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    Chapter 2   
 Cellular Plasticity, Cancer Stem Cells 
and Metastasis       

       Paola     Ferrari      and     Andrea     Nicolini   

    Abstract     Metastasis is a multistep process that implies genetic modifi cations and 
is strongly infl uenced by the interactions between host and tumor cells, and by 
tumor microenvironment. Before tumor cells colonize distant organs, they can pre-
pare foreign soil by remotely coordinating a “premetastatic niche” from the pri-
mary tumor. The premetastatic niche provides an array of cells, cytokines, growth 
factors, and adhesion molecules to support metastatic cells on their arrival and to 
guide metastases to specifi c organs. Factors secreted by tumor cells, such as VEGF, 
LOX, IL-6, IL-10, and exosomes, participate in the premetastatic niche formation. 
Also extracellular matrix (ECM) molecules, namely periostin, tenascin and osteo-
pontin can supply the necessary resources for successful metastatic colonization. 
One of the key underlying hypotheses of the cancer stem cell (CSC) model pro-
poses that CSCs are the basis of metastases. CSCs in situ may transform to meta-
static stem cells (MetSCs) by epithelial-mesenchymal transition (EMT) and 
subsequently disseminate and form metastatic colonies. Alternatively, MetSCs 
may derive from disseminated tumor cells that reacquire the competence to initiate 
tumor growth after a period of indolence. CSCs exhibit properties that are benefi -
cial to metastasize and adapt in the foreign microenvironment, such as mesenchy-
mal characteristics, increased capacity for DNA repair, resistance to apoptosis and 
to antitumor therapy. Circulating tumor cells (CTCs) are linked to tumor progres-
sion in a variety of solid tumors. CTCs are therefore assumed as precursors of 
distant metastasis. Potentially, a fraction of CTCs have CSC activity; stem-like 
CTCs may be a critical subset of CTCs with the capacity to form distant metasta-
ses. Many therapeutic strategies against CSCs strategies have been investigated. 
Among them, therapies directed at CSC niche and pre-metastatic niche are of par-
ticular interest. These therapies are aimed at targeting vasculature, extrinsic signals 
and tumor associated macrophages.  
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1         Tumor Progression and  Metastasis   

  Metastasis   is a multistep process that allows primary tumor cells to invade the sur-
rounding tissue, intravasate through blood vessels to enter the circulatory or lym-
phatic system, survive environmental changes, extravasate into new tissue, 
proliferate at secondary sites and develop a vascular system to support growth 
(Giaccia and Erler  2008 ). Different tumor types have the ability to colonize the 
same or different organ sites (Fidler  2003 ). Research in this fi eld is identifying 
genes that support metastasis to particular organs (Yin et al.  1999 ; Minn et al.  2005a , 
 b ; Kang et al.  2003 ). Another important variable is the temporal course of metasta-
sis. Breast and lung adenocarcinomas typically relapse within a similar range of 
organs, including bone, lung, liver and brain (Hess et al.  2006 ). However, breast 
cancer recurrences are often detected following years or decades of remission 
(Schmidt-Kittler et al.  2003 ), whereas lung cancers establish distant macrometasta-
ses within months of diagnosis (Hoffman et al.  2000 ). The temporal gap between 
organ infi ltration and colonization produces a period of metastatic latency (Nguyen 
et al.  2009 ). 

1.1     Genetic Driven Metastasisation 

 The genes and activities that underlie the general steps of metastasis can be grouped 
into several classes, which have been defi ned as metastasis initiation, metastasis 
progression and metastasis virulence genes (Chiang and Massagué  2008 ; Nguyen 
and Massagué  2007 ).  Metastasis   initiation genes allow transformed cells to invade 
the surrounding tissue, attract a supportive stroma and facilitate the dispersion of 
cancer cells. These genes could promote cell motility, epithelial to mesenchymal 
transition ( EMT  ), extracellular matrix degradation, bone marrow progenitor mobi-
lization, angiogenesis or evasion of the immune system (Guo et al.  2008 ; Tavazoie 
et al.  2008 ). 

  Metastasis   progression genes allow cancer cell passage through capillary walls 
and survival in the newly invaded parenchyma. Metastasis progression genes could 
have different functions at the primary site and in distant organs. As the structure 
and composition of capillary walls and the subjacent parenchyma vary in different 
organs, the functions required for metastatic infi ltration, survival and colonization 
might also differ depending on the target organ. Metastasis virulence genes confer 
activities that are essential for the metastatic colonization of a certain organ and for 
which expression becomes detectable only in cancer cells that metastasize to those 
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tissues. For example, osteoclast mobilizing factors, such as parathyroid hormone- 
related protein (pTHRp) and interleukin (IL)-11 do not provide an advantage to 
breast cancer cells in primary tumors but enable them to establish osteolytic metas-
tases in bone (Yin et al.  1999 ; Kang et al.  2003 ; Mundy  2002 ). The hypothetical 
classes of metastasis genes are summarized in Fig.  2.1 .

1.2        Interactions Between Host and Tumor Cells 

  Metastasis   is strongly infl uenced by the interactions between host and tumor cells, 
and by tumor microenvironment. Tumor cells must overcome a different barriers 
to metastasize, including physical barriers such as extracellular matrix ( ECM  ) and 
basement membranes, and physiological barriers such as hypoxia and the immune 
system (Gupta and Massagué  2006 ). Cells respond to external microenvironmental 
infl uences by altering gene expression such as they are able to adapt and survive. 
The tumor microenvironment thus exerts a selection pressure for cells capable of 
overcoming these barriers, driving tumor progression and acquisition of metastasis 
functions. 

 During preinvasive tumor growth, oxygen and glucose typically can only diffuse 
100–150 μm, resulting in portions of the expanding mass becoming hypoxic. 
 Hypoxia   selects for cells with low apoptotic potential (Graeber et al.  1996 ; Erler 
et al.  2004 ) and increases genomic instability (Reynolds et al.  1996 ). Hypoxia also 
increases the expression of genes involved in glucose transportation, angiogenesis, 

Carcinoma
in situ

Invasive
carcinoma

Circulation Infiltration Colonization

Tumor initiation genes: growth, survival, progenitor-like state, genomic instability (oncogenes and tumor  suppressors)

Metastasis initiation genes: invasion,angiogenesis, marrow mobilization, circulation

Metastasis progression genes: extravasation, survival, proliferation

Metastasis virulence genes

  Fig. 2.1     Principal steps of metastasis and hypothetical classes of metastasis genes .  Tumor 
initiation   genes include oncogenes as ERBB2, KRAS, PI3K,  EGFR  , MYC and tumor suppressor 
genes as APC, TP53,  PTEN  , BRCA1, BRCA2; metastasis initiation genes include TWIST1, 
SNAI1, SNAI2,  MET  , miR-126, miR-335; metastasis progression genes include  MMP  -1, LOX, 
ANGPTL4; metastases virulence genes include GM-CSF, IL6,  TNF-α         
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anaerobic metabolism, cell survival, invasion and metastasis (Knowles and Harris 
 2001 ; Le et al.  2004 ). 

 In particular, hypoxia-inducible factors HIF-1α and HIF-2α induce the transcrip-
tion of over 100 target genes involved in angiogenesis, glycolysis and invasion. 
Up-regulated angiogenesis genes include vascular endothelial growth factor ( VEGF  ) 
and platelet-derived growth factor (PDGF) that induce blood vessels remodeling. In 
addition, HIF-α up-regulates matrix metalloproteinase ( MMP  )-1 and -2, lysyl oxi-
dase (LOX), and the chemokine receptor  CXCR4  . Degradation of the basement 
membrane by MMP2 and alteration of the extracellular matrix ( ECM  ) by MMP1 
and LOX clears away a barrier to migration. The activation of CXCR4 stimulates 
cancer cells to migrate to regions of angiogenesis (Bergers and Benjamin  2003 ; 
Gatenby and Gillies  2004 ). 

  Cancer   cells are often surrounded by activated fi broblasts and bone marrow- 
derived cells (BMDCs). The presence of an infl ammatory response in cancer would 
apply signifi cant selective pressure on the tumor to evade immune-mediated attack. 
Progressing tumors orchestrate an immunosuppressive environment, a process 
known as immunoediting (Dunn et al.  2006 ). Cells involved in chronic infl amma-
tion can facilitate tumor formation and progression, mostly mediated by nuclear 
factor-kB (NF-kB) and cyclooxygenase 2 (COX-2) (Karin  2006 ; Dannenberg and 
Subbaramaiah  2003 ). Tumor-associated macrophages ( TAMs  ) may have tumor- 
suppressing and tumor-promoting roles. TAMs are stimulated by hypoxia and 
secrete angiogenesis inducers (including  VEGF  ) and proteases (including MMPs) 
(Lewis and Pollard  2006 ; Murdoch and Lewis  2005 ); TAMs express high levels of 
HIF-2 transcription factor that is needed for myeloid cell infi ltration and activation 
(Knowles et al.  2004 ; Cramer et al.  2003 ). Furthermore, TAMs release growth fac-
tors such as PDGF, epidermal growth factor ( EGF  ), hepatocyte growth factor 
(HGF), which enhance proliferation, survival and invasion (Lewis and Pollard 
 2006 ). 

  TAMs   are the main population of infl ammatory cells in solid tumors and the 
cytokines released from them possess diversifi ed signifi cance in tumor development 
(Lewis and Pollard  2006 ). TAMs are derived from circulating monocytes and dif-
ferentiate within the tumor microenvironment (Sica and Bronte  2007 ; Biswas et al. 
 2008 ). The majority of TAMs are M2-like macrophages, with properties that differ 
from the M1 macrophages, which are usually present in tissue areas with acute 
infl ammation (Lewis and Pollard  2006 ; Biswas et al.  2008 ). TAMs generally fail to 
express pro-infl ammatory cytokines for T helper type 1 (Th1) responses but are 
excellent producers of immunosuppressive cytokines for T helper type 2 responses 
(Allavena et al.  2008 ). As TAMs generally exhibit low antigen-presenting and co- 
stimulating capacity, they ordinarily fail to activate T-cell-mediated adaptive immu-
nity. Therefore the M2- like TAMs are immunosuppressive and facilitate tumor 
progression (Allavena et al.  2008 ; Solinas et al.  2009 ). 

 Rather than simply suppress the infl ammatory response, cancer cells develop 
mechanisms to both co-opt and perpetuate it. For example, myeloid-derived sup-
pressor cells (MDSCs) are contributing to immunosuppression, but they also facili-
tate tumor invasion by residing at the invasive front and secreting MMPs.  TAMs   
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are often found at points of basement membrane breakdown and at the invasive 
front. Growth factors secreted by the TAMs activate fi broblasts; activated fi broblasts 
become carcinoma-associated fi broblasts ( CAFs  ) and promote primary tumor 
growth by secreting  CXCL12   (chemokine stromal cell-derived growth factor 1, 
 SDF-1  ), that binds  CXCR4   on tumor cells.  Angiogenesis   is also aided by the action 
of CAFs through recruitment of endothelial progenitor cells by CXCL12 and by the 
action of TAMs that are recruited to areas of hypoxia to produce  VEGF  . In addition 
to exerting selection for general metastasis-supporting traits, the primary tumor 
stroma can also select for organ-specifi c seeding traits. This specifi city was recently 
shown in the case of bone metastatic breast cancer (Zhang et al.  2013 ). A  CAF  -rich 
stroma in breast tumors produces CXCL12/SDF1 and insulin-like growth factor-1 
(IGF1), which select for Src hyperactive cancer clones that are superior at respond-
ing to these signals with activation of the phosphoinositide-3 kinase (PI3K)/PI3K/
protein kinase B (Akt) survival pathway. Src-high clones are thereby primed for 
seeding the bone marrow where local sources of CXCL12 and IGF1 provide them 
with a higher chance of survival. As a corollary to these fi ndings, CAF content, 
CXCL12/IGF1 signaling, and high Src activity in breast tumors all predict an 
increased likelihood of bone relapse in breast cancer patients (Zhang et al.  2009 , 
 2013 ). 

  Cancer   cells may leave a primary tumor early and evolve separately from the 
tumor. It has been proposed that the parallel evolution of early disseminated cancer 
cells over a period of indolence affords these cells a superior adaptation to their 
metastatic microenvironment and a leading role in metastatic relapse (Klein  2009 ). 
Cancer cell entry into the circulation and lodging in distant organs can certainly 
occur after minimal genetic changes (Podsypanina et al.  2008 ; Schardt et al.  2005 ). 
However, large-scale genome sequencing studies have shown more similarities than 
differences between primary tumors and their metastases, suggesting that most of 
the genetic changes required for metastasis accumulate in primary tumors (Yachida 
et al.  2010 ). Actively growing cancer cells in primary tumors may be more likely to 
undergo variation for the selection of metastatic traits than their precociously dis-
persed, indolent comrades.  

1.3     Epithelial to Mesenchymal Transition and Invasion 

 Changes in cell-cell and cell-matrix adhesion interactions are necessary to dissoci-
ate cancer cells from the tumor (Cavallaro and Christofori  2004 ). Cell-cell adhesion 
is mediated primarily by  E-cadherin   proteins expressed at junctions between cells. 
Reduced expression of E-cadherin is often observed in aggressive cancers (Friedl 
and Wolf  2003 ) and the loss of this protein is highly associated with  EMT   (Lee et al. 
 2006 ). The acquisition of the invasive phenotype has many similarities with EMT, 
including loss of cell-cell adhesion and increase in cell mobility. During EMT, there 
is a switch from E-cadherin expression to  N-cadherin   expression (a mesenchymal 
cell marker), which promotes cell-matrix adhesion (Lee et al.  2006 ). 
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  EMT   can confer invasive migration capacity to enter circulatory or lymphatic 
system. Invasive migration involves changes in cell-matrix adhesion and cytoskel-
eton; cell-matrix adhesion is largely regulated by integrins that bind to specifi c com-
ponents of  ECM   (Guo and Giancotti  2004 ). Integrins are activated by the contact 
with specifi c ECM substrates or through growth factor stimulated signalling (Mitra 
et al.  2005 ; Playford and Schaller  2004 ). Integrin stimulation promotes formation of 
focal adhesion contacts, focal adhesion kinase (FAK) activation and formation of 
FAK-Src complexes (Playford and Schaller  2004 ). Intracellular signaling mediated 
by FAK leads to actin-myosin contraction and recruitment of MMPs to focal adhe-
sion sites where they degrade ECM (Mitra et al.  2005 ; Friedl and Wolf  2003 ). 

 The basement membrane provides a physical barrier between stroma and epithe-
lial cells. Glycoproteins and proteoglycans provide ligands for integrins, permitting 
cell orientation and signalling. Tumor cells can overcome the basement membrane 
by altering their surface receptors such that they can adhere to basement membrane 
components; for example, tumor cells can increase expression of integrins (that 
bind laminin and collagen) and  CD44   (that permits cell binding to proteoglycans) 
(Friedl and Wolf  2003 ; Behrens  1994 ). In addition, tumor cell can modify the base-
ment membrane composition to facilitate penetration, for example reducing laminin 
expression. Besides, they can proteolytically disrupt the basement membrane by 
altering the balance between  ECM   proteases and their inhibitory proteins; for exam-
ple, elevated  MMP   expression is associated with collagen degradation (Morikawa 
et al.  1988 ). MMP degradation of ECM generates bioactive peptides, growth factors 
and cytokines (Egeblad and Werb  2002 ; Andres et al.  1991 ; Chakrabarty et al. 
 1990 ). 

 Tumor blood vessels are malformed and irregular and often present breaks that 
permit the easy access of tumor cells into the circulation; this abnormal vasculature 
is the result of dysregulated expression of proangiogenic growth factors, inhibition 
of antiangiogenic pathways, and recruitment of vascular progenitor cells from bone 
marrow. Tumors do not possess abundant lymphatic vessels. Tumors secrete lym-
phangiogenic factors such as  VEGF  -C, but the development of lymphatics is 
abnormal. 

 Knowledge of genetic determinants involved in intravasation is limited. Chemo- 
attractant proteins such as chemokines have been proposed to guide cells toward the 
circulatory system. Tumor cells also move along collagen fi bers, a process facili-
tated by host macrophages (Condeelis and Segall  2003 ). 

  EMT   genes can be essential for metastasis. In a breast cancer model, inhibition 
of Twist potently reduced the number of metastatic lesions in the lung. Consistently, 
inhibiting Twist in either hypoxic cells or in cells overexpressing hypoxia-induced 
factor (HIF)-1α reversed both EMT and metastasis, and inhibiting Snail decreased 
metastasis induced by infl ammatory signals (Yang et al.  2008 ). It has been shown a 
role for Twist in establishing high levels of circulating tumor cells through  enhancing 
intravasation and/or survival in the circulation (Yang et al.  2004 ). The ability of 
cells undergoing EMT to intravasate is consistent with observations that EMT 
occurs at the invasive front of tumors whereby cells lose  E-cadherin  , detach, invade, 
and break down the basement membrane. Accordingly, experiments that directly 
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analyzed EMT and non-EMT cells showed that only the EMT cells were able to 
penetrate surrounding stroma and intravasate (Tsuji et al.  2009 ). 

 A high proportion of distant metastases are differentiated and in some cases 
metastases can show a greater degree of cellular differentiation than the primary 
tumors. For example, increased  E-cadherin   expression in metastases compared to 
the primary tumors has been reported in human patient specimens (Oka et al.  1993 ; 
Kowalski et al.  2003 ; Chao et al.  2010 ). Furthermore, the importance of epithelial 
phenotype in the formation of secondary tumors has been demonstrated in different 
metastasis models, including bladder cancer (Chaffer et al.  2005 ,  2006 ,  2007 ), pros-
tate cancer (Oltean et al.  2006 ; Yates et al.  2007 ), colorectal cancer (Vincan et al. 
 2007 ), and breast cancer (Tsuji et al.  2008 ,  2009 ; Chao et al.  2010 ). Hence, both 
clinical and experimental evidence points to the necessity of disseminated cancer 
cells undergoing a mesenchymal-to-epithelial reverting transition ( MET  ) in the sec-
ondary microenvironment to form macrometastases (Nieto  2013 ). Consequently, it 
has been proposed that metastatic cancer cells possess the phenotypic plasticity and 
acquired  EMT  -like phenotype for disseminating from the primary tumor, and sub-
sequently a second transition from the EMT-like to MET-like state occurs to facili-
tate the formation of metastatic tumors at target organs (Brabletz  2012 ). MET can 
take part of metastatic formation with tumor cells regaining their epithelial proper-
ties at their secondary homing sites (Hugo et al.  2007 ; Yao et al.  2011 ). This hypoth-
esis is in accord with the observation that metastatic lesions generally share epithelial 
features of the primary tumor (e.g., E-cadherin expression) (Chao et al.  2010 ; Imai 
et al.  2004 ). 

 Tumor cells in the circulatory system are subjected to immune attack, circulatory 
forces and apoptosis induced by loss of adhesion (anoikis) (Gupta and Massagué 
 2006 ).  Circulating tumor cell   s   ( CTCs  ) bind platelets that protect them from dangers 
and increase their chances of survival (Nash et al.  2002 ; Gasic  1984 ). Tumor cells 
also bind thrombin, fi brinogen, tissue factor, fi brin, thus creating emboli (Zhan et al. 
 2004 ). These tumor emboli are more resistant to circulatory forces and immune 
attack (Nash et al.  2002 ). In the circulation, aggregates of tumor cells associated 
with platelets are defi ned as heterotypic clumps. Both CTCs and platelets can 
express the αvβ3 integrin to promote aggregation of these cells to form tumor 
emoboli (Guo and Giancotti  2004 ). This aggregation facilitates arrest and can pro-
tect against shear forces and natural killer (NK) cell-mediated killing. Activation of 
αvβ3 integrin can result from  CXCL12  / CXCR4   signaling and has been shown to be 
required for formation of tumor emboli and metastasis (Sun et al.  2007 ; Felding- 
Habermann et al.  2001 ). 

 Platelets have been implicated to actively induce an  EMT   in circulating tumor 
cells, either through direct cell–cell contact or secretion of transforming growth fac-
tor (TGF)-beta, which is supposed to act in combination with other factors (Labelle 
et al.  2011 ). A transient exposure to platelets was shown to be enough for tumor 
cells to adopt a more mesenchymal state resulting in enhanced invasive and meta-
static behavior (Fig.  2.1 ) (Labelle et al.  2011 ). One possible implication of platelet- 
induced EMT in disseminated cancer cells is thus the conversion of these cells to a 
more stem-like state, which enables them to seed metastasis (see below). 
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 The ability to resist apoptosis is also very important. Loss of cell adhesion can 
induce anoikis; a variety of receptor tyrosine kinases can confer resistance to anoi-
kis; also tumor emboli formation can promote resistance to anoikis as well (Zhan 
et al.  2004 ). Antiapoptosis genes such as  BCL2 or BCL  -XL, or the loss of proapop-
totic genes and genes downstream of the tumor necrosis factor (TNF)-related recep-
tor family, can result in increased metastasis (Martin et al.  2004 ; Stupack et al. 
 2006 ). Part of this may be the result of survival both in the circulation and shortly 
after extravasation. 

 Endothelial cells can guard against wandering tumor cells through expression of 
DARC, a Duffy blood group glycoprotein (Bandyopadhyay et al.  2006 ). DARC 
interacts with KAI1 expressed on circulating tumor cells causing them to undergo 
senescence. KAI1 was originally identifi ed as a metastasis suppressor gene. The 
immune system can also actively attack circulating tumor cells (Mehlen and 
Puisieux  2006 ). For example, NK cells can engage and kill cancer cells via TNF- 
related molecules such as TNF related apoptosis-inducing ligand (TRAIL) or 
CD95L. In total, mechanical and cell-mediated stresses can result in a short half-life 
for  CTCs  , so their half-life is often as short as a few hours (Meng et al.  2004 ). 

 Tumor cell arrest can occur passively through mechanical lodging or can be 
allowed by cell surface molecules (Arap et al.  1998 ; Pasqualini et al.  2000 ). The 
vasculature of normal tissues where tumor cells extravasate is intact. In normal ves-
sels, endothelial cells are constantly shed from the vessel walls, so creating tempo-
rary gaps where tumor cells can attach, as basement membrane components are 
exposed (el-Sabban ME and Pauli  1994 ). Vessel wall damage also attracts platelets 
and tumor cells associated to platelets (Karpatkin and Pearlstein  1981 ; Karpatkin 
et al.  1988 ). Fibrin clots at the site of tumor cell arrest can further attract platelets 
and circulating tumor cells (Dvorak et al.  1983 ). Tumor cell arrest can be allowed 
by P and E-selectin that are expressed by endothelial cells and bind to tumor cells 
(Kim et al.  1998 ); tumor glycosylation patterns and cell-cell adhesion molecules 
such as integrins and  CD44   may also have a role (Wang et al.  2004 ; Ruoslahti  1994 ; 
Friedrichs et al.  1995 ). 

  VEGF   expression by the tumor can also lead to disruptions in endothelial cell 
junctions and facilitate extravasation of cancer cells through enhanced vascular per-
meability. This is likely mediated by the activation of SRC family kinases in the 
endothelial cells (Criscuoli et al.  2005 ).  Expression   of hypoxia-induced  CXCR4   on 
 CTCs   allows for the selective extravasation into certain organs. This selectivity is 
due to the expression of its ligand  CXCL12   by certain organs that include the lung, 
liver, bone, and lymph nodes (Müller et al.  2001 ). Also, tumor clump formation 
facilitates tumor cell arrest by increasing adhesive interactions.  ECM   components 
such as fi bronectin and laminin enhance tumor cell arrest (Terranova et al.  1984 ); 
tumor cells may reside and growth in the intravascular space until they physically 
break through the vessel. Tumor cells may also extravasate by inducing endothelial 
cell retraction that permits cell attachment to ECM (Al-Mehdi et al.  2000 ). 

 Resumption of cell proliferation at the secondary site needs angiogenesis to sup-
ply oxygen and nutrients. The host tissue can infl uence tumor growth through auto-
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crine, paracrine and endocrine signals, and the balance between positive and negative 
signals determines metastatic proliferation. This can partially explain organ speci-
fi city of metastases, as only certain cells can respond to specifi c proliferation signals 
(Fidler  2001 ). For example,  IGF  -1, hepatocyte growth factor (HGF) and TGF-α are 
highly expressed in the liver (Zarrilli et al.  1994 ; Radinsky  1991 ; Khatib et al.  2005 ), 
and cancer cells from colon and breast cancers (that often metastasize to liver) over-
express receptors for these ligands, e.g. epidermal growth factor receptor ( EGFR  ) 
and c-met receptor (Gross et al.  1991 ; Radinsky et al.  1995 ; Bottaro et al.  1991 ). 

 The angiogenic “switch” occurs when the ratio of inducers to inhibitors is 
increased. Inhibitors of angiogenesis include  ECM   proteins thrombospondin and 
endostatin (Dameron et al.  1994 ; O’Reilly et al.  1997 ); inducers include  VEGF  , 
PDGF, basic fi broblast growth factors (bFGF),  TGF-β  , and ephrin (Steeg  2006 ). 
VEGF stimulates endothelial cells, mobilizes endothelial progenitor cells, stimu-
lates outgrowth of pericytes, increases vascular permeability (Senger et al.  1983 ; 
Leung et al.  1989 ); in addition, VEGF is thought to be a key molecule for the hom-
ing of VEGFR-positive bone marrow-derived progenitor cells involved in premeta-
static niche formation (Kaplan et al.  2005 ) and for homing of VEGFR-positive 
tumor cells to metastatic sites (Price et al.  2001 ). 

 Tumor cells that have colonized secondary organs are capable of further coloni-
zation of other organs. Cells within the metastatic tumor are subjected to similar 
microenvironmental pressure as the primary tumor, and adapt to overcome the 
external barriers and seed new terrain. These cells from metastases are able to con-
stantly reseed both primary and secondary tumor (Norton and Massagué  2006 ). 
Tumor cells can move multidirectionally, seeding not only distant sites but also their 
tumors of origin (Comen and Norton  2012 ). At least in theory, it would seem that 
compared with uncharted foreign environments or even premetastatic niches, the 
primary tumor would impose the least resistance to colonization (Karnoub et al. 
 2007 ). Support for this concept of tumor self-seeding has recently been provided 
using mouse model systems and a variety of different cancer types by demonstrat-
ing that  CTCs   can seed the primary tumor and contribute to its mass (Kim et al. 
 2009 ). The ability to self-seed is promoted by IL-6 and IL-8, common prometastatic 
cytokines found in the tumor microenvironment.   

2     The Premetastatic Niche: Factors Secreted by Tumor Cells 
That Affect the Formation of the Premetastatic Niche 

 Before tumor cells colonize distant organs, they can prepare foreign soil for the 
subsequent arrival of disseminated tumor cells (DTCs) by remotely coordinating a 
“premetastatic niche” from the primary tumor (Psaila and Lyden  2009 ). These 
niches are often located within distant organs around terminal veins and are charac-
terized by newly recruited hematopoietic progenitor cells of the myeloid lineage 
and by stromal cells. The premetastatic niche provides an array of cytokines, growth 
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factors, and adhesion molecules to help support metastatic cells on their arrival, so 
it is essential for the growth of extravasated tumor cells. An additional function is to 
guide metastases to specifi c organs (Kaplan et al.  2005 ). 

 Factors secreted by primary tumor cells stimulate mobilization of BMDCs that 
enter the circulation and reside in sites of future metastases. BMDCs express 
VEGFR-1 and several other hematopoietic markers including  CD34  , CD11b, c-kit, 
and Sca-1, defi ning them as early hematopoietic progenitors cells engaged with the 
parenchyma of the distant organ (Kaplan et al.  2005 ,  2006 ,  2007 ; Wels et al.  2008 ). 
The key tumor-secreted factors that determine metastatic sites and mediate pre- 
metastatic niche formation have to be fully identifi ed, although a role of  TNF-α  , 
 TGF-β   and  VEGF  -A has been demonstrated (Hiratsuka et al.  2006 ). These factors 
induce the expression of chemoattractants such as S100A8 and S100A9 by myeloid 
and endothelial cells, and promote the homing of tumor cells to the premetastatic 
sites as well as the invasion of circulating tumor cells through a p38-mediated acti-
vation of invadopodia (Hiratsuka et al.  2008 ). 

 Homing of VEGFR1 + VLA4 +  BMDCs is mediated via the induction of fi bronec-
tin, which is a ligand of VLA-4. BMDCs express the VLA-4 (α4β1), thus priming 
them to sites rich in fi bronectin to establish the clusters in preparation for metastasis 
(Kaplan et al.  2005 ). It is thought that these cells may become educated within 
tumors to hunt out and lay the foundations for distant metastasis. Alternatively, the 
cells may become activated locally or in the circulation due to chemokines secreted 
by tumor. Secretion of placental growth factor (PlGF), a ligand for VEGFR1 may 
activate resident organ fi broblasts to synthesize fi bronectin, which facilitates the 
binding of VLA-4 expressing hematopoietic progenitor cells (Peinado et al.  2012 ). 

 Tumor cells secrete LOX, an amine oxidase that plays a role in crosslinking col-
lagens and elastins in the  ECM  , to provoke systemic alterations and induce the 
formation of the premetastatic niche (Erler et al.  2009 ). Under hypoxic conditions, 
breast cancer tumors secrete LOX, which accumulates in premetastatic sites. This 
favours the recruitment of CD11b +  myeloid cells that adhere to cross-linked colla-
gen IV and produce  MMP  -2, which cleaves collagen and makes it easier for BMDCs 
and tumor cells to invade the area. 

  Cancer   cells secrete factors such as IL-6 and IL-10 that activate the S1PR1–
STAT3 pathway in myeloid cells. This in turn promotes activation of fi broblasts and 
up-regulation of fi bronectin (Deng et al.  2012 ).  Targeting   the pro-invasive S1PR1- 
STAT3 pathway in Cd11b +  myeloid cells eliminates de novo formation of 
 premetastatic niches and metastasis, and reduces preformed metastatic niches. In 
addition, the expression of tissue factor by tumor cells induces the formation in the 
future metastatic sites of platelet clots, which recruit myeloid cells (Gil-Bernabé 
et al.  2012 .). 

 Exosomes are another class of tumor derived products which may prime metas-
tases. Exosomes are small secreted vesicles derived from the endocytic pathway. It 
has been shown that melanoma cells use exosomes to deliver signals that prime the 
future metastatic sites. These exosomes instruct BMDCs to contribute to tumor 
growth and metastatic colonization through the transfer of different molecules such 
as the Met oncoprotein (Hood et al.  2011 ; Peinado et al.  2012 ). In renal carcinoma, 
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microvesicles released from CD105 +   CSCs  , but not from CD105 −  tumor cells, were 
able to trigger angiogenesis and signifi cantly enhanced the capacity of renal carci-
noma cells to metastasize to the lungs (Grange et al.  2011 ). 

 MMPs may also play an important role in this process. VEGFR1 signalling is 
necessary for pre-metastatic induction of  MMP  -9 expression in endothelial cells 
and macrophages of the lungs by distant primary tumors (Hiratsuka et al.  2002 ). 
Furthermore, stromal derived MMP-2 and MMP-9 have also been shown to contrib-
ute to establishment and growth of metastases (Masson et al.  2005 ). Periostin, 
tenascin and osteopontin have been previously linked to the induction of angiogen-
esis in different systems; these  ECM   proteins are able to regulate  VEGF   and its 
receptors and induce angiogenesis. Thus, ECM molecules can supply the necessary 
resources for successful metastatic colonization and secondary tumor growth 
(Chakraborty et al.  2008 ; Tanaka et al.  2004 ; Shao et al.  2004 ; Tokes et al.  1999 ).  

3     Characteristics of  Cancer   Stem Cells That Are Linked 
to  Metastasis   

 One of the key underlying hypotheses of the  CSC   model proposes that  CSCs   are the 
basis of metastases. To study the role of CSCs in the process of tumor metastasis, 
Brabletz et al. ( 2005 ) suggested the migrating cancer stem (MetCS)-cell concept. 
They proposed that CSCs in situ can transform to MetCS cells by  EMT  . Subsequently, 
the MetCS cells disseminate and form metastatic colonies. MetSC is any DTC that 
is capable of reinitiating macroscopic tumor growth in a distant tissue.  Metastatic 
stem cell   s   (MetSCs) may already exist in the primary tumor with the necessary 
traits to overcome the bottlenecks of the metastatic process, or, alternatively, may 
derive from DTCs that reacquire the competence to initiate tumor growth after a 
period of indolence (Fig.  2.2 ).

    CSCs   exhibit properties that are benefi cial to adapt in the foreign microenviron-
ment and eventually form metastasis. Several unique properties necessary for ensur-
ing long life span of normal stem cells may contribute to protection of CSCs in the 
adverse microenvironment. 

3.1      EMT   

  EMT   is characterized by epithelial cells loosening their cell-cell adhesion, losing 
cell polarity, and gaining the ability to invade and migrate. EMT regulators include 
Notch and  Wnt/β-catenin pathway  s,  TGF-β   family members and  FGF   proteins that 
serve to set up regulatory networks involving EMT transcription factors such as 
Snail and Twist. These networks drive morphogenetic movements by repression of 
the cell-cell adhesion protein  E-cadherin  , promoting cytoskeletal rearrangement, 
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and increasing  MMP   activity. After cells complete EMT-mediated morphogenetic 
migration, they can then differentiate into epithelial structures by repressing Snail 
and undergoing a  MET  . 

  CSCs   express  EMT   markers, and induction of EMT in transformed epithelial 
cells promotes the generation of CSCs (Yang et al.  2004 ; Mani et al.  2008 ; Floor 
et al.  2011 ; Jordan et al.  2011 ; Wu  2011 ; Wu and yang  2011 ; Krantz et al.  2012 ). In 
colon cancer, nuclear accumulation of β-catenin, the feature of Wnt signaling acti-
vation and stem cell signaling, is found at the invasive front of the primary tumor 
(Fodde and Brabletz  2007 ). Stem-like cells isolated from normal mammary glands 
and breast tumors also express EMT markers (Damonte et al.  2007 ; Mani et al. 
 2008 ). Overexpression of EMT-inducing transcription factors such as Snail or Twist 
in transformed mammary epithelial cells increased tumor-initiating frequency in 
immune-defi cient mice (Mani et al.  2008 ). The mesenchymal phenotype marker 
Zeb1 may facilitate the acquisition of stem cell-like properties (Peter  2010 ). 
Untransformed immortalized human mammary epithelial cells are capable of under-
going an EMT-like state by expressing FoxC2, Zeb factors, and  N-cadherin  , all of 
which have been linked to a  CSC   state (Morel et al.  2008 ). Likewise, by over- 
expressing  Ras   or Her2/neu, a stem-like subpopulation of CD44 high /CD24 low  cells 
with an enhanced EMT phenotype has been identifi ed (Radisky and LaBarge  2008 ). 

Cancer stem cell

Cancer cell

Only cancer stem
cells establish
metastases

Primary tumor
Both cancer cells and
cancer stem cells
establish metastases

Cancer cells generate cancer
stem cells at metastatic sites

A B

C

  Fig. 2.2     Hypotheses on the origin of cancer stem cells and metastases .  A . Only  CSCs   can 
metastasize to distant tissues;  B . In animal models of some tumor types, all the cancer cells dem-
onstrate no signifi cant differences in the ability to generate tumors or establish metastases distant 
sites;  C .  Cancer   cells migrate as  CTCs   from primary tumors to distant tissues, where become CSCs 
through dedifferentiation       
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 The acquisition of an  EMT   phenotype may be regulated by signals from the 
microenvironment or niche. Tumor associated fi broblasts have been shown to 
enhance the metastatic potential of tumors by promoting migration and extravasa-
tion through an EMT process as well as the establishment of a  CSC  -like state (Aktas 
et al.  2009 ; Armstrong et al.  2011 ; Gregory et al.  2008 ; Kalikin et al.  2003 ; Martin 
et al.  2010 ).  

3.2     Increased Capacity for DNA Repair and Resistance 
to  Apoptosis   

  Normal stem cell   s   have increased capacity for  DNA repair   and express higher levels 
of anti-apoptotic proteins than differentiated cells (Cairns  2002 ; Potten et al.  2002 ; 
Park and Gerson  2005 ). The enhanced anti-apoptotic and DNA repair capability of 
 CSCs   could increase the survival of CSCs for a long period of time under metabolic 
and/or other environmental stress (e.g., hypoxia) in the target organ and allow them 
to fi nd adaptive solutions. Autocrine production of cytokines such as IL-4 has been 
shown to increase anti-apoptotic proteins and induces resistance to therapy-induced 
cytotoxicity in different cancer types (Conticello et al.  2004 ).  

3.3     Resistance to Anti-tumor  Therapy   

 Many studies have shown that  CSCs   have increased drug resistance capacity. For 
example, it has been shown that stem-like subpopulation of cancer cells express 
high levels of  ATP-binding cassette (ABC) transporters   that can actively effl ux 
drugs and shield them from the adverse effects of chemotherapeutic insult (Pardal 
et al.  2003 ; Lou and Dean  2007 ; Dean  2009 ; Donnenberg et al.  2009 ; Ding et al. 
 2010 ; Moitra et al.  2011 ). There is also growing evidence that CSCs are inherently 
resistant to radiation (Rich  2007 ; Debeb et al.  2009 ; Pajonk et al.  2010 ; Croker and 
Allan  2012 ; D’Andrea  2012 ). For example, the effectiveness of radiotherapy is 
mediated by the induction of reactive oxygen species ( ROS  ) in cancer cells. 
However, it has been found that both human and mouse mammary CSCs contain 
lower ROS levels than more differentiated tumor cells and accumulate less DNA 
damage upon radiation (Diehn et al.  2009 ). Lower ROS levels in CSCs appear to 
result from increased expression of free radicals scavenging systems (Diehn et al. 
 2009 ; Kobayashi and Suda  2012 ; Shi et al.  2012 ). The inherent feature of drug resis-
tance in CSCs could activate stress responses to protect them from growth- 
suppressing conditions in the target organ microenvironment and allow them to 
persist in foreign tissues for a long period of time.  
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3.4     Genetic Signatures 

 Genetic signatures in  CSCs   are thought to predict tumor recurrence and metastases, 
providing some support for the concept that CSCs may be metastatic precursors. 
For example, expression of the  CSC   marker  CD133   in glioblastoma and lung ade-
nocarcinoma is correlated with both the proliferation marker Ki67 and poorer clini-
cal outcomes (Pallini et al.  2008 ). CD133 antigen expression has also been shown 
to correlate with patient survival in high-grade oligodendroglial tumors (Beier et al. 
 2008 ), rectal cancer (Wang et al.  2009 ), gastric adenocarcinoma (Zhao et al.  2010 ), 
and non-small cell lung cancer (Shien et al.  2012 ). In patients with colorectal carci-
noma, the combination of CD133,  CD44  , and CD166 can identify patients at low-, 
intermediate-, and high-risk of recurrence and metastasis (Horst et al.  2009 ). 
Methylation of Wnt-target-gene promoters is also a strong predictor for recurrence 
in colorectal cancer (de Sousa et al.  2011 ). Finally, the vast majority of disseminated 
breast cancer cells in the bone marrow displays a CSC phenotype based on CD44 
and CD24 expression (CD44 + CD24 −/low ) (Balic et al.  2006 ).  

3.5     Experimental Observations on Metastatic 
Potential of  CSCs   

 The expression of markers such as  CD44   or CD24 −/low  by tumor cells alone does not 
prove that these cells can generate metastases or that they are necessarily  CSCs  . 
Moreover, identifi cation of CSCs within metastatic lesions or in circulating or dis-
seminated tumor cell populations (Balic et al.  2006 ) does not necessarily mean 
these cells are capable of establishing disseminated lesions. 

 Some of the most direct evidence that  CSCs   establish metastases comes from the 
demonstration that breast cancer CSCs isolated based upon the putative stem cell 
markers  CD44   +  and CD24 −/low  are able to generate primary tumors in an orthotopic 
site and subsequently produce lung metastases (Liu et al.  2010 ). In pancreatic can-
cer models, it has been shown that a distinct subpopulation of  CD133   + / CXCR4   +  
cells localizes to the invasive edge of tumors and is more migratory than CD133 + /
CXCR4 −  cells. Although both populations were equally capable of initiating pri-
mary tumor growth, only the CD133 + /CXCR4 +  cells could metastasize to the liver 
(Hermann et al.  2007 ). The authors could identify a subpopulation of CSCs that 
were positive for CD133 and for the stromal-derived factor-1 (SDF1) receptor 
CXCR4, which showed highly increased migratory abilities. Ablation of these 
migrating CSCs abolished the capability of pancreatic cancer cells to form metasta-
ses (Hermann et al.  2007 ). In colon cancer different subtypes of CSCs could be 
identifi ed, one displaying metastases formation abilities (Dieter et al.  2011 ). 
Likewise, in infl ammatory breast cancer (IBC) a subpopulation of cancer cells dis-
playing stem cell properties was identifi ed as being relevant for metastatic spread 
(Charafe-Jauffret et al.  2010 ). Furthermore, the presence of these aldehyde 
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dehydrogenase- positive cells was suggested to be an independent prognostic factor 
for early metastasis in patients with IBC (Charafe-Jauffret et al.  2010 ). 

 Different populations of  CSCs   may be responsible for primary vs. secondary 
tumor sites, implicating  CSC   heterogeneity as a critical component of this model. 
Dieter et al. ( 2011 ) have demonstrated this heterogeneity within the CSC compart-
ments, reporting at least three phenotypically distinct CSCs in a human colon can-
cer animal model. To track the contribution of tumor-initiating cell clones, the group 
generated tumorigenic cells from cancer specimens, marked them with lentiviral 
vectors, and then sequenced the integration sites in serially transplanted tumors. A 
population of CSCs was identifi ed as tumor transient amplifying cells (T-TACs) 
which had limited self-renewal capacity but did form tumors in primary transplants. 
A second population of CSCs exhibiting extensive self-renewing long-term tumor 
initiating cells (LTTICs) were able to generate tumors in serial xenotransplants. A 
third population described as rare delayed contributing TICs (DC-TICs) were exclu-
sively active in secondary or tertiary mice. The marrow could serve as a major 
source of LT-TICs; however, metastasis formation was predominantly driven by 
self-renewing LT-TICs (Dieter et al.  2011 ).   

4     The Stem Cell Niche 

 Similar to normal stem cells,  CSCs   are thought to reside in a relative stable micro-
environment, or niche, in order to retain an undifferentiated state and give rise to 
more differentiated progenitor cells (Calabrese et al.  2007 ). The stem cell niche is 
critical for stem cell self-renewal, survival, function and for maintaining  CSC   prop-
erties (Sneddon  2007 ). 

4.1     The Normal Stem Cell Niche 

  Normal stem cell   s   in adult tissues reside in specifi c sites or “niches,” the cellular and 
molecular components of which regulate the self-renewal potential of stem cells and 
their access to differentiation cues. The location and constitution of stem cell niches 
have been defi ned in various tissues, including the intestinal epithelium, hematopoi-
etic bone marrow, epidermis, and brain (Clevers  2013 ; Hsu and Fuchs  2012 ; Moore 
and Lemischka  2006 ; Morrison and Spradling  2008 ). 

 In normal tissues, self-renewal and differentiation of stem cells are tightly regu-
lated, a function fulfi lled by the stem cell niche (Morrison and Spradling  2008 ). For 
example, the intestinal stem cell resides at the crypt base in close proximity to a 
secretory non-goblet-like cell type (Sato et al.  2011 ). These so-called Paneth cells 
were shown to express components of the various morphogenetic signaling path-
ways demonstrated to be essential for stem cell maintenance (Sato et al.  2011 ). 
Paneth cells support the in vitro outgrowth of LGR5 +  cells that is one of the cells 
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thought to be the intestinal stem cell, to organoids. Also the stromal myofi broblasts 
residing at the crypt bottom provide essential signals for stem cell maintenance 
(Clevers  2006 ) and therewith contribute to the stem cell niche. In primary tumors, 
cancer cells may interact with these native stem cell niches.  

4.2     The  Cancer   Stem Cell Niche 

 As pathways regulating normal intestinal stem cell biology signifi cantly overlap 
with those infl uencing colorectal  CSCs  , it was hypothesized that the essential stem 
cell features in tumors are affected by niche cells in equal measure (Medema and 
Vermeulen  2011 ), a hypothesis being confi rmed by recent studies on colon, pancre-
atic and brain cancers. 

 Activin/Nodal signaling molecules, that are essential for sustaining pancreatic 
 CSCs  , were shown to not only be provided by the CSCs themselves, but also by 
stromal pancreatic stellate cells in a paracrine fashion (Lonardo et al.  2011 ). 
Similarly, endothelial cells in brain cancers support the  CSC   state (Borovski et al. 
 2009 ). In analogy to normal neural stem cells, Nestin + / CD133   +  brain CSCs could be 
located in direct vicinity of endothelial cells (Louissaint et al.  2002 ). Soluble factors 
derived from endothelial cells were suffi cient to increase the selfrenewing capacity 
of brain CSCs (Calabrese et al.  2007 ). In a PDGF-induced glioma mouse model, 
soluble nitric oxide was identifi ed as the paracrine mediator secreted by endothelial 
cells and to activate the  Notch signaling   pathway in a paracrine fashion in glioma 
CSCs, leading to enhanced tumorigenesis in mice (Charles et al.  2010 ). 
Myofi broblasts residing in the tumor microenvironment of colorectal cancer can 
maintain and even induce a cancer stem-like state through the secretion of HGF, 
which leads to a boost of the Wnt signaling pathway in adjacent cancer cells 
(Vermeulen et al.  2010 ).  Interleukin   6 (IL-6), IL-8, and IL-1b directly promote 
breast CSC self-renewal and survival (Korkaya et al.  2011 ; Coussens and Werb 
 2002 ). The activation of STAT3 by IL-6 through the IL-6 receptor/GP130 complex 
has been shown to induce breast CSC expansion (Iliopoulos et al.  2009 ). IL-6 also 
stimulates the recruitment of mesenchymal stem cells, which produce CXC chemo-
kine ligand (CXCL)-7 to increase the number of breast CSCs in the tumor (Liu et al. 
 2011b ). In addition, breast CSCs express high levels of IL-8 receptor CXCR1, 
which prevents CSC apoptosis (Ginestier et al.  2010 ). Also receptor activator of 
NF-kB ligand (RANKL) has been found to be an important stem cell-stimulating 
cytokine in the breast (Asselin-Labat et al.  2010 ; Joshi et al.  2010 ). The activation 
of the RANKL-RANK pathway induces  EMT   and increases the population of 
CD44high/CD24low CSCs (Palafox et al.  2012 ). Finally, multiple stromal cell types 
including carcinoma associated fi broblasts and mesenchymal stem cells can pro-
duce prostaglandin (PG)-E2 (Li et al.  2012 ; Rudnick et al.  2011 ), that increases the 
number of aldehyde dehydrogenase (ALDH)-high CSCs through the activation of 
Wnt/β- catenin signaling (Li et al.  2012 ).  Stem cell niche  s are sources of develop-
mental and self-renewal signals including Wnt, Notch, the  TGF-β   family,  CXCL12  /
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SDF1, and hedgehog (Clevers  2013 ; Hsu and Fuchs  2012 ; Morrison and Spradling 
 2008 ). A source of these signals in the bone marrow are mesenchymal cells that 
produce CXCL12/SDF1 for hematopoietic stem cell maintenance. The cognate che-
mokine receptor  CXCR4   is frequently overexpressed in bone metastatic cells and 
provides these cells with chemotaxis and PI3K-mediated survival signals (Müller 
et al.  2001 ; Zlotnik et al.  2011 ).   

5     Relationships among  Cancer   Stem Cells 
and Pre- metastatic and Metastatic Niches 

 Establishing  CSC   niches at distant sites is crucial for the survival of  CSCs   and is 
required for the activation of their self-renewal ability for metastatic colonization 
(Giancotti  2013 ). There are three distinct sources of metastatic niche functionality: 
(1) native stem cell niches that metastatic cells may occupy in the host tissues; (2) 
niche functions provided by stromal cells not belonging to stem cell niches; (3) stem 
cell stem cell niche components components that the cancer cells themselves may 
produce (Fig.  2.3 ).

5.1       Hematopoietic and Perivascular Niche 

  Cancer   cells that infi ltrate distant organs may lodge in random locations of the 
invaded parenchyma. However, recent research provides evidence that cancer cells 
can occupy native stem cell niches of the host tissue. For example, prostate cancer 
cells showed affi nity for the hematopoietic stem cell niche within the bone marrow, 
where they may benefi t from cues that enhance stem cell properties and deter dif-
ferentiation (Shiozawa et al.  2011 ). Using an in vivo micrometasasis model in which 
DTCs were introduced into immunodefi cient mice, it was shown that DTCs target 
and displace hematopoietic stem cells (HSCs) out of their niche, and establish meta-
static foci within the niche space (Shiozawa et al.  2011 ; Havens et al.  2008 ). 

 Another location where cancer cells initiate metastatic outgrowth is around 
blood capillaries, that is the perivascular niche. This niche has been studied as a 
preferred residence for glioma stem cells that supplies these cells with hedgehog-, 
Notch-, and PI3K-activating signals (Charles and Holland  2010 ; Hambardzumyan 
et al.  2008 ).  Breast cancer  , lung cancer, and melanoma cells that infi ltrate the brain 
conspicuously place themselves around capillaries (Carbonell et al.  2009 ; Kienast 
et al.  2010 ).  Perivascular niche  s may support MetSCs by supplying not only attach-
ment, oxygen, and nutrients but also paracrine factors from the activated endothe-
lium, in what is called “angiocrine” stimulation (Butler et al.  2010 ). Endothelial 
cells also express various extracellular matrix ( ECM  ) components that promote 
metastatic functions in tissue culture (Ghajar et al.  2013 ). As metastatic lesions 
grow, the cancer cells recruit  TAMs  , myeloid precursors, and mesenchymal cells 
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that establish paracrine loops feeding back to the cancer cells with various survival 
and self-renewal factors (Acharyya et al.  2012 ; Calon et al.  2012 ; Joyce and Pollard 
 2009 ). A recent work showed that brain metastasis-initiating cells express L1 cell 
adhesion molecule (L1CAM) and use it to stretch over the perivascular basal lamina 
(Valiente et al.  2014 ). L1CAM expression in many types of cancer is associated 
with poor prognosis (Doberstein et al.  2011 ; Schröder et al.  2009 ), raising the pos-
sibility of a role for L1CAM in metastasis to other organs besides the brain.  

5.2     Periostin, Tenascin and VCAM1 

 Periostin (POSTN) is an extracellular matrix ( ECM  ) molecule highly expressed not 
only in normal stem cell niches but also in the stroma of the primary tumor and in 
newly forming metastases. Periostin expression is down-regulated in the adult, 
except in mesenchymal niches in close contact with tissue-specifi c stem cells. It was 
shown that only CD90 + CD24 +  breast  CSCs   (derived from mouse breast tumors) are 

Notch Lrp
Fzd

Homing in perivascular niche
(L1CAM)

Vessel

Occupation of native stem cell niches
(e.g. hematoppoietic niches)

Paracrine components
(POSTN)

Autocrine components
(TNC)

Wnt

  Fig. 2.3     The metastatic niche . Disseminated cancer cells can occupy native stem cell niches 
(including perivascular and hematopoietic sites) and recruit stromal cells that produce stem cell 
niche-like components; they also can produce niche components themselves. The supportive niche 
stimulates Wnt and Notch signalling pathways to increase viability and stem cell expansion. 
Periostin (POSTN) presents Wnt ligands to Lrp and Frz receptors; tenascin C (TNC) promotes 
Wnt and Notch signalling.  L1CAM  L1 cell adhesion molecule       
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able to seed metastases in the lung after tail-vein injection (Malanchi et al.  2011 ). 
CSCs arriving in the lung strongly depended on periostin (POSTN) expression. 
Infi ltrating tumor cells –via secretion of TGFb3– induced POSTN expression in the 
stromal compartment of the lung. POSTN binds Wnt ligands that signal to the CSCs 
and maintain their stem-like state. Breast tumors arising in Postn −/−  mice led to sig-
nifi cantly reduced metastatic burden.  Cancer   cells stimulate the expression of peri-
ostin by stromal fi broblasts; in fact, in the stromal compartment of breast tumors 
(both human and mouse), POSTN is widely expressed by aSMA + VIM +  fi broblasts 
(Malanchi et al.  2011 ). 

  Breast cancer   cells also contribute to their own  CSC   niche by secreting tenascin 
C (TNC) at metastatic sites; TNC is a hexameric glycoprotein that is found in stem 
cell niches and supports stem cell functions (von Holst  2008 ). TNC expression in 
breast tumors is associated with increased risk of lung metastasis (Minn et al. 
 2005b ). In xenotransplantation models, breast cancer cells that express high levels 
of TNC have a distinct advantage at initiating metastases after extravasating in the 
lungs (Oskarsson et al.  2011 ). TNC enhances Notch and Wnt signaling in the cancer 
cells. Each of these pathways have been shown to be critical for metastasis and in 
stem cell biology (de Sousa et al.  2011 ; Duncan et al.  2005 ; Malanchi et al.  2011 ; 
Reya and Clevers  2005 ). By expressing their own TNC, breast cancer cells have a 
higher probability of surviving during micrometastatic outgrowth. Myofi broblasts 
and S100A4 +  fi broblasts eventually migrate into the growing lesion to provide addi-
tional sources of TNC (O’Connell et al.  2011 ; Oskarsson et al.  2011 ). 

 TNC and periostin thus enhance Wnt and  Notch signaling   to promote the fi tness 
of MetSCs during the initiation of metastatic colonization. TNC and periostin bind to 
cell surface integrins and bind tightly to each other (Kii et al.  2010 ). The physical 
interaction of TNC and periostin in the  ECM   may underlie a functional cooperation 
of these two proteins in stem cell niches (Oskarsson and Massagué  2012 ). Periostin 
and TNC in the case of Wnt and Notch signaling, like Src and vascular cell adhesion 
molecule-1 (VCAM1) in the case of PI3K-AKT signaling, act as amplifi ers of the 
ability of MetSCs to respond to limiting levels of stromal Wnt and Notch ligands for 
activation of vital self-renewal pathways. The expression of VCAM-1 on cancer cells 
allows them to interact with macrophages and monocytic osteoclast progenitors via 
integrin a4b1. This interaction activates PI3K/Akt-mediated survival signals in can-
cer cells and promotes their osteolytic expansion (Lu et al.  2011 ; Chen et al.  2011 ).  

5.3     Tumor Dormancy and  CSCs   

 A major limiting step in metastasis is acquiring the ability to sustain growth within 
a distant site after extravasation. Many cancers such as breast and prostate will not 
give rise to metastasis until years or even decades after eradication of the primary 
tumor. Experimentally, it has been shown that the vast majority of extravasated 
cancer cells do not form macrometastasis (Chambers et al.  2002 ). These observa-
tions of latency are referred to as metastatic dormancy. 
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 Dormant cells are frequently observed in prostate, melanoma and breast cancer 
(Crowley and Seigler  1992 ; Demicheli et al.  1996 ; Van Moorselaar and Voest  2002 ) 
and often reside in the lungs, liver and bone marrow. These micrometastases repre-
sent a minimal residual disease that results from the ineffi ciency of metastasizing 
tumor cells to colonize organs properly following extravasation (Luzzi et al.  1998 ). 
Incompatibilities between tumor cells and their tissue soil as well as inability of 
tumor cells to generate suffi cient angiogenesis may result in cell cycle arrest and 
dormancy (Townson and Chambers  2006 ). Genes and pathways controlling meta-
static dormancy are largely unknown and are important to identify, as they represent 
a metastatic tumor suppressor mechanism. 

 Most DTCs detected in bone marrow are proliferatively quiescent, or “dormant” 
(Müller et al.  2005 ). Although entry into G0 has been regarded as a failure of cancer 
cells to proceed with their tumor-propagating potential, it may represent a defense 
under adverse conditions (Barkan et al.  2010 ; Klein  2011 ). Isolation and re- 
implantation of dormant cells can generate primary tumors, demonstrating that 
these cells are viable (Luzzi et al.  1998 ; Naumov et al.  2002 ; Goodison et al.  2003 ). 
Growth of these cells can be activated by angiogenesis or removal of primary tumor, 
suggesting that limited levels of growth factors or cytokines may induce this dor-
mant state (Holmgren et al.  1995 ). Unlike the active stroma in primary tumors, the 
distant tissue where disseminated tumor cells arrive tends to have a more quiescent 
microenvironment and these quiescent signals may force DTCs into dormancy. For 
example, abundant bone morphogenetic protein (BMP) ligands in the lung paren-
chyma inhibit  CSC   self-renewal, thereby causing metastatic dormancy.  Expression   
of a BMP antagonist, Coco, promotes tumor-initiation ability and allows DTCs to 
reactivate and colonize (Gao et al.  2012 ). 

 A single dormant cancer cell or a dormant micrometastasis can turn into clini-
cally detectable metastasis through an increased secretion of angiogenic factors in 
the metastatic niche to promote the recruitment and formation of new blood vessels 
(Takahashi and Mai  2005 ; Gao et al.  2008 ; Garcia and Kandel  2012 ). It has been 
reported that  CSCs   promote tumor angiogenesis by actively secreting angiogenic 
factors such as vascular endothelial growth factor ( VEGF  ) (Bao et al.  2006b ; Seton- 
Rogers  2011 ). Dormant tumor cells were found to reside in microvasculatures, 
where quiescent endothelial cell-derived thrombospondin-1 induces tumor dor-
mancy. Upon the induction of neoangiogenesis, the sprouting vasculatures produce 
active TGF-b1 and POSTN, two important  CSC   niche signals, to promote metasta-
sis outgrowth (Ghajar et al.  2013 ). 

 Mechanisms that contribute to cellular dormancy may relate to the balance 
between the RAF/MAP kinase kinase (MEK)/mitogen-activated protein kinase 
(ERK) pathway and the p38-mitogen-activated protein kinase ( MAPK  ) pathway. 
Inhibition of the former and activation of the latter is associated with cellular quies-
cence in a G0-G1 state, and the exact balance between the two may depend on 
cross-talk between the tumor and the microenvironment. Genes that may be impor-
tant in blocking productive cross-talk between dormant metastasis and its microen-
vironment include metastasis suppressor genes such as NME23, MKK4, and RKIP 
(Aguirre-Ghiso  2007 ; Dangi-Garimella et al.  2009 ).   
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6     Relationships between Circulating Tumor Cells 
and  Cancer   Stem Cells 

 A number of studies have linked circulating tumor cells ( CTCs  ) to tumor progres-
sion in a variety of solid tumors, and  CTC   enumeration has begun to be utilized as 
a prognostic tool in patients with metastatic breast (Cristofanilli et al.  2004 ), colon 
(Cohen et al.  2008 ) and prostate cancer (Danila et al.  2007 ). These cells are there-
fore assumed to be a surrogate marker of minimal residual disease and precursors of 
distant metastasis. 

 Despite the prognostic relevance of tumor cell dissemination, detection of tumor 
cells in blood is not necessarily followed by relapse of disease. While most of these 
cells are already apoptotic or dead and others will successfully be eliminated by 
shear forces of the bloodstream, only a small group of  CTCs   possesses the ability to 
extravasate and migrate through the endothelial cell layer (Frisch and Screaton 
 2001 ; Cameron et al.  2000 ; Sleeman et al.  2011 ). Merely a fraction of those is able 
to survive at secondary sites and cause tumor growth “metastatic ineffi ciency” 
(Méhes et al.  2001 ; Larson et al.  2004 ). 

6.1      CTCs   with  CSC  / EMT   Phenotype 

 Whether CTCs are simply associated with disease worsening or whether they 
directly contribute to metastatic progression remains to be determined. Potentially, 
a fraction of CTCs have CSC activity, and it is hypothesized that CSCs in a primary 
tumor which enter the circulation become circulating CSCs and remain so until they 
lodge or home to a target organ. If true, then stem-like CTCs may be a critical subset 
of CTCs with the capacity to form distant metastases. If the spread of CSCs leads to 
metastasis, then it would be expected that some CTCs would express stem cell 
markers (Aktas et al.  2009 ; Kasimir-Bauer et al.  2012 ). Markers useful in the isola-
tion and characterization of CTCs are shown in Table  2.1 .

   A study identifi ed  CSCs   in a  CTC   population among breast cancer patient 
peripheral blood samples. This study showed that among a total of 1439  CTCs  , 
66.7 % of patients showed a putative stem cell/progenitor phenotype (35.2 % 
 CD44   + /CD24 −/low  or 17.7 % ALDH1 high /CD24 −/low ) in CTCs; 35 % of the CTCs in 20 

   Table 2.1    Markers used in the isolation and characterization of  CTCs     

  Detection   and 
enrichment markers  Epithelial markers  Mesenchymal markers 

 Stem cell 
markers 

 Cytokeratins 8, 18, 
19,  EpCAM,    EGFR,   
 HER2,   MUC-1 

 Cytokeratins 8, 18, 19, 
 E-cadherin,    EGFR,   
 EpCAM,    HER2,   
MUC-1, 
pan-Cytokeratin 

 Akt2,  N-cadherin,   
Fibronectin-1, FoxC2, 
Serpine-1, Slug, Snail-1, 
Twist-1,  Vimentin,   ZEB-1, 
ZEB-2 

 ALDH1, 
 CD133,   CD24, 
 CD44,   Bmil 
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out of 30 patients exhibited the  BCSC   CD44 + /CD24 −/low  phenotype, whereas 17.7 % 
of the CTCs identifi ed in seven patients were ADLH1 high /CD24 −/low  (Theodoropoulos 
et al.  2010 ). 

  Metastasis   initiating cells containing  CTC   populations originating from pri-
mary human luminal breast cancer expressing epithelial cell adhesion molecule 
( EpCAM  ),  CD44  , CD47, and  MET   caused lung, liver, and bone metastasis in 
mice. In a small patient cohort exhibiting tumor metastasis, the population of 
EpCAM+CD44+CD47+MET+ correlated with increased metastasis and low over-
all survival (Baccelli et al.  2013 ).  CTCs   obtained from patients with Dukes’ B and 
C colon cancers were shown to express  CD133  , carcinoembryonic antigen (CEA) 
and cytokeratin.  Prognosis   among these patients is signifi cantly poorer due to 
metastasis than those individuals who were found not to express these markers in 
their CTCs (Pantel and Alix-Panabières  2007 ). Circulating  CSCs   were detected in 
the blood of patients positive for colonic adenocarcinomas. Authors isolated a 
relatively pure population of CSCs (CD45 − /CK19 + ), free of red blood cells and 
largely free of contaminating CD45 +  white blood cells. Enriched circulating CSCs 
from patients with colon adenocarcinomas had a malignant phenotype and co-
expressed  CSC   markers (DCLK1/LGR5) with CD44/Annexin A2. CSCs were not 
found in the blood of non-cancer patients, free of colonic growths. Enriched circu-
lating CSCs from colon cancer patients grew primary spheroids, suggesting the 
presence of tumor-initiating cells in the blood of these patients (Kantara et al. 
 2015 ). 

 In a human-to-mouse xenotransplantation experimental model, viable tumori-
genic melanoma  CTCs   were isolated and it was demonstrated that they were capa-
ble of metastasis formation. The detection of melanoma  CTC   in human-to-mouse 
s.c. tumor xenotransplantation models correlated signifi cantly with pulmonary 
metastasis formation. Moreover CTCs isolated from murine recipients of s.c. mela-
noma xenografts were capable of primary tumor initiation and caused metastasis 
formation upon xenotransplantation to secondary murine  NOD  -scid IL2Rγ (null) 
recipients. These results provide initial evidence that melanoma CTC are  tumorigenic 
and demonstrate that CTC are capable of causing metastatic tumor progression (Ma 
et al.  2010 ). 

 It has been recently postulated that  EMT   plays a key role in the process of tumor 
cell dissemination (Kasimir-Bauer et al.  2012 ; Giordano et al.  2012 ; Barrière et al. 
 2012 ; Aktas et al.  2009 ). Tumor cells undergoing EMT may migrate into peripheral 
blood as  CTCs  ; due to their mesenchymal stemness features, these cells might be 
able to reach distant sites of the body and initiate metastases. Loss of  E-cadherin  , 
overexpression of  N-cadherin  , and cytoskeletal alterations (e.g., expression of 
vimentin) are the hallmarks of EMT. So far, defi ning the  CSCs   in a population of 
CTCs has proven extremely challenging given current limitations in the capture of 
CTCs (Monteiro and Fodde  2010 ). CTCs seem to represent a highly heterogeneous 
cell population with regard to their morphology, molecular characteristics, implan-
tation effi ciency after dissemination and their metastatic potential (Lianidou et al. 
 2013 ; Fehm et al.  2010 ).  
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6.2     Stemness and  EMT   Identifi cation in  CTCs   

 The challenge in identifying and detecting  CTCs   is based on their rare number as 
well as the lack of a universal marker. The majority of methods are based on the 
detection of epithelial markers, and cells undergoing  EMT   or with a mesenchymal 
phenotype might thus be missed. Only a few markers useful in the isolation of CTCs 
with a mesenchymal phenotype have been evaluated. 

 In the past 10 years, the number of assays to detect and characterize has increased. 
Due to the low frequency of the isolated tumor cells, all techniques have to be 
extremely sensitive. In several cases the fi rst step is the enrichment of tumor cells 
(Ross et al.  1993 ). The choice of enrichment and characterization steps depending 
on the markers analyzed (especially  EpCAM  ) is crucial to allow as well as to limit 
the detection of cells undergoing  EMT   or not. One way to enrich disseminated 
tumor cells is density gradient centrifugation. Due to the lack of a general marker, 
tumor cells are characterized as epithelial cells which are positive for EpCAM or 
cytokeratins (Fehm et al.  2002 ). Another way to enrich  CTCs   is to label the cells 
with specifi c antibodies which are conjugated with magnetic particles. Several tests 
are based on the immunomagnetic enrichment of epithelial markers, especially 
EpCAM (Cristofanilli et al.  2004 ; Fehm et al.  2009 ), therefore limiting the possi-
bilities to detect mesenchymal tumor cells which have undergone EMT. Tests differ 
in the subsequent characterization of the CTCs. 

 The semiautomatic CellSearch system (Janssen Diagnostics, Raritan, NJ, USA) 
which has been approved by the FDA is based on an immunomagnetic enrichment 
of epithelial cells using  EpCAM  -specifi c antibodies coated with magnetic beads. 
 CTCs   are quantifi ed and further characterized by immunofl uorescence detecting 
cytokeratins (CKs) 8, 18, and 19 and CD45 to exclude leucocytes as well as staining 
of the nuclei (DAPI) (Cristofanilli et al.  2004 ,  2005 ). Additional staining of the  CSC   
marker  CD44   can be made (Lowes et al.  2012 ). 

 In the AdnaTest Breast  Cancer   (AdnaGen GmbH, Langenhagen, Germany) this 
enrichment step is performed using magnetic beads which are coated with  EpCAM  - 
and mucin-1 (MUC1) specifi c antibodies. The additional characterization of the 
 CTCs   is made by detection of the  EMT   and stem cell markers TWIST, Akt2, PI3K, 
and ALDH1, respectively (Kasimir-Bauer et al.  2012 ; Aktas et al.  2009 ). 

 Several approaches to enrich  CTCs   use special chips combining microfl uidics 
and immobilization of CTCs by binding of specifi c antibodies (e.g.,  CTC  -chip, 
Herringbone Chip) (Nagrath et al.  2007 ; Stott et al.  2010 ). The latter chip was used 
by Yu et al. ( 2013 ) to establish an RNA in situ hybridization assay to detect and 
quantify CTCs with either an epithelial or mesenchymal phenotype or with a phe-
notype in between (partial  EMT  ). The expression levels of seven epithelial tran-
scripts ( EpCAM  ; CK 5, 7, 8, 18, and 19 and cadherin 1) and three mesenchymal 
transcripts (SERPINE1/PAI1, cadherin 2, and fi bronectin 1) were analyzed to char-
acterize CTCs which were detected by binding at least one of the following antibod-
ies: EpCAM,  HER2   or epidermal growth factor receptor 2 ( EGFR  ).  Flow cytometry   
is another technique which allows an individual characterization of rare cells like 
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CTCs. Using fl ow cytometry, Giordano et al. ( 2012 ) could detect a subpopulation of 
cancer stem cells expressing either ALDH1,  CD44  , or low amounts of CD24 or 
ALDH1 and  CD133  . Although the majority of assays use EpCAM as detection 
marker, different markers are currently used to detect and enrich CTC. As CTCs 
change their phenotype during EMT and  MET  , false negative results can be obtained 
depending on which detection marker was used. EpCAM-based assays involve the 
risk that CTC showing a mesenchymal phenotype might be missed. 

 The hypothesis that  EMT   markers can be detected among the  CTCs   of breast 
cancer patients has been confi rmed by various studies in both metastatic and early 
breast cancer (Giordano et al.  2012 ; Barrière et al.  2012 ; Aktas et al.  2009 ; Mego 
et al.  2012a ,  b ; Armstrong et al.  2011 ; Kallergi et al.  2011 ; Raimondi et al.  2011 ). 
EMT markers positive CTCs can be detected in up to 26 % of metastatic breast 
cancer patients. Moreover, a high expression of EMT markers predicted shorter 
progression free survival in these patients (Mego et al.  2012b ). Aktas et al. ( 2009 ) 
showed in 39 metastatic breast cancer patients that EMT markers, such as Twist1, 
Akt2, and PI3Kα, can be co-detected in up to 62 % of  CTC   positive blood samples; 
EMT markers were more likely to be found in patients resistant to therapy, suggest-
ing increased invasiveness of tumor cells undergoing this process. In primary 
breast cancer EMT markers could be detected in 72 % of CTC positive and 18 % 
of CTC negative patients, respectively (Kasimir-Bauer et al.  2012 ).  Expression   of 
EMT markers (e.g., vimentin, fi bronectin) was found in up to 38 % of all stage 
breast cancer patients tested by the standard defi nition as CTC negative (Raimondi 
et al.  2011 ). 

 These fi ndings suggest that, in addition to  CTCs   expressing epithelial antigens, 
a fraction of CTCs with exclusively mesenchymal phenotype could exist and thus 
remain undetectable for assays based on epithelial character of these cells. 
However, due to the methodology, morphological features of the cells were not 
evaluated in these trials (Aktas et al.  2009 ; Kasimir-Bauer et al.  2012 ). In this 
regard, CTCs coexpressing mesenchymal and epithelial markers have been visual-
ized in three other studies in breast cancer patients confi rming that both kinds of 
markers can be expressed in the same cell (Yu et al.  2013 ; Armstrong et al.  2011 ; 
Kallergi et al.  2011 ). Additionally,  Vimentin   positive CTCs were detected in 
peripheral blood of metastatic breast cancer patients while paired metastases from 
the same patients were shown to be negative for this marker (Armstrong et al. 
 2011 ). This suggests a reversibility of the  EMT   process once tumor cells reach 
their destination resembling the phenomenon of epithelial plasticity known from 
embryonic development (Nieto  2013 ). 

 In a recent study by Kasimir-Bauer et al. ( 2012 ) on 502 primary breast cancer 
patients 46 % of  CTC   positive and 5 % of CTC negative blood samples were posi-
tive for ALDH1, a common stem cell marker. Similar fi ndings have been shown by 
Aktas et al. ( 2009 ) in the metastatic situation. Moreover, a presence of stem cell-like 
 CTCs   in peripheral blood of breast cancer patients was shown to be associated with 
therapy resistance; stem cell markers or  EMT   factors or both were detected in 74 % 
(25/34) of nonresponders and in 10 % (2/21) of patients who responded to systemic 
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treatment. In the trial by Raimondi et al. ( 2011 ), an overexpression of stem markers 
in CTCs was correlated with advanced stage of disease.   

7     Principal Therapeutic Strategies Against  Cancer   Stem 
Cells: Focusing in Particular on Metastatic Niche 
and Microenvironment as Potential Therapeutic Targets 

 To prevent disease relapse and achieve permanent cure, the  CSCs   that sustain tumor 
growth must be eradicated in addition to killing the bulk cells of the tumor. However, 
properties of CSCs, such as quiescence or expression of drug-resistance transport-
ers, may make them diffi cult to eliminate using conventional cytotoxic drugs that 
kill the bulk tumor cells. It will be crucial to understand the unique biology of CSCs 
in order to develop novel treatments that effectively target these cells. 

 There are several obstacles to be overcome in the development of effective  CSC  - 
targeted  therapies. Such treatments must be selective for  CSCs   and spare normal 
stem cells. There is recent evidence in acute myeloid leukemia that the pathways that 
regulate self-renewal in normal stem cells are not completely abolished in leukemia 
stem cells (Hope et al.  2004 ). Thus, drugs that target critical processes in CSCs, such 
as survival or self-renewal, may prove intolerably harmful to their normal counter-
parts. Furthermore, CSCs will likely have acquired genetic or epigenetic changes 
that allow them to bypass normal tumor-suppressing processes such as senescence or 
apoptosis in response to DNA damage, and CSCs are believed to be more resistant to 
chemotherapy than more differentiated cancer cells. Treatment with agents that nor-
mally induce senescence or apoptosis may actually provide a growth advantage to 
CSCs (Bao et al.  2006a ). Ideally, effective therapies will target pathways that are 
necessary for CSC survival but not for the survival of normal stem cells. Here the 
principal therapeutic strategies against CSCs are summarized (Fig.  2.4 ).

7.1       Directly  Targeting    CSCs   via Surface Markers 

  CD133   is a well characterized marker for putative cancer stem cells (Wu and Wu 
 2009 ). Blockage of CD133 reduced the capacity of the melanoma to metastasize 
(Rappa et al.  2008 ), suggesting that CD133 might be a potential therapeutic target 
for  CSCs   in melanoma and other cancer types (Wu and Wu  2009 ). 

  CD44   is a marker of  CSCs   and also an adhesion receptor involved in metastasis 
and drug-resistance. Inhibition of CD44 using a  siRNA   decreases cancer cell adhe-
sion to bone marrow endothelial cells in prostate and breast cancer cell lines (Draffi n 
et al.  2004 ). A CD44v6-targeting immuno-conjugate, bivatuzumab mertansine, 
has been evaluated in phase I clinical trial in the case of head and neck squamous 
cell carcinoma (Riechelmann et al.  2008 ).  Targeting   CD44 by an A6 peptide (acetyl-
KPSSPPEE- amino) blocked the migration and metastasis of CD44-expressing cells 
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(Piotrowicz et al.  2011 ). In hepatocellular carcinoma, neutralizing CD44 can also 
inhibit CD90 +  cell-mediated tumor formation and metastasis in vivo, suggesting an 
 therapeutic strategy   against CD90 +  CSCs by targeting CD44 (Lee et al.  2013 ). 

 In an acute myeloid leukemia mouse model, in vivo administration of an activat-
ing monoclonal antibody directed at  CD44   resulted in signifi cant reduction in the 
levels of leukemic repopulation (Jin et al.  2006 ). CD44 is a regulator of several 
miRNAs known to maintain  CSCs  . When CD44 expression in PCa cells is down- 
regulated, miR-34a levels increase leading to reduced tumor regeneration and 
metastasis in xenografts (Liu et al.  2011a ).  

7.2      Targeting   Self-Renewal and  Differentiation   Pathways 

  Signaling pathway   s  , such as Wnt, Notch, and Hedgehog (Hh), are essential for both 
regulation of  EMT  /metastasis and self-renewal of  CSCs   in several cancers. 
Development of agents that target critical steps in these pathways will be compli-
cated due to signaling cross-talk (Takebe et al.  2011 ). Several novel agents targeting 
Wnt/β-catenin have been developed. Some of these agents have been shown to 
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  Fig. 2.4       Therapeutic target     s    potentially useful in anti-  CSCs    therapy .    ECM     extracellular 
matrix,    TAMs     tumor-associated macrophages       
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selectively target the cancer stem cell subpopulation in vivo, inhibit tumor growth 
and inhibit metastasis (Takebe et al.  2011 ). Inhibition of Notch1 can signifi cantly 
decrease the  CD44   + CD24 − /low subpopulation and inhibited the development of 
brain metastases from breast cancer (McGowan et al.  2011 ). Pharmacologic block-
age of aberrant  Hedgehog signaling   might be an effective  therapeutic strategy   for 
inhibiting metastases in human cancers through targeting CSCs. A small-molecule 
Hedgehog inhibitor, IPI-269609, has been proved to profoundly inhibit systemic 
metastases in orthotopic xenografts derived from human pancreatic cancer cell 
lines, accompanied with a signifi cant reduction in the population of ALDH-positive 
cells in pancreatic cancer (Feldmann et al.  2008 ). 

 Salinomycin, a wnt/β-catenin inhibitor, inhibits tumor growth, induces epithelial 
differentiation of tumor cells, and down-regulates  CSC   genes in tumor cells (Gupta 
et al.  2009 ). 

 As stem cells are often dependent on bone morphogenetic protein (BMP) signal-
ing, a number of therapeutic strategies are being sought to target this pathway 
(Joseph et al.  2012 ; Zhang et al.  2003 ; Zhu and Emerson  2004 ). Piccirillo et al. 
( 2006 ) reported that the BMP-BMPR signaling system – which controls the activity 
of normal brain stem cells – may also act as a key inhibitory regulator of tumor- 
initiating, stem-like cells from glioblastoma by a reduction in proliferation and 
increased expression of markers of neural differentiation. The reduction in the size 
of the  CD133   +  population and the growth kinetics of the glioblastoma cells suggest 
that targeted BMP-pathway therapeutics are worth pursuing (Massard et al.  2006 ; 
Piccirillo et al.  2006 ). 

 The histone deacetylase inhibitor valproic acid, commonly used to treat epilepsy, 
has recently been found to have anti-cancer activity that may target  CSCs   (Blaheta 
et al.  2005 ). Valproic acid induces the terminal differentiation of cancer cells by 
increasing the DNA binding of activating protein-1 transcription factor, decreasing 
protein kinase C (PKC) activity, inhibiting the Wnt signaling pathways, and activat-
ing the peroxisome proliferator-activated receptors, in addition to blocking histone 
deacetylase (Blaheta et al.  2005 ). 

 Histone deacetylase (HDAC) inhibitors inhibit growth, induce differentiation 
and apoptosis of neurosphere derived from glioblastoma (GBM). GBM neuro-
spheres contain cancer stem cell like that propagate tumor and resist cytotoxic ther-
apeutics. Using MS-275, a specifi c gene product induced by HDAC inhibition, 
Delta/Notch like epidermal growth factor (DNER), inhibited the growth of GBM 
derived neurospheres, induced their differentiation and inhibited their engraftment 
and growth as tumor xenografts (Sun et al.  2009 ). The HDAC inhibitor entinostat 
reverses  EMT   in xenografts (Tate et al.  2012 ).  

7.3      Differentiation   Therapies 

 Another proposed therapeutic approach is to stimulate differentiation of  CSCs   such 
that they lose their capacity for self-renewal and resistance to chemotherapeutic 
agents (Nguyen et al.  2012 ). This is particularly critical where CSCs are widely 
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distributed at low density, making conventional interventions challenging. Thus far, 
the most well developed therapeutic agent is vitamin A and its analogues (retinoid 
acid) for the treatment of acute promyelocytic leukemia (APL). These agents 
enhance tumor differentiation and reverse malignant progression by modulation of 
signal transduction networks regulated by nuclear retinoid receptors. In patients 
with APL, a 90 % remission rate and a 70 % cure rate with all-trans retinoic acid 
therapy followed by chemotherapy has been observed (Burnett et al.  2010 ). In vitro, 
retinoid acid can also induce differentiation in embryonic cells, teratocarcinomas 
and melanomas (Rohwedel et al.  1999 ).  

7.4     Therapies Directed at  CSC   Niche and Pre-metastatic Niche 

 The challenges of targeting disseminated  CSCs   may be even more pronounced, as 
the distant microenvironment may help protect these cells from therapeutic insults 
(Hovinga et al.  2010 ). 

7.4.1      Targeting   Vasculature 

 In particular, the vasculature likely plays an important role in forming stem and 
progenitor cell niches and has been suggested to regulate many tumor microenvi-
ronments (Bautch  2011 ). Therefore, damaging the  CSC   niche environment may 
impact the survival and tumor-initiating properties of  CSCs   (Folkins et al.  2007 ). 
The impact of angiogenesis inhibitors such as bevacizumab, thalidomide, sorafenib, 
sunitinib, pazopanib may be in part related to their effects on the vascular niche and 
disruption of the CSC microenvironment (Tonini et al.  2003 ). 

 The  VEGF  -specifi c antibody bevacizumab has direct and rapid anti-vascular 
effects and seem to be useful in targeting  CSCs   by disturbing niche (Willett et al. 
 2004 ). On the other hand, hypoxic tumor microenvironment promotes tumor pro-
gression, regulates CSCs and increases their metastatic potential (Hill et al.  2009 ). 
Inhibition of hypoxia eliminates metastasis in mice without effect on the primary 
tumor, suggesting that hypoxia is an important process in the formation of pre- 
metastatic niche (Sceneay et al.  2013 ). 

 Preclinical models suggest that antiangiogenic agents actually increase invasive 
and metastatic properties of breast cancer cells (Ebos et al.  2009 ; Pàez-Ribes et al. 
 2009 ).  Hypoxia   induced by administration of antiangiogenic agents might acceler-
ate tumor growth and metastasis by increasing the  CSC   population. Conley et al. 
( 2012 ) demonstrated that administration of sunitinib and bevacizumab increased 
CSC population in breast cancer xenografts as a consequence of tumor hypoxia, and 
this effect was mediated by HIF-1α through the activation of Wnt pathway via Akt/
β-catenin signalling. Authors concluded that antiangiogenic agents might have to be 
combined with CSC targeting drugs. 
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 These results differ from those obtained in glioblastoma. Glioblastomas express 
high levels of vascular endothelial growth factor ( VEGF  ) (Bao et al.  2006b ). A 
functional interaction between brain  CSCs   and endothelial cells is supported by the 
close association of  CD133   +  brain cancer cells with vascular endothelial cells 
in vitro and in vivo, and more importantly by the demonstration that coinjection of 
primary human endothelial cells enhances tumor formation by CD133 +  medullo-
blastoma cells in immune-defi cient mice (Calabrese et al.  2007 ). Tumors initiated in 
mice by CD133 +  cells from either primary glioblastoma biopsy specimens or xeno-
graft cell lines are highly vascular (Bao et al.  2006b ) Treatment of xenograft tumors 
with bevacizumab not only potently inhibits tumor growth in mice (Calabrese et al. 
 2007 ; Bao et al.  2006b ) but also results in depletion of cells coexpressing CD133 
and nestin, a marker of primitive neural cells, without directly affecting bulk tumor 
cell proliferation or death. Together, these results suggest that inhibition of brain 
tumor growth by antiangiogenic agents is mediated at least in part by disruption of 
a vascular niche required for maintenance of CSCs.  

7.4.2      Targeting   the Extrinsic Signals at the  CSC   Niche 

 The  CXCL12  / CXCR4   plays a central role in cancer cell proliferation, invasion, and 
dissemination in the majority of malignant diseases. Although the signals generated 
by the metastatic niche that regulate  CSCs   are not yet fully understood, accumulat-
ing evidence suggests a key role of the CXCL12/CXCR4 axis (Cojoc et al.  2013 ). 
Strategies aimed at modulating the CXCL12/CXCR4 axis may have important clin-
ical applications to inhibit  CSC   growth (Gil et al.  2014 ; Barone et al.  2014 ). In a 
phase I study evaluating LY2510925, a peptide agonist blocking stromal cell derived 
factor-1 (SDF1) from CXCR4 binding, in 45 advanced cancer patients, stable dis-
ease was obtained in nine (20 %) of them (Galsky et al.  2014 ). 

 Multiple agents are currently being developed to target  CXCL12  / CXCR4   signal-
ing in cancer. The anti-CXCR4 drug AMD3100 (plerixafor) is approved for stem 
cell mobilization in patients with non-Hodgkin’s lymphoma and multiple myeloma; 
the CXCL12 analog CTCE-9908 is approved for clinical use in patients with osteo-
sarcoma. Novel CXCR4 antagonists are currently in clinical trials for multiple 
myeloma, leukemia, and lymphoma. CXCR4 inhibitor MSX-122 is in Phase I trials 
for advanced malignant disease resistant to standard therapy. NOX-A12 neutralizes 
CXCL12 and is in clinical trial for the treatment of chronic lymphocytic leukemia 
and multiple myeloma (Ramsey and McAlpine  2013 ; De Nigris et al.  2012 ). 
AMD3100 has been shown to decrease metastatic potential in animal models for 
different types of tumors (Smith et al.  2004 ; Kim et al.  2010 ; D’Alterio et al.  2012 ; 
Kajiyama et al.  2008 ; Matsusue et al.  2009 ). Similarly, blocking CXCR4 receptor 
function by a monoclonal antibody or polypeptide inhibits cancer cell proliferation, 
motility, and invasion in multiple preclinical models both in vitro and in vivo (Zeng 
et al.  2006 ; O’Boyle et al.  2013 ). Recent data suggest that inactivation of the 
CXCL12/CXCR4 axis by neutralizing antibody or by the CXCR4-specifi c small 
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molecule antagonist AMD3100 inhibits glioma, renal, colon, pancreas, and prostate 
cancer progenitors as well as tumor initiating population within gefi tinib-resistant 
lung cancer and tamoxifen-resistant breast cancer cells in vitro and in animal mod-
els (Gassenmaier et al.  2013 ; Dubrovska et al.  2012 ; Redjal et al.  2006 ). Low oxy-
gen tension is a critical microenvironmental factor in regulating tumor initiating 
axis in cancer cells; hypoxia promotes expansion of  CSCs   and converts non-stem 
cancer cells into  CSC   populations with increased self-renewal capacity (Heddleston 
et al.  2009 ; Soeda et al.  2009 ). The effects of reduced oxygen tension on CSCs are 
mediated at least in part through the activation of the HIF signaling pathway (Li and 
Rich  2010 ). CXCR4 expression is induced under hypoxic stress via activation of the 
HIF pathway (Ishikawa et al.  2009 ). As tumor cells can be protected from the effect 
of ionizing radiation by hypoxia, pharmacologic inhibition of the CXCL12/CXCR4 
interaction by AMD3100 or neutralizing antibody prevents the recurrence of glio-
blastoma after irradiation in mice by inhibition of vasculogenesis (Kioi et al.  2010 ). 
Activation of CXCR4-mediated STAT3 signaling in non-small cell lung cancer cells 
is functionally crucial for the maintenance of stemness and resistance to radiother-
apy (Jung et al.  2013 ). Recent prostate tumor xenograft studies in mice showed that 
a combination of AMD3100, which targets prostate cancer stem-like cells, and the 
conventional chemotherapeutic drug docetaxel, which targets the bulk tumor, is sig-
nifi cantly more effective in eradicating tumors as compared to monotherapy 
(Dubrovska et al.  2010 ,  2012 ; Domanska et al.  2012 ). 

 Human breast cancer cells expressing CXCR1, a receptor that binds the proin-
fl ammatory chemokine IL-8, are present almost exclusively within the  CSC  - 
containing  ALDH1 +  population (Ginestier et al.  2010 ). IL-8 has been implicated in 
tumor invasion, metastasis, and self-renewal. Treatment of orthotopically trans-
planted tumors in  NOD  /SCID  mice   with the CXCR1/2 inhibitor repertaxin, the 
standard chemotherapeutic agent docetaxel, or a combination of both drugs all 
resulted in impaired tumor growth. However, tumors treated with docetaxel alone 
showed either unchanged or increased percentage of ALDH1 +  cells compared with 
untreated controls, whereas repertaxin treatment alone or in combination with 
docetaxel signifi cantly reduced the ALDH1 +  population. Upon serial transplanta-
tion, tumor cells derived from control or docetaxel-treated primary animals were 
able to generate tumors in secondary mice with similar effi ciency, while cells from 
repertaxin-treated animals showed a two- to fi vefold reduction in tumor growth and 
were only able to generate tumors at the highest injected cell dose (Ginestier et al. 
 2010 ). 

 STAT3 signalling has an important role in self-renewal and differentiation of 
stem cells. IL-6 is implicated in promoting STAT3 mediated  CSC   expansion in sev-
eral other types of tumors.  Expression   levels of IL-6 and its receptor are highly 
elevated in prostate  CSCs  , and a crucial role of JAK-STAT3 in mediating IL-6- 
induced stem cell maintenance in prostate cancer has been shown. Furthermore, 
IL-6–JAK2–STAT3 signalling is required for the maintenance of breast CSCs and 
tumor growth (Yu et al.  2014 ). In addition, IL-6 induces the recruitment of mesen-
chymal stem cells (MSCs), into the tumor microenvironment. IL-6 increases STAT3 
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activation in MSCs, which contributes to MSC survival and MSC-mediated tumor 
progression (Rattigan et al.  2010 ). 

 Given the central role of STAT3 in the promotion and maintenance of a stem cell 
phenotype, controlling STAT3 activity in this population should inhibit tumor progres-
sion. In stem cells, STAT3 activity can be regulated by EZH2-mediated protein meth-
ylation (Kim et al.  2013 ). STAT3 protein phosphorylation affects the regulation of 
genes driving stemness, EZH2-induced STAT3 protein methylation, and possibly also 
STAT3 acetylation induced by p300 acetyltransferase, and is thus crucial for regulating 
the formation of a transcription complex bound to the promoters of genes with a pro-
pensity to promote stem cell characteristics. Therefore, functional disruption of STAT3 
modifi cation enzymes such as EZH2 and p300 may serve as a promising  therapeutic 
strategy   for human cancers. However, targeting these modifi cation enzymes may gen-
erate broad biological effects that lead to unwanted toxicity (Yu et al.  2014 ).  

7.4.3      Targeting   Tumor Associated Macrophages 

  Tumor associated macrophage   s   ( TAMs  ) play an important role in tumor growth, 
angiogenesis, metastasis, matrix remodelling and immune evasion in various 
human and animal tumors (Sica and Bronte  2007 ; Biswas et al.  2008 ; Solinas et al. 
 2009 ; Sica et al.  2008 ). In mouse tumor models, an increased density of TAMs is 
associated with poor effi cacy of chemotherapy and radiotherapy (Zhang et al. 
 2010 ; Meng et al.  2010 ). The density, activation and histological location of TAMs 
can predict patients’ survival in different types of cancer (Zhu et al.  2008 ; Kurahara 
et al.  2011 ; Hanada et al.  2000 ). Therefore, TAMs are now considered as a promis-
ing target for tumor therapy. Some tumor-released and stroma-released cytokines 
and chemokines facilitate the recruitment of macrophages to tumor tissues, and 
possible therapeutic strategies are aimed at inhibiting macrophage recruitment. For 
example, overexpression of C-C motif chemokine ligand 2 (CCL2) was correlated 
with macrophage infi ltration and poor prognosis in human cancers (Roca et al. 
 2009 ); macrophage infi ltration and the growth of tumors were reduced when CCL2 
was inhibited (Mizutani et al.  2009 ; Qian et al.  2011 ; Zhu et al.  2010 ). A CCL2-
targeting agent, trabectedin, used in clinic to treat human ovarian cancer and myx-
oid liposarcoma, could suppress the recruitment of monocytes to tumor sites and 
inhibit their differentiation to mature TAMs (Allavena et al.  2005 ; Germano et al. 
 2010 ). 

 In a phase II clinical study, siltuximab, anti-interleukin- 6 (IL-6) antibody, 
reduced macrophage infi ltration in tumor tissue by decreasing the plasma level of 
some chemoattractants such as CCL2, vascular endothelial growth factor ( VEGF  ) 
and C-X-C motif chemokine ligand-12 (CXCL-12) (Coward et al.  2011 ). An alter-
native way to suppress the chemoattractive activity of CCL2 is neutralizing its 
receptor, C-C motif chemokine receptor 2 (CCR2). A CCR2 inhibitor, RS102895, 
has exhibited negative effects on macrophage migration (Jin et al.  2010 ). Another 
important chemoattractant for macrophages is macrophage colony-stimulating fac-
tor (M-CSF). In human hepatocellular carcinoma, there is a signifi cant association 
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between high M-CSF expression and high macrophage density, each relates to poor 
overall survival of patients (Zhu et al.  2008 ). Treatment with M-CSF antibody sup-
pressed tumor growth by 40 % in human MCF-7 breast cancer xenografts (Paulus 
et al.  2006 ). Two M-CSF receptor inhibitors (JNJ-28312141 andGW2580) were 
found to decrease  TAM   count and suppress tumor growth, angiogenesis and metas-
tasis (Manthey et al.  2009 ; Kubota et al.  2009 ). 

 Other chemoattractants for macrophages, such as  VEGF  , CXCL-12 and CCL5, 
also seem to be potential targets for  TAM   depletion. Selectively inhibiting VEGFR-2 
reduced macrophage density and prevented tumor growth and angiogenesis in 
orthotropic pancreatic and breast tumors (Dineen et al.  2008 ; Roland et al.  2009 ). 
Repressing either the  CXCL12  / CXCR4   or the placental growth factor (PIGF)/
VEGFR-1 pathway reduced macrophage count (Welford et al.  2011 ). The tumor 
microenvironment is usually hypoxic and hypoxia-inducible factors are transcrip-
tional activators for VEGF and CXCR4 genes (Fang et al.  2009 ); HIF-1a defi ciency 
reduced macrophage density, tumor angiogenesis and invasion in murine glioblas-
toma via blocking the matrix metalloproteinase 9 (MMP9)/VEGF pathway (Du 
et al.  2008 ). HIF-2a mediates macrophage migration to the tumor microenviron-
ment partly through regulating M-CSFR and CXCR4 (Imtiyaz et al.  2010 ). 

 Some drugs commonly used in clinical practice can directly suppress  TAMs   sur-
vival. Clodronate has a selective cytotoxicity to macrophages and this clodronate- 
induced depletion of macrophages can result in the regression of tumor growth, 
angiogenesis and metastasis (Zeisberger et al.  2006 ; Hiraoka et al.  2008 ). Zoledronic 
acid selectively depletes MMP9-expressing TAMs (Tsagozis et al.  2008 ), impairs 
the differentiation of myeloid cells to TAMs and induces the tumoricidal activity of 
macrophages (Tsagozis et al.  2008 ; Veltman et al.  2010 ; Coscia et al.  2010 ). 
Dasatinib, a Src kinase inhibitor and a preclinical drug for chronic-phase chronic 
myeloid leukemia, could reduce MMP9 +  macrophage density and inhibit MMP9 
expression in the tumor microenvironment (Liang et al.  2010 ). 

 Another approach is to deplete  TAMs   by targeting their surface molecules with 
immunotoxin-conjugated agents. In ovarian cancer, alemtuzumab (anti CD52) 
induced lysis of myeloid cells in vitro and ex vivo, supporting the use of lemtu-
zumab in clinical trials to test its effi cacy as an anti-myeloid cell antiangiogenic 
therapeutic (Pulaski et al.  2009 ). Folate receptor b (FRb) is another surface protein 
over-expressed in M2-like TAMs (Nagai et al.  2009 ; Puig-Kröger et al.  2009 ), and 
the existence of FRb +  macrophages positively associates with high vessel density, 
high incidence of haematogenous metastasis and a poor prognosis in patients with 
pancreatic cancer (Kurahara et al.  2012 ). A recombinant immunotoxin to folate 
receptor beta affects tumor growth, accomplished with the depletion of TAMs 
(Nagai et al.  2009 ). In this approach while pro-tumoral M2 TAMs could be depleted, 
the M1 tumoricidal ones are not affected. 

 Inhibiting the signals essential for M2 differentiation so impairing the pro- 
tumoral and immunosuppressive profi le of  TAMs   is another strategy in develop-
ment. STAT3 pathway is consistently active in many tumors and acts as a negative 
regulator for macrophage activation and the host’s infl ammatory responses. When 
the activation of STAT3 was blocked, either with a dominant negative variant or an 
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antisense oligonucleotide, macrophages could increase the release of IL-12 and 
RANTES and reverse the systemic immune tolerance (Cheng et al.  2003 ). Two tyro-
sine kinase inhibitors (sunitinib and sorafenib) have shown their inhibitory effects 
on STAT3 in macrophages in vitro (Xin et al.  2009 ; Edwards and Emens  2010 ). 
Sorafenib can restore IL-12 production but suppress IL-10 expression in prostaglan-
din E2 conditioned macrophages, indicating its effects on reversing the immuno-
suppressive cytokine profi le of TAMs (Edwards and Emens  2010 ). Another STAT 
family member important for  TAM   biology is STAT6. In one study, STAT6 –/–  mice 
produced predominantly M1-like tumoricidal TAMs and > 60 % of STAT6 –/–  mice 
rejected tumor metastasis (Sinha et al.  2005 ). Several up-/down-stream mediators of 
STAT6 could act as modulators of TAM function. These modulators include phos-
phatidylinositol 3-kinase (PI3K), Src homology 2-containing inositol-5′-
phosphatase (SHIP), Kruppel-like factor 4 (KLF4) and c-Myc. 

 It has been reported that the expression of KLF4 was induced in M2 macro-
phages and reduced in M1 macrophages. A study indicated that KLF4 cooperated 
with STAT6 to induce an M2 pattern. Levels of KLF4 can be manipulated by diverse 
agonists such as statins, resveratrol, bortezomib and dietary compounds (Liao et al. 
 2011 ). Other proteins and signalling pathways are known to promote M2-like prop-
erties of macrophages and are also the potential targets for tumor therapy. Peroxisome 
proliferator-activated receptor (PPAR)-c can promote M2 type differentiation of 
human macrophages by acting as a transcriptional inhibitor of NF-jB.132 PPAR-a 
plays a role in macrophages by antagonizing M1 polarization and supporting M2 
polarization (Van Ginderachter et al.  2008 ). As synthetic inhibitors of PPAR-a/c 
have now been identifi ed, the evaluation of their role in  TAM   targeted therapy is 
essential. 

 HIFs are a possible target because of their over-expression in  TAMs   residing in 
the hypoxic tumor microenvironment and their ability to induce the production of 
angiogenic factors, including  VEGF  , platelet-derived growth factor-b, NOS2, fi bro-
blast growth factor 2, IL-8 and cyclooxygenase-2. Macrophage-targeted depletion 
of HIF-1a reduced tumor growth in mice (Doedens et al.  2010 ). 

 Among anti-tumor drugs, cisplatin promotes macrophages to produce large 
amounts of NO, a reactive oxygen intermediate and proinfl ammatory cytokines, 
leading to enhanced tumoricidal activity (Chauhan et al.  2009 ). Silibinin inhibits the 
production of angiogenic cytokines and interleukins in macrophages, leading to 
angiogenesis regression (Tyagi et al.  2009 ). Finally, pantoprazole enhances  TAM   
recruitment but increases  TAMs   to an M1-like tumoricidal state (Vishvakarma and 
Singh  2010 ).    

8     Future Prospects 

 Metastatic cancer remains an incurable disease and targeting  CSCs   is a novel prom-
ising approach. Many drugs active on CSCs or metastatic niche are already used in 
clinical practice; other approaches are under clinical trials or still in a preclinical 
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phase (Ferrari and Nicolini  2012 ; Ferrari et al.  2013 ). It is likely that drugs targeting 
CSCs or their microenvironment would be mostly useful in an early phase of cancer 
history, when there is a micrometastatic spread not clinically evident. In this con-
text, such drugs, eventually combined with standard anticancer drugs, could theo-
retically eradicate the minimal residual disease. 

  Targeting   only  CSCs   may not be enough to prevent metastasis or relapse due to 
metastasis. Continued development of combination therapies with multiple targets 
(e.g. targeting CSCs, combination of chemotherapy, differentiation therapy, and tar-
geting microenvironment) will be essential. A study demonstrated that a neutraliz-
ing antibody against a membrane-associated NOTCH ligand inhibits tumor growth 
and  CSC   self-renewal in human colon cancer implanted mice (Hoey et al.  2009 ). 
Another study showed that the administration of an anti-CD123 antibody prevents 
the engraftment of serially transplanted acute myeloid leukemia into the animals, 
suggesting this antibody impedes the stem-like characteristics of leukemia cells (Jin 
et al.  2009 ). In both cases, the inhibitory abilities of the antibodies were enhanced 
in combination with chemotherapy. Releasing CSCs from their niche could enhance 
their susceptibility to chemotherapy. Indeed, when acute myeloid leukemia cells 
(Nervi et al.  2009 ) and multiple myeloma cells (Azab et al.  2009 ) are treated prior 
to chemotherapy, with a  CXCR4   inhibitor, that prevents the lodging of cancer cells 
into select microenvironments, the chemosensitivity of these cells was strongly 
enhanced. In part, release from the protection of the microenvironmental niche 
could sensitize CSCs to chemotherapeutics. It is also possible that disruption of 
 CXCL12  /CXCR4 signaling activates CSC cycling which in turn could sensitize 
CSCs to agents targeting proliferating cells. This strategy could be helpful for 
 targeting potentially dormant DTCs in patients with no clinically apparent distant 
disease (Shiozawa et al.  2013 ). 

 Tumor dormancy is another important issue. In fact, as most neoplasms are identi-
fi ed after they have reached a critical mass, the ability to block the reactivation of 
dormant  CSCs   at distant sites of metastases is a critical area of research. Dormancy 
of disseminated tumor cells (DTCs) may not be a process exclusive to metastatic 
cells that arise from established primary tumors. In fact, pre-invasive lesions also 
contain epithelial cells that can undergo epithelial–mesenchymal transition and dis-
seminate; these cells are referred to as early DTCs. Early DTCs can develop meta-
static growth capacity that manifests after long periods of dormancy. By disseminating 
at early stages, DTCs that survive may evolve divergently from the primary tumor. 
This may generate metastases with different characteristics from the primary lesion 
and may explain the lack of success of treating metastasis with therapies designed on 
the basis of primary tumor characteristics. Moreover, the vast majority of early DTCs 
in mouse models seem to be dormant, and clinical evidence supports this hypothesis. 
This suggests that persistence in a dormant state may protect these DTCs from treat-
ment, contributing to late recurrence of disease (Sosa et al.  2014 ). Possible therapeu-
tic strategies mimic the dormancy programme to sustain dormant DTCs and thereby 
prevent relapse.  Cancer    therapy   may force surviving residual tumor cells into dor-
mancy by activating stress signalling (Schewe and Aguirre-Ghiso  2009 ; Kobayashi 
et al.  2011 ). An example of this may be tumor cells that are known as drug-tolerant 
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persisters that survive targeted therapies by altering epigenetic mechanisms (Sharma 
et al.  2010 ). Drugs commonly used in clinic may be useful to induce dormancy in 
DTCs. One study showed that, in both primary cells and breast cancer and leukemia 
cell lines, the  DNA methylation   inhibitor 5-azacytidine alone caused decreased 
expression of G0 to G1 exit genes (Tsai et al.  2012 ). Also, HDAC inhibitors or DNA 
demethylating agents might represent alternative adjuvant therapies to induce pro-
longed dormancy of uveal melanoma or other types of DTCs (Sosa et al.  2014 ). 

 Among new therapeutic targets,  ECM   has gained importance in the recent years. 
Recent advances in knowledge about the role of TNC and POSTN in the metastatic 
microenvironment suggest that these ECM components as new therapeutic targets 
(Malanchi et al.  2011 ; Oskarsson et al.  2011 ). 

 As pro-tumoral activity of  TAMs   largely depends on their recruitment and acti-
vation, therefore therapeutic strategies against TAMs should be aimed at inhibiting 
macrophage recruitment, suppressing  TAM   survival, enhancing M1 tumoricidal 
activity of TAMs and blocking M2 tumor-promoting activity of TAMs. So far, many 
agents have been identifi ed as candidate drugs, either as inhibitors of macrophage 
accumulation or as modulators of TAM properties. Using immune system to treat 
cancer is a promising approach. As TAMs contribute to chemoresistance and radio- 
protective effects, TAM-targeted strategies may also improve the effi cacy of con-
ventional therapies in some cases (Tang et al.  2013 ). 

 Finally, an important step will be the identifi cation of additional markers that 
provide even more specifi c isolation and characterization of  CSCs  , particularly in 
solid tissues, particularly markers that can be used for localization and visualization 
of CSCs in situ, to facilitate anatomical localization of the niche as well. However, 
it will likely be a signifi cant task given the complexity of the niche, comprising 
fi broblastic cells, myeloid and other infl ammatory cells, endothelial and perivascu-
lar cells (or their progenitors), and  ECM   components (Sneddon  2007 ). Functional 
studies will be crucial for understanding the contribution of defi ned molecular con-
stituents of metastatic niche to  CSC   physiology.     
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