPL, only weak bands at 48 kDa and 40 kDa could be

detected (Fig. 31, right).
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Fig. 32: Effect of 5-FU-mediated sensitization on death receptor-induced apoptosis in c-FLIPL-
overexpressing cells.
(A) Effect of c-FLIPL overexpression on 5-FU-mediated downregulation of c-FLIPL. c-FLIPL-
overexpressing and control cells were pre-incubated with 1 mM 5-FU for 48 h (ASPC1) or with 0.6 mM
5-FU for 24 h (PancTu1). Protein expression of c-FLIP was assessed by Western blotting. -actin
served as loading control. (B) Effect of c-FLIPL overexpression on 5-FU-mediated sensitization for
apoptosis. c-FLIPL overexpressing and control cells were pre-incubated with 1 mM 5-FU for 48 h
(ASPC1) or with 0.6 mM 5-FU for 24 h (PancTu1), followed by stimulation with indicated TRAIL
concentrations for 48 h (ASPC1) or for 24 h (PancTu1). In (B), mean + SEM of three independent
experiments done in triplicates is shown; *, P < 0.01, comparing apoptosis in control and c-FLIPL
overexpressing cells.
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Fig. 31: Overexpression
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Western blotting. -actin
served as loading control.
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Cells with ectopic expression of FLAG-tagged c-FLIPL displayed high levels of c-FLIPL even

after exposure to 5-FU. c-FLIP levels in overexpressing cells treated with 5-FU were still

higher compared to non-treated control cells for both cell lines (Fig. 32A). Importantly,

overexpression of c-FLIPL significantly reduced TRAIL-induced apoptosis compared to the

empty vector control in both ASPC1 and PancTu1 cells in a dose-dependent fashion (Fig.

32B). Despite overexpression of c-FLIPL , cell death could not be inhibited completely, since

in both cell lines a specific apoptosis rate of approximately 10 - 15 % could be detected in c-

FLIPL overexpressing cells after 5-FU pre-treatement and TRAIL stimulation.

Taken together, these results indicate that downregulation of c-FLIPL is a key event in the 5-

FU-mediated sensitization to TRAIL-induced apoptosis.

3.11 Cisplatin-mediated downregulation of c-FLIP sensitizes pancreatic carcinoma
cells towards TRAIL-induced apoptosis

To broaden the spectrum of targeting c-FLIP, we extended our study to another

chemotherapeutic agent and tested the antimetabolite Cisplatin, a chemotherapeutic drug

used for the treatment of pancreatic cancer (Oldenhuis et al., 2008) for its potential to

suppress c-FLIP expression.
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Fig. 33: Cisplatin-mediated downregulation of c-FLIP protein levels.
Effect of Cisplatin on c-FLIP protein expression. ASPC1 and PancTu1 cells were treated with indicated
concentrations of Cisplatin (CDDP) for 24 h. Protein expression of c-FLIP was assessed by Western
blotting. -actin served as loading control

Exposure to Cisplatin resulted in a concentration-dependent suppression of c-FLIP protein

levels (Fig. 33) and pre-incubation with Cisplatin profoundly sensitized pancreatic carcinoma

cells to TRAIL-induced apoptosis (Fig. 34).
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Fig. 34: Effect of Cisplatin on death receptor-induced apoptosis.
ASPC1 and PancTu1 cells were pre-treated with indicated Cisplatin concentrations for 24 h, followed
by stimulation with 30 ng/ml TRAIL (ASPC1) or 10 ng/ml TRAIL (PancTu1) for 48 h (+ TRAIL) or left
unstimulated (- TRAIL). Apoptosis was determined by FACS analysis of DNA fragmentation of
propidium iodide stained nuclei and is expressed as specific apoptosis. Mean + SEM of three
independent experiments done in triplicates is shown; *, P < 0.01 comparing apoptosis in the
presence and absence of TRAIL.

To explore the specific contribution of c-FLIP to this Cisplatin-mediated sensitization to

TRAIL, we utilized an c-FLIPL overexpressing system to counteract downregulation of c-

FLIPL by Cisplatin. Although c-FLIPL levels decreased upon incubation with Cisplatin, they

remained markedly elevated compared to Cisplatin-treated vector control cells for both cell

lines (Fig. 35) and overexpression of c-FLIPL significantly reduced TRAIL-induced apoptosis

compared to empty vector control in a dose-dependent manner in both ASPC1 and PancTu1

cells (Fig. 36).
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Fig. 35: Effect of Cisplatin on ectopical expression of c-FLIPL.
c-FLIPL overexpressing and control cells were treated with 3 µg/ml Cisplatin (ASPC1) or 30 µg/ml
Cisplatin (PancTu1) for 24 h. Protein expression of c-FLIP was assessed in whole cell lysates by
Western blotting. -actin served as loading control.

Together, this set of experiments indicates that Cisplatin-induced sensitization to TRAIL-

induced apoptosis is, at least in part, mediated by downregulation of c-FLIPL.
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Fig. 36: Effect of c-FLIPL overexpression on Cisplatin-mediated sensitization for apoptosis.
c-FLIPL overexpressing and control cells were pre-incubated with 3 µg/ml Cisplatin (ASPC1) or with
30 µg/ml Cisplatin (PancTu1) for 24 h, followed by stimulation with 30 ng/ml TRAIL (ASPC1) or 10
ng/ml TRAIL (PancTu1) for 48 h. Apoptosis was determined by FACS analysis of DNA fragmentation
of propidium iodide stained nuclei and is expressed as specific apoptosis. Mean + SEM of three
independent experiments performed in triplicates are shown; *, P < 0.01, comparing apoptosis in
TRAIL-treated control and c-FLIPL overexpressing cells.

3.12 Gemcitabine treatment sensitizes pancreatic carcinoma cells towards TRAIL-

induced apoptosis

The most common drug used in clinic for the treatment of pancreatic cancer is Gemcitabine

(Gemzar). Therefore, we also checked this drug for its potential to downregulate c-FLIP

proteins. Western blot analysis revealed, that Gemcitabine has only a low potency in

downregulating c-FLIP proteins (Fig. 37A). For ASPC1 cells, a downregulation of c-FLIPS,

but not of c-FLIPL could be detected for the highest concentration of Gemcitabine used after

48 h (Fig. 37A, left). For PancTu1 cells, a slight downregulation of c-FLIPL could be detected

after incubation with 200 µg/ml Gemcitabine for 48 h (Fig. 37A, right). Together, incubation

with Gemcitabine to downregulate c-FLIP protein is much less effective than 5-FU or

Cisplatin.

To investigate whether pre-incubation with Gemcitabine, despite its weak downregulation of

c-FLIP proteins, also sensitizes for death receptor-induced apoptosis, we stimulated

Gemcitabine-pre-incubated cells with TRAIL (Fig. 37B). For both cell lines, pre-incubation led

to an increased sensitivity towards TRAIL-induced apoptosis. This is also true for

Gemcitabine concentrations, that do not lead to a downregulation of c-FLIP (Fig. 37A, B).



                                                                                                                                        Results

56

                                    ASPC1                           PancTu1
A

c-FLIPL

c-FLIPS

- -25 2550 5010
0

10
0

15
0

15
0

20
0

20
0

24h 48h

s - -25 2550 5010
0

10
0

15
0

15
0

20
0

20
0

24h 48h

s

- 55 kDa

- 26 kDa

- 41 kDa-actin

B

0

10

20

30

40

25 50 100 150 200

%
sp

ec
ifi

c 
ap

op
to

si
s - TRAIL

+ TRAIL

*
*

*
*

*

Gemcitabine (µg/ml)

0

10

20

30

40

25 50 100 150 200

- TRAIL
+ TRAIL

*
*

* * *

%
sp

ec
ifi

c 
ap

op
to

si
s

Gemcitabine (µg/ml)

C

0

10

20

30

40

50

%
sp

ec
ifi

c 
ap

op
to

si
s

Gemcitabine
TRAIL

+ + + +
- -+ +

n.s.

control FLIPL

0

10

20

30

40

%
sp

ec
ifi

c 
ap

op
to

si
s

Gemcitabine
TRAIL

+ + + +
- -+ +

n.s.

control FLIPL

Fig. 37: Effect of Gemcitabine on c-FLIP protein expression and on death receptor-induced
apoptosis.
(A) Effect of Gemcitabine on c-FLIP expression. ASPC1 and PancTu1 cells were treated with
indicated concentrations of Gemcitabine for 24 h or 48 h. Protein expression of c-FLIP was assessed
by Western blotting. -actin served as loading control. (B) Effect of pre-treatment with Gemcitabine on
parental cells. ASPC1 and PancTu1 cells were pre-treated with indicated Gemcitabine concentrations
for 48 h, followed by stimulation with 30 ng/ml TRAIL (ASPC1) or 10 ng/ml TRAIL (PancTu1) for 48 h
(+ TRAIL) or left unstimulated (- TRAIL). Apoptosis was determined by FACS analysis of DNA
fragmentation of propidium iodide stained nuclei and is expressed as specific apoptosis. *, P < 0.01,
comparing apoptosis in TRAIL-treated and non-treated cells. (C) c-FLIPL overexpressing and control
cells were pre-incubated with 200 µg/ml Gemcitabine for 48 h, followed by stimulation with 30 ng/ml
TRAIL (ASPC1) or 10 ng/ml TRAIL (PancTu1) for 48 h. Apoptosis was determined by FACS analysis
of DNA fragmentation of propidium iodide stained nuclei and is expressed as specific apoptosis. Mean
+ SEM of three independent experiments performed in triplicates are shown; n.s., not statistically
significant.
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To further investigate the role of c-FLIP in this sensitization process, we used c-FLIPL

overexpressing cells. Importantly, no differences between control cells and cells ectopically

overexpressing c-FLIPL could be detected after pre-incuabtion with Gemcitabine and

stimulation with TRAIL (Fig. 37C), suggesting that the slight downregulation of c-FLIP

proteins is not responsible for the sensitization.

3.13 Primary cultured pancreatic carcinoma cells can be sensitized to TRAIL-induced
apoptosis by 5-FU or Cisplatin

Finally, we extended our study to primary cultured pancreatic carcinoma cells. Pre-incubation

with 5-FU or Cisplatin profoundly sensitized primary cultured pancreatic carcinoma cells for

TRAIL-induced apoptosis, while single treatment with either chemotherapeutic drugs or

TRAIL alone only showed weak effects in mediating cell death (Fig. 38A, B).

Importantly, primary cultured pancreatic carcinoma cells showed a higher specific apoptosis

rate after sensitization with 5-FU compared to established pancreatic cancer cell lines (Fig.

25A; Fig. 38). These data show that our results can be transferred to primary cultured cells,

that are a more closer 3D model for tumors than cell lines. This underscores the clinical

relevance of our findings.
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Fig. 38: Sensitization of primary cultured pancreatic carcinoma cells for TRAIL-induced cell death by
5-FU or Cisplatin.
Primary cultured pancreatic carcinoma cells were left untreated (-) or pre-treated (+) for 24 h with 0.6 mM 5-
FU (A) or 3 µg/ml Cisplatin (CDDP) (B) followed by treatment with 1 ng/ml TRAIL for 24 h. Apoptosis was
determined by FACS analysis of DNA fragmentation of propidium iodide stained nuclei and is expressed as
specific apoptosis. *, P < 0.01 comparing apoptosis in single treated and double treated cells.
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4. Discussion

The escape from apoptosis is a characteristic feature of pancreatic cancer and calls for the

rational design of novel strategies to overcome apoptosis resistance (Fulda, 2009;

Gukovskaya and Pandol, 2004). As far as pancreatic cancer is concerned, the question

whether or not one or both isoforms of c-FLIP contribute to the resistance of this cancer

towards death receptor-induced apoptosis has not yet been answered. Therefore, in an

attempt to investigate regulators of TRAIL signaling in pancreatic cancer that function

upstream at the death receptor level, we explored the role of c-FLIP in the control of TRAIL-

mediated apoptosis in the present study.

By using a wide array of different techniques such as RNAi and immunoprecipitation, this

work was the first to provide clear cut evidence of the critical regulation of both the short and

the long isoform of the anti-apoptotic protein c-FLIP in triggering death receptor-induced

apoptosis in pancreatic carcinoma cells.

4.1 c-FLIP proteins are highly expressed in pancreatic carcinoma cells

In an initial experiment we showed that c-FLIPL is highly expressed in pancreatic cancer cell

lines, while c-FLIPS could be detected in five out of eight cell lines tested (Fig. 6A). Our

results are in line with data that c-FLIP is upregulated and highly expressed in pancreatic

ductal adenocarcinoma (PDAC) (Elnemr et al., 2001; Trauzold et al., 2003) and this

expression is thought as a major reason for resistance against death receptor-induced

apoptosis in different cells, including pancreatic carcinoma cells (Mori et al., 2005; Ibrahim et

al., 2001). We noted that Western blot experiments with a long exposure showed a faint

band at 26 kDa for some cell lines, which might represent c-FLIPS (data not shown). It can be

speculated that in cells without or with low expression of c-FLIPS, the protein form of c-FLIPS

is rapidly degraded. Recently it was shown, that all c-FLIP isoforms are prone to

ubiquitylation, but this post-translational modification selectively influences the half-live of c-

FLIPS but not of c-FLIPL (Kaunisto et al., 2009; Poukkula et al., 2005). Furthermore, both c-

FLIP isoforms arise from alternative splicing, but the molecular mechanisms controlling their

relative expression remains largely unknown. Recently it has been demonstrated, that the

transcription factor E2F1 induces a specific decrease of c-flipS mRNA but not c-flipL mRNA by

an unknown mechanism (Salon et al., 2005). It can be speculated that E2F1 binds to the

FLIP promoter and recruits some specific cofactors to differentially regulate the alternative

splicing of both isoforms, or affects the expression level of proteins controling the alternative

splicing of c-flipS. Interestingly, it has been described that induction of c-FLIPL and c-FLIPS

expression by NF- B followed different kinetics. In HT1080 cells (human fibrosarcoma cells),

c-FLIPS responded considerably more rapidly to TNF-  while c-FLIPS levels dropped at a
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time when c-FLIPL protein levels increased (Micheau et al., 2001). During T-cell activation,

the inverse order was observed (Holler et al., 2000).

Fig. 6B underlines the finding, that c-FLIP is upregulated in PDAC compared to non-

malignant cells. The established pancreatic cancer cell lines ASPC1 and PancTu1 and the

primary cultured pancreatic carcinoma cells (ULA-PaCa) express high levels of c-FLIPL,

while non-malignant human pancreatic duct epithelial cells (HPDE) express only low levels of

c-FLIPL. The expression level of c-FLIPL in ULA-PaCa cells is comparable to the expression

levels in the established pancreatic cancer cell lines ASPC1 and PancTu1, making the cell

lines an appropriate model for the investigation of c-FLIP in pancreatic cancer. This clearly

indicates that in malignant cells mutations or deregulating mechanisms occurred, leading to a

deregulated expression of c-FLIP. Both constitutively activated NF- B (Michaeu et al., 2001)

and mTOR (Panner et al., 2005) have been implicated in this altered regulation.

4.2 TRAIL-stimulation does not lead to increased proliferation in TRAIL-resistant
pancreatic carcinoma cells lines

Although preclinical studies and early phase clinical trials have investigated the use of TRAIL

as a cancer treatment by inducing apoptosis, TRAIL has also been shown to induce

proliferation, migration and invasion of tumor cells which were resistant to TRAIL-induced

apoptosis (Newsom-Davis et al., 2009). Binding of TRAIL to TRAIL-R1, -R2 and even -R4

induces NF- B activation (Degli-Esposti et al., 1997), a transcription factor normally involved

in prosurvival signaling (Wajant, 2004). The protein RIP has been reported to be present at

the TRAIL DISC (Harper et al., 2001) as well as to be essential for TRAIL-induced NF- B

activation and therefore proliferation (Erhardt et al., 2003). Further, a pivotal role of TRAIL

receptor-mediated protein kinase C activation has been described for apoptosis resistance in

pancreatic ductal adenocarcinoma  (Trauzold et al., 2001).

To investigate the effect of TRAIL in TRAIL-resistant pancreatic cancer cell lines, we

stimulated parental ASPC1 cells with different concentrations of TRAIL for up to 7 days (216

h). Since for all TRAIL concentrations used no dead cells could be detected by light

microscopy, the overall increase of cell numbers in TRAIL-treated cells compared to non-

treated cells could be referred as “proliferation”. Cell counting revealed that TRAIL

stimulation, independent of the TRAIL concentration, did not lead to increased cell numbers

after death receptor triggering compared to non-treated cells (Fig. 7). This is an important

finding, since the TRAIL concentrations used in this experiment were in the same range as

the concentrations used in further cell culture experiments. In this context, proliferation of

apoptosis resistant cancer cells is an unwanted side effect. The result obtained by this

experiment indicates that TRAIL-stimulation does not lead to an increased proliferation in
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pancreatic cancer cell lines that are resistant towards TRAIL. However, in apoptosis-resistant

cholangiocarcinoma cells, TRAIL has been shown to promote cell migration and invasion, but

not proliferation (Ishimura et al., 2006). Accordingly, TRAIL might also have the same effect

on pancreatic cancer cells. Recently it has been shown for TRAIL-resistant pancreatic ductal

adenocarcinoma that TRAIL promotes metastasis (Trauzold et al., 2006), clearly indicating

that sensitization of apoptosis-resistant cells towards TRAIL is an important issue of using

TRAIL as an potential anti-cancer therapy. Consequently, the therapeutic potential of TRAIL

as a monotherapy is restricted to a comparatively narrow range of constitutively TRAIL-

sensitive tumors. Despite the unwanted side effects in resistant cells, TRAIL is a promising

target for cancer therapy (Johnstone et al., 2008). Sensitization towards TRAIL by

combination treatment might therefore (a) kill all cancer cells by induction of apoptosis and

(b) allow the use of very low TRAIL concentrations, killing very sensitive cells while not

inducing proliferation or metastasis in resistant cells.

Besides TRAIL, non-apoptotic signaling leading to tumor promoting activities has also been

described for CD95, thereby representing a potential common feature of the death receptors

(Peter et al., 2005).

4.3 Downregulation of c-FLIP protein levels by Cycloheximide sensitizes pancreatic
carcinoma cells for death receptor-induced apoptosis in a caspase-dependent manner

The antibiotic Cycloheximide (CHX) blocks eukaryotic protein synthesis by preventing

initiation and elongation of mRNA on 80S ribosomes and is an important tool in molecular

biology. Cycloheximide is described to downregulate protein levels of proteins with a short

half life, including c-FLIP and thereby sensitizing for death receptor-induced apoptosis (Fulda

et al., 2000; Mathas et al., 2004; Kreuz et al., 2001). Therefore, we checked if treatment with

CHX also leads to downregulation of c-FLIP in pancreatic carcinoma cell lines and if this

downregulation sensitizes towards death receptor-induced apoptosis. Dose response

experiments revealed that an efficient downregulation of c-FLIP protein levels could be

reached with 6 µg/ml CHX after 24 h for ASPC1 cells, while for PancTu1 cells the same

effects was reached with 1 µg/ml CHX already after 12 h  (Fig. 8; Fig. 9). This cell line

specific behaviour can be explained by molecular differences between the two cell lines. In

our hands, PancTu1 cells proliferated faster than ASPC1 cells, which might explain that

downregulation of c-FLIP protein levels occurred at earlier timepoints in this cell line

compared to the slower growing cell line ASPC1. Importantly, pre-treatment with CHX for 24

h led to a strong sensitization towards TRAIL and triggering of CD95 in a time- and dose-

dependent manner (Fig. 10A, B). For both stimuli (TRAIL and anti-CD95), ASPC1 cells

showed higher specific apoptosis compared to PancTu1 cells, which could again be
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explained by molecular differences between the two cell lines. Fig. 10C shows that caspases

are cleaved after pre-incubation with CHX and TRAIL stimulation. Interestingly, both

procaspase-8 and procaspase-3 are activated much stronger in ASPC1 cells compared to

PancTu1 cells. This might explain the differences in sensitization leading to different

apoptosis rates detected between the two cell lines (Fig. 10A, B). Further, in PancTu1 cells

cleavage of procaspase-8 occurs earlier than cleavage of procaspase-3, indicating that the

caspase cascade is initiated at the death receptor level. Since cleavage of both procaspases

in ASPC1 cells was already very pronounced after 1 hour, no differences in the kinetics of

procaspase cleavage could be detected. Investigation of the first 60 min after TRAIL-

stimulation would have clarified the kinetics, but was out of the focus of this work.

We noted that Survivin, a member of the IAP family and known to be a short-lived protein, is

also downregulated by CHX (Fig. 9). This clearly indicates, that pre-incubation with CHX

does not lead to a specific downregulation of c-FLIP proteins alone, but also of other short-

lived proteins. Although decreased c-FLIP expression is accompanied by increased

sensitivity towards death receptor-induced apoptosis, we can not exclude that the

downregulation of c-FLIP is the only reason for this sensitization. Nevertheless,

downregulation of c-FLIP proteins is at least a main reason for this, since increased caspase

activation was detected after CHX pretreatment and c-FLIPs are known to be caspase

inhibitors.

4.4 Knockdown of c-FLIPL and c-FLIPS protein expression is sufficient to sensitize
pancreatic cancer cells for death receptor-induced apoptosis, but not for
chemotherapeutic drug-induced apoptosis

As shown in Fig. 9, the protein synthesis inhibitor CHX potentially affects the expression of a

variety of short-lived proteins in addition to c-FLIP. To investigate the distinct contribution of

c-FLIP in inhibiting death receptor-induced apoptosis in pancreatic cancer cells, we then

used RNA interference (RNAi) to specifically downregulate c-FLIP (Fig. 11). Overall, two

stable knockdown bulk cultures for ASPC1 cells (Fig. 11, left) and one stable knockdown

bulk culture for PancTu1 cells (Fig. 11, right) were generated. The sequences that were most

effective in ASPC1 cells were not identical with the sequence, that led to an efficient

knockdown in PancTu1 cells. The difference in this knockdown efficiency of the vectors

between the two cell lines is rather due to transduction efficiency than to the potential of the

single sequences for an effective knockdown. All knockdown sequences used were designed

with the “Dharmacon siDesign Center” and share the same “score” value, representing the

knockdown efficiency based on structural characters of the target mRNA and the proposed

siRNA sequence. Overall, pancreatic cancer cells are very hard to transduce or to transfect,
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therefore differences in transduction efficiency within one cell line and between two different

cell lines are common and the most likely cause for these differences. It was not possible to

generate Puromycin-resistant ASPC1 cells after transduction with retroviral supernatant

containing shRNA FLIPL+S(3) vector as it was not possible to generate Puromycin-resistant

PancTu1 cells after transduction with shRNA FLIPL+S(1) or shRNA FLIPL+S(2). Despite high

homology to c-FLIP, procaspase-8 protein expression was not affected by the shRNA

vectors targeting c-FLIP protein expression (Fig. 11). This is of relevance, since caspase-8 is

also involved in death receptor signaling (Peter et al., 2007) and an unspecific targeting of

caspase-8 would strongly interfere with effective death receptor signaling.

Importantly, knockdown of c-FLIP proteins significantly enhanced TRAIL- and CD95-induced

apoptosis in a concentration-dependent manner (Fig. 12A, B). According to one model,

based on the assumption that c-FLIP is an inhibitor of caspase-8 (Irmler et al. 1997; Scaffidi

et al., 1999), knockdown of c-FLIP increased caspase activity after TRAIL treatment,

resulting in the generation of active cleavage fragments of both caspase-8 and -3 (Fig. 13A),

which could be completely blocked by addition of zVAD.fmk (Fig. 13B). These results clearly

show that c-FLIP is a potent inhibitor of death receptor-induced apoptosis and that c-FLIP

interferes with caspase activity. For ASPC1 cells, the sensitivity of c-FLIP knockdown cells

towards TRAIL and anti-CD95 is much lower compared to cells pre-treated with CHX (Fig.

10A, B; Fig. 12A, B). This shows that CHX has further effects on death receptor signaling

than downregulation of c-FLIP and that the effect shown in Fig. 10A and 10B is not only

caused by targeting c-FLIP. In contrast to ASPC1 cells, PancTu1 cells with c-FLIP

knockdown or cells pre-treated with CHX exhibited comparable results after TRAIL or CD95

stimulation. This might be explained by the 6 times lower concentration of CHX used for

PancTu1 cells compared to ASPC1 cells, necessary for an effective downregulation of c-

FLIP proteins.

Although knockdown of c-FLIP proteins sensitizes towards death receptor-induced

apoptosis, this is not the case for drug-induced cell death. Neither treatment with 5-FU nor

with VP16 or Gemcitabine showed any effect in c-FLIP knockdown cells compared to control

cells (Fig. 14). It has to be mentioned that the assay performed in Fig. 14 was an MTT assay

that measures cell viability rather than cell death. Nevertheless, the assay gave a hint that c-

FLIP knockdown cells did not die more after chemotherapy compared to control cells. This is

in contrast to colorectal cancer cells, where c-FLIP downregulation enhanced 5-FU-induced

apoptosis (Longley et al., 2006). Interestingly, knockdown of c-FLIP proteins in colorectal

cancer cells alone is already sufficient to induce full caspase-8 cleavage, resulting in the

generation of the active p18 fragment and increased cell death (Wilson et al., 2008), while

this is not the case for pancreatic cancer cells (Fig. 13A, B). Although both cell types are type

II cells, this implicates that there are molecular differences in the sensitivity towards c-FLIP
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knockdown between the two cell types. Differences in spontaneous receptor clustering and

different expression of other pro- or anti-apoptotic proteins, such as caspases or IAPs might

explain these findings.

Taken together, these results show that targeting c-FLIP proteins is sufficient to sensitize

pancreatic cancer cells for death-receptor apoptosis, but not for drug-induced cell death. c-

FLIPs therefore seem to be major inhibitors of death receptor-induced cell death in

pancreatic cancer cells, although other anti-apoptotic proteins like XIAP or Bcl-xL are also

highly expressed (Fig. 9). It was previously reported that antagonizing the anti-apoptotic

protein XIAP, which regulates the effector phase of apoptosis by inhibiting caspase-3/-7, is

also a powerful approach to prime pancreatic carcinoma cells towards TRAIL (Vogler et al.,

2007; Vogler et al., 2008). The present study shows that another point of intervention is the

upstream targeting of the TRAIL pathway at the level of c-FLIP. Therefore it would be

interesting to investigate whether targeting both c-FLIP proteins and XIAP will prove to be

superior compared to either strategy.

4.5 c-FLIP knockdown increases NF- B activity

It is known that cleaved c-FLIP can induce activation of the NF- B signaling pathway

(Kataoka et al., 2000; Kataoka and Tschopp, 2004; Golks et al., 2006). In contrast, c-FLIPs

have also been shown to have an inhibitory role in NF- B activation (Kreuz et al., 2004).

Therefore, the role of c-FLIP in NF- B signaling seems to be cell type specific.

We showed for the first time for pancreatic cancer cells, that c-FLIP knockdown leads to

accelerated and increased activation of NF- B after TNF-  stimulation compared to control

cells (Fig. 15). Although NF- B activation is not completely blocked in control cells, these

result indicates, that c-FLIP proteins have an inhibitory role in the activation of NF- B in

pancreatic cancer cells after TNF-  stimulation. This activation of NF- B might explain the

loss of c-FLIP knockdown after a few weeks in both ASPC1 and PancTu1 cells that we

observed. Several studies have shown that secretion of proinflammatory cytokines like TNF-

 and interleukin-1 is increased in cancers, including pancreatic cancer, leading to an

autocrine loop and NF- B activation (Niu et al., 2004). Furthermore, c-FLIP is a major target

of NF- B (Micheau et al., 2001). It can now be speculated that the autocrine feedback

pathway activates NF- B and thereby upregulates c-FLIP expression, which finally

overcomes the RNAi-mediated knockdown of c-FLIP.
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4.6 Both c-FLIPL or c-FLIPS inhibit death receptor-mediated apoptosis in a caspase-
dependent manner, with c-FLIPS being a more potent inhibitor

Since the role of c-FLIPL in apoptosis signaling is controversially discussed in the literature

and seems to be dependent on the cellular context (Micheau, 2006), we wanted to identify

the individual impact of the two isoforms c-FLIPL or c-FLIPS in pancreatic cancer cell lines.

While some reports show, that c-FLIPL is a more potent inhibitor of death receptor-induced

apoptosis compared to c-FLIPS (Sharp et al., 2005, Micheau, 2006; Longley et al., 2006),

other data suggest that c-FLIPS appears to be more efficient than c-FLIPL (Thome et al.,

1997; Bin et al., 2002; Kirchhoff et al., 2000). Therefore, the individual impact of the two

isoforms seems to be cell type specific, but until now there is no molecular explanation for

these differences. Cell type specific post-translational modifications of the two isoforms,

leading to differences in binding affinity to the DISC might be one explanation, but are not

shown yet.

By generating shRNA vectors specific for the downregulation of c-FLIPL or c-FLIPS (Fig. 16),

we explored the specific contribution of each isoform to the regulation of death receptor-

induced apoptosis in pancreatic cancer cells. Importantly, densitometry revealed that the

knockdown efficiency for c-FLIPL or c-FLIPS were similar (approximately 80 % knockdown of

c-FLIPS and approximately 70 % knockdown of c-FLIPL compared to control). This gave us

the possibility to directly compare the impact of each c-FLIP isoform on death receptor-

induced apoptosis.

Knockdown of either isoform resulted in profound sensitization towards TRAIL- or CD95-

induced cell death (Fig. 17), accompanied by increased caspase-8 and -3 activity (Fig. 18).

As shown in Fig. 17, knockdown of c-FLIPS sensitized more towards TRAIL- or anti-CD95-

induced apoptosis (up to 40 %) compared to knockdown of c-FLIPL (up to 25 %). While it can

not be excluded that the difference between the two specific knockdowns is due to the

difference in knockdown efficiency, this seems nevertheless unlikely since both knockdowns

were very effective (Fig. 16).  Although cells with a knockdown of c-FLIPS showed stronger

apoptosis compared to cells with a knockdown of c-FLIPL, no differences could be detected

in caspase-activation after TRAIL-treatement (Fig. 18). A possible explanation for this might

be induction of NF- B. Since TNF-receptor and TRAIL-receptors are members of the same

family (the TNF-Receptor superfamily), activation of NF- B, which was shown to occur after

TNF-  stimulation (Fig. 15) might also occur after TRAIL-treatment. Further, both c-FLIP

isoforms can induce activation of the NF- B signaling pathway (Kataoka et al., 2000;

Kataoka and Tschopp, 2004; Golks et al., 2006), with c-FLIPS being a much stronger inducer

of NF- B compared to c-FLIPL (Golks et al., 2006). In c-FLIPL knockdown cells, only c-FLIPS

is recruited to and processed at the DISC, which might lead to NF- B activation. The
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activation of NF- B by c-FLIPS might then lead to fast upregulation of anti-apoptotic proteins,

inhibiting progression of the apoptosis pathway, although caspases are cleaved.

Taken together, this set of data suggests, that both isoforms are negative regulators of death

receptor-induced apoptosis in pancreatic carcinoma cells, with endogeneous c-FLIPS protein

to cause a more effective sensitization to TRAIL-induced apoptosis in pancreatic carcinoma

cells compared to c-FLIPL at a similar degree of downregulation of the proteins. This

conclusion is supported by the fact, that knockdown of c-FLIPs revealed specific apoptosis

comparable to simultaneous knockdown of c-FLIPS and c-FLIPL (Fig. 13; Fig. 17).

Furthermore, this shows that simultaneous knockdown of both isoforms does not lead to an

additive effect in cell death compared to specific knockdown of c-FLIPs. This indicates that it

is in particular the short isoform of c-FLIP, which negatively regulates TRAIL-induced

apoptosis in pancreatic cancer cells, that express both isoforms of c-FLIP.

4.7 Already small changes in the stoichiometry of c-FLIP protein levels at the DISC
induce apoptosis

Although PancTu1 cells express only very small amounts of c-FLIPS protein (only detectable

by Western blotting after long exposure; data not shown), we used a specific shRNA for c-

FLIPL to downregulate the long isoform to determine, if the low expression of c-FLIPS has any

effect in inhibiting the apoptotic signaling. It has been shown that c-FLIPS has a higher affinity

for the recruitment to the DISC than c-FLIPL (Boatright et al., 2004) and therefore - although

expressed at a very low level - c-FLIPS might be recruited to the DISC to a stronger degree

than c-FLIPL. Further, both c-FLIP isoforms are described to have higher affinity for the

recruitment to the activated DISC than procaspase-8 (Scaffidi et al., 1999). In other words,

the expression level of endogenous c-FLIP proteins in unstimulated cells might not reflect the

protein stoichiometry at the DISC after death receptor triggering.

Although knockdown efficiency was only 36 % as determined by densitometry (Fig. 19),

TRAIL- or anti-CD95 treatment led to a strong induction of apoptosis (Fig. 20), associated

with activation of caspase-8 and -3, both comparable with PancTu1 cells with a strong

knockdown of c-FLIPL (Fig. 11, right; Fig. 21A). This data show, that low c-FLIPS expression

levels do not influence apoptotic signaling, when c-FLIPL is expressed in high levels, since

specific targeting of c-FLIPL and simultaneous targeting of both isoforms reveal comparable

results. Further, this set of data underlines the hypothesis, that the stoichiometry at the DISC

is highly regulated and that already small changes of c-FLIP proteins or other members of

the DISC lead to strong induction of apoptosis after death receptor triggering (Krueger et al.,

2001a).
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Both conclusions are important for a potential targeting of c-FLIP in a clinical setting. First,

high expression of c-FLIP proteins might represent a molecular marker for therapy. Therefore

it is important to clarify, whether a tumor expresses mainly c-FLIPL or both isoforms of the

protein at a comparable level. In the former case, it is sufficient to target only the long isoform

for an efficient induction of apoptosis in combination with TRAIL. In contrast, in tumors

expressing both isoforms, targeting of c-FLIPS is more efficient in inducing apoptosis by

TRAIL and therefore a potential therapy mainly targeting this isoform or both isoforms

simultaneously represents a promising strategy for therapy.

4.8 5-FU interferes with c-flip mRNA expression and sensitizes pancreatic carcinoma
cells for death receptor-induced apoptosis

In a next step, we wanted to transfer our findings into a clinical setting. Until now, no agent

specifically targeting c-FLIP has been developed (Reed and Pellecchia, 2005). Since siRNA

formulations for systemic application face a series of hurdles (phagocytosis, egress from the

bloodstream and across the vascular endothelial barrier, diffusion through the extracellular

matrix, to name a few) before reaching the cytoplasm, RNAi therapeutics for disease

prevention and treatment still requires the development of clinical suitable, safe and effective

drug delivery vehicles and is therefore currently not an appropriate method for therapy

(Whitehead et al., 2009). For this reason, we screened for chemotherapeutic drugs used in

clinical settings that lead to a downregulation of c-FLIP proteins.

We found that 5-FU strongly downregulates both isoforms of c-FLIP in pancreatic cancer

(Fig. 22), which is in line with published data for hepatocellular carcinoma (Ganten et al.,

2004). Quantitative RT-PCR (qRT-PCR) revealed that downregulation occurred on mRNA

level (Fig. 23), according to the described mechanism of 5-FU (Longley et al., 2003). To

confirm that downregulation of c-flip mRNA is the only effect of 5-FU on c-FLIP protein

expression, we further examined increased protein degradation by the proteasome after 5-

FU treatment. c-FLIP is known to be strongly degraded by the proteasome after drug

treatment (Kim et al., 2008; Palacios et al., 2006). Therefore, we treated cells with the

proteasome inhibitor bortezomib alone or in combination with 5-FU (Fig. 24A). No changes in

the downregulating effect of 5-FU could be detected in the double treatment compared to

treatment with 5-FU alone, indicating that 5-FU does not lead to increased ubiquitylation of c-

FLIP. If this would have been the case, an increased signal for c-FLIP is expected, since the

protein would not be degraded by the proteasome any more. Furthermore,

immunoprecipitation upon 5-FU treatment did not reveal ubiquitylated c-FLIP, indicating that

c-FLIP is not post-translationally ubiquitylated by 5-FU treatment (Fig. 24B). Taken together,
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these results indicate that 5-FU only effects c-flip mRNA and does not lead to increased

ubiquitiylation and degradation of the protein via the proteasomal pathway.

Pre-incubation with 5-FU sensitized pancreatic cancer cells towards death receptor-induced

apoptosis, mediated by TRAIL, agonistic TRAIL-receptor antibodies (ETR1 or ETR2; specific

antibodies against TRAIL-R1 or TRAIL-R2, respectively) or anti-CD95 antibodies (Fig. 25).

For TRAIL (Fig. 25A) and anti-CD95 (Fig. 25C), results were comparable with the results

obtained for simultaneous knockdown of c-FLIP (Fig. 12), indicating that the toxic side effects

of 5-FU are much less than the side effects of CHX (Fig. 12). Importantly, 5-FU pre-treatment

also sensitized pancreatic cancer cells towards agonistic TRAIL-receptor antibodies, that are

currently used in clinical trials (Fig. 25B). While triggering of both TRAIL-receptors induced

apoptosis in PancTu1 cells (Fig. 25B, right), only ETR2- but not ETR1-induced cell death in

ASPC1 cells (Fig. 25B, left). This indicates, that ASPC1 cells are more susceptible towards

triggering of TRAIL-R2 compared to TRAIL-R1. In line with our data, it has been shown that

apoptotic signaling through TRAIL-R2 may be more potent than through TRAIL-R1, but

TRAIL-R1 signaling can be significantly increased by cross-linking of the ligand (Kelley et al.,

2005). However, these data are inconsistent with our results for PancTu1 (Fig. 25B, right)

and with the conclusions of Mühlenbeck et al. (2000), who proposed that TRAIL-R2 signals

apoptosis only in response to cross-linked TRAIL, whereas TRAIL-R1 can respond either to

non-crosslinked or to cross-linked ligand. Accordingly, the antitumor efficiency of

recombinant ligands or monoclonal antibodies specific for either TRAIL-R1 or TRAIL-R2 may

be based on the activating potential of either receptor on particular tumor cells rather than on

mere expression. Multiple reasons could explain the discrepancy in the signaling potential of

the receptors, for example point mutations in TRAIL-R1 or TRAIL-R2, thereby losing or

retarding its ability to form a functional DISC and induce apoptosis (Bin et al., 2007) or

differences in post-translational modifications. Recently it has been described that O-

glycosylation of TRAIL receptors plays an important role in determining TRAIL sensitivity

(Wagner et al., 2007). The precise underlying mechanism of specific TRAIL-receptor

sensitivity remains to be elucidated and was without the scope of this work.

4.9 5-FU treatment enhances DISC formation and caspase activation

We showed that pre-treatment with 5-FU rendered resistant pancreatic cancer cell lines

sensitive to TRAIL-induced apoptosis (Fig. 25). It has been described that upregulation of

death receptors occurs after 5-FU treatment in hepatocellular carcinoma, leukemic and

glioma cells (Ganten et al., 2004), which might explain the increased sensitivity towards

death receptor-induced apoptosis. To investigate the underlying mechanism in pancreatic

cancer cells, we first controlled upregulation of death receptors after 5-FU treatment.
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Importantly, no changes - neither an upregulation nor downregulation - of death receptor

expression on the cell surface could be detected after 5-FU incubation (Fig. 26). This

indicates that the increased sensitivity towards death receptor triggering is not caused by

changes in death receptor expression. We concluded that downregulation of c-FLIP after 5-

FU treatment has an important function at the DISC. We therefore investigated changes

induced by 5-FU in the formation and composition of the DISC after TRAIL-stimulation. The

analysis showed that 5-FU treatment resulted in markedly enhanced DISC formation (Fig.

27). Surprisingly, at the DISC level no changes of c-FLIPL could be detected for 5-FU-treated

cells compared to non pre-treated cells, while c-FLIPS was only efficiently precipitated in the

TRAIL-resistant cells and could be detected only barely in 5-FU-treated cells. Procaspase-8

recruitment was enhanced after sensitization to TRAIL-induced apoptosis, followed by

massive caspase-8 cleavage. c-FLIPL-mediated inhibition of caspase-8 activation at the

DISC is shown by the accumulation of p41/43, thereby supporting a role for c-FLIPL

downregulation in the observed sensitization of TRAIL-resistant cells (Krueger et al., 2001b).

Nevertheless, since almost no c-FLIPs could be detected in 5-FU pre-treated cells and this is

accompanied by massive caspase-8 cleavage, c-FLIPs seems to be the major inhibitor of

caspase-8 and the decreased c-FLIPS / caspase-8 ratio within the DISC a major determand

of TRAIL sensitivity.  This is in line with the findings for specific knockdowns of c-FLIPL and c-

FLIPS (Fig. 17). The fact that recruitment of the adaptor protein FADD is not changed in 5-FU

pre-treated cells compared to non pre-treated cells further indicates that changes in c-FLIP

expression levels are the major reason for increased caspase activity. In summary, these

results show that non pre-treated, resistant cells mainly contain inhibited DISCs, whereas 5-

FU pre-treated cells contain active DISCs, leading to full activation of caspase-8 and

caspase-3 at a rate that allows subsequent apoptosis (Fig. 28-30).

4.10 Downregulation of c-FLIPL is a key event in 5-FU-mediated sensitization for
TRAIL-induced apoptosis

The data obtained so far suggested that 5-FU promotes death receptor-induced apoptosis

via suppression of c-FLIP levels. Since 5-FU is not specific for the downregulation of c-FLIP

and surely affects the expression of other proteins (Longley et al., 2003), we further explored

the specific contribution of c-FLIP to the 5-FU-conferred sensitization to death receptor-

triggered apoptosis. Therefore we overexpressed c-FLIPL (Fig. 31), since it is c-FLIPL that is

modulated by 5-FU in both ASPC1 and PancTu1 cells. Cells with ectopic expression of c-

FLIPL displayed high levels of c-FLIPL even after exposure to 5-FU (Fig. 32A). Importantly,

overexpression of c-FLIPL significantly reduced TRAIL-induced apoptosis compared to the

empty vector control in both ASPC1 and PancTu1 cells in a dose-dependent fashion (Fig.



                                                                                                                                   Discussion

69

32B). Although ectopic overexpression did not rescue cells completely from apoptosis, this

indicates that downregulation of c-FLIPL is a key event in the 5-FU-mediated sensitization to

TRAIL-induced apoptosis. The additional bands detected in c-FLIPL-overexpressing cells

(Fig. 32A) are known to occur for the specific vector used and might represent cleavage

products of c-FLIPL (Leverkus, personal communication).

Therefore we conclude, that sensitization by 5-FU for death receptor-induced apoptosis is, at

least to a significant part, a receptor-proximal event. To further investigate the effect of 5-FU,

it would have been interesting to use c-FLIP knockdown cells in combination with 5-FU and

TRAIL. If our conclusion holds true, it is expected, that in this case apoptosis rates are the

same than in parental cells. Due to very limited availability of c-FLIP knockdown cells (see

4.5), these experiments were not possible.

4.11 Sensitization for TRAIL-induced apoptosis by Cisplatin is mainly mediated by
downregulation of c-FLIP

In a next step, we extended our study to another chemotherapeutic agent and tested the

antimetabolite Cisplatin for its potential to suppress c-FLIP expression in pancreatic cancer

cell lines. Cisplatin is described to downregulate c-FLIP protein expression in ovarian cancer

cells (Abedini et al., 2008) and is used in clinical settings for the therapy of pancreatic cancer

(Oldenhuis et al., 2008).

Exposure to Cisplatin resulted in a concentration-dependent suppression of c-FLIP protein

levels (Fig. 33). We noted, that downregulation of c-FLIP occurred at much lower

concentrations for ASPC1 cells compared to PancTu1 cells (3 µg/ml  for ASPC1 versus 30

µg/ml for PancTu1). This is in contrast to the results for 5-FU, where nearly identical

concentrations (1 mM for ASPC1 versus 0.6 mM for PancTu1) led to downregulation of c-

FLIP. While 5-FU affects c-flip mRNA and thereby inhibits protein translation, Cisplatin has

been recently reported to downregulate c-FLIP proteins via proteasomal degradation by c-

FLIP-p53-Itch interaction whereby p53 is upregulated after Cisplatin treatment and acts as a

docking protein for c-FLIP and Itch and thus leading to c-FLIP ubiquitylation (Abedini et al.,

2008). Although ASPC1 and PancTu1 cells are both p53-mutated (Kalthoff et al., 1993), p53

can still exert its cytosolic function as a docking protein for c-FLIP proteins and Itch in these

two cell lines. The difference of the Cisplatin concentration needed for downregulation of c-

FLIP proteins might therefore be caused by differences in the upregulation of p53 after

Cisplatin treatment.

Importantly, pre-incubation with Cisplatin to downregulate c-FLIP profoundly sensitized

pancreatic carcinoma cells to TRAIL-induced apoptosis (Fig. 34). Interestingly, cells pre-

incubated with Cisplatin concentrations leading only to weak downregulation of c-FLIP
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already showed sensitivity towards TRAIL (Fig. 33; Fig. 34). This again shows, that already

small changes in the stoichiometry in the TRAIL DISC lead to the induction of apoptosis by

death receptor signaling. The specific contribution of c-FLIP to the Cisplatin-mediated

sensitization to TRAIL was investigated by ectopic expression of c-FLIPL. Although c-FLIPL

levels slightly decreased upon incubation with Cisplatin, they remained markedly elevated

compared to Cisplatin-treated vector control cells (Fig. 35). Like for 5-FU, overexpression of

c-FLIPL rescued cells from TRAIL-induced apoptosis after Cisplatin pre-treatment to a large

extent (Fig. 36). Since cell death is not blocked completely by overexpression of c-FLIPL,

other effects of Cisplatin than downregulation of c-FLIP and independent of death receptor

signaling induce cell death. Together, this set of experiments indicates that Cisplatin-

induced sensitization to TRAIL-induced apoptosis is, at least in part, mediated by

downregulation of c-FLIPL.

4.12 Gemcitabine treatment sensitizes pancreatic cancer cells towards TRAIL
independent of c-FLIP downregulation

Among the few chemotherapeutic agents, that have been shown to have reproducible

response rates of more than 10 %, Gemcitabine is the preferred chemotherapeutic drug for

treatment of pancreatic cancer (Burris 3rd et al., 1997; van Riel et al. 1999). Gemcitabine is

supposed to induce apoptosis in pancreatic cancer cells by activating the mitochondrial

pathway, although sensitivity differs among cell lines and is strongly dependend on Bcl-xL

expression (Schniewind et al., 2004).

Treatment with Gemcitabine only slightly downregulates c-FLIP protein expression (Fig.

37A), while pre-treatment with Gemcitabine sensitized cells towards TRAIL (Fig. 37B). Since

we showed, that already small changes in the stoichiometry at the DISC lead to significant

induction of the extrinsic apoptotic pathway, we speculated that this downregulation, besides

activating the mitochondrial pathway, might be a reason for sensitization. However, c-FLIPL

overexpression did not rescue pre-treated cells from TRAIL-induced cells death (Fig. 37C),

which is in contrast to Schniewind et al. (2000). However, those experiments were performed

in a pancreatic cancer cell line (Colo357), that is - compared to PancTu1 or ASPC1 cells -

very sensitive towards Gemcitabine treatment and therefore cell type specific differences

might explain this discrepancy.

These data indicate, that pancreatic cancer cells can be sensitized towards TRAIL by

chemotherapeutic drugs in other ways than targeting c-FLIP. Targeting other anti-apoptotic

proteins like Bcl-XL (Ray et al., 2005), XIAP (Vogler et al.,  2007) or NF- B (Khanbooloki et

al., 2006) have also been reported to enhance TRAIL-sensitivity and to sensitize cells

towards TRAIL-induced apoptosis. The detailed mechanisms, how Gemcitabine treatment
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contributes to the sensitization towards TRAIL still has to be elucidated and might be of

interest for the future. However, our data clearly indicate, that c-FLIP proteins are not

involved in this process and that the intrinsic apoptotic pathway seems to be the major player

for the sensitization of pancreatic cancer cells shown in Fig. 37B.

4.13 Primary cultured pancreatic carcinoma cells can be sensitized towards TRAIL-
induced apoptosis by 5-FU or Cisplatin

Finally, we extended our study to primary cultured pancreatic carcinoma patient material

(ULA-PaCa). In general, cell lines are an appropriate model for cell biology since they are

easily available, easy to handle, well characterized and have an unlimited proliferation

capacity. In contrast, additional mutations not occuring in tumors and de-differentiation of the

cells are disadvantages of cell lines. For this reason, investigations with primary cultured

carcinoma cells, representing cells with a high authenticity for the tumor, are more likely to

yield results that are common to a majority of primary ductal pancreatic cancer, although

handling of patient material is often fraught with difficulties and the successful prolonged

cultivation of such material is rare.

Single treatment with either 5-FU, Cisplatin or TRAIL only induced cell death to a low degree,

which is in line with the described insensitivity of pancreatic cancer cells towards

chemotherapy or TRAIL (van Riel et al. 1999; Vogler et al., 2007). Importantly, combination

treatment with 5-FU or Cisplatin profoundly sensitized primary cultured pancreatic carcinoma

cells for TRAIL-induced apoptosis (Fig. 38). Of note, primary cultured pancreatic cancer cells

are more susceptible for combination treatment compared to the established cell lines

ASPC1 and PancTu1 (Fig. 25; Fig. 34). The differences between established cell lines and

primary cultured cells can be explained with the lower expression level of c-FLIP proteins in

primary cultured cells (Fig. 5B), making them in general more susceptible towards TRAIL.

This is supported by the fact, that primary cultured cells show up to 20 % specific apoptosis

after single treatment with TRAIL (Fig. 38) with 1 ng/ml TRAIL, while established cell lines

show no specific apoptosis at this TRAIL concentration (Fig. 10). These data indicate that (a)

primary cultured pancreatic carcinoma cell lines can be sensitized towards TRAIL by

chemotherapeutic drugs and (b) established pancreatic cancer cell lines acquired

resistances towards apoptosis, for example by upregulation of antiapoptotic proteins by

increased NF- B activation. Due to the very limited availability, further investigations with

ULA-PaCa cells were not possible during this work. Use of TRAIL receptor specific

antibodies would be one important experiment for further investigations of this sensitizing

effect, since such TRAIL-receptor selective antibodies are currently being evaluated in early
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clinical trials (Hotte et al., 2008; Plummer et al., 2007; Tolcher et al., 2007) and might

therefore represent a potential therapy for pancreatic cancer.

Our data underscore the clinical relevance of the findings. TRAIL-receptor agonists including

soluble TRAIL or TRAIL-receptor selective antibodies are currently evaluated in early clinical

trials (Hotte et al., 2008; Plummer et al., 2007; Tolcher et al., 2007). Since preclinical studies

in a large number of cancers including pancreatic carcinoma indicate that TRAIL-receptor

agonists will likely exert maximal antitumor activity in combination protocols (Ashkenazi and

Herbst, 2008; Vogler et al., 2008), it will be pivotal to evaluate rational combinations to

potentiate TRAIL lethality and to identify the mechanistic basis of the cooperative activity of

TRAIL together with chemotherapy in a given type of cancer. Combinations of TRAIL

together with conventional cytotoxics are especially interesting in this context, since such

regimens may rapidly be translated into clinical practice. Notably, mapatumumab, a fully

human agonistic monoclonal antibody against TRAIL-receptor 1, is currently under

evaluation in combination with Gemcitabine and Cisplatin in a phase I study in advanced

solid malignancies including pancreatic cancer (Oldenhuis et al., 2008). Our findings indicate

that in addition to Gemcitabine and Cisplatin, 5-FU may be another suitable

chemotherapeutic drug for combination protocols, since pre-exposure to 5-FU primes

pancreatic carcinoma cells to mapatumumab. In addition, 5-FU is already well established in

the treatment of pancreatic cancer (van Riel et al., 1999), thereby allowing a rapid transfer

into clinical settings.

Understanding the detailed mechanism of efficient caspase activation at the TRAIL DISC will

be the key in designing TRAIL-based, drug-modulated cancer therapies. In this work we

clearly showed, that downregulation of c-FLIP proteins is a major event in the complex

mechanism of chemotherapy-induced sensitization to TRAIL-induced apoptosis, representing

the important basis for future combination protocols. In addition, it will be subject to further

investigations to explore whether simultaneous neutralization of upstream and downstream

inhibitors, i.e. c-FLIP and XIAP, will prove to be superior compared to either strategy. It is

currently unknown whether there are distinct groups of pancreatic cancer patients that might

particularly respond to upstream or downstream targeting of the TRAIL signalling cascade.

In conclusion, by identifying both c-FLIPL and c-FLIPS as negative regulators of death

receptor-induced apoptosis in pancreatic carcinoma our findings have important implications

for the design of TRAIL-based combination protocols in the treatment of pancreatic cancer.
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6. Appendix

6.1 Table of Figures
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Fig. 2 The six “classical” hallmarks of cancer
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Fig. 23 Effect of 5-FU on c-flip mRNA and c-FLIP protein expression
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Fig. 25 Effect of c-FLIP downregulation by 5-FU on death receptor-induced apoptosis in
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Fig. 27 TRAIL-induced DISC formation

Fig. 28 Effect of 5-FU on death receptor-induced apoptosis

Fig. 29. Kinetics of procaspase cleavage in ASPC1 cells
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Fig. 31 Overexpression of c-FLIPL in ASPC1 and PancTu1 cells

Fig. 32 Effect of 5-FU-mediated sensitization on death receptor-induced apoptosis in c-
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6.2 Vector maps

6.2.1 pRetroSuper

6.2.2 pBabe-puro (empty vector)
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6.2.3 pBabe-puro 135 (c-FLIPL overexpression)
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6.3. All c-FLIP knockdown sequences

Different shRNA sequences were used to target c-FLIP and its isoforms. The sequences

described in  chapter 2.9 represent the most effective. All sequences tested are mentioned

below.

6.3.1 Simultaneous targeting of FLIPL and FLIPS
Name Sequence (5´-3´) Targeting bases in c-flip mRNA

shRNA FLIPL+S(1) GTGCCGGGATGTTGCTATA 333 - 352
shRNA FLIPL+S(2) CAGGAACCCTCACCTTGTT 733 - 752
shRNA FLIPL+S(3) GTAAAGAACAAAGACTTAA 1003 - 1022
shRNA FLIPL+S(4) TGAAGAAGCACTTGATACA 286 - 305
shRNA FLIPL+S(5) GTGCCGGGATGTTGCTATA 452 - 471
shRNA FLIPL+S(6) CTGCTCTACAGAGTGAGGC 552 - 571
shRNA FLIPL+S(7) GGAGCAGGGACAAGTTACA 909 - 928

Sequences shRNA FLIPL+S(1), shRNA FLIPL+S(2) and shRNA FLIPL+S(3) are used in Fig. 11.

6.3.2 Specific targeting of FLIPS
Name Sequence (5´-3´) Targeting bases in c-flip mRNA

shRNA FLIPS GGAACTGCCTCTACTTAAT 967 - 986
shRNA FLIPS(2) AACACCCTATGCCCATTGT 905 - 924
shRNA FLIPS(3) CCCATTGTCCTGATCTGAA 916- 935

Sequence shRNA FLIPS was used in Fig. 16.

6.3.3 Specific targeting of c-FLIPL
Name Sequence (5´-3´) Targeting bases in c-flip mRNA

shRNA FLIPL AGAACTATGTGGTGTCAGA 1455 - 1474
shRNA FLIPL(2) ACAGCTTGGCGCTCAACAA 1027 – 1046
shRNA FLIPL(3) AACGCTGTCCCTAGTAAAAA 1939-1958

Sequence shRNA FLIPL was used in Fig. 16.
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6.4 5-FU metabolism

5-FU (see structure) is converted to three main active metabolites: fluorodeoxyuridine

monophosphate (FdUMP), fluorodeoxyuridine triphosphate (FdUTP) and fluorodine

triphosphate (FUTP). The main mechanism of 5-FU activation is conversion to fluorouridine

monophosphate (FUMP), either directly by orotate phosphopribosyltransferase (OPRT) with

phosphoribosyl pyrophosphate (PRPP) as the cofactor, or indirectly via fluorouridine (FUR)

through the sequentialaction of uridine phosphorylase (UP) and uridine kinase (UK). FUMP is

then phosphorylated to fluorouridine diphosphate (FUDP), which can be either further

phosphorylated to the active metabolite fluorouridine triphosphate (FUTP), or converted to

fluorodeoxydine diphosphate (FdUTP) by ribonucleotide reductase (RR). In turn, FdUDP can

either be phosphorylated or dephosphorylated to generate the active metabolites FdUTP or

FdUMP. An alternative activation pathway involves the thymidine phosphorylase catalysed

conversion of 5-FU to fluorodeoxyuridine (FUDR), which is then phosphorylated by thymidine

phosphorylase (TK) to FdUMP. Dihydropyrimidine dehydrogenase (DPD)-mediated

conversion of 5-FU to dihydrofluorouracil (DHFU) is the rate-limiting step of 5-FU catabolism

in normal and tumor cells. Up to 80 % of administered 5-FU is broken by DPD in the liver

(Picture taken from Longely et al., 2003).
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Zusammenfassung

Pankreaskrebs ist eine der häufigsten tödlichen Krebserkrankungen und trotz intensiver

Behandlung beträgt die Lebenserwartung bei metastatischer Erkrankung nur drei bis sechs

Monate. Eine Kombination von operativer Behandlung und Chemo-und Radiotherapie wirkt

sich nur gering auf die Lebenserwartung des Patienten aus, da eine Resistenz der

Krebszellen gegenüber der Apoptose (programmierter Zelltod) charakteristisch für diese

Zellen ist. Daher gelten Therapien, die in den Apoptosesignalweg der Krebszellen eingreifen,

als vielversprechende Möglichkeit zur Behandlung von Krebs. Hierbei stellt der tumor

necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) induzierte apoptotische

Signalweg einen vielversprechenden Kandidaten dar. Es wurde gezeigt, dass TRAIL

spezifisch in Tumorzellen Apoptose auslösen kann, nicht jedoch in den meisten normalen

Zellen. Wie viele andere Krebsarten zeigen auch Zellen des Pankreaskarzinoms eine

Resistenz gegenüber TRAIL, hervorgerufen durch eine hohe Expression von

antiapoptotischen Proteinen, wie z.B. cellular FLICE-inhibitory protein (c-FLIP).

In dieser Arbeit wurde die Rolle von c-FLIP im TRAIL-induzierten Signalweg des

Pankreaskarzinom untersucht. Hierbei wurden sowohl die beiden Isoformen c-FLIPL als auch

c-FLIPS als vielversprechende Zielproteine identifiziert, um Krebszellen gegenüber TRAIL zu

sensitivieren. Gleichzeitige Herabregulation von c-FLIPL and c-FLIPS sowie individuelle

knockdowns einer Isoform durch RNA interference führt nach TRAIL-Stimulation zur

Aktivierung von Caspasen und zu Caspase-induziertem Zelltod. Durch eine Vorbehandlung

von stabilen Zellen einer Zelllinie oder von primären Zellkulturen des Pankreaskarzinoms mit

den Chemotherapeutika 5-Fluorouracil (5-FU) oder Cisplatin wird eine Herabregulation von

c-FLIP erreicht und so resistente Krebszellen gegenüber dem TRAIL-induzierten

apoptotischen Signalweges sensitiviert. Mechanistische Studien zeigen, dass die

Herabregulation von c-FLIP durch 5-FU zu einer verstärkten Rekrutierung zum und

Aktivierung von Caspase-8 im death inducing signaling complex (DISC) führt, resultierend in

einer Aktivierung von Caspase-3 und Caspase-abhängigem Zelltod. Da bei einer

Überexpression von c-FLIP auch nach Behandlung mit 5-FU oder Cisplatin der TRAIL-

induzierte Signalweg nicht zur Apoptose führt zeigt, dass die Herabregulation von c-FLIP ein

Schlüsselereignis dieser möglichen Therapie darstellt.

Zusammenfassend konnte gezeigt werden, dass beide Isoformen von c-FLIP negative

Regulatoren des TRAIL-induzierten Signalweges sind und dass die Herabregulation einer

dieser Isoformen genügt, um in den Zellen Apoptose nach TRAIL-Stimulation auszulösen.

Diese Ergebnisse stellen eine wichtige Grundlage für eine mögliche Kombinationstherapie

des Pankreaskarzinoms mit Chemotherapeutika und TRAIL dar.


