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A B S T R A C T

The transient and dynamic nature of cancer cells that underlie metastasis cannot only be

explained by the progressive accumulation of irreversible genetic changes occurring in the

primary tumour. The capacity of cells to switch between different cellular identities, as in

epithelial to mesenchymal (EMT) and mesenchymal to epithelial transitions (MET), allows

them to respond to different cellular environments, thus efficiently disseminating from

the primary mass to eventually colonise distant organs. These more dynamic stem-like can-

cer cells are earmarked by the ability to self-renew and de-/re-differentiate, and eventually

recapitulate the heterogeneous composition of the primary tumour in a distant organ site.

This dynamic concept of metastasis has profound consequences and implications for cancer

diagnostics, prognostics and therapy. Many of the characteristics that define stem cells, like

dormancy, active DNA repair, the expression of several drug transporters, and resistance to

apoptosis may underlie the capacity of migrating cancer cells to survive conventional ther-

apeutic protocols based on genotoxic agents targeting active proliferating cells. Accordingly,

signal transduction pathways that regulate the balance between self-renewal and differen-

tiation are likely to represent future targets in the development of tailor-made intervention

strategies. Also, specific stem cell features, such as the capacity to migrate to diseased areas

(pathotropism), open novel avenues towards the development of cell vehicles capable of

tracking and delivering anti-cancer compounds to disseminated metastatic lesions.

� 2010 Elsevier Ltd. All rights reserved.
1. Reversible vs. irreversible changes in cancer
stemness and metastasis

Primary malignancies are responsible for a mere 10% of

deaths from cancer. In the vast majority of cancer cases the

main cause of morbidity and mortality is metastases formed

by cancer cells that have detached from the primary tumours

and, after a long journey through blood and lymphatic ves-

sels, have colonised distant sites. It is often said that an accu-

mulation of genetic changes accompanies malignant

transformation at the primary sites and that tumour cells

capable of metastasising to distant sites have acquired spe-
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cific ‘hits’ that enable them to adapt to different tissue envi-

ronments.1 However, the rate-limiting steps that confer this

adaptability to different tissue environments cannot solely

be explained by irreversible genetic alterations, possibly indi-

cating the existence of a more dynamic component to human

tumour progression towards dissemination and metastasis.2

Accumulating evidence in a wide range of malignancies

suggests that a subpopulation of tumour cells with distinct

stem-like properties is responsible for tumour initiation, inva-

sive growth and possibly dissemination to distant organ sites.

According to this hypothesis, tumours are characterised by

the same hierarchical organisation observed among stem cell
.
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niches in the developing embryo and in the adult organism

where primordial stem cells divide asymmetrically to give rise

to more committed progenitors that will eventually differenti-

ate into more specialised cell types. These so-called cancer

stem cells (CSCs), or tumour-initiating cells, are able to self-re-

new and differentiate into the multiple lineages of the hetero-

geneous tumour mass.3 However, the concept of cancer stem

cells has been a rather controversial one, mainly because of its

operational definition based on the limiting dilution trans-

plantation assay in immune-deficient, i.e. NOD/SCID, mice.

By employing more highly immune-compromised recipient

animals (NOD-scid IL2Rcnull), Quintana and collaborators4

showed that the relative frequency of melanoma-initiating

cells dramatically increased by several orders of magnitude.

Moreover, the suggestion that mammary CSCs could arise

from more differentiated tumour cells by EMT5 also cast some

doubts on the hierarchical organisation of malignancies.

Nonetheless, several signal transduction pathways known

to regulate self renewal and homeostasis in adult stem cell

niches, are also deregulated and play key roles in the malig-

nant transformation in the same tissues.6 The canonical

Wnt pathway, known to be a critical regulator of self-renewal

in the intestinal, epidermal and haematopoietic stem cell

niches, is constitutively activated in colon, skin and haemato-

poietic cancers.7 Similarly, alterations in the Hedgehog (Hh)

and Notch signal transduction pathways, essential for regu-

lating cell fate and numbers in a multitude of embryonic

and adult tissues, are common in human basal carcinomas

of the skin, T-cell leukaemia and in pancreatic, gastric, pros-

tate, cervical and breast carcinomas.8,9 Notably, in agreement

with the close relationship among stemness, self-renewal

and cancer, gene expression signatures characteristic of

embryonic stem (ES) cells are present in poorly differentiated

glioblastomas, and in bladder and breast carcinomas.10

Although specific gene mutations have been reported to

deregulate the above signalling pathways in tumour onset,

the adaptive plasticity of a metastasising cancer cell cannot

be exclusively explained by irreversible genetic defects. Para-

doxically, one could envisage that reversible epigenetic

changes are likely to be preferred to accommodate the vari-

able environments that the disseminated tumour cell

encounter during their journey from the primary lesion to

the organ site of metastasis. Indeed, in both embryonic and

adult stem cells, differentiation is mainly controlled by epige-

netic mechanisms. ES cells rely on Polycomb group proteins

to reversibly repress genes required for differentiation. Nota-

bly, the Polycomb group targets found in ES cells are more

likely to undergo DNA hypermethylation in cancer than

non-targets,10,11 thus supporting a scenario where reversible

gene repression is exploited by the cancer cell, not only to

sustain the growth of the primary tumour by deregulating

the balance between self-renewal and differentiation, but

possibly also in its dissemination into surrounding tissues

and in the formation of distant metastases.
2. EMT, tumour dissemination and metastasis

Epithelial to mesenchymal transition (EMT), i.e. the develop-

mental process through which epithelial cells acquire a mes-
enchymal identity, is now recognised as an essential feature

of tumour invasion.12,13 Throughout development, the capac-

ity of cells to switch between these two cellular states plays a

fundamental role in the generation of complex body patterns.

Also, in the adult organism, EMT is engaged during wound

healing, tissue regeneration and organ fibrosis. In cancer,

EMT is thought to confer to tumour cells the capacity to de-

tach from the primary mass by losing cell adhesive properties

and acquiring more motile features, thus enabling local inva-

sion, intravasation into blood or lymph vessels, extravasation

and the recapitulation of the primary mass at distant sites

through the reverse process of mesenchymal to epithelial

transition (MET).12 In colon cancer, nuclear accumulation of

b-catenin, the hallmark of Wnt signalling activation and can-

cer stemness, is preferentially found at the invasive front of

the primary lesion where it earmarks cells undergoing EMT

and detaching into the tumour microenvironment.2,14 These

observations have led to the concept of migrating cancer stem

cells (MCSCs) where EMT-competent cells have stem cell fea-

tures that confer them the plasticity to adapt to different

environments and efficiently form metastatic colonies in dis-

tant tissues.2 This model is further supported by the expres-

sion of EMT markers in CSCs from mammary carcinomas

and, vice versa, by the activation of stem cell markers in

EMT-induced mammary epithelial cells.5 However, as EMT

cells are capable of degrading the surrounding matrix, they

also enable the detachment and dissemination of non-EMT

tumour cells.15 This implies that disseminated tumour cells

(DTCs) may reflect the heterogeneous composition of the pri-

mary tumour, encompassing both differentiated and more

stem-like cellular types. The question then arises whether

only the EMT-competent MCSCs are capable of forming dis-

tant metastases or, when exposed to specific environmental

cues, more differentiated tumour cells can also trigger coloni-

sation at distant sites. In fact, alternative models have been

proposed according to which EMT cells alone cannot form

metastasis, but actively cooperate with non-EMT cells to com-

plete metastasis. In this scenario, EMT at the primary tumour

allows matrix degradation and facilitates local and distant

invasion of both EMT- and non-EMT tumour cells with an

unaltered adhesive phenotype.16,17 From this perspective,

the fact that metastatic lesions often recapitulate the hetero-

geneous composition of the primary tumour may be ex-

plained both by individual migrating CSCs capable of

recapitulating the disease at distant organ sites or, alterna-

tively, by collective migration and colonisation of cooperating

EMT and non-EMT tumour cells.

Disseminating and circulating tumour cells (DTCs and

CTCs) present in the bone marrow and peripheral blood of

cancer patients can be detected and analysed at the single-

cell level and are thought to have diagnostic and possibly also

therapeutic relevance in the prevention and eradication of

metastatic disease.18 In view of the above-mentioned discus-

sion on the relative role of differentiated and stem-like tu-

mour cells in metastasis formation, DTCs and CTCs are

likely to encompass both cell types and to recapitulate the

heterogeneous composition of the primary lesion. However,

the relative representation of individual cellular types in

DTC/CTC preparations may be biased by the isolation meth-

ods currently employed, as these protocols often rely on the
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expression of epithelial markers (e.g. cytokeratins, EpCAM),

possibly leading to an over-representation of more differenti-

ated tumour cells. Nevertheless, a striking 70% enrichment of

CD44+/CD24low cells, previously shown to represent mam-

mary CSCs,19 was reported in DTCs isolated from bone mar-

row samples of early breast cancer patients compared with

the corresponding primary lesions where these tumour-initi-

ating cells constitute less than 10% of the bulk cells.20 Accord-

ingly, CK19+/Muc1- cells, previously shown to have stem cell-

like properties in human breast,21 were detected among BM-

derived DTCs in breast cancer patients.22 Notably, TWIST1,

an EMT-inducing transcription factor, was also described to

be an integral part of the gene expression signature of dis-

seminated breast cancer cells present in bone marrow after

chemotherapy.23 The relative abundance of cancer stem cells

among DTCs may also be explained by the emerging role of

EpCAM, the epithelial antigen most frequently employed to

isolate disseminating and circulating tumour cells, in stem

cell signalling.24,25

Compared with DTCs from bone marrow, less experimen-

tal evidence is available on the prognostic significance of tu-

mour cells circulating in peripheral blood.18 A recent study

on a relatively large cohort of blood samples revealed that a

major proportion of CTCs from metastatic breast cancer pa-

tients show EMT and tumour stem cell characteristics.26 How-

ever, whether these cells have prognostic value and/or may

serve as an indicator of response to therapy is yet to be

determined.

A different issue in the detection and prognostic relevance

of CTCs is the anatomical site of venous blood sampling.

Although peripheral blood offers clear advantages in terms

of ease of sampling, it is plausible to think that, on their

way from the primary malignancy to peripheral blood circula-

tion, CTCs are progressively filtered when passing through or-

gans like, in the case of cancer of the colon and pancreas, the

liver. Hence, the composition of CTCs from the peripheral

blood may differ from that of CTCs isolated from anatomical

locations physically closer to the primary mass, e.g. the portal

vein. Indeed, in colorectal cancer the detection rate of circu-

lating cells in venous blood drawn from more proximal sites

(i.e. mesenteric and portal vein) is significantly higher com-

pared with peripheral blood samples.27–29
3. Migrating cancer stem cells: therapeutic
consequences and perspectives

The presence of a distinct population with stem cell charac-

teristics among disseminated and circulating cancer cells

may be of clinical relevance, not only for their putative role

in metastasis formation and recurrence, but also for their role

in resistance to conventional therapy. CSCs are likely to share

many of the properties of normal stem cells including dor-

mancy (quiescence), active DNA repair machinery, the

expression of several ABC drug transporters and an intrinsic

resistance to apoptosis, which may underlie their capacity

to survive therapeutic protocols based on genotoxic agents

targeting actively proliferating cells.30 Alterations in the apop-

totic machinery have also been related to chemo-resistance

in several tumour types.31 In thyroid cancer, resistance to
therapy-induced cell death results from the elevated expres-

sion of anti-apoptotic proteins and has been associated with

the autocrine production of interleukin-4 (IL-4).32 IL-4 was

previously shown to induce apoptosis resistance in chronic

lymphocytic leukaemia B cells and to enhance the expression

of anti-apoptotic proteins in normal and transformed lym-

phocytes, as well as in prostate, breast and bladder cancer cell

lines.33,34 In pancreatic cancer cells, IL-4 enhances prolifera-

tion, and its blockage has significant growth inhibitory ef-

fects.35 More recently, a IL-4 antagonist was shown to

strongly enhance the anti-tumour efficacy of conventional

chemotherapeutic drugs through selective sensitisation of co-

lon cancer stem cells earmarked by CD133+ expression.36

Hence, the efficacy of conventional chemotherapy regimens

may be significantly enhanced when combined with anti-IL4

adjuvant treatment.37

Resistance to radiotherapy has been associated with reac-

tive oxygen species (ROS), critical mediators of radiation-in-

duced cell killing. As stem and early progenitor cells from

the different tissues contain lower levels of ROS than their

differentiated progeny, Diehn et al.38 hypothesised that the

same feature may be shared by cancer stem cells. Indeed, hu-

man and mouse mammary CSCs contain lower ROS levels

than more differentiated tumour cells and accumulate less

DNA damage upon irradiation. Lower ROS levels in CSCs re-

sults from increased expression of free radical scavenging

systems. Accordingly, pharmacological depletion of ROS scav-

engers significantly increases radio-sensitization.38

The intrinsic similarities between normal and cancer stem

cells pose a challenge for the development of targeted thera-

pies, as most tailor-made treatments will be likely to have

cytotoxic effects on normal tissues. During recent years, the

progressively increasing availability of cell surface markers

to allow prospective CSCs isolation from the bulk of tumour

masses has allowed the establishment of CSC-specific expres-

sion profiles and comparison with their normal counter-

parts.3 However, these cancer stem cell signatures are

obtained from enriched (and never pure) CSC fractions, where

the frequency of tumor-initiating cells is 1/100 in the best

cases. Nevertheless (and somewhat surprisingly), significant

differences between bulk tumor cells and CSCs indicate that

specific signal transduction pathways are differentially acti-

vated in the latter, thus representing attractive therapeutic

targets.

In agreement with the central role played by Notch signal-

ling in the control of stem cell homeostasis, c-secretase inhib-

itors (GSIs) capable of blocking Notch receptor cleavage and

pathway activation have been under clinical evaluation for

the treatment of malignancies such as T-cell acute lympho-

blastic leukaemia (T-ALL).39 Likewise, inhibition of Hedgehog

(Hh) signalling affects tumour initiation and systemic metas-

tasis in orthotopic xenografts from human pancreatic cancer

cell lines. Notably, Hh signalling inhibition had a minimal ef-

fect on primary tumour volume, but led to significant reduc-

tion of CSCs isolated by aldehyde dehydrogenase

expression, previously shown as a stem cell marker.40 Addi-

tional examples of promising clinical applications of CSCs

depletion by Hh signalling inhibition come from medulloblas-

toma41 and glioblastoma.42 The PTEN/Akt/mTOR pathways

have also been described to confer resistance to conventional
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therapies43 and play a central role in the viability and mainte-

nance of CSCs in leukaemia,44 breast,45 prostate46 and pan-

creatic cancer. Accordingly, combinatorial therapy aimed at

Shh and mTOR signalling inhibition, together with standard

chemotherapy, proved to be capable of selectively eliminating

CSCs.47

Recently, high-throughput screening for selective CSC

inhibitors was successfully carried out on EMT-induced breast

epithelial cells as an in vitro model of mammary CSCs.48 This

screen led to the identification of a compound, salinomycin,

that specifically inhibits proliferation of mammary CSCs

and significantly reduces their relative proportion by more

than 100-fold relative to paclitaxel, the commonly employed

chemotherapeutic drug for breast cancer. Salinomycin is a

potassium ionophore and, although the precise mechanisms

of its action are as yet unclear, it appears to induce terminal

epithelial differentiation accompanied by cycle arrest rather

than trigger toxicity. Also, in vivo, salinomycin administration

to mouse models for mammary carcinogenesis inhibits tu-

mour growth and induces increased epithelial differentiation

of tumour cells. In addition, global gene expression analyses

show that salinomycin treatment results in the loss of expres-

sion of breast CSC genes.48 Although mainly based on a rather

artificial model of cancer stemness, this study provides for

the first time proof of the feasibility of identifying cancer ther-

apeutic agents with specific toxicity for epithelial CSCs.48

As observed for salinomycin, the ability of specific agents

to trigger terminal differentiation in cancer cells is an attrac-

tive concept in the development of CSC-targeted therapies.49

Indeed, differentiation-inducing agents, such as retinoids,

have been proven to be effective against malignancies like

acute promyelocytic leukaemia.50 The role played by dietary

fibres and their breakdown product sodium butyrate in colo-

rectal cancer prevention may also be explained by their ef-

fects on CSC differentiation.51 Notably, butyrate is a histone

deacetylase (HDAC) inhibitor and possibly exerts its differen-

tiation-inducing effects by triggering epigenetic changes, i.e.

chromatin modifications leading to gene expression

reprogramming.52

As mentioned above, genes involved in self-renewal and

differentiation are often regulated by reversible epigenetic

mechanisms. Accordingly, epigenetic modifications, such as

CpG island methylation and histone acetylation, potentially

underlie the aberrant expression of many of these develop-

mentally regulated genes in cancer.53 Because of their revers-

ible nature, cancer-specific epigenetic changes represent

attractive targets for therapeutic intervention. The expression

of genes silenced by CpG island hypermethylation or histone

acetylation can be restored by DNA-demethylating agents or

HDAC inhibitors. Examples of the former group include 5-

aza-CR (azacitidine) and 5-aza-CdR (decitabine), two deme-

thylating drugs now FDA-approved for use in the treatment

of myelodysplastic syndromes (MDS), acute myeloid leukae-

mia (AML) and chronic myeloid leukaemia (CML).54 Zebular-

ine, a stable DNA cytosine methylation inhibitor, exhibits

greater growth inhibition in cancer compared with normal

cells and as such holds clinical promise as an anti-cancer

therapy.55,56 Reduced cytotoxic effects were reported for

SAHA (suberoylanilide hydroxamic acid), an HDAC inhibitor

recently approved for use in the treatment of cutaneous T cell
lymphoma.57 Although at present it is not known whether

DNA-demethylating agents and HDAC inhibitors exert their

effects on CSCs, the general idea of intervening in the revers-

ible epigenetic alterations that characterise stem-like tumour

cells is an appealing and promising one.49

An attractive option in exploiting stem cells in the devel-

opment of novel anti-cancer therapies is the possibility of

employing them to deliver and release cytotoxic drugs to

the sites of metastasis. Pathotropism, i.e. the ability of pro-

genitor and stem cells to specifically migrate to pathological

sites, such as areas of inflammation or neoplastic growths,

has mainly been considered for the replacement of damaged

tissues in degenerative pathologies. More recently, it was

shown that the pathotropism of stem cells is of potential

interest as a therapeutic method in patients with dissemi-

nated metastatic cancer. In particular, neural stem cells

(NSCs) are able to migrate to sites of neoplasia in response

to chemotactic signals emanating from cancer cells.58,59 By

engineering pathotropic NSCs to express an anti-cancer pro-

drug converting enzyme, Aboody et al. demonstrated success-

ful eradication of whole-body disseminated metastases in a

mouse model of neuroblastoma.60 In this approach, murine

NSCs were transduced with the gene encoding for a secreted

form of rabbit carboxylesterase (rCE), an enzyme capable of

activating the anti-cancer pro-drug CPT-11. Mice bearing

disseminated neuroblastoma metastases underwent intrave-

nous administration of the modified NSCs and were systemi-

cally treated with CPT-11. The rCE-secreting stem cells

administered in vivo selectively migrate to disseminated

metastases where the enzyme activates the CPT-11 pro-drug,

thus increasing anti-tumour activity in situ. Long-term moni-

toring of the treated animals showed complete tumour-free

survival compared with control groups. A similar strategy

based on a different enzyme/pro-drug combination (cytosine

deaminase 1/5-fluorocytosine) was also successfully

employed by the same authors in a mouse model of dissem-

inated melanoma metastases in the brain.61 Notwithstanding

the built-in safety modality of this approach (the carrier stem

cells will also be selectively killed by the activated pro-drug),

the use of stem cells as tools for cancer treatment raises some

obvious concerns and safety issues relative to the potential

tumorigenicity of the delivery vehicle. Ideally, stem cells em-

ployed as delivery vehicles should retain the capacity to dif-

ferentiate in vivo in a predictable and controlled way and, at

the same time, maintain replication potential to allow propa-

gation and expansion in vitro. In contrast, cell immortalisation

for in vitro propagation is normally achieved through onco-

gene transformation, which raises additional concerns about

the safety of the delivery vehicle.62 More recently, mesenchy-

mal stem cells (MSCs) obtained from post-natal bone marrow

showed tremendous potential for cell-mediated gene therapy

in several disease processes including cancer. The evidence

that sites of active tumorigenesis favour the homing of exog-

enous MSCs has provided support for their development into

a genetically engineered tool to track malignant tissues (min-

imal residual disease) and for the delivery of anti-cancer

agents within the tumour microenvironment.63

In conclusion, the introduction of the concept of cancer

stemness and the potential role of migrating CSCs in tumour

dissemination and in the formation of distant metastases
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have opened a broad spectrum of novel diagnostic and thera-

peutic avenues aimed at their detection and selective target-

ing. Although it is early days to anticipate the successful

clinical translation of any of these CSC-targeted strategies,

one is tempted to be optimistic for the future in view of the

multitude of prognostic and therapeutic options offered by

our progressively increasing understanding of stem cell biol-

ogy in homeostasis and cancer.
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