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Abstract

The pathogenesis of metastasis depends on multiple favorable interactions of tumor cells with host homeostatic mechanisms. Interruption
of one or more of these interactions can lead to the inhibition or eradication of cancer metastases. For many years, all efforts to treat cancer
concentrated on the inhibition of growth or the destruction of tumor cells. A strategy of both eradication of tumor cells (e.g. by chemotherapy
and immunotherapy) and modulation of the host microenvironment (e.g. tumor vasculature and hypoxia) is an additional, relatively novel
approach to cancer treatment. Recent advances in our understanding of the biological basis of cancer metastasis open up unprecedente
opportunities for translating basic research to clinical treatment of cancer. This research includes the unraveling of the genetic make-up of
tumors and genome-wide expression analyses, thereby identifying many potential targets for therapy. Drugs acting on tumor cells which have
a metastasis-prone mutational or expression status (by classical or targeted chemotherapy) as well as drugs affecting host-mediated surviva
pathways must be combined in order to create therapeutic synergy. Therapeutic maneuvers may target receptor tyrosine kinases (EGFR.
VEGFR, FGFR), chemokines or G-protein-coupled receptors (CXCR4, CXCR2, EphB2), hypoxia-inducible factor (HIF), and signaling
pathways (c-Src, PI3K, Akt, chaperon complexes) in tumor cells. Moreover, stromal and immunological cells and their cytokines coordinate
critical pathways that exert important roles in the ability of tumors to invade and metastasize, thus suppressive cytokines (IL-6 and IL-10) and
neutralizing specific antibodies might subvert conditions for metastasis.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction the development of metastatic lesions from cancer cells, par-
ticularly to lymphatic, bone, liver, lung and central nervous
Great strides have been made in early detection and treatsystem tissuesGhambers et al., 2002; Pantel et al., 1999
ment of solid tumors, which are the most common forms At the metastatic stage of the disease, there are few good
of cancer and responsible for the majority of cancer-related treatment choices left and the patient’s chance of survival is
deaths in Western industrialized countries. Early diagnosis low. Therefore, to increase treatment success, it is important
and treatment give a high probability of permanent remission to integrate findings arising from the use of novel technical
or cure Parkin et al., 2001; Miyoshi et al., 20p3Because approaches such as genome-wide expression profiling of pri-
of this progress, tumor mortality is linked increasingly to mary tumors and micrometastases with our knowledge of the
early metastasis, which is often occult at the time of primary biology of the metastatic process.
diagnosis. When solid secondary tumors are established, the This paper discusses findings and ideas about the biology
chances of long-term survival fall from over 90% to around of the metastatic process which determines the success of
5% (Greenbergetal., 1996Thus, following surgery orradio-  cells in tissue invasion, survival in the circulation, extravasa-
therapy on primary solid tumors, the priority is to prevent tion and arrest within the secondary organ parenchyma. The
outcome of the metastatic process depends on multiple inter-
* Tel.: +34 93 260 74 29; fax: +34 93 260 74 26. actions of metastasizing tumor cells with host homeostatic
E-mail address: asierra@iro.es. mechanisms. Thus, anti-metastasis therapy, which targets not
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only the tumor cells but also the homeostatic factors that pro- and poor clinical outcome, suggesting that the metastatic
mote organ-specific tumor cell growth and survival, has a potential of human tumors is encoded in the bulk of a pri-
better chance of success. mary tumor and that tumors likely to metastasize are fun-
damentally different\@@an’t Veer et al., 2002; Weigelt et al.,
2003; Ramaswamy et al., 2003; Bernards, 2003; Golub, 2004;
2. Pathogenesis of metastasis Liotta and Kohn, 200L To mention one example, patients
presenting with a good prognostic fingerprint had a 95%
The development of cancer cells with the capacity to chance of surviving the next decade, whereas those with a
invade tissues and metastazise includes steps which allowbad fingerprint had only a 55% chance of survivingr(’t
them to escape the primary tumor, travel to distant sites Veer et al., 200 The genes making up the “poor progno-
and colonize organs in which, at least initially, nutrients and sis” signature or “metastatic predisposition” signatures could
space are notlimiting. This process includes several rounds ofrepresent genes expressed by the tumor cells themselves or
mutation and selectiovogelstein and Kinzler, 20Q4esult- by stromal cells including vasculature, connective tissue, or
ing in high genetic instability which further drives tumor immune cells Hynes, 2003
progression. In particular, mutations in oncogenes and in A comprehensive genomic analysis of primary breast
tumor-suppressor genes provide cancer cells with a selectumors and matched single cytokeratin-positive epithelial
tive growth advantage and lead to the clonal outgrowth of a cells from bone marrow showed that genomic aberrations
tumor (Cabhill et al., 1999 were greater in patients who had developed metastases. This
Some mutated genes are positively selected as relevansuggested an independent evolution model of metastatic cells
to the acquisition of the metastatic phenotype, such asafter early separation from the primary tum@cfimidt-
Bax, MSHS6, or IGFRII, against other neutral genes irrele- Kittler et al., 2003. The evidence reinforces the view that
vant to it (Perucho, 2008 Permanent or transient genomic tumor cells disseminate very early and evolve to metastatic
instability might be ascribed to deficiencies in numerous disease independently of the primary tumor. In fact, some
cellular processes, including mitotic-checkpoint regulation, metastases bear almost no genomic resemblance to the pri-
DNA-damage signaling and repair, telomere maintenance mary tumor from the same patiefgiésig et al., 1999 Even
and centrosome functioZivotovsky and Kroemer, 2004 in experimental situations in vivo, metastatic cells from lung,
Alterations in these molecular processes provide increasedbone and lymph node belonging to the same tumor showed
chances for the accumulation of mutations that further their different genomic DNA fingerprintingGu et al., 2003 sug-
own survival and proliferation. Cells are selected that pro- gesting that the driving force for metastasis development is
duce their own mitogenic signals, suppress contact inhibition, selection of cells with the best conditions for survival in each
evade apoptosis or support neovascularisaB@nrfards and ~ microenvironment.
Weinberg, 2002; Leroi et al., 2003; Hanahan and Weinberg, There is ample evidence that the movement of cancer
2000; Breivik, 200). Consistent changes in gene expression cells through the body is not random and that different types
occur in cancer cells acquiring traits that form the metastatic of cancer cells have different destinations. A specific set of
phenotype. Though the molecular mechanisms remain essengenes that mediate bone metastasis has been described. Cells
tially unknown, their independent activities, with deleteri- over-expressing IL-11, MMP-1, connective tissue growth
ous effects on normal cells, may coincide in tumor cells to factor (CTGF), CXCR-4 and osteopontin (OPN), were highly
promote metastasidcCawley and Matrisian, 2000; Wells, metastatic to the bone in vivo. In contrast, cells without this
2000. phenotype had low potential for bone metastasis, but high
Recently, acomprehensive gene expression profile of eachpotential for metastasis to the adrenal glangdang et al.,
cell type in normal breast tissue in situ and in invasive breast 2003.
carcinoma was determinedl{inen et al., 2004. The results In an experimental metastasis model of human small-
showed extensive gene expression changes to occur in stroeell lung cancer in mice, differential expression profiles for
mal, myoepithelial and malignant cells during cancer pro- metastases to lung, liver, kidney and bone were reported.
gression, and a significant fraction of the altered genes to However, the model did not distinguish how much of the
encode secreted proteins and receptors. difference arises from tumor responses in different environ-
The propensity to metastasize might be hardwired early ments Kakiuchi et al., 2003 RecentlyMontel et al. (2005)
during tumor development, even when clinical metastasis demonstrated, in a xenogenic breast cancer model, selec-
appears much later. However, whether this propensity is hard-tive enrichment of cells that metastasize to lymph nodes
wired in all neoplastic cells, or whether such changes con- and lungs, with a similar expression of genes, and different
tinue to occur as metastasis progresses, still remains largelyfrom those in parental cells. These differences are thought to
unknown. New studies using mRNA expression profiling pro- reflect epigenetic changes in tumor cells in response to their
vide the opportunity to have a closer look at the molecular in vivo microenvironment. Thus, the metastatic behaviour of
networks in cells contributing to metastasié¢/gbb, 2003. tumor cells is derived from intrinsic properties of the pri-
It has been found that solid tumors may carry a specific mary tumor, secondary to carcinogenic inducers, towards an
gene expression signature most associated with metastasiergan-specific phenotypEig. 1). The hostimmune response
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However, whereas large numbers of cells from a primary
tumor may gain access to the circulation, few of them will
give rise to metastases. Growth of metastases is differentially
affected by the physiological environment of the target organs
as well as by the capacity of the tumor cells to overcome
death signals Goodison et al., 2003 Time-lapse video-

microscopic observation of melanoma cells injected into the
l circulation has documented the failure of solitary cells to

Microenvironment
at the metastatic foci

Intrinsic properties
of the tumor cells

initiate growth in metastatic sites as well as the need for a
METASTATIC BEHAVIOR permissive environment to sustain their growtthZzi et al.,
OF TWMOR CELLS 1998. In fact, an early event in metastasis inefficiency is cell
j, death. Apoptotic cells are found in the peripheral blood of
ORGAN-SPECIFIC PHENOTYPE cancer patients with a frequency that exceeds the number of
bone, brain, lung, liver, lymph node intact circulating tumor cellsehes et al., 2001

Fig. 1. The organ-specific growth of metastatic cells in secondary organs 3.2. The role of the micro-environment in metastasis
is a consequence of the presence of stromal elements in normal organs that
facilitate organ-specific homing, leading to a cascade of tumor-stromal inter- The Iocally activated host microenvironment (bOth cellu-
actions that constitute the organ-specific phenotype of cells. Tumor cells, lar and extracellular elements) in turn modifies the prolifer-
when they acquire the ability to metastasize, to survive and to disseminate . . . . . p
by clonal evolution or by parallel evolution from the primary tumor, have to a“V'e and invasive behaviour of metastatic Céﬂﬁiﬁahan and
evade the host's immunological response and take advantage of the microen\Weinberg, 2000; Park et al., 2008nd recruits new vascu-
vironmental factors. The cross-talk between death and survival pathways at|ature and stromal cells through production and secretion of
the metastatic foci determines the organ-specific phenotype of tumor cells. stimulatory growth factors and cytokines. Recent investiga-
o tions have revealed dual roles for cytokines in suppressing
is critical in the Folerance_ of alte_red phenotypes and CON- and promoting cancer formation. The complexity of cancer
tributes, along with the microenvironment at the metastatic ¢q||/stromal and immune-cell cross-talk determines the out-
foci, to determining whether the tumor cells will remain dor-  ~5me of the host response. Moreover, tumor cells generate
mant or micrometastases develop into clinically observable many of their own growth signals, thereby reducing their
disease. dependence on stimulation or inhibition from their normal tis-
sue microenvironmenkthier, 1995; Dranoff, 2004Indeed,
stromal cells and their cytokines coordinate pathways that are
”» 3 .y . . . .
3. “Cross-talk” between metastatic tumor cells and critical in tumor invasion and metastas@heng and Weiner,
microenvironment 2003.
o ) ) ) The extracellular matrix (ECM) provides a structural basis
Clinical observations of cancer patients and experimental for multicellularity, whereas growth factors provide the infor-
studies in mice have ConCIUS|Ve|y demonstrated that Certa]nmation required for the formation of Complex tumor tissues.
tumor types metastasize to specific organs independent ofecM proteins induce signals through their cell receptors,
vascular anatomy, tumor size or the number of tumor cells sych as integrins; the information can be transferred from the
delivered to each orgarClarke and Dickson, 1997 To ECM to the cell interior directly, via mechanical forces, or

explain this specificity, the soil and seed theory holds that can be mediated by ECM-associated growth factGas@le
different organs provide growth conditions that are optimal and Keski-Oja, 1997; Rizki and Bissell, 2004

for specific cancersHidler, 2003. The metastatic process is the result of integration of many
localized cellular adhesion and migration processes, acto-
3.1. Capacity of tumor cells to metastasize myosin polymerization and assembly to filaments, and is

regulated by integrins, matrix-degradation enzymes, cell—cell
In breast cancer experimental models, cells disseminatedadhesion molecules and cell-cell communicati@hegetz
early after implantation in the mammary gland do notrequire et al., 1998; Friedl and Wolf, 2003; Cukierman et al.,
extensive tumor growth to enter the vascular and lymphatic 2001). Depending on the cell type and ECM substrate,
systems Rubio et al., 2001l This suggests that in clinical focal contact assembly and migration are regulated by dif-
situations systemic disease may be prevalent earlier than usuferent integrins, which bind fibronectinn€), laminin
ally suspected. Indeed, many of the tumor cells may travel as(agPB1 Or agBa4), Vitronectin @sB3) and collagen d¢2B1),
single cells and attach to the lung endothelium after arrival. and other non-integrin receptors, such as CD44, discoidin
Then, surviving tumor cells might proliferate intravascularly receptors, CD26, immunoglobulin superfamily receptors
and extravasation of the tumor cells occurs when intravas-and surface proteoglycans. The engagement of integrins
cular micrometastatic foci outgrow the vessels they are in and other adhesion receptors leads to the recruitment of
(Wong et al., 200 surface proteases towards attachment sites, which in turn
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degrades ECM components that are in close proximity to epidermal growth factor receptors involved in breast can-
the cell surface: seprase binds to the-integrin, MMP1 cer progression and metastasis, and CXCR4, a chemokine
binds to theazB1-integrin and MMP2 binds to the,Bs- receptor that regulates the directional trafficking and inva-
integrin. ECM degradation causes cell expansion and migra-sion of metastasis sites by breast cancer c8lialler et al.,

tion (Jia et al., 20014 Remodeling of the ECM, which  2003; Smith et al., 2004; Balkwill, 2004Both proteins may

is restricted to the immediate environment of the cell, integrate cell migration, adhesion and invasiBeifovic and

seems to be a necessary step in local invadie( et al., Marchese, 2004HERZ2 signaling increases the expression of
19938. the chemokine receptor whose ligand, stromal derived factor
1 (SDF-1) is highly expressed in lung, liver and bone marrow,
3.3. Tumor cell interactions with the microenvironment in which metastases of breast cancer commonly devélop (
during metastasis et al., 2004. Moreover, blockade of the CXCR4/SDF1 sig-

naling pathway with an anti-CXCR4 antibody also decreased
Progression to metastasis involves aberrations in the inter-transendothelial breast cancer cell migration and vascular
actions of multiple cell types with each other and with permeability Lee et al., 200%
other components of the microenvironment. One example Ithas beenrecently described how TrkB, a neuronal recep-
is the case of bone metastasis, which affects common tumordor that binds the brain-derived neurotrophic factor (BDNF),
such as breast, lung and prostate carcinomas. In osteolyticenables cells to survive and grow independently of their
metastasis, there is a “vicious circle” in the bone microen- anchorage to a matrix protein. Tumor cells can survive by
vironment, whereby interactions between tumor cells and means of an autostimulatory (autocrine) signaling loop medi-
osteoclasts lead to both osteolysis and tumor groitimdy, ated by both molecules that also can be produced in response
2002; Chang et al., 200AViolecular mechanismsinclude the to tumor hypoxia Pouma et al., 2004
tumor cell production of parathyroid-hormone-related pep-  Hypoxiaisinvolved in metastasis, angiogenesis and selec-
tide (PTHrP) and bone-derived growth factors that occur as ation of cells with a more malignant phenotyWduters et al.,
consequence of increased bone resorpt®ogn and Ander-  2004). The onset of neovascularization in a primary tumor is
son, 2002; Montell, 2003 triggered by immune/inflammatory responses, genetic muta-
Genetic screening of Drosophila has shown that coopera-tions and metabolic stress induced by fluctuations in oxy-
tion between oncogenic RAS expression and inactivation of gen tension though activation of hypoxia-inducible factor-1
any one of a number of genes affecting cell polarity leads to (Michiels, 2004. Tumor hypoxia stimulates the formation
metastatic behaviour, including basement membrane degra-of new blood vessels by increasing secretion of vascular
dation, loss of E-cadherin expression, migration and invasion endothelial cell growth factor (VEGFBemenza, 20Qland
(Pagliarini and Xu, 2008 This suggests that the genetic stimulates tumor invasion by activating hepatocyte growth
alterations sufficient to cause noninvasive tumors to growth, factor (HGF) Pennacchietti et al., 2003n addition, lack of
can indeed make additional contributions to the developmentoxygen causes activation of CXCR4, a homing molecule that
of metastatic behaviour in combination with other tumor- enables migrating cells to target specific orgaBerfiards,
initiating alterations. 2003.
Recent studies described the relationship between
the EphA2 receptor tyrosine kinase and metastadis (
et al., 2004. This receptor is stimulated by ligands that are 4. Modulation of tumor cell death by the
anchored to the membrane of adjacent cells. When malig- microenvironment
nant cells lose cell—cell contacts, the EphA2 ligand binding
is decreased, which promotes oncogeneéaialier-Daniels It is now recognized that resistance to cell death — par-
et al., 2003; Ogawa et al., 200EphA2 selectively inhibits  ticularly apoptotic cell death — is an important aspect of
cell-cell adhesion by increasing cell attachment to and up- tumorigenesis, metastatic progression and resistance to anti-
regulating the ECM protein fibronectin, which enhances cancer drugsMalaguarnera, 2004; Shoemaker, 2000is
malignancy. This can be reversed by specific antibodies tar-currently believed thatthe metastatic cascade involves a series
geting EphA2, which in turn decreases fibronectin expression of interrelated events, in some of which tumor cells with-
and induces apoptosis. stand severe pro-apoptotic pressures from host-cell cytokines
The transcription factor Twist contributes to the conver- and growth factorsEvan and Vousden, 2001; Wells, 2000;
sion of early-stage tumors into invasive malignancies, by Yousefi et al., 2008 Indeed, defects in cell-death pathways
increasing the ability of cancer cells to enter circulation and are hallmarks of metastasis.
seed metastasis through favoring epithelial-mesenchymal The most common and well-defined form of programmed
transition (EMT). This includes loss of E-cadherin expres- cell death is apoptosis, which is one of the mechanisms by
sion and activation of mesenchymal markekarg and which chemotherapy destroys cancer cells. The apoptosis the-
Massague, 2004; Yang et al., 2004 ory of cancer cell death following therapy interprets the levels
Another example of cooperation between genes favor- of pro- or anti-apoptotic proteins, which may predict treat-
ing metastasis is the link between HER2, a member of the ment response, at least in hematological malignan&as (
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et al., 2004; Taylor et al., 2000; Brown and Attardi, 2D05
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rescuing cells from anoikisRodeck et al., 1997; Fernandez

Despite the wealth of data, no clear patterns have emerged foet al., 2000. The selection of metastatic cells for anoikis
most solid tumors, probably because tumor cells can still be resistance resulted in an increase in metastatic potential in
induced to die by non-apoptotic mechanisms, such as necro-parallel with multiple alterations in their phenotypic prop-

sis, senescence, autophagy and mitotic catastrdpkada
and Mak, 2004; Edinger and Thompson, 204
Apoptosis is triggered by an initiation phase that is highly

dependent on cell type and apoptotic stimuli. In the subse-

erties Zhu et al.,, 2001 These alterations, which do not
accelerate primary tumor developmeltattin et al., 2004,
enhance mutagenicity by altering the activity of enzymes that
are involved in DNA mismatch repait.& Thangue, 2005

quent effector phase, the cells change biochemically, which inducing chemotherapy resistané®e@l et al., 2004; Pinkas
leads to the systematic activation of catabolic hydrolases thatet al., 2004.
participate in the degradation phase of apoptosis though the Factors in the microenvironment can regulate molecules

cleavage of proteins and DNAN{cholson and Thornberry,
2003; Danial and Korsmeyer, 2004 he mitochondrial path-
way is thought to be the principal target of survival signaling
pathways, which act by stabilizing mitochondrial function
and integrity and by suppressing release of cytochrome
(Debatin et al., 2002 Anti-apoptotic oncoproteins from the
Bcl-2 family, which exert their principal effects through sta-
bilization of the mitochondrion, could enhance cancer cell

involved in control of apoptotic cell death following expo-
sure to anti-cancer drug®fRe¢al et al., 2004; Taylor et al.,
2000. Some fibroblast growth factors induce drug resistance
in metastatic cells, which elude cytotoxic insuiojng et al.,
2000; Coleman, 2003 The soluble factors released from
stromal cells in secondary organs might influence growth
and survival of metastatic cells under chemotherapy, by mod-
ulating expression of anti-apoptotic proteinsdeda et al.,

survival and adaptation to a new microenvironment, leading 2001). In fact, microenvironmental factors at the metastatic

to resistance to chemotherapgdultas and Strasser, 2003;
Ladeda et al., 2001; Letai et al., 2004; Martin et al., 2004;
Weintraub et al., 2004

Anti-apoptotic proteins from the Bcl-2 family (Bcl-2 and
Bcl-x. ) have arole in the pathogenesis of metastas @).

foci seem to be more important in increasing drug resistance
than the expression of Bcl-2 or Bcl-¥n metastatic cellsGu
et al., 2004.

Activation of the latter “intrinsic” apoptotic pathway is
the goal of many of the new cancer drugslfle ). Some

They enhance metastasis of cancer cells by inducing extra-of the cytotoxic compounds acting on mitochondria specif-
cellular matrix independence, which prolongs survival in the ically target proteins such as Bcl-2, overcoming the cyto-
absence of cell attachment to extracellular matrix proteins protective effect on Bcl-2-like proteingCpstantini et al.,

LOSS OF APOPTOSIS IN TUMOR METASTASIS

RESISTANCE TO
CYTOKINE MEDIATED APOPTOSIS

Anti-apoptotic proteins: Bcl-2, Bel-x, , IAPs
Cytokines: TGFB, TNFo., FGF-2,
Metabolic enzymes: multicatalytic endopeptidase

SURVIVAL IN THE BLOOD STREAM

Anti-apoptotic proteins: Bel-2, Bel-x, , IAPs
Metabolic enzymes: enolase 1, aminoacylase 1
Receptors: TrkB

EVASION OF HOST RESPONSES
BY TUMOR CELLS

Anti-apoptotic proteins: Bel-2, Bel-x, , IAPs

Chemokines: CXCR4-CXCL12, CCR7-CCL21

Co-inhibitory molecules: few (B7.1, B7.2); abundant
(APC-B7-H1, B7-H4)

Cytokines: 11-6, IL-10, TGFp, VEGF, M-CSF,

PGE2, COX2, IDO = indoleamine-2-3-deoxygenase,

HIF

Growth Factor Receptors: EGFR, HER-2, IGF-IR

METASTATIC FOCI |

Fig. 2. Defects in cell death pathways are hallmarks of metastasis. Tumor cells which lose the ability to initiate or complete a programmed rxgjldeath p
can evade immunological host responses, contributing to the anergy of immune cells against tumors. This characteristic improves chanckaraf surviva
evades immunological responses during cell mobilization through blood and lymph nodes. The overexpression of anti-apoptotic proteintsaswikikibi

the death of cells that achieve extracellular matrix independence. At the end, the success of metastatic growth at metastatic foci depenitg ohclésabil

to survive cytokine- or cytotoxicity-mediated apoptosis.
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Table 1

Examples of drug discovery strategies, targeting core components of cell death pathways in the tumor microenvironment

References
Huang and Oliff (2001)Beslija et al. (2003)

Malaguarnera (2004)erweij (2004)

Debatin et al.
(2002) Reed (2003) O'Neill et al. (2004)

Schimmer et al. (2004¥5arber (2005)

Agent

Target Strategy

Action

Receptor tyrosine kinase antibodies Cetuximab, Herceptin

ERBB2 EGFR

Oncogene

(2002) Simoes-Wust et al.

GENTA, IDUN, GEMIN-X,

Agera

Anti-sense therapy, antagonists, Smac

Bcl-2, Bclix XIAPs

Anti-apoptotic proteins

Bange et al. (2001)Steeg (2004)Wouters et

al. (2004)

SU5416

FIk-1 kinase inhibitors, blocking VEGF-

R signaling, VEGF neutralization

VEGF

Angiogenesis

Vogelstein and Kinzler (2004)\Nouters et al.

Yc-1
(2004)

Reduces angiogenesis and invasion

HIF

Hypoxia

Cheng and Weiner (2003)

Sibrotuzumab

Tumor stromal fibroblast antibody
Chemokine receptors antibodies, antago- Anti-CXCR4,

nists

Stromal antigen FAP
CXCR4, CXCL12

Host-tumor interactions
Chemokine receptors

A. Sierra / Drug Resistance Updates 8 (2005) 247-257

(2004) Zou

Balkwill (2004), Smith et al.

(2005)

AMD3100

Anti-CXCL12

GM-CSF, IFN+, IL-2, IL-3 Dranoff (2004) Zou (2005)

Enhances: tumor antigen presentation, T-
cell function, T-cell recruitment, blocking
the common pathway STAT3 or SOCS1

cytokines

Suppressive

therapies and

Cytokine

IL-6 and IL-10, and T

cells

immuno-suppressive

networks

2000. This kind of agent enforces death in cells in which
upstream signals that normally lead to apoptosis have been
disabled Zhivotovsky and Orrenius, 2003; Huang and Oliff,
2001). Metastatic cells might become resistant to treat-
ment by modifying their expression levels or the function
of proteins involved in apoptosis signaling pathways that
enables cells to take advantage of microenvironmental fac-
tors Hellman, 1997; Taylor et al., 2000; Zhang et al., 2000;
Morin, 2003. For instance, breast cancer cells have an
autocrine production of cytokines that determine the sus-
ceptibility or resistance of tumors to drug treatmedobze

et al., 200). Apoptosis-based therapy could be used to
specifically lower the threshold of apoptosis in cancer cells,
overcoming resistance to conventional treatmediNgill

et al., 2004. Oligonucleotide anti-Bcl-2 and Bcl-x bispecific
antisense treatment sensitize breast carcinoma &aliwges-
Waust et al., 200Rand prostate cancer cells to chemotherapy
(Miayake et al., 2000 Design of small-molecule inhibitors
of Bcl2 and Bcl-x is an exciting area for current anti-
cancer drug developmenRé¢al et al., 2004; Wang et al.,
2003.

The XIAP (X-linked inhibitor of apoptosis), a key com-
ponent of the intrinsic pathway and its cellular antagonistic
protein (Smac/DIABLO) led to the development of Smac
mimetic molecules, which effectively bind to several mem-
bers of the inhibitor of apoptosis family proteins including
XIAP, clAP1, and clAP2, which are in pre-clinical stages of
developmentGarber, 200b

The “extrinsic” cell death pathway is also an important tar-
get. Particularly, recombinant soluble TRAIL induced apop-
tosisin abroad spectrum of cancer celllinesand alsoinin vivo
xenograft models of human cancers. In addition, several gene
therapy approaches have been developed to specifically target
tumor cells Fulda and Debatin, 2004; Danial and Korsmeyer,
2009.

5. Therapeutic targets for metastasis, aimed at
selective chemoresistance in the microenvironment

The selective nature of the metastatic process and the rapid
evolution and phenotypic diversification of clonal tumor
growth result from the inherent genetic and phenotypic insta-
bility of many clonal populations of tumor celld=igler,
2003. Consequently, different metastases from the same
tumor may contain different genetic changes, added to the
genetic changes from the dynamic and stochastic evolution-
ary force that varies with differing somatic environments
(Liotta and Kohn, 2001

Chemotherapy uses powerful drugs designed to induce
cancer cells to commit suicide. So why do not all tumors suc-
cumbto these drugs? The cell sensitivity to chemotherapeutic
drugs is dependent on host cellular and tissue response and
not solely on the genetic alterations of tumor cells. There is
now much evidence that the microenvironment regulates tis-
sue specificity and contributes significantly to metastasis and
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chemoresistance. If clinical metastases are a product of theirapoptosis in multi-drug resistance cel&tenby and Gillies,
microenvironment, we can identify the molecular signals that 2004; Xu et al., 200p
participate in metastatic cell-host cross-talk and use them in  In summary, in order to predict tumor response to com-
therapy Bissell and LaBarge, 2005 bined chemotherapy we have to bear in mind that apoptotic
Cancer cells in secondary organs may coexist in severalcell death and angiogenesis are affected by hypoxia; that
states. Solitary cells can die, remain dormant or begin to interactions of tumor cells with the extracellular matrix mod-
proliferate to form preangiogenic micrometastases. Theseulate intracellular signaling; and that expression of molecules
micrometastases may also die, become functionally dormantinvolved in the regulation of apoptotic cell death can be mod-
(in which apoptosis and proliferation are balanced, leading ulated by microenvironmental factors. From an improved
to no net growth) or become vascularized and grow progres-understanding of how the microenvironment exerts control
sively. Cells in each of these states may be differentially over the genome in metastatic cells, multiple novel strategies
responsive to various therapie€hambers, 2004 Cellu- have already emerged for restoring apoptosis sensitivity in
lar proliferation at the metastatic site must be considered cancer cellsTable J).
a potential rate-limiting step of metastasis. Persistence of
solitary cells at a secondary site contributes to tumor dor-
mancy at first diagnosis and to tumor recurrence, becauseé. Conclusion and future perspectives
they may not be susceptible to current therapeutic strategies
targeting proliferating cellsNaumov et al., 2002 Because Two related themes that are keys to the future of cancer
many metastasis suppressor genes such as NM23, MKK4 ortreatment are emerging: prediction of therapy response and
KiSS1 act at the final stage of tumor cell colonization at the combination chemotherapy. The former takes into account
metastatic site, re-expression of metastasis suppressors bthe genetic make-up of atumor and thus the moleculesthatare
micrometastatic tumor cells may have therapeutic effects onderegulated. In the latter, understanding in molecular detail
cancer progressiosteeg, 2004 Indeed, animportantaspect the interactions of survival pathways and chemotherapeu-
of cancer treatment is tumor “dormancy”, which describes tics will allow the design of rational combinations of drugs.
a prolonged quiescent state during which metastasis pro-Synergistic drugs may include agents targeting specific gene
gression is not clinically detectedrgfenof et al., 1998 products associated with apoptosis and modulators of the host
Metastatic cells may be present after surgery but remain dor-microenvironment.
mant for several reasons, including the inability to induce  Adjuvant chemotherapies or hormone therapies are used
angiogenesis or to change the balance between other growthas a preventive measure to extend the survival time of patients,
inducing/inhibiting factors in the tumor microenvironment. but are associated with long-term morbidity and treatment
These factors may also determine the length of the periodfailure. There is a need for markers that can predict treatment
between dissemination and appearance of clinically observ-efficacy, since established diagnostic methods of histology
able metastase&érrison et al., 1999; Hart, 1999n addi- and cytology have a low sensitivity with assessment based
tion, it was suggestediplmgren et al., 1995 that dormancy  oncell morphology. Micrometastases and individual dormant
could be the consequence of opposing tumor cell proliferative cancer cells in tissues go unnoticed by pathologists. In fact,
tendencies by anti-angiogenic factors that indirectly promote most efforts are concentrating on the accurate prediction of
apoptosis. Progression may depend on the balance betweethe outcome of primary treatment among patients with early-
the in situ tumor’s total angiogenic defence, in which case stage disease and on avoidance of unnecessary interventions
the future of inhibitors of blood-vessel growth is to prevent causing risk to the patienBprg et al., 200R
disease in those individuals whose genetics favor progression  Microenvironmental factors at the metastatic foci may
(Folkman and Kalluri, 2004 affect the response of tumors to chemotherapy and condi-
Hypoxia stimulates tumor invasion by activating hepato- tion drug resistance. A wide variety of genetic and epigenetic
cyte growth factor. Thus, the anti-angiogenic therapy effect, factors are involved as determinants. Much remains to be
which acts by depriving tumors of oxygen, may depend on learned about how best to exploit these new potential thera-
the tumor cell response to hypoxi®gnnacchietti et al.,  pies by matching the genetic lesions in cancers to the optimal
2003. Certain anti-angiogenic factors can also transiently agent. Better understanding of apoptosis mechanisms has led
“normalize” the abnormal structure and function of tumor to many new strategies for restoring apoptosis sensitivity in
vasculature to make it more efficient for oxygen and drug cancer Etenner-Liewen and Reed, 2Q003he fact that can-
delivery Eichhornetal., 2004; Jain, 20DMoreover, several  cer cells are more dependent on apoptosis suppression than
new therapeutic strategies target the hypoxia-inducible factornormal cells enables us to develop new therapies that might
(HIF) pathway, critical for the induction of hypoxia toler- improve clinical outcome.
ance, apoptosis resistance and cancer progre$silen ét al ., On the other hand, therapeutic intervention addressed
2004; Wouters et al., 2004n addition, increased glycolysis, to the stroma may have limited effectiveness given the
due in part to mitochondrial respiration injury and hypoxia, diverse growth potentiating factors that redundantly induce
decreases sensitivity to common anti-cancer agents. Depletumor—microenvironment interactions, and different path-
tion of ATP by glycolytic inhibition also potently induces ways might be connected to the achievement of metastatic



254 A. Sierra / Drug Resistance Updates 8 (2005) 247-257

activity (Cheng and Weiner, 2003Therefore, the identifi-  Breivik, J., 2001. Don't stop for repairs in a war zone: Darwinian evolu-
cation of adaptor proteins and protein—protein interactions  tion unites genes and environment in cancer development. Proc. Natl.
connecting several metabolic pathways is necessary to ther- Acad. Sci. U.S.A. 98, 5379-5381. .

tic disruption of multiple signals. which include sev- Brown, J.M., Attardi, L.D., 2005. The role of apoptosis in cancer devel-
apeu . p P 9 ! . opment and treatment response. Nat. Rev. Cancer 5, 231-237.
eral functional pathways useful to metastasis developmentcanil, D.p,, Kinzler, K.W., Vogelstein, B., Lengauer, C., 1999. Genetic
(Espdia et al., in pregs instability and Darwinian selection in tumours. Trends Cell Biol. 9,

Metastasis is the single catastrophic complication of can-  57-60. _ o

cer, and understanding the biology of the process ShOl'”dChambers, A.F., Groom, A.C., MacDonald, I.C., 2002. Dissemination

rovide not onlv areater insiaht into normal cell behaviour and growth of cancer cells in metastatic sites. Nat. Rev. Cancer 2,
p y g 9 ' 563-572.

but also lead to new therapies designed to limit or prevent chambers, A.F., 2004. Biology of the Metastatic Process. ASCO Educa-
this cause of morbidity and mortalityPantel and Braken- tion Book, pp. 696-700.

hoff, 2004. Our understanding of the cellular and molecu- Chang, C.C,, Shih, J.Y,, Jeng, Y.M., Su, J.L,, Lin, B.Z., Chen, S.T., Chau,
lar events is improving significantly, and the possibility of Y- Yang, P.C., Kuo, M.L., 2004. Connective tissue growth factor

lective anti-metastatic ther is b ming more realisti and its role in lung adenocarcinoma invasion and metastasis. J. Natl.
selective anti-metastatic therapy IS beco g more realisticC. Cancer Inst. 96, 364-375.

By studying the molecular factors that affect the metastatic cheng, J.0., Weiner, L.M., 2003. Tumors and their microenvironments:
process, a better understanding of how these molecular fac- tiling the soil. Commentary re: A.M. Scott et al., A Phase |

tors function in metastasis will be obtained. This, in turn, will dose-escalation study of sibrotuzumab in patients with advanced or
aid the development of moIecuIarIy targeted anti-metastatic metastatic fibroblast activation protein-positive cancer. Clin. Cancer

treat ¢ d the identificati f nodal point ltipl Res. 9, 1639-1647, Clin. Cancer Res. 9, pp. 1590-1595.
reatments, an € 1dentincation of nodal points on muftiple Clarke, R., Dickson, R.B., 1997. Animal models of tumor onset, growth,

survival-signal pathways that might represent a useful target  ang metastasis. Encyclopedia of Cancer 1, 10-21.
for anti-tumor drugs. Coleman, A.B., 2003. Positive and negative regulation of cellular sensi-
tivity to anti-cancer drugs by FGF-2. Drug Resist. Update 6, 85-94.
Conze, D., Weiss, L., Regen, P.S., Bhushan, A., Weaver, D., Johnson, P.,
Rincon, M., 2001. Autocrine production of interleukin 6 causes mul-
Acknowledgements tidrug resistance in breast cancer cells. Cancer Res. 61, 8851-8858.
Costantini, P., Jacotot, E., Decaudin, D., Kroemer, G., 2000. Mitochon-
Work in the author's laboratory is supported by current or drion as a novel target of anticancer chemotherapy. J. Natl. Cancer
preVious grants from the SpaniSh Government: FIS 99/0770’C0L|1Ir;2 9L2’ ]é(t):l;_st(r)si 2003. The role of the Bcl-2 protein family in
FIS _01/1469, FIS/P1041937; and by the European Com- cancer. Semin. Cancer Biol. 13, 115-123.
munity: MetaBre contract No. LSHC-CT-2004-506049. We  cukierman, E., Pankov, R., Stevens, D.R., Yamada, K.M., 2001. Taking
thank Mr R. Rycroft for expert language advice. cell-matrix adhesions to the third dimension. Science 294, 1708-1712.
Danial, N.N., Korsmeyer, S.J., 2004. Cell death: critical control points.
Cell 116, 205-219.
Debatin, K.M., Poncet, D., Kroemer, G., 2002. Chemotherapy: targeting

References the mitochondrial cell death pathway. Oncogene 21, 8786-8803.
Douma, S., Van Laar, T., Zevenhoven, J., Meuwissen, R., Van Garderen,
Allinen, M., Beroukhim, R., Cai, L., Brennan, C., Lahti-Domenici, J., E., Peeper, D.S., 2004. Suppression of anoikis and induction of metas-

Huang, H., Porter, D., Hu, M., Chin, L., Richardson, A., 2004. Molec- tasis by the neurotrophic receptor TrkB. Nature 430, 1034-1039.

ular characterization of the tumor microenvironment in breast cancer. Dranoff, G., 2004. Cytokines in cancer pathogenesis and cancer therapy.

Cancer Cell 6, 17-32. Nat. Rev. Cancer 4, 11-22.

Balkwill, F., 2004. Cancer and the chemokine network. Nat. Rev. Cancer Edinger, A.L., Thompson, C.B., 2004. Death by design: apoptosis, necro-

4, 540-550. sis and autophagy. Curr. Opin. Cell Biol. 16, 663—669.
Bange, J., Zwick, E., Ullrich, A., 2001. Molecular targets for breast cancer Eichhorn, M.E., Strieth, S., Dellian, M., 2004. Anti-vascular therapy:

therapy and prevention. Nature Med. 7, 548-552. recent advances, pitfalls and clinical perspectives. Drug Resist. Update
Benovic, J.L., Marchese, A., 2004. A new key in breast cancer metastasis. 7, 125-138.

Cancer Cell 6, 429-430. Erler, J.T., Cawthorne, C.J., Williams, K.J., Koritzinsky, M., Wouters,
Bernards, R., 2003. Cancer: cues for migration. Nature 425, 247-248. B.G., Wilson, C., Miller, C., Demonacos, C., Stratford, 1.J., Dive, C.,
Bernards, R., Weinberg, R.A., 2002. A progression puzzle. Nature 418, 2004. Hypoxia-mediated down-regulation of Bid and Bax in tumors

823. occurs via hypoxia-inducible factor 1-dependent and -independent
Beslija, S., Bonneterre, J., Burstein, H., et al., For the Central Euro- mechanisms and contributes to drug resistance. Mol. Cell Biol. 24,

pean Cooperative Group, 2003. Consensus on medical treatment of  2875-2889.
metastatic breast cancer. Breast Cancer Res. Treat. 81 (Suppl. 1),Espdia, L., Marin, B., Aragiés, R., Chiva, C., Oliva, B., Andreu, D.,

S1-S7. Sierra, A., 2005. Bcl-xL-mediated changes in metabolic pathways of
Bissell, M.J., Labarge, M.A., 2005. Context, tissue plasticity, and cancer: breast cancer cells from the survival in the blood stream to organ-

are tumor stem cells also regulated by the microenvironment? Cancer  specific clinical metastasis. Am. J. Pathol., in press.

Cell 7, 17-23. Ethier, S.P., 1995. Growth factor synthesis and human breast cancer pro-
Bissig, H., Richter, J., Desper, R., Meier, V., Schraml, P., Schaffer, A.A., gression. J. Natl. Cancer Inst. 87, 964-973.

Sauter, G., Mihatsch, M.J., Moch, H., 1999. Evaluation of the clonal Evan, G.l., Vousden, K.H., 2001. Proliferation, cell cycle and apoptosis

relationship between primary and metastatic renal cell carcinoma by in cancer. Nature 411, 342-348.

comparative genomic hybridization. Am. J. Pathol. 155, 267-274. Fernandez, VY., Espana, L., Manas, S., Fabra, A., Sierra, A., 2000. Bcl-xL
Borg, A., Ferno, M., Peterson, C., 2003. Predicting the future of breast promotes metastasis of breast cancer cells by induction of cytokines

cancer. Nat. Med. 9, 16-18. resistance. Cell Death Differ. 7, 350-359.



A. Sierra / Drug Resistance Updates 8 (2005) 247-257 255

Fidler, 1.J., 2002. The organ microenvironment and cancer metastasis.Lee, B.C., Lee, T.H., Avraham, S., Avraham, H.K., 2004. Involve-

Differentiation 70, 498-505. ment of the chemokine receptor CXCR4 and its ligand stromal
Fidler, 1.J., 2003. The pathogenesis of cancer metastasis: the ‘seed and cell-derived factor lalpha in breast cancer cell migration through
soil' hypothesis revisited. Nat. Rev. Cancer 3, 453-458. human brain microvascular endothelial cells. Mol. Cancer Res. 2, 327—

Folkman, J., Kalluri, R., 2004. Cancer without disease. Nature 427, 787. 338.
Friedl, P., Wolf, K., 2003. Tumour-cell invasion and migration: diversity Leroi, A.M., Koufopanou, V., Burt, A., 2003. Cancer selection. Nat. Rev.

and escape mechanisms. Nat. Rev. Cancer 3, 362-374. Cancer 3, 226-231.
Fulda, S., Debatin, K.M., 2004. Signaling through death receptors in Letai, A., Sorcinelli, M.D., Beard, C., Korsmeyer, S.J., 2004. Antiapop-
cancer therapy. Curr. Opin. Pharmacol. 4, 327-332. totic BCL-2 is required for maintenance of a model leukemia. Cancer
Garber, K., 2005. New apoptosis drugs face critical test. Nat. Biotechnol. Cell 6, 241-249.
23, 409-411. Li, Y.M., Pan, Y., Wei, Y., Cheng, X., Zhou, B.P., Tan, M., Zhou, X.,
Gatenby, R.A., Gillies, R.J., 2004. Why do cancers have high aerobic Xia, W., Hortobagyi, G.N., Yu, D., Hung, M.C., 2004. Upregulation
glycolysis? Nat. Rev. Cancer 4, 891-899. of CXCR4 is essential for HER2-mediated tumor metastasis. Cancer
Golub, T.R., 2004. Toward a functional taxonomy of cancer. Cancer Cell Cell 6, 459-469.
August, 107-108. Liotta, L.A., Kohn, E.C., 2001. The microenvironment of the tumour-host
Goodison, S., Kawai, K., Hihara, J., Jiang, P., Yang, M., Urquidi, V., interface. Nature 411, 375-379.
Hoffman, R.M., Tarin, D., 2003. Prolonged dormancy and site-specific Luzzi, K.J., MacDonald, I.C., Schmidt, E.E., Kerkvliet, N., Morris, V.L.,
growth potential of cancer cells spontaneously disseminated from non- Chambers, A.F., Groom, A.C., 1998. Multistep nature of metastatic
metastatic breast tumors as revealed by labeling with green fluorescent  inefficiency: dormancy of solitary cells after successful extravasation
protein. Clin. Cancer Res. 9, 3808-3814. and limited survival of early micrometastases. Am. J. Pathol. 153,

Greenberg, B., Richter, S., Feltes, M., Gross, E., Holton-Smith, D., Pryor, 865-873.
B., Ross-Russell, D., 1996. Cancer screening in primary care: strate- Malaguarnera, L., 2004. Implications of apoptosis regulators in tumori-
gies for your office. A program of the Connecticut Division of the genesis. Cancer Metastasis Rev. 23, 367-387.
American Cancer Society. Conn. Med. 60, 709-716. Martin, S.S., Ridgeway, A.G., Pinkas, J., Lu, Y., Reginato, M.J., Koh,
Gu, B., Espana, L., Mendez, O., Torregrosa, A., Sierra, A., 2004. Organ- E.Y., Michelman, M., Daley, G.Q., Brugge, J.S., Leder, P., 2004. A
selective chemoresistance in metastasis from human breast cancer cytoskeleton-based functional genetic screen identifies Bcl-xL as an

cells: inhibition of apoptosis, genetic variability and microenviron- enhancer of metastasis, but not primary tumor growth. Oncogene 23,
ment at the metastatic focus. Carcinogenesis 25, 2293-2301. 4641-4645.
Hanahan, D., Weinberg, R.A., 2000. The hallmarks of cancer. Cell 100, McCawley, L.J., Matrisian, L.M., 2000. Matrix metalloproteinases: mul-
57-70. tifunctional contributors to tumor progression. Mol. Med. Today 6,
Hart, I.R., 1999. Perspective: tumour spread—the problems of latency. J. 149-156.
Pathol. 187, 91-94. Mehes, G., Witt, A., Kubista, E., Ambros, P.F., 2001. Circulating breast
Hellman, S., 1997. Darwin’s clinical relevance. Cancer 79, 2275-2281. cancer cells are frequently apoptotic. Am. J. Pathol. 159, 17-20.

Holmgren, L., O'Reily, M.S., Folkman, J., 1995. Dormancy of Miayake, H., Tolcher, A., Gleave, M.E., 2000. Chemosensitization and
micrometastases: balanced proliferation and apoptosis in the presence delayed androgen-independent recurrence of prostate cancer with the

of angiogenesis suppression. Nat. Med. 1, 149-153. use of antisense Bcl-2 oligodeoxynucleotides. J. Natl. Cancer Inst. 92,
Hu, M., Carles-Kinch, K.L., Zelinski, D.P., Kinch, M.S., 2004. EphA2 34-41.
induction of fibronectin creates a permissive microenvironment for Michiels, C., 2004. Physiological and pathological responses to hypoxia.
malignant cells. Mol. Cancer Res. 2, 533-540. Am. J. Pathol. 164, 1875-1882.
Huang, P., Oliff, A., 2001. Signaling pathways in apoptosis as potential Miyoshi, Y., Taguchi, T., Tamaki, Y., Noguchi, S., 2003. Current status
targets for cancer therapy. Trends Cell Biol. 11, 343-348. of endocrine therapy for breast cancer. Breast Cancer 10, 105-111.

Hynes, R.O., 2003. Metastatic potential: generic predisposition of the Montel, V., Huang, T.Y., Mose, E., Pestonjamasp, K., Tarin, D., 2005.
primary tumor or rare, metastatic variants or both? Cell 113, 821-823. Expression profiling of primary tumors and matched lymphatic and

Jain, R.K., 2005. Normalization of tumor vasculature: an emerging con- lung metastases in a xenogeneic breast cancer model. Am. J. Pathol.
cept in antiangiogenic therapy. Science 307, 58—62. 166, 1565-1579.

Jia, Y., Zeng, Z.Z., Markwart, S.M., Rockwood, K.F., Ignatoski, K.M.,  Montell, D., 2003. Metastasis movies, macrophages, molecules and more.
Ethier, S.P., Livant, D.L., 2004. Integrin fibronectin receptors in matrix Conference on mechanisms of invasion and metastasis. EMBO Rep.
metalloproteinase-1-dependent invasion by breast cancer and mam- 4, 458-462.
mary epithelial cells. Cancer Res. 64, 8674—8681. Morin, P.J., 2003. Drug resistance and the micro-environment: nature and

Kakiuchi, S., Daigo, Y., Tsunoda, T., Yano, S., Sone, S., Nakamura, nurture. Drug Resist. Update 6, 169-172.
Y., 2003. Genome-wide analysis of organ-preferential metastasis of Mundy, G.R., 2002. Metastasis to bone: causes, consequences and thera-

human small cell lung cancer in mice. Mol. Cancer Res. 1, 485- peutic opportunities. Nat. Rev. Cancer 2, 584-593.

499, Naumov, G.N., MacDonald, I.C., Weinmeister, P.M., Kerkvliet, N., Nad-
Kang, Y., Massague, J., 2004. Epithelial-mesenchymal transitions: twist karni, K.V., Wilson, S.M., Morris, V.L., Groom, A.C., Chambers,

in development and metastasis. Cell 118, 277-279. A.F., 2002. Persistence of solitary mammary carcinoma cells in a sec-
Kang, Y., Siegel, P.M., Shu, W., Drobnjak, M., Kakonen, S.M., Cordon- ondary site: a possible contributor to dormancy. Cancer Res. 62, 2162—

Cardo, C., Guise, T.A., Massague, J., 2003. A multigenic program 2168.
mediating breast cancer metastasis to bone. Cancer Cell 3, 537—Nicholson, D.W., Thornberry, N.A., 2003. Apoptosis. Life and death deci-

549. sions. Science 299, 214-215.
Karrison, T.G., Ferguson, D.J., Meier, P., 1999. Dormancy of mammary Noel, A., Hajitou, A., L'Hoir, C., Maquoi, E., Baramova, E., Lewalle,
carcinoma after mastectomy. J. Natl. Cancer Inst. 91, 80-85. J.M., Remacle, A., Kebers, F., Brown, P., Calberg-Bacq, C.M., Foidart,
La Thangue, N.B., 2005. A mismatched role for Bcl-2. Nat. Cell Biol. J.M., 1998. Inhibition of stromal matrix metalloproteases: effects on
7, 101-102. breast-tumor promotion by fibroblasts. Int. J. Cancer 76, 267-273.

Ladeda, V., Adam, A.P., Puricelli, L., Bal de Kier Joffe, E., 2001. Apop- Ogawa, K., Pasqualini, R., Lindberg, R.A., Kain, R., Freeman, A.L.,
totic cell death in mammary adenocarcinoma cells is prevented by Pasquale, E.B., 2000. The ephrin-Al ligand and its receptor,
soluble factors present in the target organ of metastasis. Breast Can- EphA2, are expressed during tumor neovascularization. Oncogene 19,
cer Res. Treat. 69, 39-51. 6043-6052.



256 A. Sierra / Drug Resistance Updates 8 (2005) 247-257

Okada, H., Mak, T.W., 2004. Pathways of apoptotic and non-apoptotic both primary and metastatic breast cancer. Cancer Res. 64, 8604—
death in tumour cells. Nat. Rev. Cancer 4, 592—603. 8612.

O’Neill, J., Manion, M., Schwartz, P., Hockenbery, D.M., 2004. Promises Song, S., Wientjes, M.G., Gan, Y., Au, J.L., 2000. Fibroblast growth
and challenges of targeting Bcl-2 anti-apoptotic proteins for cancer factors: an epigenetic mechanism of broad spectrum resistance to anti-

therapy. Biochim. Biophys. Acta 1705, 43-51. cancer drugs. Proc. Natl. Acad. Sci. U.S.A. 97, 8658-8663.
Pagliarini, R.A., Xu, T., 2003. A genetic screen in Drosophila for Staller, P., Sulitkova, J., Lisztwan, J., Moch, H., Oakeley, E.J., Krek, W.,
metastatic behavior. Science 302, 1227-1231. 2003. Chemokine receptor CXCR4 downregulated by von Hippel-
Pantel, K., Brakenhoff, R.H., 2004. Dissecting the metastatic cascade. Lindau tumour suppressor pVHL. Nature 425, 307-311.
Nat. Rev. Cancer 4, 448-456. Steeg, P.S., 2004. Perspectives on classic article: metastasis suppressor

Pantel, K., Cote, R.J., Fodstad, O., 1999. Detection and clinical impor- genes. J. Natl. Cancer Inst. 96, 4.
tance of micrometastatic disease. J. Natl. Cancer Inst. 91, 1113-1124.Stenner-Liewen, F., Reed, J.C., 2003. Apoptosis and cancer: basic mech-

Park, C.C., Bissell, M.J., Barcellos-Hoff, M.H., 2000. The influence of anisms and therapeutic opportunities in the postgenomic era. Cancer
the microenvironment on the malignant phenotype. Mol. Med. Today Res. 63, 263-268.
6, 324-329. Sun, S.Y., Hail Jr., N., Lotan, R., 2004. Apoptosis as a novel target for
Parkin, D.M., Bray, F.l., Devesa, S.S., 2001. Cancer burden in the year cancer chemoprevention. J. Natl. Cancer Inst. 96, 662—672.
2000. The global picture. Eur. J. Cancer 37 (Suppl. 8), 4-66. Taipale, J., Keski-Oja, J., 1997. Growth factors in the extracellular matrix.
Pennacchietti, S., Michieli, P., Galluzzo, M., Mazzone, M., Giordano, FASEB J. 11, 51-59.
S., Comoglio, P.M., 2003. Hypoxia promotes invasive growth by Taylor, S.T., Hickman, J.A., Dive, C., 2000. Epigenetic determinants of
transcriptional activation of the met protooncogene. Cancer Cell 3, resistance to etoposide regulation of Bcl-X(L) and Bax by tumor
347-361. microenvironmental factors. J. Natl. Cancer Inst. 92, 18-23.
Perucho, M., 2003. Tumors with microsatellite instability: many muta- van't Veer, L.J., Dai, H., van de Vijver, M.J., He, Y.D., Hart, A.A., Mao,
tions, targets and paradoxes. Oncogene 22, 2223-2225. M., Peterse, H.L., van der Kooy, K., Marton, M.J., Witteveen, A.T.,
Pinkas, J., Martin, S.S., Leder, P., 2004. Bcl-2-mediated cell survival 2002. Gene expression profiling predicts clinical outcome of breast
promotes metastasis of EpH4 betaMEKDD mammary epithelial cells. cancer. Nature 415, 530-536.
Mol. Cancer Res. 2, 551-556. Verweij, J., 2004. Promiscuity of anticancer drugs: how selective should

Ramaswamy, S., Ross, K.N., Lander, E.S., Golub, T.R., 2003. A molecular ~ targeted agents be? Suggestions from early clinical trial observations.
signhature of metastasis in primary solid tumors. Nat. Genet. 33, 49-54. ASCO 40th Annual Meeting, Educational Book.

Real, P.J., Cao, Y., Wang, R., Nikolovska-Coleska, Z., Sanz-Ortiz, Vogelstein, B., Kinzler, K.W., 2004. Cancer genes and the pathways they
J., Wang, S., Fernandez-Luna, J.L., 2004. Breast cancer cells can  control. Nat. Med. 10, 789-799.
evade apoptosis-mediated selective killing by a novel small molecule Walker-Daniels, J., Hess, A.R., Hendrix, M.J., Kinch, M.S., 2003. Dif-

inhibitor of Bcl-2. Cancer Res. 64, 7947-7953. ferential regulation of EphA2 in normal and malignant cells. Am. J.
Reed, J.C., 2003. Apoptosis-targeted therapies for cancer. Cancer Cell 3, Pathol. 162, 1037-1042.

17-22. Wang, S., Yang, D., Lippman, M.E., 2003. Targeting Bcl-2 and Bcl-
Rizki, A., Bissell, M.J., 2004. Homeostasis in the breast: it takes a village. XL with nonpeptidic small-molecule antagonists. Semin. Oncol. 30,

Cancer Cell 6, 1-2. 133-142.

Rodeck, U., Jost, M., DuHadaway, J., 1997. Regulation of Bcl-xL expres- Webb, T., 2003. Microarray studies challenge theories of metastasis. J.
sion in human keratinocytes by cell-substratum adhesion and the Natl. Cancer Inst. 95, 350-351.
epidermal growth factor receptor. Proc. Natl. Acad. Sci. U.S.A. 94, Weigelt, B., Glas, A.M., Wessels, L.F., Witteveen, A.T., Peterse, J.L., van't
5067-5072. Veer, L.J., 2003. Gene expression profiles of primary breast tumors
Rubio, N., Espana, L., Fernandez, Y., Blanco, J., Sierra, A., 2001. maintained in distant metastases. Proc. Natl. Acad. Sci. U.S.A. 100,
Metastatic behavior of human breast carcinomas overexpressing the  15901-15905.
Bcl-x(L) gene: a role in dormancy and organospecificity. Lab. Invest. Weintraub, S.J., Manson, S.R., Deverman, B.E., 2004. Resistance to
81, 725-734. antineoplastic therapy. The oncogenic tyrosine kinase-Bcl-x(L) axis.
Schimmer, A.D., Welsh, K., Pinilla, C., Wang, Z., Krajewska, M., Bon- Cancer Cell 5, 3-4.
neau, M.J., Pedersen, I.M., Kitada, S., Scott, F.L., Bailly-Maitre, Wells, A., 2000. Tumor invasion: role of growth factor-induced cell motil-
B., 2004. Small-molecule antagonists of apoptosis suppressor XIAP ity. Adv. Cancer Res. 78, 31-101.

exhibit broad antitumor activity. Cancer Cell 5, 25-35. Wong, C.W., Song, C., Grimes, M.M., Fu, W., Dewhirst, M.W., Muschel,
Schmidt-Kittler, O., Ragg, T., Daskalakis, A., Granzow, M., Ahr, A., R.J., Al-Mehdi, A.B., 2002. Intravascular location of breast cancer
Blankenstein, T.J., Kaufmann, M., Diebold, J., Arnholdt, H., Muller, cells after spontaneous metastasis to the lung. Am. J. Pathol. 161,

P., 2003. From latent disseminated cells to overt metastasis: genetic =~ 749-753.

analysis of systemic breast cancer progression. Proc. Natl. Acad. Sci. Wouters, B.G., van den Beucken, T., Magagnin, M.G., Lambin, P,

U.S.A. 100, 7737-7742. Koumenis, C., 2004. Targeting hypoxia tolerance in cancer. Drug
Semenza, G.L., 2001. Regulation of hypoxia-induced angiogenesis: a  Resist. Update 7, 25-40.

chaperone escorts VEGF to the dance. J. Clin. Invest. 108, 39-40. Xu, R.H., Pelicano, H., Zhou, Y., Carew, J.S., Feng, L., Bhalla, K.N.,
Sheetz, M.P,, Felsenfeld, D.P., Galbraith, C.G., 1998. Cell migration: regu- Keating, M.J., Huang, P., 2005. Inhibition of glycolysis in cancer

lation of force on extracellular-matrix-integrin complexes. Trends Cell. cells: a novel strategy to overcome drug resistance associated with

Biol. 8, 51-54. mitochondrial respiratory defect and hypoxia. Cancer Res. 65, 613—
Shoemaker, R.H., 2000. Genetic and epigenetic factors in anticancer drug  621.

resistance. J. Natl. Cancer Inst. 92, 4-5. Yang, J., Mani, S.A., Donaher, J.L., Ramaswamy, S., Itzykson, R.A.,
Simoes-Wust, A.P., Schurpf, T., Hall, J., Stahel, R.A., Zangemeister- Come, C., Savagner, P., Gitelman, |., Richardson, A., Weinberg, R.A.,

Wittke, U., 2002. Bcl-2/bcl-xL bispecific antisense treatment sensi- 2004. Twist, a master regulator of morphogenesis, plays an essential

tizes breast carcinoma cells to doxorubicin, paclitaxel and cyclophos- role in tumor metastasis. Cell 117, 927-939.

phamide. Breast Cancer Res. Treat. 76, 157-166. Yefenof, E., Picker, L.J., Scheuermann, R.H., Tucker, T.F., Vitetta, E.S.,
Sloan, E.K., Anderson, R.L., 2002. Genes involved in breast cancer metas-  Uhr, J.W., 1993. Cancer dormancy: isolation and characterization of

tasis to bone. Cell. Mol. Life Sci. 59, 1491-1502. dormant lymphoma. Proc. Natl. Acad. Sci. U.S.A. 90, 1829-1933.

Smith, M.C., Luker, K.E., Garbow, J.R., Prior, J.L., Jackson, E., Yousefi, S., Conus, S., Simon, H.U., 2003. Cross-talk between death and
Piwnica-Worms, D., Luker, G.D., 2004. CXCR4 regulates growth of survival pathways. Cell Death Differ. 10, 861-863.



A. Sierra / Drug Resistance Updates 8 (2005) 247-257 257

Zhang, L., Yu, J., Park, B.H., Kinzler, K.W., Vogelstein, B., 2000. Role Zhu, Z., Sanchez-Sweatman, O., Huang, X., Wiltrout, R., Khokha,
of BAX in the apoptotic response to anticancer agents. Science 290, R., Zhao, Q., Gorelik, E., 2001. Anoikis and metastatic poten-

989-992. tial of cloudman S91 melanoma cells. Cancer Res. 61, 1707-
Zhivotovsky, B., Kroemer, G., 2004. Apoptosis and genomic instability. 1716.
Nat. Rev. Mol. Cell Biol. 5, 752-762. Zou, W., 2005. Immunosuppressive networks in the tumour environ-

Zhivotovsky, B., Orrenius, S., 2003. Defects in the apoptotic machinery of ment and their therapeutic relevance. Nature Rev. Cancer 5, 263—
cancer cells: role in drug resistance. Semin. Cancer Biol. 13, 125-134. 274.



	Metastases and their microenvironments: linking pathogenesis and therapy
	Introduction
	Pathogenesis of metastasis
	"Cross-talk" between metastatic tumor cells and microenvironment
	Capacity of tumor cells to metastasize
	The role of the micro-environment in metastasis
	Tumor cell interactions with the microenvironment during metastasis

	Modulation of tumor cell death by the microenvironment
	Therapeutic targets for metastasis, aimed at selective chemoresistance in the microenvironment
	Conclusion and future perspectives
	Acknowledgements
	References


