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A B S T R A C T

Solid tumours are the most common cancers and represent a major therapeutic challenge.

The cancer stem cell hypothesis is an attractive model to explain the functional heteroge-

neity commonly observed in solid tumours. It proposes a hierarchical organization of tu-

mours, in which a subpopulation of stem cell-like cells sustains tumour growth,

metastasis, and resistance to therapy. We will present the most recent advances in the

cancer stem cell field, with particular emphasis on pancreatic cancer as one of the deadli-

est human tumours, and highlight open questions and caveats to be addressed in future

studies. There is increasing evidence that solid tumours including pancreatic cancer are hi-

erarchically organized and sustained by a distinct subpopulation of cancer stem cells.

However, direct evidence for the validity of the cancer stem cell hypothesis in human pan-

creatic cancer remains controversial due to the limitations of xenograft models but sup-

portive data are now emerging from mouse models using related or different sets of

markers for the identification of murine cancer stem cells. Therefore, while the clinical rel-

evance of cancer stem cells remains a fundamental issue for this rapidly emerging field,

current findings clearly suggest that specific elimination of these cells is possible and ther-

apeutically relevant. Targeting of signalling pathways that are of particular importance for

the maintenance and the elimination of cancer stem cell as the proposed root of the tu-

mour may lead to the development of novel treatment regimens for pancreatic cancer.

Here we will review the current literature on pancreatic cancer stem cells and the future

perspective of this rapidly emerging field.
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1. Pancreatic cancer in 2010 e still a devastating resistance to both chemotherapy and radiation, respectively.
diagnosis

Pancreatic adenocarcinoma is the deadliest solid cancer and

currently the fourth most frequent cause for cancer-related

deaths. The disease is characterized by late diagnosis due to

lack of early symptoms, extensive metastasis, and high
ogramme, Stem Cells &
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The only effective treatment modality to date for pancreatic

cancer represents a very invasive and complex surgical proce-

dure, also known as Whipple procedure, for which only a lim-

ited number of patients with local disease is eligible (currently

about 20% of patients diagnosed with pancreatic cancer)

(Philip et al., 2009).
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Despite increasing research activities in the field of pancre-

atic tumour and vascular biology, there has hardly been any

substantial progress with new therapies regarding clinical

endpoints over the past decades. The latest advancement by

introduction of the nucleoside-analogue and chemotherapeu-

tic agent gemcitabine improved clinical response in terms of

pain reduction and loss of weight (Burris et al., 1997). Gemcita-

bine has become the first-line chemotherapeutic agent in pan-

creatic cancer, utilized in locally advanced or metastasized

disease and in all patients that cannot undergo surgery. Over-

all, however, with a 5-year survival rate of 1e4% and amedian

survival period of 4e6 months, the prognosis of patients with

pancreatic cancer has remained extremely poor (Ahlgren,

1996; Jemal et al., 2004; Philip et al., 2009; Rosenberg, 1997;

Rothenberg et al., 1996; Warshaw and Fernandez-del

Castillo, 1992). The more recent addition of erlotinib to our ar-

moury for fighting pancreatic cancer, the only other approved

agent to gemcitabine, has not resulted in markedly improved

survival (Moore et al., 2007). Therefore, new insights into the

complex biology of pancreatic cancer are desperately needed

to pave the way for the development of more effective treat-

ments for these patients.
2. Cancer stem cell concept

At least two models have emerged trying to explain the het-

erogeneity and inherent differences in tumour-regenerating

capacity: the clonal model, whereby mutant tumour cells

with a growth advantage are selected and expanded during

tumorigenesis (Nowell, 1976), and the hierarchical model, in

which primary tumours and metastatic cancer are initiated

by a subpopulation of cancer stem cells (Clarke et al., 2006).

The acquisition of genetic alterations underpins the clonal

model, but epigenetic modifications and the influence of the

microenvironment are also likely to play important roles dur-

ing progression. The clonal evolutionmay involve a stochastic

component, whereby a distinct population of tumour cells ac-

quires an appropriate set of somatic mutations and develops

metastatic capability (Reya et al., 2001). The cancer stem cell

(CSC) hypothesis could indeed be a relevant model to account

for the functional heterogeneity that is observed in solid tu-

mours (Visvader and Lindeman, 2008). It proposes a hierarchi-

cal organization of cells within the tumour, in which

a subpopulation of stem-like cells is responsible for sustaining

tumour growth and drive metastasis. One important implica-

tion of this organization is that CSCs are placed at the apex of

this hierarchy and may represent the source of tumour re-

lapse (Bonnet and Dick, 1997). It is important to note that

the two models are not mutually exclusive, as CSCs them-

selves undergo clonal evolution, as shown for leukaemia

stem cells (Barabe et al., 2007).

Specifically, the cancer stem cell hypothesis suggests that

a distinct population of cellswith stemcell properties is essen-

tial for the development and perpetuation of various human

cancers, including pancreatic cancer (Al-Hajj et al., 2003;

Hermann et al., 2007). CSC are a population of cancer-initiating

cells that usually constitute a small, but variable percentage of

the total tumour mass, and that show three defining features:

they are able to self-renew, to generate all the heterogeneous
cell types a tumour contains, and are the only cellswithin a tu-

mour that can give rise to tumours in secondary recipients.

Usually, CSCs have additional characteristic traits like a dis-

tinct surface markers expression profile, and the capacity of

asymmetric/symmetric cell division that allows the CSCpopu-

lation tomaintain/expand itself, while at the same time gener-

ating the more differentiated progeny of tumour cells (Wicha,

2006). Intriguingly,CSCsareoftenresistant to standard therapy

(Bar et al., 2007; Hermann et al., 2007,2008).

The concept of cancer stem cells was under debate for the

past few years, but while the first evidence was shown early

for leukaemia and myeloma (Bruce and Van Der Gaag, 1963;

Park et al., 1971), their existence has now been validated in

several solid tumours, such as breast cancer (Al-Hajj et al.,

2003), glioblastoma (Singh et al., 2004), colorectal (Ricci-

Vitiani et al., 2007), liver, (Ma et al., 2007) and pancreatic can-

cer (Hermann et al., 2007; Li et al., 2007). Apparently, several

questions still remain to be addressed including the interpre-

tation of data generated with different xenograft models

(Quintana et al., 2008). In each of these studies, CSCwere iden-

tified by a set of specific criteria in order to demonstrate their

role in tumour initiation and progression (Clarke et al., 2006):

the expression of surface markers depending on the tumour

of origin, the capacity of self-renewal and differentiation,

and the ability to recapitulate the phenotype of the original tu-

mour using in vitro and in vivo tumourigenicity assays.

The CSC theory is an intriguing model to explain both the

wide heterogeneity observed in an originally monoclonal tu-

mour, and tumour relapse after treatment due to the presence

of a therapy-resistant population. However, the application of

this theory to the development of pancreatic cancer and the

identification, quantification, and clinical relevance of pancre-

atic cancer stem cells is a controversial issue. In addition, the

cell origin of pancreatic cancer stem cells still remains to be

identified (Hermann et al., 2009). One possibility is that CSCs

arise from somatic stem or progenitor cells with genetic alter-

ations that lead to malignant behaviour. Another possibility

would be that CSCs originate from the dedifferentiation of a lin-

eage-committed cell that has (re-)acquired stem cell character-

istics throughmutation.This issue is further complicatedby the

current lack of convincing evidence for a stable stem cell popu-

lation in thenormal pancreas. The identification andprecise in-

vestigation of a putative pancreatic stemcell including its niche

using genetically engineered mouse models (GEMM) will hope-

fully add further insights to understand the origin of CSCs.
3. Pancreatic cancer stem cell markers and
heterogeneity of pancreatic cancer cells

Putative pancreatic CSCs, for the first time defined by the si-

multaneous expression of CD44, CD24, and EpCAM (Li et al.,

2007), are highly tumourigenic and possess the ability to

both self-renew and to produce differentiated progeny that re-

flects the heterogeneity of the patient’s primary tumour. How-

ever, it should be noted that in this first study, putative CSCs

were compared to a population of cells that were negative

for all three markers. Since EpCAM identifies epithelial cells

within the tumour, the confinement to EpCAM negative cells

as the control population may have been too restrictive, as

http://dx.doi.org/10.1016/j.molonc.2010.06.002
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these cells should primarily represent non-epithelial inflam-

matory, stromal and vascular cells (Li et al., 2007). Using a dif-

ferent cell surface marker, Hermann et al. showed that

CD133þ cells in primary pancreatic cancers and pancreatic

cancer cell lines also discriminated cells with enhanced prolif-

erative capacity (Hermann et al., 2007), which also show the

defining CSC traits. Interestingly, they showed that the

CD44þCD24þ EpCAMþ subpopulation clearly overlaps with

the CD133þ population.

In amore recent study, Mueller et al. also used CD133 to in-

vestigate for the first time a therapeutic strategy targeting this

subpopulation of human pancreatic cancer cells that is highly

enriched for tumour-promoting CSCs both in primary pancre-

atic cancer cells and the xenografted pancreatic cancer cell

line L3.6pl (Mueller et al., 2009). Other distinctive markers

have also been used for the characterization of CSCs: ALDH-

1 (ALdehyde DeHydrogenase-1) has been shown to be associ-

ated with the tumourigenic cells in pancreatic cancer

(Feldmann et al., 2007; Jimeno et al., 2009; Rasheed et al.), al-

though more recent comprehensive investigations suggest

an abundant expression of ALDH-1 in normal pancreas tissue

(Deng et al.), which would disqualify ALDH-1 as a suitable

marker for CSCs in humans. Moreover, side population (SP)

cells, which exclude the DNA dye Hoechst 33342, proved to

be cancer-initiating cells in several tumours (Hirschmann-

Jax et al., 2004), but these data require further validation as

the use of SP cells in gastrointestinal cancers has generated

conflicting data (Burkert et al., 2008).

Apparently, a number of studies have published conflicting

data on the expression of these markers for the identification

of pancreatic CSCs, particularly for CD133, suggesting that the

analyzed CSC populations are by nomeans pure and technical

obstacles still remain. Importantly, it was reported that the

use of different CD133 antibodies can translate into signifi-

cantly different findings (Mueller et al., 2009). Two studies us-

ing different CD133 antibodies for histological analysis on

pancreatic cancer tissue have led to opposing results with re-

spect to the CD133 expression patterns (Immervoll et al., 2008;

Maeda et al., 2008). Moreover, the differentiation of colon CSCs

did not coincide with a change in CD133 promoter activity,

mRNA, splice variants, protein expression, or even cell surface

expression of CD133. In contrast, a change occurred in CD133

glycosylation suggesting that CD133 is expressed on both CSC

and differentiated tumour cells, but is probably differentially

folded as a result of differential glycosylation to mask specific

epitopes (Kemper et al., 2010). In summary, CSCs can be reli-

ably identified by AC133, which only binds to this modified

form of CD133, but the use of this antibody should still be

interpreted with caution as handling of the cells may affect

the results. Interestingly, CD133 has also been used to distin-

guish different types of pancreatic cancers (Shimizu et al.,

2009).

Although none of thesemarkers appear to selectively char-

acterize a pure population of CSCs, their use increases not

only our knowledge about the biology of these cells, but also

produces consistent data for a strong enrichment of CSC.

Moreover, another important aspect to consider before the

evaluation of data is the origin of the investigated sample,

since the results obtained from fresh patient-derived samples

could be significantly different from those obtained from
established cancer cell lines. The analysis of clinical samples

will certainly provide more relevant data, as established cell

lines have adapted to in vitro culture conditions, and poten-

tially no longer resemble their primary counterparts, espe-

cially after long-term passaging.

However, from a practical perspective the use of well-

characterised stable cancer cell lines may still be important

for some mechanistic work, since primary cells are usually

much more difficult to handle (e.g. low transfection effi-

ciency, reduced viability in culture conditions) (Hermann

et al., 2007). However, the most important aspect for testing

the CSC hypothesis and potential targeted therapeutics is

the use of optimized preclinical model systems. The current

gold standard for this is the investigation of primary pa-

tient-derived xenografts, since these xenografts closely re-

flect the heterogeneity of mutations and cellular

composition of the original primary tumours. Recent data

provide further experimental proof for a close relationship

between primary tumours and their corresponding xeno-

grafts (Ding et al., 2010). Interestingly, this study also demon-

strated that xenografts bear a signature very similar to

metastatic lesions suggesting that these secondary tumours

are formed by only a small cell population within the primary

tumour that is also more potent in engrafting in immuno-

compromised mice.

A strong inter-individual heterogeneity concerning the ex-

pression patterns of markers that have been used for the en-

richment of CSC has been reported that may be related to

differences in tumour stages (Hermann et al., 2009; Mueller

et al., 2009) but may also relate to the digestion and subse-

quent culturing of the primary tissue. It may indeed also indi-

cate that the CSC hypothesis is not a universal model for all

individual patient samples. Whether an individual tumour

follows the CSCmodel or not may depend on whether the ini-

tializing mutation occurred in the stem cell compartment or

inmore differentiated progenitor cells but itmay switch to fol-

low the clonal evolution model during tumour progression

and metastasis (Shmelkov et al., 2008).
4. Cancer stem cells are likely to change during
progression

CSCs are defined by their self-renewal and differentiation ca-

pacities. Normal stem cells accomplish these two tasks by

asymmetric cell division, a processwhere the stemcell divides

togenerateonestemcellbearingself-renewal capacityandone

daughter cell that subsequently differentiates (Fig. 1, middle

and right-hand side). This modus maintains a stable number

of stem cells. However, it has been shown that CSC numbers

can increase markedly during progression requiring a more

preferential symmetric division modus (Pece et al., 2010). A

cell division can become symmetric in several ways: (i) the di-

viding cell resideswithin a polar environment and exposure to

different environments induces alternative fates; (ii) genetic/

epigenetic changes drive symmetric division (e.g. aberrant

DNA methylation, abnormal RNA interference and chromatin

remodelling) (Fig. 1, middle and right-hand side).

CSCs must have diverse self-renewal strategies that per-

mit dynamic modulation of their numbers, cell proliferation

http://dx.doi.org/10.1016/j.molonc.2010.06.002
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Figure 1 e Frequency and genetic heterogeneity of CSCs. The number of cancer stem cells has been linked to prognosis, but this may not represent

a fixed stage as the frequency of CSCs may increase during progression due to genetic/epigenetic as well as environmental changes.
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and tumour relapse. It is currently unknown whether CSC

homeostasis, which readily establishes after in vivo implanta-

tion of highly purified CSCs, is maintained by asymmetric

divisions, or by a strategy that uses symmetric divisions to

balance CSCs and more differentiated progeny. CSCs use

symmetric divisions at a much higher rate as compared to

their normal counterparts to expand their pool or to generate

more differentiated progeny (Pece et al., 2010). Symmetric

divisions are defined as the generation of daughter cells

that are destined to acquire the same fate (Fig. 1, left-hand

side). Indeed, Pece et al. recently reported that a different

ratio of asymmetric versus symmetric division as compared

to normal stem cells is causal for the increasing numbers of

CSC in G3 versus G1 tumours, which at least in part could

explain the biological and clinical heterogeneity of breast

cancers at different stages (Pece et al., 2010). CSC are defined

by their ‘potential’ to generate CSC and differentiated

daughter; in other words, a pool of CSC with equivalent

developmental ‘potential’ may produce only new cancer

stem cells in some divisions and only more differentiated

progeny in others. Furthermore, symmetric division may con-

fer developmental plasticity, increased growth and enhanced

regenerative capacity as well as an inherent risk of cancer

(Morrison and Kimble, 2006). It is intriguing to speculate

that CSCs are able to use either symmetric division only, or

a combination of symmetric and asymmetric division

(Fig. 1, right-hand side). The preferential modusmay be deter-

mined by the sustained activation of different developmental

cascades such as certain hormones, growth factors (fibroblast

growth factor, epidermal growth factor), and signalling

pathways (sonic hedgehog, Wnt/b-catenin and/or notch),

which are involved in the strict control of self-renewal and

differentiation of CSC.
5. Migrating cancer stem cells and metastasis

Metastasis remains themajor cause of mortality in pancreatic

cancer patients, and there is currently no curative treatment

for metastatic pancreatic cancer. Not all pancreatic cancer

cells within a tumour bear the same metastatic potential,

and only a small subset of cells home to specific sites in the

body. Metastasis is a multi-event process that involves the in-

vasion of cancer cells from primary neoplasms, followed by

their dissemination through lymphatic or blood vessels, and

finally the establishment of micrometastases in secondary

sites that culminate in established metastases at distant tis-

sues/organs. Although there is a large mass of apparently

highly heterogeneous cancer cells in the primary tumour,

the molecular events leading to metastasis at distant sites

consist of a series of sequential transforming events that

most likely only a few tumour cells can accomplish (Fig. 2).

Intriguingly, the CSC concept also bears implications for the

development of metastasis: If indeed only CSCs are capable of

initiating tumour growth, then it seems likely that these cells

also play an important role in the metastatic process. In line

with thishypothesis, a specific set of surfacemarkers andgenes

in pancreatic cancer stem cells have been associated with the

event of distant metastasis. A detailed characterization of

CD133þ pancreatic cancer stem cells and the critical involve-

ment of a distinct subset responsible for tumour metastasis

has been demonstrated by Hermann et al. (2007). The authors

identified a subpopulation of CD133þ/CXCR4þ cells, which dis-

playedahighmigratory activity towardsgradients of theCXCR4

ligand SDF-1. The migration of these cells could be inhibited in

vitro by anti-CXCR4 neutralizing antibodies, and the small mol-

ecule inhibitor AMD3100. In vivo experiments with sorted
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Figure 2 e Distinct populations of pancreatic CSC. A subpopulation of migrating cancer stem cells, identified by additional expression of CXCR4

can be detected in the invasive front in the pancreas as well as in the circulating blood. Detection of these circulating CSC could serve as

prognostic and therapeutic biomarker.
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CD133þ/CXCR4þ cells demonstrated that the co-expression of

this receptor is essential for the generation of liver metastasis

(Hermann et al., 2007). These results clearly show that CXCR4,

which was originally identified due to its role in leukocyte traf-

ficking, is also implicated in metastasis of malignancies like

breast (Muller et al., 2001) and pancreatic cancer (Hermann

et al., 2007; Mueller et al., 2009). Consistently, Nakata et al. has

demonstrated that CCR7 expression is correlated with lymph

nodemetastasis in pancreatic cancer (Nakata et al., 2008).

It ispossible that the tumourigenicCSCcanacquire amigrat-

ing phenotype during an epithelial-mesenchymal-transition

process (EMT) in primary neoplasms, which would enable

themtospreadtodistantsites.Recently,Wellneretal. suggested

that the EMT-inducer ZEB1 supportsmetastasis not only by pro-

moting tumour cell mobility and dissemination, but also by

maintaining a stem cell phenotype through inhibition of

miR200 family members, which is necessary for the formation

of metastases from disseminated tumour cells (Wellner et al.,

2009). These results suggest that the metastatic process and

themigratorycapacityofpancreatic cancer stemcells isnot ran-

dom, but depends on the specific expression pattern of chemo-

kine receptors and adhesion molecules on these cells and the

presence of their respective ligands in the hosting tissues.
6. Xenograft models versus genetically engineered
mouse models

Several mouse models have been developed to study cancer

cell biology (Fig. 3). These models were developed to
investigate the factors involved in malignant transformation,

invasion and metastasis, as well as to examine response to

therapy. One of the most widely used models is the human

tumour xenograft. In this model, human tumour cells or tis-

sues are transplanted, either under the skin or into the organ

type from which the tumour originated, into immunocom-

promised mice that do not reject human cells. The mice

most frequently used as xenograft recipients are athymic

nude mice, severely compromised immunodeficient (NOD/

SCID) mice, or NOG/SCID mice with an additional loss of

NK-cell function (Quintana et al., 2008). Usually, these xeno-

grafting models show reliable tumourigenicity, and enable us

to expand precious primary tumour tissues as well as study

tumour biology and treatment response in vivo (Jimeno

et al., 2009). However, the individual mouse models each

bear advantages and risks: While athymic nude mice and

NOD/SCID mice may underestimate the number of tumour-

initiating cells (Quintana et al., 2008), the NOD/SCID Il2rg�/�

mice utilized by Quintana et al. for studying the CSC hypoth-

esis provide a very permissive environment, having virtually

no remaining immune response, which could actually over-

estimate the tumourigenic potential of the investigated cells.

Another caveat in determining the number of tumour-initiat-

ing cells in immunocompromised mice is the co-injection of

Matrigel�, since the growth factors contained further influ-

ence the permissiveness of the immediate host environment.

In our opinion, it would be very interesting to see the

tumourigenic activity of CSCs in NOD/SCID Il2rg�/� mice re-

visited in other solid tumours, since the results observed by

Quintana et al. may also be related to the advanced stage of
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Figure 3 e Two different animal models for in vivo investigations e xenografts of freshly isolated human pancreatic cancer and genetically

engineered mouse models ((Jimeno et al., 2009, Hingorani et al. 2003)).
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the utilized primary tumours, which were either stage III or

stage IV, or may actually be an observation specific for

melanoma.

Therefore, further studies in other tumour entities and/or

models will be necessary to clarify this important point. In this

regard, genetically engineered mouse model (GEMM) do not

onlyenableusto lookingreatdetail intotherelevanceofdifferent

genes during tumourigenesis, progression, and metastasis but

also to study the CSC hypothesis in a syngeneic setting. The ge-

netic profile of thesemice is altered, so that one or several genes

thought to be involved in transformation ormalignancy aremu-

tated, deletedor overexpressed. In thesemodels, the effect of the

induced genetic alteration(s) is studied over time. While these

models certainly present an interesting platform to investigate

response to different treatments, their main advantage is that

we can reproduce genetic mutations often seen in humans (e.g.

Kras, p53), and identify key steps in disease progression on a ge-

netic basis. Interestingly, the oncogenic mutation of Kras, an

event observed in approximately 85% of human tumours, was

shown to lead to the expansionof progenitor cells andmalignant

transformation in zebrafish (Park et al., 2008). GEMMbear full im-

mune competence and have the potential to reproduce specific

geneticabnormalities thatarepresent inhumantumours. Incon-

trast to xenografting studies, GEMM are extremely useful for

long-term studies of tumourigenesis and progression, and to ex-

plore therapeutic approaches at various stages of tumour devel-

opment. However, the disadvantages of GEMM are that the

complexity and heterogeneity of human tumours cannot be reli-

ably mimicked so that the relevance of treatment response for

the human setting remains questionable.

Human tumour xenografts, if used at early passages, still

closely represent the complexity of genetic and epigenetic

variations that exist in the original human tumour, and thus

they can be used to identify novel therapeutic approaches. Es-

pecially in tumour entities, where tissue samples are scarce,

multiple therapies can be tested on the same tissue after the

in vivo expansion of tumour tissues. Furthermore, results

from xenografting studies can usually be obtained within

a few weeks, making xenografts a useful tool for high-
throughput screening efforts. In most cases, the xenografted

cells or tissue pieces are implanted subcutaneously. However,

even though orthotopic tumour models are more time con-

suming and can sometimes be technically challenging, ortho-

topic implantations should be preferred whenever possible,

since the tumour can then be investigated within its normal

(micro-)environment. For therapeutic studies, this represents

a great advantage, since questions of drug delivery and biodis-

tribution can be assessed in amore relevant setting.While the

lack of immune response against tumour cells in immuno-

compromised mice certainly represents a major drawback, it

efficiently rules out confounding factors in drug response

studies. Therefore, even though xenograft models are some-

times regarded as inferior to the GEMM models, it must be

kept in mind that they bear the advantage of looking into hu-

man tumour biology if combined with early passages of pri-

mary tissue samples. In summary, both xenografts and

GEMM models have their strengths and limitations, it must

be the scientist who has to choose the appropriate model

depending on the question he would like to address.
7. Cancer stem cell signalling as new targets for
novel treatment modalities

Despite great efforts, pancreatic cancer continues to be one of

the deadliest cancer-related diseases in theworld (Philip et al.,

2009). Therefore, the development of novel therapeutic strat-

egies is an issue of outstanding significance to finally improve

the currently devastating prognosis. Different groups have

demonstrated that CSCs in pancreas (Hermann et al., 2007;

Hong et al., 2009; Jimeno et al., 2009) and brain tumours (Bao

et al., 2006) are responsible for the resistance to conventional

anti-cancer therapies such as chemotherapy and radiation. In

the case of pancreatic cancer, cell cycle analyses of

CD133þCSC have proven that while these cells stop prolifer-

ating under the influence of the cytotoxic agent gemcitabine,

they did not undergo apoptosis, and as soon as gemcitabine

was withdrawn, these cells immediately started to repopulate
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Figure 4 e Study design of combination therapy for treatment of mice bearing primary pancreatic cancers. Mice were followed for 100 days for

relapse of cancers.
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the cancer (stem) cell pool. In contrast, themore differentiated

CD133 negative cells representing the vast majority of the tu-

mour cell population became apoptotic after the application

of gemcitabine. Thus it is becoming increasingly obvious,

that it is only the more differentiated tumour cells that can

be targeted with standard therapy, even resulting in a selec-

tion process for undifferentiated tumour-initiating and me-

tastasis-propagating cancer stem cells.

Since these CSCs have been shown to exclusively generate

tumours in secondary recipients (Hermann et al., 2007; Li

et al., 2007), thequestionarises if theseundifferentiatedcancer

cells represent a new and important target for novel therapeu-

tic approaches, finallymaking it possible to target the real root

of pancreatic cancer. In our opinion, there aremainly two pos-

sible ways of depleting cancers for their CSC populations: ei-

ther finding therapeutic agents that selectively kill these

cells, or those that driveCSCs into differentiation, thusmaking

themsusceptible to standard (chemo-)therapy.While itmaybe

of great interest to inhibit CSC function, practically doing so

may turn out to be rather complicated as specific stem cell fea-

tures distinct from normal stem cells need to be defined.

Stem cells in general, but especially cancer stem cells pos-

sess distinctive traits that provide them with higher resis-

tance levels against classic cytotoxic agents: They strongly

express ABC membrane transporters that can exclude toxic

substances from the cell (Goodell et al., 1996), have an
extraordinarily high capacity to repair DNA damage, display

a reduced immunogenicity, and have inherent anti-apoptotic

properties (Visvader and Lindeman, 2008). Most importantly,

however, the tumour compartment may contain a quiescent

subpopulation of CSCs, which could evade the effects of

most cytotoxic drugs at least in part due to lack of prolifera-

tion. Indeed, quiescence protects the stem cell compartment

from most injuries and ensures its functionality during their

long lifespan. As a consequence, quiescent stem cells have

been shown to survive conventional cancer chemotherapy

and radiation (Wilson et al., 2008). Moreover, Pece et al. dem-

onstrate the isolation of stem cells from cultured mammo-

spheres, on the basis of their ability to retain the lipophilic

dye PKH26 as a consequence of their quiescent nature. By us-

ing markers associated with the signature of this PKH26-pos-

itive cells the authors prospectively isolated stem cells from

the normal gland and from breast tumours (Pece et al., 2010).

Therefore, if CSCs are the aim of new therapeutic ap-

proaches, all these traits and defence mechanisms need to

be overcome. One of the most promising approaches to target

stem cells is certainly the inhibition of stem cell-associated

pathways (e.g. sonic hedgehog, mTOR, notch, BMI, BMP). Fur-

ther therapeutic targets may represent specific enzymes (e.g.

telomerase), membrane transporters (e.g. ABC transporters),

or RNA translation (Ji et al., 2009). A publication by Feldmann

et al. recently described increased sonic hedgehog (Shh)
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activity in pancreatic cancers (Feldmann et al., 2007), which

spurred interest in this pathway in the context of CSCs. Shh

signals via inhibition of the transmembrane receptor patched,

which again inhibits smoothened in the absence of Shh.

Patched inactivation after binding of Shh leads to an activa-

tion of Smoothened, which in turn leads to transcription of

the Gli protein family target genes.

Althoughseveral genetically engineeredmousemodelshave

been established to investigate a causative role of Hh signalling

in pancreatic tumorigenesis, none of these distinguished para-

crine versus autocrine canonical Hh signalling in pancreatic

cancer. Yauch et al. recently demonstrated a paracrine require-

ment for theHhpathway inxenograftmodelsofpancreatic can-

cer, where Hh ligand is produced by tumour cells and the

pathway is activated by the adjacent stroma (Yauch et al.,

2008).Toaddresswhether aparacrineHhsignal ispresent inau-

tochthonousmousepancreatic tumours, and to test if epithelial

cancer cells is competent to transduce the Hh signal, Tian el al.

used anoncogenic formof smoothened to activate the pathway

cell autonomously (Tian et al., 2009). These data indicated that

Hh signalling is restricted to tumour stroma, contradicting pre-

vious reports that suggest a key role for ligand-driven epithelial

Hh signalling in tumour cell growth. However, these studies are

consistent with the observation that a subpopulation of CSCs,

which do not express markers of epithelial differentiation, rely

onHhsignalling (Feldmannetal., 2007; Li etal., 2007). Therefore,

more work is needed to comprehensively define the precise

mechanism by which Hh pathway activation in stromal cells

may also generate a microenvironment providing a CSC niche

in pancreatic cancer.

Interestingly,after exvivopre-treatmentofpancreatic cancer

cells with the naturally occurring Shh inhibitor cyclopamine,

a decline in CSC content was observed but surprisingly this

did not translate into reduced tumourigenic activity of pancre-

aticCSCs inasingle-agent therapy(Muelleretal., 2009). Interest-

ingly, however, cyclopamine alone significantly decreased the

metastatic activityof the treated cells as compared to treatment

with gemcitabine alone. This is compatiblewith earlier publica-

tions indicating an anti-metastatic effect of cyclopamine in an

orthotopic mouse model of pancreatic cancer, using different

pancreaticcancercell lines (Feldmannetal., 2007). Interestingly,

a combined treatmentwith simultaneousapplication of cyclop-

amine and gemcitabine completely eliminated the

CD133þCXCR4þmigrating cancer stem cell population, which

has been demonstrated to be exclusively responsible for the

metastatic spread of pancreatic cancers (Mueller et al., 2009).

Since Shh inhibition alone was not able to eliminate the

CSC population completely, additional target populations

have been investigated. Mueller et al. were able to show that

CD133þ cells in pancreatic cancers show particularly high ac-

tivity for mTOR signalling (Mueller et al., 2009). The mamma-

lian target of rapamycin (mTOR) is a serine/threonine kinase,

which belongs to the phosphatidylinositol 3-kinase (PI3K) su-

perfamily, and is the target of a widely branched signalling

pathway that activates mTOR among other downstream ef-

fectors (Inoki et al., 2005). Interestingly, it was recently dem-

onstrated in the haematopoietic system that deletion of the

upstream signalling molecule Pten leads to depletion of nor-

mal stem cells, while also resulting in an expansion of leukae-

mia-initiating cells (Yilmaz et al., 2006). Most of these effects
were due to mTOR signalling, as a natural mTOR inhibitor,

rapamycin, did not only deplete leukaemia-initiating cells

but also restored normal hematopoietic stem cell function.

Furthermore, mTOR signalling was recently demonstrated to

be essential for the survival and proliferation of breast cancer

stem cells (Zhou et al., 2007). For the first time it now seems

that it may become possible to distinguish between normal

stem cells and CSCs, rendering a targeted therapy even more

selective, and potentially less harmful for normal stem cells

within the human body. Thiswould of course be a prerequisite

for the clinical application of new treatment modalities.

For pancreatic CSCs, the authors were able to demonstrate

that single-agent therapy with rapamycin alone resulted in

a significant decrease in CD133þCSCs. However, inhibition

of themTORpathway by rapamycinwas not sufficient to elim-

inate CSCs completely. Only combined inhibition of these two

pathways by cyclopamine and rapamycin, together with gem-

citabine, resulted in thedesired targetingof theCSC. This triple

(CRG) therapy resulted in a significant depletion of the pancre-

aticCSCpool. Implantationofcells thatwerepre-treated exvivo

demonstrated that tumourigenic activitywascompletely abro-

gated. In a clinicallymore relevant setting, the authors then in-

vestigated the effects of the triple therapy on established

pancreatic cancers utilizing patient-derived pancreatic cancer

tissues (Fig. 4) (Mueller et al., 2009). For the first time, the au-

thors were thus able to show that a multimodal therapy, in-

volving the inhibition of two relevant stem cell pathways and

additional chemotherapy, represents a very promising ap-

proach, resulting invirtuallycompleteeliminationofCSCs, sig-

nificantly reduced tumourigenic and metastatic activity, and

long-term event-free survival.
8. Cancer stem cells-targeted treatment strategies e
ready for clinical translation?

While CRG triple therapy has been demonstrated to be highly

effective against pancreatic CCS, combining conventional che-

motherapywith these two inhibitorsmay bearmany potential

risks. Those organ systems that do not rely constantly on their

tissue-resident stem cells pool (e.g. the liver) will probably not

be affected by this treatment. Some other organs, however,

maybeaffected inamuchstronger fashion.This is rather likely

in organs with a high cellular turnover rate, which depend on

regeneration fromapre-existing stemcell pool (e.g. skin, intes-

tine, bonemarrow). Apparently, themost relevant anddanger-

ous of these undesired side-effects is bone-marrow

depression, with subsequent leucopoenia and a highly in-

creased risk for infections. Potentially toxic effects on the

bone marrow may require autologous bone-marrow trans-

plantation, a procedure used in the treatment of leukaemia af-

ter chemotherapy-induced aplasia. Interestingly,Mueller et al.

show that application of this triple therapy in tumour-bearing

nudemice seemsnot tohavea significant effect onwhite blood

cell counts, suggesting preservation of normal bone-marrow

function (Mueller et al., 2009).While this is an important result,

indicating that the therapy is well tolerated by mice, further

safety studies are mandatory before clinical application of

CRG as a novel therapy against pancreatic cancer.
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Figure 5 e Weekly measurements of mouse body weights provide no evidence for treatment-induced cachexia in CRG-treated animals.
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To follow-up on this issue, an additional safety study using

wild type C57/Bl6mice was performed. Micewere treatedwith

cyclopamine, rapamycin, and gemcitabine for 3 weeks, and

then with gemcitabine only for another 4 weeks. In order to

elucidate the effects of the different inhibitors in more detail,

groups treated with virtually every possible combination. In

the context of this study, the body weights and white blood

cell counts (WBC) of thesemice weremonitored weekly, start-

ing with baseline data before the application of the different

agents (Figs. 5 and 6). It has to be kept in mind that WBCs

are subject to considerable inter-individual differences, as

well as short-term changes. Whereas an initial decrease in

WBC numbers occurs following application of gemcitabine,

no long-term decrease indicative of a manifesting bone-mar-

row depression was recorded.

Importantly, the proposed novel combination therapy for

targeting pancreatic CSC bears several advantages, making it

available for clinical application soon: Firstly, all drugs in-

volved are already in clinical use, making long and costly ap-

proval studies unnecessary. This significantly reduces the
Figure 6 e Weekly measurements of white blood cell counts demonst
effort that will have to be made until the therapy can be

used. Secondly, since these drugs have already been used in

patients for quite some time, physicians are already familiar

with (un-)expected side-effects. This further reduces the po-

tential danger of this novel approach.
9. Summary and perspectives

Cancer stem cells represent a new and very intriguing target

for therapy but the CSC concept still bears many open ques-

tions (Fig. 7). For the first time, emerging evidence shows suc-

cessful CSC-targeted therapy in a preclinical setting with

a marked survival benefit in treated mice. Whereas further

studies are needed to strengthen these results, a depletion

of CSC may well become a powerful tool in clinical cancer

therapy. Since normal stem cells often share common path-

ways with CSCs, the use of drugs/molecules that specifically

target the CSC population is a promising strategy, yet a great

challenge. While several markers have been described to
rate no evidence for long-term decrease of WBC below cut-off.
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Figure 7 e Future studies need to address essential aspects of cancer stem cell biology.
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characterize CSCs, there is relatively little overlap among the

CSCmarkers reported in different tumours or species (mouse,

human).

Furthermore, as these markers are often expressed by nor-

mal (stem) cells, so it is crucial to findmarkers that exclusively

identify CSCs. It is also very important to define if and how

a single CSC can give rise to a tumour, fromwhich cell it origi-

nates, and how it determines both the ‘stemness’ degree and

the heterogeneity of its progeny. A major goal in order to dis-

cover the best therapies against tumour progression and to ad-

dress the question of clonal evolution could be the analysis of

patient samples at different stages of disease and in particular

a follow-up of CSC numbers during and after treatment.While

CSCsmay be an important target for therapy, it still remains to

be determined if they are the unique target, and what is the

best way to neutralize their capacities of progression, expan-

sion and resistance to the treatments in the host environment.
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