
UCLA
UCLA Previously Published Works

Title
Drug Development for Metastasis Prevention

Permalink
https://escholarship.org/uc/item/2462h1zk

Journal
Critical Reviews™ in Oncogenesis, 20(5-6)

ISSN
0893-9675

Authors
Fontebasso, Yari
Dubinett, Steven M

Publication Date
2015

DOI
10.1615/critrevoncog.v20.i5-6.150
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2462h1zk
https://escholarship.org
http://www.cdlib.org/


Drug Development for Metastasis Prevention

Yari Fontebasso and Steven M. Dubinett
Division of Pulmonary and Critical Care Medicine, David Geffen School of Medicine at UCLA, 
37-131 Center for Health Sciences, 10833 Le Conte Avenue, Los Angeles, CA 90095, USA

Abstract

Metastatic disease is responsible for 90% of death from solid tumors. However, only a minority of 

metastasis-specific targets has been exploited therapeutically, and effective prevention and 

suppression of metastatic disease is still an elusive goal. In this review, we will first summarize the 

current state of knowledge about the molecular features of disease, with particular focus on steps 

and targets potentially amenable to therapeutic intervention. We will then discuss the reasons 

underlying the paucity of metastatic drugs in the current oncological arsenal and potential ways to 

overcome this therapeutic gap. We reason that the discovery of novel promising targets, an 

increased understanding of the molecular features of the disease, the effect of disruptive 

technologies and a shift in the current pre-clinical and clinical settings have the potential to create 

more successful drug development endeavors.
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Introduction

Metastasis is defined as the dissemination of transformed cells from their site of origin to 

distant sites, where these transformed cells can eventually lead to growth of secondary tumor 

colonies. A substantial therapeutic effort in oncology has been focused on halting cancer 

growth. However, more than 90% of death from solid tumors is due to metastasis, rather than 

to the primary tumor 1. Several factors have led to the paucity of therapeutic options that 

specifically target metastasis. First, metastatic spread is a multi-step and multi-factorial 

process in which many of the potential molecular targets remain to be defined. Second, the 

majority of the metastasis-specific targets identified to date act as suppressors, thus drug 

development efforts are faced with the challenging task of activating suppressors, rather than 

inhibiting overactive effectors. Third, the development of drugs targeting metastatic disease 

requires preclinical models that address the metastatic process rather than the standard 

models that are predominately based on primary tumor growth. Fourth, the paradigm that 

underlies most clinical trials is currently focused on growth inhibition; trial design for 

metastasis prevention in many clinical settings is often challenging to due to both the 
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number of patients required and increased study duration. Despite these challenges, the 

increasing understanding of the metastatic process and the existence of metastatic molecular 

targets largely shared across multiple cancer subtypes lend optimism to more successful 

drug development endeavors.

Steps of the metastatic cascade

The long-standing view of metastasis as the consequence of late-stage tumor shedding has 

been challenged in some instances by evidence supporting early dissemination and the 

proposal of a model of parallel progression for metastasis. In the prototypical model of 

cancer dissemination, based on the initial description by Leslie Foulds 2, metastasis arise at 

late stages of primary tumor development, following a stepwise linear progression of 

morphological changes. In this scenario, metastasis occurrence depends on the formation of 

a fully malignant tumor of significant size. Conversely, the parallel progression model 

postulates the early dissemination of cells from tumors at initial stages of development, 

possibly even before malignant conversion, and the development of some of these cells into 

secondary tumor masses. Both models are supported by histological, ontogenic, genetic and 

molecular evidence 3, thus it is possible that both mechanisms can contribute to metastasis 

formation.

Irrespective of the process that takes place, hematogenous metastasis can be summarized 

into six major steps, collectively known as the metastatic cascade: mobilization, invasion, 

intravasation, transit within the vasculature and arrest, extravasation and colonization (figure 

1).

Mobilization

Cell-cell adhesion is a key factor in maintaining a compact primary tumor mass. Structures 

such as adherens junctions (including desmosomes), gap junctions and tight junctions all 

contribute to epithelial tissue cohesiveness. In the primary tumor, alterations of these 

cohesion structures lead to increased potential for cell detachment and dissemination 4. An 

expanding body of evidence supports a role for Epithelial-Mesenchymal Transition (EMT) 

in the steps that allow transformed cells to actively detach and migrate from the primary 

tumor. Importantly, several studies suggest that EMT, by triggering the acquisition of stem 

cell properties in cancer cells, would facilitate dissemination and metastasis 5,6.

EMT, originally described as a feature of morphogenesis, is the process whereby polarized 

epithelial cells, closely connected and adherent to the basal lamina, assume mesenchymal 

properties, including lack of polarity and diminished cell-cell adhesion. Key molecular 

features of EMT are the down-regulation of the transmembrane adhesion protein E-Cadherin 

(a master regulator of EMT), claudins and ZO-1 and increase in mesenchymal markers such 

as N-cadherin, vimentin and fibronectin, in addition to a series of cytoscheletal 

reorganization events 7. Although the relevance for EMT in the metastatic process has been 

long debated, recent work in colorectal carcinoma with a budding invasion phenotype has 

provided morphological evidence supporting this involvement 8. One of the reasons 

justifying the caution surrounding the relationship between EMT and metastasis is the 

heterogeneity of the primary tumor population, in which cells may be at different stages of 
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EMT, and only a fraction of cells that have fully undergone EMT will metastasize 

successfully.

During embryogenesis, EMT is driven by up-regulation of several transcription factors, 

including: 1) the Snail zinc-finger family members SNAI1/Snail1 and SLUG/SNAI2; 2) the 

zinc-finger E-box-binding homeobox family proteins ZEB1 and ZEB2 (SIP1); 3) the basic 

helix–loop–helix (bHLH) family of transcription factors TWIST1, TWIST2 and E12/E47 
9,10. All these transcription factors have been associated with repression of the adhesion 

protein E-Cadherin (CDH1), a key event in metastasis 11–19.

Multiple mechanisms act in concert to down-regulate CDH1, including direct and indirect 

repression of the CDH1 promoter and additional modulatory effects by miRNAs 7. Snail, 

ZEB and bHLH factors, regulated at a transcriptional and at a post-translational level, have 

been shown to be key regulators of this process, as they bind directly to E-box consensus 

sequences in the E-Cadherin promoter, activity facilitated by local chromatin remodeling 
11,20–23. Complex mechanisms of regulation have emerged from the study of these factors. 

For example, in the case of SNAI1, its subcellular localization is modulated by Pak1-

dependent phosphorylation 24,25, whereas interaction with Glycogen synthase kinase 3ß 

(GSK3ß) and Lysyl-oxidase-like 2 and 3 (LOXL2 and LOXL3) are determinants for Snail1 

stability 26,27. Importantly, LOX family members have been shown to play a part in the 

mediation of the metastatic and pre-metastatic niches 28. Upstream, recent studies have 

revealed an intricate cross-talk between TGFß, RTKs-Ras, Notch, hedgehog and Wnt / ß-

catenin pathways (reviewed in 29. Further modulation is provided by the activity of the high-

mobility group protein HMGA2, by prostaglandin E2 (PGE2) 30,31, and by a series of 

autocrine and paracrine signals 23,32. Snail1 can also bind and repress its own promoter, 

providing an additional layer of auto-regulatory complexity to this network 33. While some 

of the above signals appear to be common regulators for Snail, ZEB and bHLH factors, 

others seem to be specific. Further to E-Cadherin, the regulation of other structural proteins 

involved in cell-cell adhesion is altered during the execution of the EMT program. This list 

includes the claudin family of proteins associated with tight junction formation 4.

A plethora of other downstream effectors are targeted by Snail, ZEB and bHLH (reviewed in 
23, which effectively act as triggers for the EMT program. In the context of EMT in 

carcinogenesis, this activity is confirmed by substantial evidence showing the 

overexpression of SNAI1, SNAI2, ZEB1, ZEB2 and TWIST1 in a variety of human tumors 

including breast, ovarian, colon, lung, gastric, hepatic and skin; in the majority of these 

cancer types, the overexpression of the above CDH1 repression factors is generally 

associated with invasive phenotype, secondary metastasis and poor prognosis 23.

Another feature that appears to be relevant for tumor progression and metastasis is the pro-

survival and anti-apoptotic properties of SNAI1, SNAI2, TWIST and E47 34–39. These pro-

survival features appear to be also relevant for resistance to anoikis, a form of programmed 

cell death that transformed cells need to overcome in order to survive detachment from the 

extracellular matrix (ECM) 40. Thus, the role of EMT appears not be confined to conferring 

migratory and invasive properties to tumor cells. Several studies support a role for EMT in 

maintenance of stem cell features, anti-apoptotic and anti-senescence properties, in the 
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suppression of immune reactions and in acquired resistance against chemotherapy and 

radiotherapy 7.

Invasion

The basement membrane, a type of extracellular matrix (ECM), is a dense matrix of tissue 

which separates the epithelium from stroma and interstitial matrix. The basement membrane 

consists of proteins such as laminin, collagen IV and heparin sulphate proteoglycans. 

Broadly speaking, matrix metalloproteinases (MMPs) are the predominant factors 

responsible for EMC degradation, enabling tumor invasion 41.

In recent years, a complex dynamic interplay between tumor cells and ECM has emerged. 

While transformed cells need to degrade the ECM surrounding them in order to disrupt the 

basement membrane and ultimately invade neighboring tissues, the ECM orientation, 

organization and chemical modification has been shown to act as a facilitator, as well as a 

hurdle, in this process 42. Evidence for tumor-driven ECM degradation has been found, for 

instance, with the E-cadherin repressors Snail1 and Slug –dependent up-regulation of 

MMP-2 and MMP-9 43. Furthermore, increased expression of the collagen receptor 

discoidin domain-containing receptor 2 (DDR2), observed in invasive breast carcinoma, 

stabilizes Snail1, which in turns promotes invasion and migration through collagen I-

enriched matrices 44.

Despite being recognized as a key step in the early stages of metastatic spread, evidence 

suggests that EMT is not the only mechanism that enables tumor cell migration and 

invasion. Single amoeboid invasion, collective passive invasion, collective to amoeboid 

transition (CAT) and mesenchymal to amoeboid transition (MAT) have been observed in 

several human cancer types 45,46, depicting a scenario where cancer cell mobilization and 

invasion are plastic and dynamic mechanisms, likely dependent on tumor localization and 

interplay with the surrounding microenvironmental conditions. Another important aspect of 

cell motility and invasion is represented by Rho proteins and effectors like the Rho-

associated protein kinases ROCKs. These are key regulators of actin cytoskeleton 

movement, required for cell contraction and enhanced cell motility during invasion 47. 

Additionally, tumor cells have been shown to recruit macrophages through secretion of 

chemoattractants such as colony-stimulating factor-1 (CSF-1). Tumor-associated 

macrophages play a direct role in facilitating ECM remodeling, invasion and intravasation 
48.

Intravasation

Although the hematogenous spread via the vascular space has been considered as the main 

route for cancer cell dissemination, increasing evidence supports an important role for 

lymphangiogenesis and the lymphatic system as an alternative vehicle for disseminating 

cancer cells, at least for some solid tumor types 49.

Although it is generally assumed that cancer cells transmigrate through blood and lymphatic 

vessels by active migratory mechanisms, evidence supports the notion that passive and 

coincidental intravasation is a common occurrence and contributes to the entry of tumor 

cells into the vasculature 50. The poorly organized and highly permeable nature of blood 
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vessels stimulated by angiogenesis around the tumor might allow this passive modality of 

transmigration 51.

Another area of active investigation surrounds the involvement of cytokines and chemokines 

that promote cell intravasation. While transforming growth factor-ß (TGFß) and vascular 

endothelial growth factor (VEGF) released by tumor cells increase entry into vasculature 

and favor metastasis, tumor-associated macrophages appear to play an equally important role 

by secreting epidermal growth factor (EGF) and tumor necrosis factor 1α (TNF1α), which 

further facilitate the transmigration process 52. Several other factors are shared between the 

invasion and the transmigration processes, primarily with the involvement of 

metalloproteinases such as metalloproteinase 1 (MMP1) and membrane-type-4 matrix 

metalloproteinase (MT4MMP, also known as MMP17), secreted by cancer cells and 

favoring disruption of cell-cell junctions in the endothelial barrier 52–54. Intriguingly, factors 

expressed on the surface of tumor endothelial vasculature such as a disintegrin and 

metalloproteinase 12 (ADAM12) additionally contribute to disruption of endothelial 

junctions and favor tumor cell intravasation 55.

Transit within the vasculature and arrest

Once in the vasculature, tumor cells interact with blood and immune cells such as 

endothelial cells, platelets, mast cells, lymphocytes, macrophages, and progenitor cells 

derived from bone marrow. Amongst all these cell types, the interaction between cancer cells 

and platelets appears to be particularly significant. Seminal work by Trousseau in 1865 56 

led to the notion that alterations in the blood coagulation system support metastatic cancer 

progression 57. Following activation by thrombin, platelets attach to injured vessels and 

trigger downstream coagulation processes 58. As the vasculature represents a hostile 

environment for circulating cancer cells, activated platelets appear to play an essential role in 

survival of hematogenous metastatic cells. In the current model, following intravasation, 

tumor cells activate and bind platelets, which favor immune evasion and ultimately tumor 

cell adhesion to blood vessels and extravasation towards secondary sites. However, a 

complex interplay is emerging between the coagulation system and tumor cells in which the 

role for platelet support of tumor metastasis seems to extend to earlier stages of tumor 

progression such as vasculature remodeling, angiogenesis and maintenance of tumor 

vasculature integrity 58.

The formation of hetero-aggregates involving tumor cells, platelets and leukocytes is 

suggested to promote the initial adherence of metastatic cells to the endothelium, similarly 

to the “rolling and tethering” scenario observed during leukocyte recruitment in 

inflammatory processes. The interaction between the hetero-aggregate and the endothelium 

is enabled by a class of membrane proteins referred to as selectins 59. Firm arrest of the 

hetero-aggregate to the endothelium is mediated by platelet transmembrane integrins 

(primarily integrin αIIbß3), CD44 and MUC1 52,58.

Adhesion is not the only mechanism responsible for the arrest of cancer cells in the capillary 

beds: physical entrapment has been shown to play a part, for instance, in murine models of 

melanoma and colon carcinoma 60,61.
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Extravasation

The role for platelets and macrophages in supporting metastatic cells could extend to 

promoting tumor cell extravasation by modulation of vasculature permeability, a process that 

physiologically helps immune cells to reach sites of inflammation. This process could be 

influenced, directly or indirectly, by release of factors such as platelet-derived growth factor 

(PDGF), TGFß, EGF, insulin-like growth factor 1 (IGF1) and vascular endothelial growth 

factor (VEGF) 52,58.

A role for chemokines has been shown in the regulation of metastatic cell extravasation. In 

this context, the complementarity between chemokines and their receptor expression plays a 

part in the clinically observed organ-specific colonization of distant sites 62,63. In particular, 

the CXC-chemokine ligand 12 (CXCL12) has been frequently implicated in attracting 

cancer cells expressing its receptors C-X-C chemokine receptor type 4 (CXCR4) in 

promoting retention of those tumor cells at specific secondary sites 62.

Chemokines produced by cancer cells have been shown to promote extravasation and to 

attract leukocytes, which facilitate immune evasion 52. In addition, neutrophils, monocytes 

and macrophages play a direct role in metastatic cell extravasation. For instance, neutrophils 

have been shown to potentiate the attachment of melanoma, breast and lung cancer cells to 

the endothelium, whereas monocytes are recruited by breast cancer cells secreting the 

chemokine CCL2 (C-C motif ligand 2) to induce VEGF-dependent promotion of 

extravasation 52,64,65.

Mechanistic details are currently lacking regarding the steps following cancer cells crossing 

of the endothelial cell barrier and the invasion of the basement membrane surrounding the 

vasculature.

Of note, extravasation is not a mandatory step for all cancer types prior to colonization of the 

secondary site, as several cancer cell lines have been shown to start proliferating within the 

vasculature lumen before extravasation 52,66.

Colonization

Intravasation, transit through vasculature and extravasation represent extremely stressful 

steps for invading cancer cells. Early studies have shown that an estimated 0.01% of the 

millions of cells that are released every day from a fully formed tumor are able to survive 

and form metastatic colonies 50,52. Mechanical shear stress and cell-mediated cytotoxicity 

are likely to be responsible for the majority of tumor cell death. Tumor cells that survive 

extravasation can find a challenging environment at the secondary sites that can often lead to 

further cell death. A considerable amount of evidence indicates that the tumor-host 

interaction is a key determinant of survival and proliferation of metastasizing cancer cells. In 

particular, the interaction of tumor cells with the ECM and with the host stromal cells in the 

secondary site, as well as effective vascularization and escape from immune surveillance, 

determine whether tumor cells will encounter death, go into dormancy or proliferate into 

macrometastases 66. The concept of the complex crosstalk between cancer cells and host 

microenvironment was proposed in the early years of cancer research in the “seed and soil” 
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hypothesis by Stephen Paget, in which the cancer cells (the “seeds”) need a suitable 

recipient (the “soil”) in order to proliferate 67.

Tumor cell integrins and surface receptors such as CD44 mediate the interaction with ECM 

components in the secondary site. The contribution of growth factors such as TGF-ß, bone 

morphogenic proteins (BMPs) and VEGF, present in the ECM, is also likely to influence the 

survival and the progression of metastasizing cells 66. Other factors such as the interaction 

with immune cells such as macrophages, efficient angiogenesis supporting the metastasis 

survival and the interaction with particular cell types have a major impact in determining the 

next steps following early colonization 68. Primary tumors seem to further contribute to this 

scenario by directly or indirectly priming host sites for the favorable receipt of metastasizing 

cells, a concept that is referred to as the formation of “pre-metastatic niches” 66.

Once in the parenchyma, these tumor cells can grow into full overt metastases. However, an 

increasing body of literature supports the notion that tumor cells that have colonized a 

secondary site (often called disseminated tumor cells, DTCs) often enter a long-lasting state 

of dormancy, which might be the underlying cause of tumor reoccurrence.

Tumor dormancy and reactivation

Despite the potential relevance of this process for tumor reoccurrence after surgical resection 

of the primary tumor, this aspect of oncological research has been relatively understudied, 

partly due to lack of relevant models. Tumor dormancy was first proposed by Rupert Willis 

in 1934 as a state of tumor growth arrest, later redefined by Geoffrey Hadfield as ‘temporary 

mitotic arrest’ 69,70. It should be noted that primary tumor dormancy and metastatic 

dormancy are thought to be mechanistically distinct processes: while the former is 

considered as a lag time necessary for the newly formed neoplastic cells to bypass apoptosis 

or senescence, the latter is the delay in growth due to adaptation to the new 

microenvironment 5.

Metastatic dormancy can be classified according to the signals responsible for antagonizing 

cell proliferation: cellular dormancy (due to intrinsic and extrinsic cellular signals that lead 

to G0-G1 arrest), angiogenic dormancy (due to limited vascularization) or immune-mediated 

dormancy (due to immune-mediated cytotoxicity)71. During dormancy, enhanced survival 

signals appear to be a pre-requisite, for example in the form of paracrine interactions with 

the tumor microenvironment that lead to enhanced Akt signaling via the Src 72 or VCAM1-

Ezrin 73 axes. Additionally, endogenous stress signals via the p38 mitogen-activated protein 

kinases (MAPK) may contribute to the same aim 5. Conversely, the identification of 

metastasis-specific suppressor genes involved in inhibition of mitogenic signals and 

activation of stress response signaling suggests that deregulation of signals from the tumor 

microenvironment is partly responsible for the maintenance of tumor dormancy itself 74. 

Contextual and systemic paracrine signals limiting the capacity for self-renewal in tumor 

cells may also play a part in keeping tumor cells dormant, as shown for bone morphogenetic 

proteins (BMPs) 75,76. Thus, it appears plausible that reactivation of tumor cells from 

dormancy is mediated by overcoming inhibitory signals from the microenvironment. Recent 

studies support the importance of stem cell signals such as the tenascin C – mediated 
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elevation of Wnt and Notch pathways 77,78 and Periostin-driven facilitation of the Wnt 

pathway 79.

Even when metastasizing cells are released from the G0-G1 arrest, these cells need to be 

supported by increased vascularization in order to proliferate into a growing secondary 

tumor mass. The steps that actively induce angiogenic dormancy, and/or allow angiogenesis 

reactivation, are not currently clear. However, it is likely that this process parallels the so-

called angiogenic switch for primary tumors 71, where a balance between pro- and anti-

angiogenic factors determines whether tumor cells will be served by vascularization 

sufficient to sustain their growth. Local as well as systemic signals can affect angiogenic 

dormancy, for instance as shown by the activity of Prosaponin, VEGF and Angiopoietin 2 in 

prostate, lung and breast cancer respectively 5.

Immune suppression adds a further layer of complexity to the maintenance of 

micrometastatic lesions in a dormant state. It has been known for years that the immune 

system has a role in controlling tumor growth, a property that is being successfully exploited 

with the recent success with immune therapies which elicit immune responses against tumor 

cells 80–83. Studies confirm that tumor cells that escape immune-mediated cytolysis are kept 

in a dormant state by the immune system 84–86.

The involvement of MET in tumor reactivation

The postulated role for Mesenchymal-Epithelial Transition (MET), the reverse process of 

EMT, as a pre-requisite for metastatic colonization has received so far only limited 

experimental support 87,88, and it is not clear whether MET precedes or follows reactivation. 

The requirement for cancer cell proliferation in the colonized niche would suggest that it 

would be advantageous for these cells to retain the enhanced self-renewal capacity that is 

conferred by the stem cell-like properties associated with the activity of the EMT-inducing 

factors Twist, Snail and ZEB1 7. In fact, a recent study suggested that the above states are 

not mutually exclusive, as the EMT status can be uncoupled from its associated stem cell 

properties, for instance by suppression of the EMT inducer Prrx-1, which allows retention of 

stem cell properties while reverting to the epithelial phenotype 89.

The current status of antimetastatic strategies

Although the metastatic cascade offers several potential drug targets in its multiple steps, the 

paucity of current treatments targeting metastasis is staggering. The reasons underlying this 

gap in the modern anti-oncological drug arsenal are multifaceted and they will be discussed 

in the following section.

The current section focuses on approaches at various steps of the metastatic cascade that 

have shown some pre-clinical and clinical efficacy (summarized in table 1). Broadly 

speaking, anti-metastatic approaches can be classified into three categories: 1) approaches 

that inhibit early steps of metastasis, thereby preventing metastatic spread (primary 

prevention); 2) approaches that prevent further dissemination after initial dissemination has 

occurred; 3) approaches that kill dormant cells or maintain them in a dormant state 

(secondary prevention).
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Targeting EMT

The importance of migration in early steps of tumorigenesis has been recently confirmed by 

a spatial model for tumor evolution, which showed that short-range movement of cells 

within a tumor mass significantly affects tumor growth rate and drug resistance. 90 Because 

of its involvement at the very early steps of cell mobilization in the metastatic cascade, EMT 

is considered a particularly promising target as adjuvant therapy with the objective of 

preventing early metastatic spread or drug resistance in patients with no pre-existing 

metastases 91. The first approach could be to target intracellular signals triggering the EMT 

cascade. Despite being considered challenging targets, the development of inhibitors of 

transcription factors such as STAT3 92–94 encourages similar efforts to target Snail, ZEB and 

bHLH EMT-inducing transcription factors directly. Because it can be anticipated that the 

success of these approaches may be thwarted by signal transduction pathway redundancy, 

which could lead to rapid resistance, combined therapies could represent a preferred 

therapeutic route. Alternative indirect approaches to target EMT-inducing factors like SNAI1 

have been suggested through the use of inhibitors of the nuclear exporter CRM1/XPO1 95. A 

second approach is represented by targeting mesenchymal markers such as vimentin, N-

cadherin and fibronectin, the expression of which increases after EMT induction has taken 

place 7. This strategy could be useful also to target more advanced stage of the metastatic 

disease. Compounds such as Whitaferin-A have been shown to induce the degradation of 

vimentin and to inhibit cell migration, invasion and metastasis formation in in vitro and in 
vivo models of breast cancer 96, proving the feasibility of this approach. Another promising 

example of therapeutic targeting of mesenchymal markers was shown by the use of an N-

cadherin antibody inhibiting prostate cancer growth and metastasis in vitro and in vivo 97. 

Finally, a fourth approach could be aimed at maintaining the mesenchymal phenotype, for 

instance as shown by targeting of the Axl kinase with the small molecule inhibitor BGB324 
98.

A broader approach is represented by targeting factors acting as upstream modulators of the 

EMT program. Complex networks of paracrine signals mediated by the microenvironment 

and affecting EMT have been identified 32,99–102; some of these factors have already been 

explored as potential therapeutic targets. The inhibition of several receptor tyrosine kinases 

(RTKs) for growth factors showed effects on EMT, such as the partial EMT inhibition shown 

for the epidermal growth factor receptor (EGFR) inhibitors gefitinib and AG1478 103,104, 

while EMT status is a determinant of sensitivity to erlotinib 101,105. Other RTK targets that 

have been explored include the HGF receptor / c-Met 106–108 and PDGF receptor 109. The 

TGFß / SMAD axis has also been considered as a target, showing that inhibiting TGFß 

signaling attenuates migratory properties in several models of human cancer 110,111. 

Antibodies directed against TGFß such as Fresolumimab / GC1008 are currently tested in 

clinical trials for oncological indications 112.

As Wnt, Notch and Hedgehog signaling cascades are implicated in regulatory networks of 

physiological EMT 113, it is not surprising that interference with these pathways is being 

explored as a therapeutic avenue for cancer treatment. For example, Wnt signaling factors 

WNT1, CTNNB1 or AXIN2 induce EMT in breast cancer cells, whereas other factors like 

WNT5A, SFRP3 and dickkopf 1 homologue (DKK1) have suppressive effects on EMT-

Fontebasso and Dubinett Page 9

Crit Rev Oncog. Author manuscript; available in PMC 2019 May 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



associated markers 114–116. However, the possibility of targeting Wnt signaling to inhibit 

EMT might be partially hampered by positive feedback loops such as the one observed for 

WNT5A, the suppression of which leads to decreased motility in epidermal carcinoma cells 
117. Notch signaling has been shown to directly and indirectly regulate SNAI1 expression 
113. Accordingly, Notch inhibition has been successfully employed in pre-clinical studies 

where it was shown to reverse EMT in lung cancer 118 and inhibit metastasis associated with 

upregulated Snail signaling in breast and liver cancer models 119,120. Members of the 

Hedgehog signaling pathway promote the transcription of EMT factors such as SNAI1 121. 

The disruption of the Hedgehog factor Shh with cyclopamine, for instance, has been shown 

to inhibit EMT in several models of cancer cells, including colon and pancreas 122,123. 

Targeting the Wnt, Notch or Hedgehog pathways may represent a successful strategy that 

could address the dynamic nature of the paracrine EMT regulation in metastatic colonies. 

However, considering the complexity of these regulatory networks, further studies are 

needed to define the most effective targets able to elicit a consistent and durable decrease in 

EMT signaling.

Targeting motility, invasion and altered cell adhesion

Based on substantial preclinical data, matrix metalloproteinase inhibitors had been hailed 

amongst the most promising approaches in targeting metastasis. However, more than 50 

MMP inhibitors have failed to show any efficacy in clinical trials to date 124. Several reasons 

can be imputed to this failure, including lack of precise understanding of the complex 

biology of these proteases. For instance, it is now known that MMP inhibition can cause a 

switch to amoeboid motility 125; additionally, many MMPs can have opposing effects that 

can ultimately have an impact on many aspects of tumor progression in an undesirable 

manner 124. Despite this, new approaches for drug optimization and a deeper understanding 

of the biology underlying MMP structures and functions may eventually lead to a new, more 

effective generation of inhibitors, which may include highly specific monoclonal antibodies 

as catalytic domain inhibitors 126.

The urokinase-type plasminogen activator (uPA) and its receptor uPAR seem to be 

particularly promising targets. uPAR has pleiotropic functions that bear relevance for EMT 

initiation, tumor angiogenesis, invasion and metastasis 127. Several inhibitors of the uPA 

system are currently being investigated in phase I and II clinical trials 127.

Targeting the motility regulators Rho proteins and their effectors, such as the Rho-associated 

protein kinases ROCKs, represents another promising approach. Elevated levels of ROCK 

types I and II have been found in several human cancers, including breast, osteosarcoma, 

liver and bladder, and are generally correlated with poor prognosis 47. To this date, there are 

no clinical trials employing ROCK inhibitors, although pre-clinical data with the inhibitors 

Fasudil, Wf-536, Y-27632, and RKI-1447 show consistent reduction in tumor progression in 

murine models of liver, lung, breast cancer and myeloma 128–132.

Alternative approaches to perturb the ECM are currently being investigated. Strategies 

targeting integrins have been proposed, mainly based on peptidomimetics, peptide inhibitors 

and antibodies. Interference with αVβ3, αVβ5 and ß1 integrin activity has shown 

encouraging results in several types of cancer (for a complete review, see 133. In particular, 
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the use of Cilengitide, an Arg-Gly-Glu(RGD)-containing pentapeptide, has shown efficacy 

in phase I and II clinical trials for the treatment of glioblastoma 134,135. A recent failure in 

phase III for the same indication 136 has not stifled further studies and interest in this class of 

compounds 137.

LOX family proteins have been proposed as potential targets, encouraged by pre-clinical 

data showing reduction in hypoxia-induced metastasis upon their inhibition 138. To date, the 

only approach that has reached the clinic is based on the monoclonal antibody Simtuzumab, 

targeting LOXL2 for the treatment of colorectal adenocarcinoma and metastatic pancreatic 

adenocarcinoma in two clinical trials currently being evaluated.

The cell-ECM receptors of the DDR family DDR1 and DDR2 can be also considered as 

potential targets in metastatic disease. DDRs can be targeted at the level of ECM-

extracellular domain interaction, by blocking the conformational change necessary for 

activation, or at the level of DDR kinase activity. Several of these strategies have been 

explored (reviewed in 139. To date, the identification of highly specific and effective DDR 

inhibitors for metastasis has not been successful, but research is ongoing.

Targeting anoikis resistance

The resistance to apoptosis triggered by cell detachment (anoikis) can be targeted by 

antagonizing survival signals. Considering the short time window of cell circulation into the 

bloodstream, anoikis resistance may be a more relevant target at early stages of the 

metastatic disease, prior to intravasation. Very few mechanistic details are currently known 

about this process and about its relevance in metastasis.

Studies show that the brain-derived neurotrophic factor (BDNF) receptor trkB has a key role 

in anoikis resistance 140 and has been successfully targeted by Tkb tyrosine kinase inhibitors 

like CEP701 and CEP2563 141. Other proapoptiotic strategies have involved the use of PI3K 

pathway inhibitors ZSTK474, PI103 and LY294002 in in vitro and xenograft models 142,143.

Targeting cell survival during the transit within the vasculature

Disrupting the protection against apoptosis provided by platelets has been considered a 

viable therapeutic option following several studies observing inhibition of metastasis upon 

genetic or antibody-mediated depletion of platelets in mouse models 58. Administration of 

anticoagulants is commonly utilized in clinical practice to prevent and treat cancer-related 

venous thromboembolism and there has been some success in preclinical studies suggesting 

this approach for metastasis prevention. For example, entities such dipyridamole and 

RA-233 have been shown to prevent hepatic metastasis in nude mice 144, while the use of 

antibodies directed against tumor integrin αVβ3 disrupted tumor-platelet interaction, with 

anticancer and antiangiogenic effects 145. The use of anticoagulants as a specific metastasis 

prevention strategy has so far been confined to animal models, with limited success and 

significant risk of bleeding complications 146. A recent study suggested that the anti-

coagulant properties of proteins such as Serpine2 and Slpi are able to promote intravasation 

and metastasis by preventing clotting at the vascular-extravascular interface 147. This event 

might be important in vascular mimicry, a process whereby tumor cells form endothelial-like 

channels to bypass the requirement for true angiogenesis 148. Thus, critical questions remain 
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as to whether anti-coagulant approaches should be considered for metastasis prevention, and 

whether this strategy could be safely used for extended treatments.

Targeting arrest and adhesion

Studies revealing the interaction between tumor hetero-aggregates and the endothelium have 

suggested that the disruption of this binding could prevent the next steps in the cascade. The 

inhibition of the interaction between P(latelet)-, E(ndothelium)- and L(eukocyte)-selectins 

has been successfully exploited in experimental models of metastasis and in mice 141. Other 

approaches proposed include hyaluronic acid and its receptor CD44; for instance, 

suppressing the hyaluronan synthase with 4-methylumbelliferone suppressed liver 

metastases of melanoma cells in mice 149.

Targeting extravasation

The interaction between the chemokine SDF1/CXCL12 (CXC-chemokine ligand 12) and its 

receptor CXCR4 has been the focus of drug development efforts as HIV entry inhibitors 150. 

Considering the key importance of this chemokine in determining metastatic organ tropism, 

some of those drugs have been tested in the context of metastatic disease, which 

demonstrated successful metastasis inhibition in mice models, for instance with the CXCR4 

antagonists 4F-benzoyl-TE14011 and 4F-benzoyl-TN14003 151,152. Invasiveness and 

metastasis inhibition was shown also for the CXCR4 antagonist AMD3100 / plerixaflor in 

models of metastatic breast and pancreatic cancer, amongst others 153,154. Several small 

molecules and biopharmaceutics acting on the CXCL12-CXCR4 axis have been patented, 

some of them currently being tested in the clinic for oncological indications from leukemia 

to a range of refractory metastatic solid tumors 155. Importantly, recent studies have 

extended the therapeutic scope for CXCR4 antagonists as modulators of immune system 

responses that can lead to increased sensitivity to anti-PD-L1-based immunotherapy 156. 

CXCR3 has also been recognized as an alternative potential target, as its antagonism by the 

small molecule inhibitor AMG478 led to suppression of lung metastasis of metastatic breast 

cancer in mice 157.

Targeting colonization

Recognizing the key role of tumor-host interactions in the early steps following 

extravasation for the successful establishment of macrometastasis 66, several different 

therapeutic approaches have been proposed and tested. First, the use of entities that alter the 

dynamic interaction between the tumor cell and the host microenvironment (discussed above 

for earlier steps: paracrine EMT signal disruptors, integrin antagonists, LOX and DDR 

inhibitors, CD44-hyaluronan interaction disruptors) may as well affect this later stage of the 

metastatic cascade. Second, interactions between the host organ parenchyma and tumor cells 

may be successfully modulated, especially when organ-specific cells are involved (such as 

cytokine-mediated interactions of osteoclasts or osteoblasts with breast and prostate cancer 

cells, respectively) 66,158. Immune cells such as macrophages, CD8+T and NK cells 

represent other crucial interactors for tumor cells in the host niche. The surge and recent 

success of immunotherapies suggests that modulating the immune system to elicit a 

response leading to tumor cell dormancy or kill is a feasible strategy for metastatic disease. 
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Although a detailed account of immunotherapy approaches is outside the scope of this 

review, other recent reviews highlight the importance of this area 85,159–161.

Third, active remodeling by tumor cells appears to play another fundamental role for 

macrometastasis formation. Consistently, anti-angiogenic drugs have shown promising 

results in a metastatic context. The anti-angiogenic drug TNP-470, inhibiting endothelial cell 

migration and proliferation, was amongst the first drugs to show efficacy on metastasis as 

well as on primary tumor growth in in vitro and in vivo human cell lines 162. To date, several 

drugs targeting angiogenesis have shown inhibitory effects on newly established metastatic 

colonies, including the VEGF / c-MET antagonists crizotinib, sunitinib and cabozantinib 
163–165. However, recent preclinical studies have reported contradictory results that suggest 

that anti-angiogenic therapy could in fact, in some cases, increase invasiveness and 

metastasis formation 166,167. A number of plausible reasons could explain these results: 1) 

malignant cells display high tolerance to hypoxic conditions and vigorous aggressiveness in 

response to hypoxia caused by antiangiogenic therapies; 2) antiangiogenic agents might 

create pre-metastatic niches that are favorable to micrometastasis growth; 3) metastatic 

colonies might have derived from tumors resistant to antiangiogenic treatment and might be 

less reliant on neoangiogenesis in the metastatic niche 163. Further studies will shed light on 

these mechanisms and establish optimal utilization of antiangiogenesis drugs in these 

settings.

Targeting the dormant niche

The persistence of disseminated tumor cells, the behavior of which is regulated at the level 

of their microenvironmental niche, opens promising therapeutic avenues for metastasis 

prevention. Two general strategies can be envisaged: DTCs can be kept dormant with 

chronic treatments; or, dormant cells can be eradicated with selective cytotoxic agents. 

Population-level dormancy (caused by angiogenic dormancy and immune-mediated 

dormancy, which contribute to steady-state levels of cell numbers in the metastatic colony) 

can be potentially modulated by several approaches, as described above. As far as cellular 

dormancy is concerned, it should be noted that evidence of the origin of metastases from 

dormant DTCs is still indirect and mostly circumstantial. Nevertheless, clinical evidence 

confirms that DTCs can be particularly resistant to chemotherapy, possibly due to multiple 

factors including: pre-existing mutations that confer resistance; quiescent cell cycling state; 

cellular architecture and polarity that shields DTCs from the effect of chemotherapeutics 168.

To date, some evidence supports the presence of specific cues that keep DTCs in a dormant 

state. Broadly speaking, proliferation/survival pathways and stress signaling pathways 

appear to be key determinants in this scenario, offering several potential targets with drugs 

that are already currently used in the clinic. For instance, reduced uPAR levels induced a 

prolonged state of cell dormancy in vivo via an integrin and MAPK signaling – dependent 

mechanism 169. Several reports confirm the importance of the suppressing the MAPK 

pathway for maintaining the dormant state 168, offering several potential targets such as 

integrins, EGFR, matrix metalloproteinases and PI3K. More recently, targeting members of 

the Src pathway has shown encouraging results 170. Another strategy could be to induce or 
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sustain the p38 stress pathway, known to induce a state of dormancy in a range of tumors 
171,172.

The alternative approach would be to selectively kill dormant DTCs, possibly after their 

mobilization and/or awakening. The treatment of patients with refractory acute myeloid 

leukemia (AML) offers a possible paradigm for this option. Treatment-resistant leukemic 

stem cells have been mobilized from osteoblastic niches and perivascular niches in bone 

marrow with priming agents such as Granulocyte-colony stimulating factor (G-CSF) and 

CXCR4, CD44 and integrin antagonists. Combination treatment with cytotoxic agents have 

led to successful disease remission in the clinic and in preclinical models 173–175. Whether 

such an approach would awaken dormant DTCs, and whether targets could be found that 

prevent this from happening, are still open questions. Further strategies could be explored to 

kill mobilized DTCs by exploiting vulnerabilities before they can induce further tumor 

spreading.

Finally, as suggested above, targeting the mesenchymal-epithelial transition might be a 

successful means to keep DTCs in a dormant state 91. However, this therapeutic avenue 

remains at the moment only theoretical, until more studies elucidate the requirement and the 

timing for MET in DTC awakening.

Targeting metastasis suppressors

Over the past 25 years, more than 23 genes that play a part specifically in suppressing 

metastasis, without altering the primary tumor, have been identified in a wide range of 

malignancies. These metastasis suppressor genes (MSGs) affect a breadth of metastasis-

related processes such as EMT, invasion and anoikis resistance 176. The prognostic value of 

these genes in the management of the metastatic disease is obvious and has been investigated 

in many studies; the significance of some of the most promising MSGs with prognostic 

value can be found in 177. Brief accounts of two MSGs with significant translational 

relevance are presented below as examples.

The first-identified MSG, and the most studied, is NME1, coding for the nucleoside 

diphosphate and histidine protein kinase NM23. Increasing NME1 transcription with 

pharmacologic doses of methoxyprogesterone acetate (MPA) led to significant reduction of 

soft agar colonization of metastatic breast cancer cell lines 178. In vivo administration of 

MPA resulted in reduction of pulmonary metastases in a murine model 179. Despite a clinical 

trial that was terminated in 2011 (NCT00577122) without showing clinical benefit for MPA 

administration, further studies are exploring alternative means to restore metastasis-

suppressing levels of NM23. One possible avenue that has been proposed is to antagonize 

the type 1 lysophosphatidic acid receptor (LPA1), the expression of which negatively 

correlates with NM23 levels 180. Functional suppression of LPA1 led to reduction of bone 

metastasis progression in mice 181. Rho GDP dissociation inhibitor ß (RHOGDI2) was 

found as a metastasis suppressor gene in bladder cancer 182,183. As RHOGDI2 inhibits 

endothelin 1 (ET1), administration of the ET1 antagonist atrasentan showed dramatic 

reduction of lung metastasis formation in mice injected with metastatic bladder carcinoma 

cells 184. Other MSGs that have been explored in preclinical studies are reported in detail in 
176
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Despite the great potential for targeting MSGs, the impact of this approach in the clinic has 

been very limited so far. Probably the major obstacle to overcome is the restoration of the 

levels of a suppressed gene product, a task that has been historically difficult to achieve. 

However, targeting compensatory pathways, employing novel biotherapeutical approaches 

or modulating epigenetic regulation of gene expression could provide significant progress 

and successful outcomes in this clinical space. Clinical attempts such as the restoration of 

wild-type p53 in lung cancer patients via gene therapy 185 raise the possibility that future 

investigations may eventually lead to the development of delivery systems capable of 

inducing MSGs.

Obstacles in the current metastatic drug development space

Several reasons underlie the paucity of effective treatments in the prevention of metastatic 

disease in the clinical setting. The complexity of the disease process plays a major role in 

this therapeutic gap. In addition, systematic obstacles are recognized as serious impediments 

towards more successful translational efforts.

Limitations in the current metastasis preclinical in vivo murine models

The majority of preclinical models has so far focused on short-term reduction of primary 

tumor size, despite a number of preclinical studies reported that many drugs have differential 

effects on primary tumor versus metastatic disease 186. Furthermore, the majority of our 

preclinical data for metastatic studies relies heavily on murine models, although their 

predictive power is often diminished by significant caveats.

Experimental murine models, in which metastatic cells are injected directly into the blood 

flow, offer several advantages in terms of versatility and reproducibility, but their capacity to 

recapitulate the early steps of the metastatic cascade is questionable 141.

Spontaneous models, in which murine (syngeneic) or human tumors are implanted 

orthotopically in mice, can recapitulate the disease in a satisfactory way. In these models, the 

use of metastases from patients instead of cell lines may add value. Because at least some of 

the metastatic features of established cancer cell lines may be lost in culture due to genetic 

drift or epigenetic plasticity, the direct xenotransplantation of metastatic cells into animal 

models may give answers that have more clinical relevance in a metastatic setting. Patient-

derived xenografts (PDXs) and patient-derived orthotopic xenografts (PDOXs) seem to be 

generally robust and predictive models of metastasis 187, although interspecies differences in 

tumor and stroma need to be taken into account. Increased access to and use of metastatic 

material from patients, for example by extending the reach of rapid autopsy programs 188, 

could lead to more accurate and predictive models.

Transgenic mice, where specific genes are modified with recombinant DNA technologies, 

may recapitulate the metastatic disease in a more accurate way.

Another significant limitation of each one of the above model systems is that they typically 

recapitulate only some stages of the metastatic disease, rendering fully comprehensive 

studies challenging. Finally, most of the current preclinical models fail to address the 
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question of whether the development and the treatment of metastases could be altered in the 

absence of the primary tumor, i.e. mimicking the adjuvant setting.

Limitations in the current clinical setting

Clinical trials for agents directed at metastasis prevention are difficult to design and conduct 

given the required study duration and number of patients required. Also, because inhibitors 

of metastasis are not necessarily intended to be cytotoxic or to effectively synergize with 

traditional chemotherapy regimens, usual study endpoints may not be met for agents 

designed for metastasis prevention. Thus, there has been a call for new trial designs to 

address these problems 189. In this type of metastatic setting, it has been proposed that time 

to first metastases (primary prevention trials) or time to new metastases (secondary 

prevention trials) would be more relevant endpoints than tumor shrinkage 189. Another 

requirement for these settings would be the implementation of successive biopsies and 

advanced imaging probes to accurately monitor disease progression 190.

Challenges for dormancy maintenance therapies

Amongst all the therapeutic options for metastasis prevention, therapies for chronic 

maintenance of the dormant niche face the most significant challenges. Similarly to the case 

of antiretroviral therapy for HIV, these therapies would reduce metastatic disease to minimal 

residual disease, without achieving full eradication. It has been suggested that the HIV 

paradigm would argue against a similar avenue in oncology 168.

A chronic regimen would require preceding, potentially expensive, clinical trials that should 

assess the maximum tolerated chronic dose over the course of several years of treatment. 

One potential drawback of this strategy could be that local imbalance of paracrine factors 

(for example due to inflammatory processes) could lead to reactivation of DTCs and 

overcoming of drug efficacy 168.

Finally, patient compliance and adherence to chronic therapies could pose significant 

challenges to determining true efficacy.

Future perspectives

More than 60 years after Leslie Foulds’ initial description of the steps involved in 

metastasis, limited effective therapeutic options are available for patients that focus on 

prevention or inhibition of the metastatic process. However, the dramatic progress seen in 

oncological research in recent decades lends optimism to a future where anti-metastatic 

drugs will be part of the therapeutic arsenal against cancer. As seen above, the metastatic 

process is extremely inefficient, due to the intensity of the stress that metastasizing cells are 

exposed to, as well as to healthy tissues being refractory to invading cancer cells. Thus, 

ultimately, successful metastatic therapies will be the ones that exploit the steps in the 

cascade which offer the highest vulnerability; the aim for future metastasis research will be 

to find the most targetable “Achilles heel(s)” of the cascade.

The prospect of determining biomarkers for metastatic potential that can guide drug 

development in chemoprevention is particularly intriguing. The discovery of 
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polymorphisms, genetic mutations (either germline or acquired) and plastic epigenetic 

alterations that determine susceptibility to metastasis (as opposed to metastasis-specific 

mediators) will be a required achievement for therapeutic endeavors that aim at preventing 

metastatic spread in neoadjuvant as well as adjuvant settings. These biomarkers may be 

dependent on mutational or gene expression profiles as well as microenvironmental factors 

within each malignancy, thus requiring a deeper understanding of the biology of the complex 

interplay between tumors and their surrounding stroma, especially of interactions driven by 

plastic mechanisms. In addition to epigenetic-driven plasticity, an increasing body of 

evidence points at the key role of microRNAs (miRNAs) in modulating malignant 

transformation and metastasis. For example, the regulation of EMT by the miRNA-200 

family members and their role in suppressing metastasis is perhaps the most prominent 

example 191,192. The autocrine TGF-ß/ZEB/miR-200 regulatory network has been shown to 

regulate the plasticity of the transition between epithelial and mesenchymal states 193, but it 

is clear that this axis represents only a limited portion of a much more extensive network 

including the possible activity of modulatory elements such as the recently discovered 

competitive endogenous RNAs (ceRNAs) 194. It can be anticipated that more advanced 

network-based approaches will be essential for unraveling the complexity of this crosstalk 

and guide towards the therapeutic use of these biological entities 194. In fact, despite the 

considerable challenges in delivering miRNAs to the target sites, two clinical trials are 

currently ongoing 195. miRNAs represent particularly attractive therapeutics, due to their 

specific while pleiotropic effects on multiple metastasis-related traits 192.

Exploring novel therapeutic avenues can extend to after metastatic spread has occurred. 

Appreciation of the impact that systemic modulation by primary tumors has on priming 

future metastatic niches and on influencing the growth of established metastases will likely 

bear consequences in choosing the best therapeutic options, either as single agents or in 

combination, prior to and following resection of the primary tumor. As discussed above, the 

maintenance of metastatic cells in a dormant state is likely to face considerable challenges. 

Non-genetic mechanisms are likely to play a particularly prominent role in the awakening of 

dormant cells, as they are arrested in their cell cycle progression 5. Thus, further unraveling 

of molecular details underlying these mechanisms may open effective and sustainable 

therapeutic avenues that aim to convert metastatic disease into a chronic state.

Changes in the current clinical trial setting are warranted, if true metastatic drugs are to be 

tested in a satisfactory and effective manner. With an increasing body of evidence supporting 

the case for true antimetastatic therapies, a paradigm shift may be necessary. In these 

restructured clinical settings, the implementation of advanced imaging techniques will 

provide an essential tool to monitor disease progression and inform therapeutic choices. The 

recent advances seen in single-cell high resolution fluorescent imaging and computed 

tomography (CT), magnetic resonance imaging (MRI) and positron emission tomography 

(PET) imaging recording is, in this respect, very promising 196. Other advances in diagnosis 

can provide further support to these clinical efforts. In particular, the development of robust 

assays for the detection, collection, and analysis of circulating tumor cells (CTCs) may lead 

to minimally invasive and highly dynamic monitoring of genomic changes at a single-cell 

level. Applications of this technique can be envisioned at different stages of the clinical path, 
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from detection of minimal residual disease through to monitoring of metastatic development 

(CTCs used as biomarkers) and new target identification in response to arisen resistance 45.

Finally, it cannot be excluded that emerging technologies will be able to change the 

landscape of metastasis prevention and treatment. Clustered regularly interspaced short 

palindromic repeat (CRISPR) / Cas9 – based genome editing and immunotherapy 

approaches have recently entered preclinical and clinical settings, respectively, with 

disruptive force. The application of the CRISPR/Cas9 system in a genome-wide screen in a 

metastasis murine model led to the discovery of loss-of-function mutations that drive tumor 

growth and metastasis 197. In vivo applications of this powerful genome editing technique 

might, for example, determine new avenues for restoration of metastasis suppressor genes, 

or for resensitization against acquired resistance. Immunotherapies, in particular immune 

checkpoint therapy, have already proven to be successful in treating numerous tumor types 
161, thus the application of this technique for eradication of metastatic cells kept in immune-

mediated dormancy, or in combination might be brought to bear on this problem.
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EMT Epithelial-mesenchymal transition

LOX(L) Lysyl-oxidase(-like)

MET Mesenchymal-epithelial Transition

bHLH Basic helix–loop–helix

CDH1 E-Cadherin

ECM Extracellular matrix

MMP Metalloproteinase

DDR Discoidin domain-containing receptor

TGFß Transforming growth factor-ß

VEGF Vascular endothelial growth factor

DTCs Disseminated tumor cells

uPA/uPAR Urokinase-type plasminogen activator and receptor
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MSGs Metastasis suppressor genes

References

1. Gupta GP, Massagué J. Cancer metastasis: building a framework. Cell. 2006 11 17;127(4):679–95. 
[PubMed: 17110329] 

2. Foulds L The natural history of cancer. J Chronic Dis. 1958 7;8(1):2–37. [PubMed: 13563591] 

3. Klein CA. Parallel progression of primary tumours and metastases. Nat Rev Cancer. 2009 4;9(4):
302–12. [PubMed: 19308069] 

4. Jiang WG, Sanders AJ, Katoh M, Ungefroren H, Gieseler F, Prince M, et al. Tissue invasion and 
metastasis: Molecular, biological and clinical perspectives. Semin Cancer Biol. 2015; 35, 
Supplement:S244–75.

5. Giancotti FG. Mechanisms governing metastatic dormancy and reactivation. Cell. 2013 11 7;155(4):
750–64. [PubMed: 24209616] 

6. Mani SA, Guo W, Liao M-J, Eaton EN, Ayyanan A, Zhou AY, et al. The epithelial-mesenchymal 
transition generates cells with properties of stem cells. Cell. 2008 5 16;133(4):704–15. [PubMed: 
18485877] 

7. Thiery JP, Acloque H, Huang RYJ, Nieto MA. Epithelial-mesenchymal transitions in development 
and disease. Cell. 2009 11 25;139(5):871–90. [PubMed: 19945376] 

8. Prall F Tumour budding in colorectal carcinoma. Histopathology. 2007 1;50(1):151–62. [PubMed: 
17204028] 

9. Cao H, Xu E, Liu H, Wan L, Lai M. Epithelial-mesenchymal transition in colorectal cancer 
metastasis: A system review. Pathol Res Pract. 2015 8;211(8):557–69. [PubMed: 26092594] 

10. Weinberg RA. Mechanisms of malignant progression. Carcinogenesis. 2008 6;29(6):1092–5. 
[PubMed: 18453542] 

11. Batlle E, Sancho E, Francí C, Domínguez D, Monfar M, Baulida J, et al. The transcription factor 
snail is a repressor of E-cadherin gene expression in epithelial tumour cells. Nat Cell Biol. 2000 
2;2(2):84–9. [PubMed: 10655587] 

12. Cano A, Pérez-Moreno MA, Rodrigo I, Locascio A, Blanco MJ, del Barrio MG, et al. The 
transcription factor snail controls epithelial-mesenchymal transitions by repressing E-cadherin 
expression. Nat Cell Biol. 2000 2;2(2):76–83. [PubMed: 10655586] 

13. Comijn J, Berx G, Vermassen P, Verschueren K, van Grunsven L, Bruyneel E, et al. The two-
handed E box binding zinc finger protein SIP1 downregulates E-cadherin and induces invasion. 
Mol Cell. 2001 6;7(6):1267–78. [PubMed: 11430829] 

14. Eger A, Aigner K, Sonderegger S, Dampier B, Oehler S, Schreiber M, et al. DeltaEF1 is a 
transcriptional repressor of E-cadherin and regulates epithelial plasticity in breast cancer cells. 
Oncogene. 2005 3 31;24(14):2375–85. [PubMed: 15674322] 

15. Fang X, Cai Y, Liu J, Wang Z, Wu Q, Zhang Z, et al. Twist2 contributes to breast cancer 
progression by promoting an epithelial-mesenchymal transition and cancer stem-like cell self-
renewal. Oncogene. 2011 11 24;30(47):4707–20. [PubMed: 21602879] 

16. Hajra KM, Chen DY-S, Fearon ER. The SLUG zinc-finger protein represses E-cadherin in breast 
cancer. Cancer Res. 2002 3 15;62(6):1613–8. [PubMed: 11912130] 

17. Perez-Moreno MA, Locascio A, Rodrigo I, Dhondt G, Portillo F, Nieto MA, et al. A new role for 
E12/E47 in the repression of E-cadherin expression and epithelial-mesenchymal transitions. J Biol 
Chem. 2001 7 20;276(29):27424–31. [PubMed: 11309385] 

18. Toiyama Y, Yasuda H, Saigusa S, Tanaka K, Inoue Y, Goel A, et al. Increased expression of Slug 
and Vimentin as novel predictive biomarkers for lymph node metastasis and poor prognosis in 
colorectal cancer. Carcinogenesis. 2013 11;34(11):2548–57. [PubMed: 24001454] 

19. Yang J, Mani SA, Donaher JL, Ramaswamy S, Itzykson RA, Come C, et al. Twist, a master 
regulator of morphogenesis, plays an essential role in tumor metastasis. Cell. 2004 6 25;117(7):
927–39. [PubMed: 15210113] 

Fontebasso and Dubinett Page 19

Crit Rev Oncog. Author manuscript; available in PMC 2019 May 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



20. Cano A, Pérez-Moreno MA, Rodrigo I, Locascio A, Blanco MJ, del Barrio MG, et al. The 
transcription factor snail controls epithelial-mesenchymal transitions by repressing E-cadherin 
expression. Nat Cell Biol. 2000 2;2(2):76–83. [PubMed: 10655586] 

21. Fraga MF, Herranz M, Espada J, Ballestar E, Paz MF, Ropero S, et al. A mouse skin multistage 
carcinogenesis model reflects the aberrant DNA methylation patterns of human tumors. Cancer 
Res. 2004 8 15;64(16):5527–34. [PubMed: 15313885] 

22. Herranz N, Pasini D, Díaz VM, Francí C, Gutierrez A, Dave N, et al. Polycomb complex 2 is 
required for E-cadherin repression by the Snail1 transcription factor. Mol Cell Biol. 2008 8;28(15):
4772–81. [PubMed: 18519590] 

23. Peinado H, Olmeda D, Cano A. Snail, Zeb and bHLH factors in tumour progression: an alliance 
against the epithelial phenotype? Nat Rev Cancer. 2007 6;7(6):415–28. [PubMed: 17508028] 

24. Domínguez D, Montserrat-Sentís B, Virgós-Soler A, Guaita S, Grueso J, Porta M, et al. 
Phosphorylation regulates the subcellular location and activity of the snail transcriptional 
repressor. Mol Cell Biol. 2003 7;23(14):5078–89. [PubMed: 12832491] 

25. Yang Z, Rayala S, Nguyen D, Vadlamudi RK, Chen S, Kumar R. Pak1 phosphorylation of snail, a 
master regulator of epithelial-to-mesenchyme transition, modulates snail’s subcellular localization 
and functions. Cancer Res. 2005 4 15;65(8):3179–84. [PubMed: 15833848] 

26. Peinado H, Del Carmen Iglesias-de la Cruz M, Olmeda D, Csiszar K, Fong KSK, Vega S, et al. A 
molecular role for lysyl oxidase-like 2 enzyme in snail regulation and tumor progression. EMBO J. 
2005 10 5;24(19):3446–58. [PubMed: 16096638] 

27. Zhou BP, Deng J, Xia W, Xu J, Li YM, Gunduz M, et al. Dual regulation of Snail by GSK-3beta-
mediated phosphorylation in control of epithelial-mesenchymal transition. Nat Cell Biol. 2004 
10;6(10):931–40. [PubMed: 15448698] 

28. Mayorca-Guiliani A, Erler JT. The potential for targeting extracellular LOX proteins in human 
malignancy. OncoTargets Ther. 2013;6:1729–35.

29. Gonzalez DM, Medici D. Signaling mechanisms of the epithelial-mesenchymal transition. Sci 
Signal. 2014 9 23;7(344):re8. [PubMed: 25249658] 

30. Mann JR, Backlund MG, Buchanan FG, Daikoku T, Holla VR, Rosenberg DW, et al. Repression of 
prostaglandin dehydrogenase by epidermal growth factor and snail increases prostaglandin E2 and 
promotes cancer progression. Cancer Res. 2006 7 1;66(13):6649–56. [PubMed: 16818638] 

31. Thuault S, Valcourt U, Petersen M, Manfioletti G, Heldin C-H, Moustakas A. Transforming growth 
factor-beta employs HMGA2 to elicit epithelial-mesenchymal transition. J Cell Biol. 2006 7 
17;174(2):175–83. [PubMed: 16831886] 

32. Dohadwala M, Yang S-C, Luo J, Sharma S, Batra RK, Huang M, et al. Cyclooxygenase-2-
dependent regulation of E-cadherin: prostaglandin E(2) induces transcriptional repressors ZEB1 
and snail in non-small cell lung cancer. Cancer Res. 2006 5 15;66(10):5338–45. [PubMed: 
16707460] 

33. Peiró S, Escrivà M, Puig I, Barberà MJ, Dave N, Herranz N, et al. Snail1 transcriptional repressor 
binds to its own promoter and controls its expression. Nucleic Acids Res. 2006;34(7):2077–84. 
[PubMed: 16617148] 

34. Kajita M, McClinic KN, Wade PA. Aberrant expression of the transcription factors snail and slug 
alters the response to genotoxic stress. Mol Cell Biol. 2004 9;24(17):7559–66. [PubMed: 
15314165] 

35. Kwok WK, Ling M-T, Lee T-W, Lau TCM, Zhou C, Zhang X, et al. Up-regulation of TWIST in 
prostate cancer and its implication as a therapeutic target. Cancer Res. 2005 6 15;65(12):5153–62. 
[PubMed: 15958559] 

36. Puisieux A, Valsesia-Wittmann S, Ansieau S. A twist for survival and cancer progression. Br J 
Cancer. 2006 1 16;94(1):13–7. [PubMed: 16306876] 

37. Vega S, Morales AV, Ocaña OH, Valdés F, Fabregat I, Nieto MA. Snail blocks the cell cycle and 
confers resistance to cell death. Genes Dev. 2004 5 15;18(10):1131–43. [PubMed: 15155580] 

38. Wang X, Ling MT, Guan X-Y, Tsao SW, Cheung HW, Lee DT, et al. Identification of a novel 
function of TWIST, a bHLH protein, in the development of acquired taxol resistance in human 
cancer cells. Oncogene. 2004 1 15;23(2):474–82. [PubMed: 14724576] 

Fontebasso and Dubinett Page 20

Crit Rev Oncog. Author manuscript; available in PMC 2019 May 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



39. Wu W-S, Heinrichs S, Xu D, Garrison SP, Zambetti GP, Adams JM, et al. Slug antagonizes p53-
mediated apoptosis of hematopoietic progenitors by repressing puma. Cell. 2005 11 18;123(4):
641–53. [PubMed: 16286009] 

40. Kim Y-N, Koo KH, Sung JY, Yun U-J, Kim H. Anoikis resistance: an essential prerequisite for 
tumor metastasis. Int J Cell Biol. 2012;2012:306879. [PubMed: 22505926] 

41. Lu P, Weaver VM, Werb Z. The extracellular matrix: a dynamic niche in cancer progression. J Cell 
Biol. 2012 2 20;196(4):395–406. [PubMed: 22351925] 

42. Bonnans C, Chou J, Werb Z. Remodelling the extracellular matrix in development and disease. Nat 
Rev Mol Cell Biol. 2014 12;15(12):786–801. [PubMed: 25415508] 

43. Qiao B, Johnson NW, Gao J. Epithelial-mesenchymal transition in oral squamous cell carcinoma 
triggered by transforming growth factor-beta1 is Snail family-dependent and correlates with matrix 
metalloproteinase-2 and −9 expressions. Int J Oncol. 2010 9;37(3):663–8. [PubMed: 20664935] 

44. Zhang K, Corsa CA, Ponik SM, Prior JL, Piwnica-Worms D, Eliceiri KW, et al. The collagen 
receptor discoidin domain receptor 2 stabilizes SNAIL1 to facilitate breast cancer metastasis. Nat 
Cell Biol. 2013 6;15(6):677–87. [PubMed: 23644467] 

45. Pantel K, Speicher MR. The biology of circulating tumor cells. Oncogene. 2015 6 8;

46. van Zijl F, Krupitza G, Mikulits W. Initial steps of metastasis: cell invasion and endothelial 
transmigration. Mutat Res. 2011 10;728(1–2):23–34. [PubMed: 21605699] 

47. Morgan-Fisher M, Wewer UM, Yoneda A. Regulation of ROCK activity in cancer. J Histochem 
Cytochem Off J Histochem Soc. 2013 3;61(3):185–98.

48. Condeelis J, Pollard JW. Macrophages: obligate partners for tumor cell migration, invasion, and 
metastasis. Cell. 2006 1 27;124(2):263–6. [PubMed: 16439202] 

49. Alitalo K, Tammela T, Petrova TV. Lymphangiogenesis in development and human disease. 
Nature. 2005 12 15;438(7070):946–53. [PubMed: 16355212] 

50. Bockhorn M, Jain RK, Munn LL. Active versus passive mechanisms in metastasis: do cancer cells 
crawl into vessels, or are they pushed? Lancet Oncol. 2007 5;8(5):444–8. [PubMed: 17466902] 

51. Chung AS, Lee J, Ferrara N. Targeting the tumour vasculature: insights from physiological 
angiogenesis. Nat Rev Cancer. 2010 7;10(7):505–14. [PubMed: 20574450] 

52. Reymond N, d’Água BB, Ridley AJ. Crossing the endothelial barrier during metastasis. Nat Rev 
Cancer. 2013 12;13(12):858–70. [PubMed: 24263189] 

53. Chabottaux V, Ricaud S, Host L, Blacher S, Paye A, Thiry M, et al. Membrane-type 4 matrix 
metalloproteinase (MT4-MMP) induces lung metastasis by alteration of primary breast tumour 
vascular architecture. J Cell Mol Med. 2009 9;13(9B):4002–13. [PubMed: 19426156] 

54. Sohail A, Marco M, Zhao H, Shi Q, Merriman S, Mobashery S, et al. Characterization of the 
dimerization interface of membrane type 4 (MT4)-matrix metalloproteinase. J Biol Chem. 2011 9 
23;286(38):33178–89. [PubMed: 21828052] 

55. Fröhlich C, Klitgaard M, Noer JB, Kotzsch A, Nehammer C, Kronqvist P, et al. ADAM12 is 
expressed in the tumour vasculature and mediates ectodomain shedding of several membrane-
anchored endothelial proteins. Biochem J. 2013 5 15;452(1):97–109. [PubMed: 23458101] 

56. Trousseau A Phlegmasia Alba Dolens. Clin Médicale Hotel Dieu Paris 2nd Ed. 1865;3JB:659–12.

57. Khorana AA. Malignancy, thrombosis and Trousseau: the case for an eponym. J Thromb Haemost 
JTH. 2003 12;1(12):2463–5. [PubMed: 14675077] 

58. Gay LJ, Felding-Habermann B. Contribution of platelets to tumour metastasis. Nat Rev Cancer. 
2011 2;11(2):123–34. [PubMed: 21258396] 

59. Läubli H, Borsig L. Selectins promote tumor metastasis. Semin Cancer Biol. 2010 6;20(3):169–77. 
[PubMed: 20452433] 

60. Luzzi KJ, MacDonald IC, Schmidt EE, Kerkvliet N, Morris VL, Chambers AF, et al. Multistep 
nature of metastatic inefficiency: dormancy of solitary cells after successful extravasation and 
limited survival of early micrometastases. Am J Pathol. 1998 9;153(3):865–73. [PubMed: 
9736035] 

61. Steinbauer M, Guba M, Cernaianu G, Köhl G, Cetto M, Kunz-Schughart LA, et al. GFP-
transfected tumor cells are useful in examining early metastasis in vivo, but immune reaction 

Fontebasso and Dubinett Page 21

Crit Rev Oncog. Author manuscript; available in PMC 2019 May 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



precludes long-term tumor development studies in immunocompetent mice. Clin Exp Metastasis. 
2003;20(2):135–41. [PubMed: 12705634] 

62. Balkwill FR. The chemokine system and cancer. J Pathol. 2012 1;226(2):148–57. [PubMed: 
21989643] 

63. Ben-Baruch A Organ selectivity in metastasis: regulation by chemokines and their receptors. Clin 
Exp Metastasis. 2008;25(4):345–56. [PubMed: 17891505] 

64. Qian B, Deng Y, Im JH, Muschel RJ, Zou Y, Li J, et al. A distinct macrophage population mediates 
metastatic breast cancer cell extravasation, establishment and growth. PloS One. 2009;4(8):e6562. 
[PubMed: 19668347] 

65. Qian B-Z, Li J, Zhang H, Kitamura T, Zhang J, Campion LR, et al. CCL2 recruits inflammatory 
monocytes to facilitate breast-tumour metastasis. Nature. 2011 7 14;475(7355):222–5. [PubMed: 
21654748] 

66. Shibue T, Weinberg RA. Metastatic colonization: settlement, adaptation and propagation of tumor 
cells in a foreign tissue environment. Semin Cancer Biol. 2011 4;21(2):99–106. [PubMed: 
21145969] 

67. Paget S THE DISTRIBUTION OF SECONDARY GROWTHS IN CANCER OF THE BREAST. 
The Lancet. 1889 3 23;133(3421):571–3.

68. Gassmann P, Haier J. The tumor cell-host organ interface in the early onset of metastatic organ 
colonisation. Clin Exp Metastasis. 2008;25(2):171–81. [PubMed: 18058027] 

69. Hadfield G The dormant cancer cell. Br Med J. 1954 9 11;2(4888):607–10. [PubMed: 13190204] 

70. Willis RA. The spread of tumours in the human body / by Rupert A. Willis. London, England: J. & 
A. Churchill; 1934.

71. Aguirre-Ghiso JA. Models, mechanisms and clinical evidence for cancer dormancy. Nat Rev 
Cancer. 2007 11;7(11):834–46. [PubMed: 17957189] 

72. Zhang XH-F, Wang Q, Gerald W, Hudis CA, Norton L, Smid M, et al. Latent bone metastasis in 
breast cancer tied to Src-dependent survival signals. Cancer Cell. 2009 7 7;16(1):67–78. [PubMed: 
19573813] 

73. Chen Q, Zhang XH-F, Massagué J. Macrophage binding to receptor VCAM-1 transmits survival 
signals in breast cancer cells that invade the lungs. Cancer Cell. 2011 10 18;20(4):538–49. 
[PubMed: 22014578] 

74. Steeg PS. Metastasis suppressors alter the signal transduction of cancer cells. Nat Rev Cancer. 
2003 1;3(1):55–63. [PubMed: 12509767] 

75. Gao H, Chakraborty G, Lee-Lim AP, Mo Q, Decker M, Vonica A, et al. The BMP inhibitor Coco 
reactivates breast cancer cells at lung metastatic sites. Cell. 2012 8 17;150(4):764–79. [PubMed: 
22901808] 

76. Kobayashi A, Okuda H, Xing F, Pandey PR, Watabe M, Hirota S, et al. Bone morphogenetic 
protein 7 in dormancy and metastasis of prostate cancer stem-like cells in bone. J Exp Med. 2011 
12 19;208(13):2641–55. [PubMed: 22124112] 

77. O’Connell JT, Sugimoto H, Cooke VG, MacDonald BA, Mehta AI, LeBleu VS, et al. VEGF-A and 
Tenascin-C produced by S100A4+ stromal cells are important for metastatic colonization. Proc 
Natl Acad Sci U S A. 2011 9 20;108(38):16002–7. [PubMed: 21911392] 

78. Oskarsson T, Acharyya S, Zhang XH-F, Vanharanta S, Tavazoie SF, Morris PG, et al. Breast cancer 
cells produce tenascin C as a metastatic niche component to colonize the lungs. Nat Med. 2011 
7;17(7):867–74. [PubMed: 21706029] 

79. Malanchi I, Santamaria-Martínez A, Susanto E, Peng H, Lehr H-A, Delaloye J-F, et al. Interactions 
between cancer stem cells and their niche govern metastatic colonization. Nature. 2012 1 
5;481(7379):85–9.

80. Garon EB, Rizvi NA, Hui R, Leighl N, Balmanoukian AS, Eder JP, et al. Pembrolizumab for the 
treatment of non-small-cell lung cancer. N Engl J Med. 2015 5 21;372(21):2018–28. [PubMed: 
25891174] 

81. Ogino S, Galon J, Fuchs CS, Dranoff G. Cancer immunology--analysis of host and tumor factors 
for personalized medicine. Nat Rev Clin Oncol. 2011 12;8(12):711–9. [PubMed: 21826083] 

Fontebasso and Dubinett Page 22

Crit Rev Oncog. Author manuscript; available in PMC 2019 May 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



82. Rizvi NA, Hellmann MD, Snyder A, Kvistborg P, Makarov V, Havel JJ, et al. Cancer immunology. 
Mutational landscape determines sensitivity to PD-1 blockade in non-small cell lung cancer. 
Science. 2015 4 3;348(6230):124–8. [PubMed: 25765070] 

83. Robert C, Schachter J, Long GV, Arance A, Grob JJ, Mortier L, et al. Pembrolizumab versus 
Ipilimumab in Advanced Melanoma. N Engl J Med. 2015 6 25;372(26):2521–32. [PubMed: 
25891173] 

84. Frey AB. Suppression of T cell responses in the tumor microenvironment. Vaccine. 2015; 33(51):
7393–400 [PubMed: 26403368] 

85. Pardoll DM. The blockade of immune checkpoints in cancer immunotherapy. Nat Rev Cancer. 
2012 4;12(4):252–64. [PubMed: 22437870] 

86. Zou W Immunosuppressive networks in the tumour environment and their therapeutic relevance. 
Nat Rev Cancer. 2005 4;5(4):263–74. [PubMed: 15776005] 

87. Chaffer CL, Marjanovic ND, Lee T, Bell G, Kleer CG, Reinhardt F, et al. Poised chromatin at the 
ZEB1 promoter enables breast cancer cell plasticity and enhances tumorigenicity. Cell. 2013 7 
3;154(1):61–74. [PubMed: 23827675] 

88. Korpal M, Ell BJ, Buffa FM, Ibrahim T, Blanco MA, Celià-Terrassa T, et al. Direct targeting of 
Sec23a by miR-200s influences cancer cell secretome and promotes metastatic colonization. Nat 
Med. 2011 9;17(9):1101–8. [PubMed: 21822286] 

89. Ocaña OH, Córcoles R, Fabra A, Moreno-Bueno G, Acloque H, Vega S, et al. Metastatic 
colonization requires the repression of the epithelial-mesenchymal transition inducer Prrx1. 
Cancer Cell. 2012 12 11;22(6):709–24. [PubMed: 23201163] 

90. Waclaw B, Bozic I, Pittman ME, Hruban RH, Vogelstein B, Nowak MA. A spatial model predicts 
that dispersal and cell turnover limit intratumour heterogeneity. Nature. 2015 9 10;525(7568):261–
4. [PubMed: 26308893] 

91. Davis FM, Stewart TA, Thompson EW, Monteith GR. Targeting EMT in cancer: opportunities for 
pharmacological intervention. Trends Pharmacol Sci. 2014 9;35(9):479–88. [PubMed: 25042456] 

92. Colomiere M, Ward AC, Riley C, Trenerry MK, Cameron-Smith D, Findlay J, et al. Cross talk of 
signals between EGFR and IL-6R through JAK2/STAT3 mediate epithelial-mesenchymal 
transition in ovarian carcinomas. Br J Cancer. 2009 1 13;100(1):134–44. [PubMed: 19088723] 

93. Schust J, Sperl B, Hollis A, Mayer TU, Berg T. Stattic: a small-molecule inhibitor of STAT3 
activation and dimerization. Chem Biol. 2006 11;13(11):1235–42. [PubMed: 17114005] 

94. Siddiquee K, Zhang S, Guida WC, Blaskovich MA, Greedy B, Lawrence HR, et al. Selective 
chemical probe inhibitor of Stat3, identified through structure-based virtual screening, induces 
antitumor activity. Proc Natl Acad Sci U S A. 2007 5 1;104(18):7391–6. [PubMed: 17463090] 

95. Muqbil I, Wu J, Aboukameel A, Mohammad RM, Azmi AS. Snail nuclear transport: the gateways 
regulating epithelial-to-mesenchymal transition? Semin Cancer Biol. 2014 8;27:39–45. [PubMed: 
24954011] 

96. Thaiparambil JT, Bender L, Ganesh T, Kline E, Patel P, Liu Y, et al. Withaferin A inhibits breast 
cancer invasion and metastasis at sub-cytotoxic doses by inducing vimentin disassembly and serine 
56 phosphorylation. Int J Cancer J Int Cancer. 2011 12 1;129(11):2744–55.

97. Tanaka H, Kono E, Tran CP, Miyazaki H, Yamashiro J, Shimomura T, et al. Monoclonal antibody 
targeting of N-cadherin inhibits prostate cancer growth, metastasis and castration resistance. Nat 
Med. 2010 12;16(12):1414–20. [PubMed: 21057494] 

98. Holland SJ, Pan A, Franci C, Hu Y, Chang B, Li W, et al. R428, a selective small molecule 
inhibitor of Axl kinase, blocks tumor spread and prolongs survival in models of metastatic breast 
cancer. Cancer Res. 2010 2 15;70(4):1544–54. [PubMed: 20145120] 

99. Dohadwala M, Batra RK, Luo J, Lin Y, Krysan K, Pold M, et al. Autocrine/paracrine prostaglandin 
E2 production by non-small cell lung cancer cells regulates matrix metalloproteinase-2 and CD44 
in cyclooxygenase-2-dependent invasion. J Biol Chem. 2002 12 27;277(52):50828–33. [PubMed: 
12393872] 

100. Heinrich EL, Walser TC, Krysan K, Liclican EL, Grant JL, Rodriguez NL, et al. The 
inflammatory tumor microenvironment, epithelial mesenchymal transition and lung 
carcinogenesis. Cancer Microenviron Off J Int Cancer Microenviron Soc. 2012 4;5(1):5–18.

Fontebasso and Dubinett Page 23

Crit Rev Oncog. Author manuscript; available in PMC 2019 May 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



101. Krysan K, Lee JM, Dohadwala M, Gardner BK, Reckamp KL, Garon E, et al. Inflammation, 
epithelial to mesenchymal transition, and epidermal growth factor receptor tyrosine kinase 
inhibitor resistance. J Thorac Oncol Off Publ Int Assoc Study Lung Cancer. 2008 2;3(2):107–10.

102. St John MA, Dohadwala M, Luo J, Wang G, Lee G, Shih H, et al. Proinflammatory mediators 
upregulate snail in head and neck squamous cell carcinoma. Clin Cancer Res Off J Am Assoc 
Cancer Res. 2009 10 1;15(19):6018–27.

103. Lin C-Y, Lin C-J, Chen K-H, Wu J-C, Huang S-H, Wang S-M. Macrophage activation increases 
the invasive properties of hepatoma cells by destabilization of the adherens junction. FEBS Lett. 
2006 5 29;580(13):3042–50. [PubMed: 16678166] 

104. Lo H-W, Hsu S-C, Xia W, Cao X, Shih J-Y, Wei Y, et al. Epidermal growth factor receptor 
cooperates with signal transducer and activator of transcription 3 to induce epithelial-
mesenchymal transition in cancer cells via up-regulation of TWIST gene expression. Cancer Res. 
2007 10 1;67(19):9066–76. [PubMed: 17909010] 

105. Thomson S, Buck E, Petti F, Griffin G, Brown E, Ramnarine N, et al. Epithelial to mesenchymal 
transition is a determinant of sensitivity of non-small-cell lung carcinoma cell lines and 
xenografts to epidermal growth factor receptor inhibition. Cancer Res. 2005 10 15;65(20):9455–
62. [PubMed: 16230409] 

106. Lee SJ, Seol HJ, Lee HW, Kang WY, Kang BG, Jin J, et al. Gene silencing of c-Met leads to brain 
metastasis inhibitory effects. Clin Exp Metastasis. 2013 4 27;30(7):845–54. [PubMed: 23625089] 

107. Toiyama Y, Yasuda H, Saigusa S, Matushita K, Fujikawa H, Tanaka K, et al. Co-expression of 
hepatocyte growth factor and c-Met predicts peritoneal dissemination established by autocrine 
hepatocyte growth factor/c-Met signaling in gastric cancer. Int J Cancer. 2012 6 15;130(12):
2912–21. [PubMed: 21796631] 

108. Zhang S, Chung W, Miele L, Xu K. Targeting Met and Notch in the Lfng-deficient, Met-amplified 
triple-negative breast cancer. Cancer Biol Ther. 2014 5 1;15(5):633–42. [PubMed: 24556651] 

109. Jechlinger M, Sommer A, Moriggl R, Seither P, Kraut N, Capodiecci P, et al. Autocrine PDGFR 
signaling promotes mammary cancer metastasis. J Clin Invest. 2006 6;116(6):1561–70. 
[PubMed: 16741576] 

110. Bertran E, Crosas-Molist E, Sancho P, Caja L, Lopez-Luque J, Navarro E, et al. Overactivation of 
the TGF-β pathway confers a mesenchymal-like phenotype and CXCR4-dependent migratory 
properties to liver tumor cells. Hepatology. 2013 12 1;58(6):2032–44. [PubMed: 23813475] 

111. Halder SK, Beauchamp RD, Datta PK. A specific inhibitor of TGF-beta receptor kinase, 
SB-431542, as a potent antitumor agent for human cancers. Neoplasia N Y N. 2005 5;7(5):509–
21.

112. Morris JC, Tan AR, Olencki TE, Shapiro GI, Dezube BJ, Reiss M, et al. Phase I study of GC1008 
(fresolimumab): a human anti-transforming growth factor-beta (TGFβ) monoclonal antibody in 
patients with advanced malignant melanoma or renal cell carcinoma. PloS One. 
2014;9(3):e90353. [PubMed: 24618589] 

113. Lamouille S, Xu J, Derynck R. Molecular mechanisms of epithelial-mesenchymal transition. Nat 
Rev Mol Cell Biol. 2014 3;15(3):178–96. [PubMed: 24556840] 

114. Medrek C, Landberg G, Andersson T, Leandersson K. Wnt-5a-CKI{alpha} signaling promotes 
{beta}-catenin/E-cadherin complex formation and intercellular adhesion in human breast 
epithelial cells. J Biol Chem. 2009 4 17;284(16):10968–79. [PubMed: 19244247] 

115. Yook JI, Li X-Y, Ota I, Hu C, Kim HS, Kim NH, et al. A Wnt–Axin2–GSK3β cascade regulates 
Snail1 activity in breast cancer cells. Nat Cell Biol. 2006 12;8(12):1398–406. [PubMed: 
17072303] 

116. Zi X, Guo Y, Simoneau AR, Hope C, Xie J, Holcombe RF, et al. Expression of Frzb/secreted 
Frizzled-related protein 3, a secreted Wnt antagonist, in human androgen-independent prostate 
cancer PC-3 cells suppresses tumor growth and cellular invasiveness. Cancer Res. 2005 11 
1;65(21):9762–70. [PubMed: 16266997] 

117. Ren D, Minami Y, Nishita M. Critical role of Wnt5a-Ror2 signaling in motility and invasiveness 
of carcinoma cells following Snail-mediated epithelial-mesenchymal transition. Genes Cells 
Devoted Mol Cell Mech. 2011 3;16(3):304–15.

Fontebasso and Dubinett Page 24

Crit Rev Oncog. Author manuscript; available in PMC 2019 May 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



118. Xie M, Zhang L, He C, Xu F, Liu J, Hu Z, et al. Activation of Notch-1 enhances epithelial-
mesenchymal transition in gefitinib-acquired resistant lung cancer cells. J Cell Biochem. 2012 
5;113(5):1501–13. [PubMed: 22173954] 

119. Suman S, Das TP, Damodaran C. Silencing NOTCH signaling causes growth arrest in both breast 
cancer stem cells and breast cancer cells. Br J Cancer. 2013 11 12;109(10):2587–96. [PubMed: 
24129237] 

120. Wang XQ, Zhang W, Lui ELH, Zhu Y, Lu P, Yu X, et al. Notch1-Snail1-E-cadherin pathway in 
metastatic hepatocellular carcinoma. Int J Cancer. 2012 8 1;131(3):E163–72. [PubMed: 
22052196] 

121. Li X, Deng W, Nail CD, Bailey SK, Kraus MH, Ruppert JM, et al. Snail induction is an early 
response to Gli1 that determines the efficiency of epithelial transformation. Oncogene. 2006 1 
26;25(4):609–21. [PubMed: 16158046] 

122. Lei J, Ma J, Ma Q, Li X, Liu H, Xu Q, et al. Hedgehog signaling regulates hypoxia induced 
epithelial to mesenchymal transition and invasion in pancreatic cancer cells via a ligand-
independent manner. Mol Cancer. 2013;12:66. [PubMed: 23786654] 

123. Wang T-P, Hsu S-H, Feng H-C, Huang R-FS. Folate deprivation enhances invasiveness of human 
colon cancer cells mediated by activation of sonic hedgehog signaling through promoter 
hypomethylation and cross action with transcription nuclear factor-kappa B pathway. 
Carcinogenesis. 2012 6;33(6):1158–68. [PubMed: 22461522] 

124. Vandenbroucke RE, Libert C. Is there new hope for therapeutic matrix metalloproteinase 
inhibition? Nat Rev Drug Discov. 2014 12;13(12):904–27. [PubMed: 25376097] 

125. Sahai E, Marshall CJ. Differing modes of tumour cell invasion have distinct requirements for 
Rho/ROCK signalling and extracellular proteolysis. Nat Cell Biol. 2003 8;5(8):711–9. [PubMed: 
12844144] 

126. Cathcart J, Pulkoski-Gross A, Cao J. Targeting matrix metalloproteinases in cancer: Bringing new 
life to old ideas. Genes Dis. 2015 3;2(1):26–34. [PubMed: 26097889] 

127. Mekkawy AH, Pourgholami MH, Morris DL. Involvement of urokinase-type plasminogen 
activator system in cancer: an overview. Med Res Rev. 2014 9;34(5):918–56. [PubMed: 
24549574] 

128. Itoh K, Yoshioka K, Akedo H, Uehata M, Ishizaki T, Narumiya S. An essential part for Rho-
associated kinase in the transcellular invasion of tumor cells. Nat Med. 1999 2;5(2):221–5. 
[PubMed: 9930872] 

129. Nakajima M, Hayashi K, Katayama K, Amano Y, Egi Y, Uehata M, et al. Wf-536 prevents tumor 
metastasis by inhibiting both tumor motility and angiogenic actions. Eur J Pharmacol. 2003 1 
17;459(2–3):113–20. [PubMed: 12524136] 

130. Patel RA, Forinash KD, Pireddu R, Sun Y, Sun N, Martin MP, et al. RKI-1447 is a potent 
inhibitor of the Rho-associated ROCK kinases with anti-invasive and antitumor activities in 
breast cancer. Cancer Res. 2012 10 1;72(19):5025–34. [PubMed: 22846914] 

131. Takamura M, Sakamoto M, Genda T, Ichida T, Asakura H, Hirohashi S. Inhibition of intrahepatic 
metastasis of human hepatocellular carcinoma by Rho-associated protein kinase inhibitor 
Y-27632. Hepatol Baltim Md. 2001 Mar;33(3):577–81.

132. Ying H, Biroc SL, Li W-W, Alicke B, Xuan J-A, Pagila R, et al. The Rho kinase inhibitor fasudil 
inhibits tumor progression in human and rat tumor models. Mol Cancer Ther. 2006 9;5(9):2158–
64. [PubMed: 16985048] 

133. Desgrosellier JS, Cheresh DA. Integrins in cancer: biological implications and therapeutic 
opportunities. Nat Rev Cancer. 2010 1;10(1):9–22. [PubMed: 20029421] 

134. Kurozumi K, Ichikawa T, Onishi M, Fujii K, Date I. Cilengitide treatment for malignant glioma: 
current status and future direction. Neurol Med Chir (Tokyo). 2012;52(8):539–47. [PubMed: 
22976135] 

135. Scaringi C, Minniti G, Caporello P, Enrici RM. Integrin Inhibitor Cilengitide for the Treatment of 
Glioblastoma: A Brief Overview of Current Clinical Results. Anticancer Res. 2012 10 1;32(10):
4213–23. [PubMed: 23060541] 

Fontebasso and Dubinett Page 25

Crit Rev Oncog. Author manuscript; available in PMC 2019 May 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



136. Eisele G, Wick A, Eisele A-C, Clément PM, Tonn J, Tabatabai G, et al. Cilengitide treatment of 
newly diagnosed glioblastoma patients does not alter patterns of progression. J Neurooncol. 2014 
3;117(1):141–5. [PubMed: 24442484] 

137. Mason WP. End of the road: confounding results of the CORE trial terminate the arduous journey 
of cilengitide for glioblastoma. Neuro-Oncol. 2015 2 13;nov018.

138. Erler JT, Bennewith KL, Nicolau M, Dornhöfer N, Kong C, Le Q-T, et al. Lysyl oxidase is 
essential for hypoxia-induced metastasis. Nature. 2006 4 27;440(7088):1222–6. [PubMed: 
16642001] 

139. Borza CM, Pozzi A. Discoidin domain receptors in disease. Matrix Biol. 2014 2;34:185–92. 
[PubMed: 24361528] 

140. Douma S, Van Laar T, Zevenhoven J, Meuwissen R, Van Garderen E, Peeper DS. Suppression of 
anoikis and induction of metastasis by the neurotrophic receptor TrkB. Nature. 2004 8 
26;430(7003):1034–9. [PubMed: 15329723] 

141. Perret GY, Crépin M. New pharmacological strategies against metastatic spread. Fundam Clin 
Pharmacol. 2008 10;22(5):465–92. [PubMed: 18844722] 

142. Raynaud FI, Eccles S, Clarke PA, Hayes A, Nutley B, Alix S, et al. Pharmacologic 
characterization of a potent inhibitor of class I phosphatidylinositide 3-kinases. Cancer Res. 2007 
6 15;67(12):5840–50. [PubMed: 17575152] 

143. Yaguchi S, Fukui Y, Koshimizu I, Yoshimi H, Matsuno T, Gouda H, et al. Antitumor activity of 
ZSTK474, a new phosphatidylinositol 3-kinase inhibitor. J Natl Cancer Inst. 2006 4 19;98(8):
545–56. [PubMed: 16622124] 

144. Tzanakakis GN, Agarwal KC, Vezeridis MP. Prevention of human pancreatic cancer cell-induced 
hepatic metastasis in nude mice by dipyridamole and its analog RA-233. Cancer. 1993 4 
15;71(8):2466–71. [PubMed: 8453569] 

145. Trikha M, Zhou Z, Timar J, Raso E, Kennel M, Emmell E, et al. Multiple roles for platelet GPIIb/
IIIa and alphavbeta3 integrins in tumor growth, angiogenesis, and metastasis. Cancer Res. 2002 5 
15;62(10):2824–33. [PubMed: 12019160] 

146. Sierko E, Wojtukiewicz MZ. Inhibition of platelet function: does it offer a chance of better cancer 
progression control? Semin Thromb Hemost. 2007 10;33(7):712–21. [PubMed: 18000800] 

147. Wagenblast E, Soto M, Gutiérrez-Ángel S, Hartl CA, Gable AL, Maceli AR, et al. A model of 
breast cancer heterogeneity reveals vascular mimicry as a driver of metastasis. Nature. 2015 4 
16;520(7547):358–62. [PubMed: 25855289] 

148. Seftor REB, Hess AR, Seftor EA, Kirschmann DA, Hardy KM, Margaryan NV, et al. Tumor cell 
vasculogenic mimicry: from controversy to therapeutic promise. Am J Pathol. 2012 10;181(4):
1115–25. [PubMed: 22944600] 

149. Yoshihara S, Kon A, Kudo D, Nakazawa H, Kakizaki I, Sasaki M, et al. A hyaluronan synthase 
suppressor, 4-methylumbelliferone, inhibits liver metastasis of melanoma cells. FEBS Lett. 2005 
5 9;579(12):2722–6. [PubMed: 15862315] 

150. Castagna A, Biswas P, Beretta A, Lazzarin A. The appealing story of HIV entry inhibitors : from 
discovery of biological mechanisms to drug development. Drugs. 2005;65(7):879–904. [PubMed: 
15892586] 

151. Takenaga M, Tamamura H, Hiramatsu K, Nakamura N, Yamaguchi Y, Kitagawa A, et al. A single 
treatment with microcapsules containing a CXCR4 antagonist suppresses pulmonary metastasis 
of murine melanoma. Biochem Biophys Res Commun. 2004 7 16;320(1):226–32. [PubMed: 
15207725] 

152. Tamamura H, Hori A, Kanzaki N, Hiramatsu K, Mizumoto M, Nakashima H, et al. T140 analogs 
as CXCR4 antagonists identified as anti-metastatic agents in the treatment of breast cancer. FEBS 
Lett. 2003 8 28;550(1–3):79–83. [PubMed: 12935890] 

153. Marchesi F, Monti P, Leone BE, Zerbi A, Vecchi A, Piemonti L, et al. Increased survival, 
proliferation, and migration in metastatic human pancreatic tumor cells expressing functional 
CXCR4. Cancer Res. 2004 11 15;64(22):8420–7. [PubMed: 15548713] 

154. Smith MCP, Luker KE, Garbow JR, Prior JL, Jackson E, Piwnica-Worms D, et al. CXCR4 
regulates growth of both primary and metastatic breast cancer. Cancer Res. 2004 12 1;64(23):
8604–12. [PubMed: 15574767] 

Fontebasso and Dubinett Page 26

Crit Rev Oncog. Author manuscript; available in PMC 2019 May 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



155. de Nigris F, Schiano C, Infante T, Napoli C. CXCR4 inhibitors: tumor vasculature and therapeutic 
challenges. Recent Patents Anticancer Drug Discov. 2012 Sep;7(3):251–64.

156. Scala S Molecular Pathways: Targeting the CXCR4-CXCL12 Axis-Untapped Potential in the 
Tumor Microenvironment. Clin Cancer Res. 2015 7 21;clincanres.0914.2015.

157. Walser TC, Rifat S, Ma X, Kundu N, Ward C, Goloubeva O, et al. Antagonism of CXCR3 inhibits 
lung metastasis in a murine model of metastatic breast cancer. Cancer Res. 2006 8 1;66(15):
7701–7. [PubMed: 16885372] 

158. Nguyen DX, Bos PD, Massagué J. Metastasis: from dissemination to organ-specific colonization. 
Nat Rev Cancer. 2009 4;9(4):274–84. [PubMed: 19308067] 

159. Gajewski TF, Schreiber H, Fu Y-X. Innate and adaptive immune cells in the tumor 
microenvironment. Nat Immunol. 2013 10;14(10):1014–22. [PubMed: 24048123] 

160. Joyce JA, Fearon DT. T cell exclusion, immune privilege, and the tumor microenvironment. 
Science. 2015 4 3;348(6230):74–80. [PubMed: 25838376] 

161. Sharma P, Allison JP. The future of immune checkpoint therapy. Science. 2015 4 3;348(6230):56–
61. [PubMed: 25838373] 

162. Yanase T, Tamura M, Fujita K, Kodama S, Tanaka K. Inhibitory effect of angiogenesis inhibitor 
TNP-470 on tumor growth and metastasis of human cell lines in vitro and in vivo. Cancer Res. 
1993 6 1;53(11):2566–70. [PubMed: 7684319] 

163. Loges S, Mazzone M, Hohensinner P, Carmeliet P. Silencing or fueling metastasis with VEGF 
inhibitors: antiangiogenesis revisited. Cancer Cell. 2009 3 3;15(3):167–70. [PubMed: 19249675] 

164. Sennino B, Ishiguro-Oonuma T, Wei Y, Naylor RM, Williamson CW, Bhagwandin V, et al. 
Suppression of tumor invasion and metastasis by concurrent inhibition of c-Met and VEGF 
signaling in pancreatic neuroendocrine tumors. Cancer Discov. 2012 3;2(3):270–87. [PubMed: 
22585997] 

165. Shojaei F, Simmons BH, Lee JH, Lappin PB, Christensen JG. HGF/c-Met pathway is one of the 
mediators of sunitinib-induced tumor cell type-dependent metastasis. Cancer Lett. 2012 7 
1;320(1):48–55. [PubMed: 22269210] 

166. Ebos JML, Lee CR, Cruz-Munoz W, Bjarnason GA, Christensen JG, Kerbel RS. Accelerated 
metastasis after short-term treatment with a potent inhibitor of tumor angiogenesis. Cancer Cell. 
2009 3 3;15(3):232–9. [PubMed: 19249681] 

167. Pàez-Ribes M, Allen E, Hudock J, Takeda T, Okuyama H, Viñals F, et al. Antiangiogenic therapy 
elicits malignant progression of tumors to increased local invasion and distant metastasis. Cancer 
Cell. 2009 3 3;15(3):220–31. [PubMed: 19249680] 

168. Ghajar CM. Metastasis prevention by targeting the dormant niche. Nat Rev Cancer. 2015 4;15(4):
238–47. [PubMed: 25801619] 

169. Aguirre Ghiso JA, Kovalski K, Ossowski L. Tumor dormancy induced by downregulation of 
urokinase receptor in human carcinoma involves integrin and MAPK signaling. J Cell Biol. 1999 
10 4;147(1):89–104. [PubMed: 10508858] 

170. El Touny LH, Vieira A, Mendoza A, Khanna C, Hoenerhoff MJ, Green JE. Combined SFK/MEK 
inhibition prevents metastatic outgrowth of dormant tumor cells. J Clin Invest. 2014 1;124(1):
156–68. [PubMed: 24316974] 

171. Aguirre-Ghiso JA, Liu D, Mignatti A, Kovalski K, Ossowski L. Urokinase receptor and 
fibronectin regulate the ERK(MAPK) to p38(MAPK) activity ratios that determine carcinoma 
cell proliferation or dormancy in vivo. Mol Biol Cell. 2001 4;12(4):863–79. [PubMed: 
11294892] 

172. Sosa MS, Bragado P, Aguirre-Ghiso JA. Mechanisms of disseminated cancer cell dormancy: an 
awakening field. Nat Rev Cancer. 2014 9;14(9):611–22. [PubMed: 25118602] 

173. Becker PS. Dependence of acute myeloid leukemia on adhesion within the bone marrow 
microenvironment. ScientificWorldJournal. 2012;2012:856467. [PubMed: 22346731] 

174. Becker PS, Kantarjian HM, Appelbaum FR, Petersdorf SH, Storer B, Pierce S, et al. Clofarabine 
with high dose cytarabine and granulocyte colony-stimulating factor (G-CSF) priming for 
relapsed and refractory acute myeloid leukaemia. Br J Haematol. 2011 10;155(2):182–9. 
[PubMed: 21848522] 

Fontebasso and Dubinett Page 27

Crit Rev Oncog. Author manuscript; available in PMC 2019 May 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



175. Boyerinas B, Zafrir M, Yesilkanal AE, Price TT, Hyjek EM, Sipkins DA. Adhesion to osteopontin 
in the bone marrow niche regulates lymphoblastic leukemia cell dormancy. Blood. 2013 6 
13;121(24):4821–31. [PubMed: 23589674] 

176. Smith SC, Theodorescu D. Learning therapeutic lessons from metastasis suppressor proteins. Nat 
Rev Cancer. 2009 4;9(4):253–64. [PubMed: 19242414] 

177. Shoushtari AN, Szmulewitz RZ, Rinker-Schaeffer CW. Metastasis-suppressor genes in clinical 
practice: lost in translation? Nat Rev Clin Oncol. 2011 6;8(6):333–42. [PubMed: 21522123] 

178. Ouatas T, Halverson D, Steeg PS. Dexamethasone and medroxyprogesterone acetate elevate 
Nm23-H1 metastasis suppressor gene expression in metastatic human breast carcinoma cells: 
new uses for old compounds. Clin Cancer Res Off J Am Assoc Cancer Res. 2003 9 1;9(10 Pt 1):
3763–72.

179. Palmieri D, Halverson DO, Ouatas T, Horak CE, Salerno M, Johnson J, et al. 
Medroxyprogesterone acetate elevation of Nm23-H1 metastasis suppressor expression in 
hormone receptor-negative breast cancer. J Natl Cancer Inst. 2005 5 4;97(9):632–42. [PubMed: 
15870434] 

180. Horak CE, Mendoza A, Vega-Valle E, Albaugh M, Graff-Cherry C, McDermott WG, et al. Nm23-
H1 suppresses metastasis by inhibiting expression of the lysophosphatidic acid receptor EDG2. 
Cancer Res. 2007 12 15;67(24):11751–9. [PubMed: 18089805] 

181. Boucharaba A, Serre C-M, Guglielmi J, Bordet J-C, Clézardin P, Peyruchaud O. The type 1 
lysophosphatidic acid receptor is a target for therapy in bone metastases. Proc Natl Acad Sci U S 
A. 2006 6 20;103(25):9643–8. [PubMed: 16769891] 

182. Gildea JJ, Seraj MJ, Oxford G, Harding MA, Hampton GM, Moskaluk CA, et al. RhoGDI2 is an 
invasion and metastasis suppressor gene in human cancer. Cancer Res. 2002 11 15;62(22):6418–
23. [PubMed: 12438227] 

183. Harding MA, Arden KC, Gildea JW, Gildea JJ, Perlman EJ, Viars C, et al. Functional genomic 
comparison of lineage-related human bladder cancer cell lines with differing tumorigenic and 
metastatic potentials by spectral karyotyping, comparative genomic hybridization, and a novel 
method of positional expression profiling. Cancer Res. 2002 12 1;62(23):6981–9. [PubMed: 
12460916] 

184. Titus B, Frierson HF, Conaway M, Ching K, Guise T, Chirgwin J, et al. Endothelin axis is a target 
of the lung metastasis suppressor gene RhoGDI2. Cancer Res. 2005 8 15;65(16):7320–7. 
[PubMed: 16103083] 

185. Roth JA, Nguyen D, Lawrence DD, Kemp BL, Carrasco CH, Ferson DZ, et al. Retrovirus-
mediated wild-type p53 gene transfer to tumors of patients with lung cancer. Nat Med. 1996 
9;2(9):985–91. [PubMed: 8782455] 

186. Steeg PS, Theodorescu D. Metastasis: a therapeutic target for cancer. Nat Clin Pract Oncol. 2008 
4;5(4):206–19. [PubMed: 18253104] 

187. Hoffman RM. Patient-derived orthotopic xenografts: better mimic of metastasis than 
subcutaneous xenografts. Nat Rev Cancer. 2015 8;15(8):451–2. [PubMed: 26422835] 

188. Rubin MA, Putzi M, Mucci N, Smith DC, Wojno K, Korenchuk S, et al. Rapid (“Warm”) Autopsy 
Study for Procurement of Metastatic Prostate Cancer. Clin Cancer Res. 2000 3 1;6(3):1038–45. 
[PubMed: 10741732] 

189. Steeg PS. Perspective: The right trials. Nature. 2012 5 31;485(7400):S58–9. [PubMed: 22648501] 

190. Steeg PS. Tumor metastasis: mechanistic insights and clinical challenges. Nat Med. 2006 8;12(8):
895–904. [PubMed: 16892035] 

191. De Craene B, Berx G. Regulatory networks defining EMT during cancer initiation and 
progression. Nat Rev Cancer. 2013 2;13(2):97–110. [PubMed: 23344542] 

192. Zaravinos A The Regulatory Role of MicroRNAs in EMT and Cancer. J Oncol. 
2015;2015:865816. [PubMed: 25883654] 

193. Gregory PA, Bracken CP, Smith E, Bert AG, Wright JA, Roslan S, et al. An autocrine TGF-
beta/ZEB/miR-200 signaling network regulates establishment and maintenance of epithelial-
mesenchymal transition. Mol Biol Cell. 2011 5 15;22(10):1686–98. [PubMed: 21411626] 

Fontebasso and Dubinett Page 28

Crit Rev Oncog. Author manuscript; available in PMC 2019 May 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



194. Bracken CP, Khew-Goodall Y, Goodall GJ. Network-Based Approaches to Understand the Roles 
of miR-200 and Other microRNAs in Cancer. Cancer Res. 2015 7 1;75(13):2594–9. [PubMed: 
26069247] 

195. Bouchie A First microRNA mimic enters clinic. Nat Biotechnol. 2013 7;31(7):577. [PubMed: 
23839128] 

196. Condeelis J, Weissleder R. In Vivo Imaging in Cancer. Cold Spring Harb Perspect Biol. 2010 12 
1;2(12):a003848. [PubMed: 20861158] 

197. Chen S, Sanjana NE, Zheng K, Shalem O, Lee K, Shi X, et al. Genome-wide CRISPR Screen in a 
Mouse Model of Tumor Growth and Metastasis. Cell. 2015 12 3;160(6):1246–60. [PubMed: 
25748654] 

Fontebasso and Dubinett Page 29

Crit Rev Oncog. Author manuscript; available in PMC 2019 May 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1 |. Steps of the metastatic cascade amenable to drug targeting.
For simplicity, only hematogenous metastasis is represented here. The metastatic cascade 

can be potentially targeted at different stages. First, drugs acting to inhibit Epithelial-

Mesenchymal Transition (EMT) could prevent motility in mesenchymal tumor cells, thereby 

halting tumor spread at very early stages of the disease. Once mesenchymal cells have left 

the primary tumor site, further spread could be prevented by targeting tumor cell enhanced 

invasion and migration properties. Overlapping targets might be effective also for the 

intravasation step, whereby tumor cells cross the endothelial barrier lining the vasculature. 

At this level of the cascade, resistance to apoptosis triggered by cell detachment (anoikis) 

can also be a target. Tumor cells that transit within the vasculature interact with platelets and 

a variety of immune cells including macrophages, neutrophils and natural killer cells. 

Activated platelets appear to have a crucial role for the survival of metastasizing cells within 

the bloodstream, for example by protecting tumor cells from the cytolytic activity of 

circulating natural killer cells. Thus, disrupting tumor cell-platelet interaction has been 

considered as a therapeutic option, although the safety of this approach is still a matter of 

debate. Macrophages and neutrophils, in conjunction with activated platelets coating the 

migrating tumor cells, have a crucial role in facilitating extravasation from the blood vessels. 

The interaction between extracellular proteins such as integrins, selectins and endothelial 

molecules such as vascular cell adhesion molecule 1 (VCAM1) determines the successful 

transmigration of tumor cells across the endothelial barrier. Chemokines like SDF1/CXCL12 

(CXC-chemokine ligand 12), secreted by tumor cells, aid this process and have equally been 

considered as promising targets. Following colonization, solitary dormant cells can be 

suppressed, ideally without the need for reawakening them. Further therapeutic strategies 

have been devised and developed to suppress a micrometastasis that is being kept dormant at 
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a population-level by either active immune surveillance or limited angiogenesis. VCAM1, 

vascular cell adhesion molecule 1; EMT, Epithelial-Mesenchymal Transition; CXCL12, 

CXC-chemokine ligand 12.
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