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Preface

Metastasis is the major cause of cancer-related death. It is a
multistep process. The mechanism underlying metastasis is
complicated and poorly understood. Recent advances in tumor
metastasis research have led to improved diagnosis and clinical
management of cancer. However, new strategies on metastasis
treatment are urgently needed, especially the novel biomarkers
discovery and targeted therapy.

This book is designed to present the most recent advances in tumor
metastasis.

lvww.ebook3000.cond



http://www.ebook3000.org

lvww.ebook3000.cond



http://www.ebook3000.org

Chapter 1

Hemostatic System in Malignancy: Providing the “Soil”
in Metastatic Niche Formation

Elina Beleva, Veselin Popov and
Janet Grudeva-Popova

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/64697

Abstract

Malignancy arises and progresses in tight association with changes in the tumor
microenvironment and deregulation of hemostatic system. Cancer induces hemostatic
imbalance through production and secretion of procoagulant substances, suppression
of anticoagulant mechanisms, endothelial activation, and angiogenic switch. Cancer
cells are equipped with certain coagulation signaling receptors such as tissue factor (TF)
and urokinase plasminogen activator receptor (uPAR). Tissue factor: as major initiator
of coagulation, TF is considered the main cause for hypercoagulability in cancer.
Constitutive TF expression by cancer cells is a hallmark of malignancy rendering tumors
proangiogenic and prometastatic. TF fosters metastasis through coagulation-depend-
ent pathways leading to fibrin deposition in the evolving premetastatic niche. TF has
been identified as an independent predictor for metastatic development and adverse
prognosis. uPAR: Tissue overexpression of uPAR is demonstrated in almost all human
cancers and is associated with advanced disease. Increased uPAR expression is driven
by molecular events involving K-ras and SRC oncogenes. Transactivation of these
receptors, mediated by binding to hemostatic proteins, activates intracellular signal-
ing pathways, modulates gene expression and facilitates processes of tumor initiation,
epithelial-to-mesenchymal transition, anoikis, and metastasis. By manipulating
hemostatic processes, tumor induces tolerant host environment necessary for evasion
of defense attacks, survival, and progression.

Keywords: hemostasis, cancer, metastasis, tissue factor, urokinase plasminogen acti-
vator
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4 Tumor Metastasis

1. Introduction

Malignancy is associated with derangement of the dynamic homeostasis of hemostatic system.
Associated perturbations are characterized by various clinical manifestations with some of
them infrequently being indicative of an occult cancer. The interaction between the presence
of hemostatic imbalance and cancer has long been recognized. Starting first with the clinical
observations by the French surgeon Armand Trousseau of increased thrombotic tendency in
patients with advanced gastric cancer knowledge of the interrelationship between malignan-
cy and hemostasis has since evolved conceptually into understanding its intrinsic biology.
Relationship between hemostasis and cancer is bidirectional. On the one side, it is viewed as
a process where the innate defense system of hemostasis modulates cancerous develop-
ment. On the other side, tumor itself manipulates hemostatic system via paracrine regulato-
ry mechanisms and utilizes hemostatic functions to induce host tolerance for its development
and evasion of immune surveillance. Knowledge of the molecular and cellular processes
involved in thrombosis in cancer and their differentiation from the physiological hemostasis
is essential for understanding the factors driving the increased tumor-associated prothrom-
botic tendency. It also allows for identifying the certain hemostatic components as determi-
nants of the neoplastic process and their incorporation into development of antitumor
strategies.

2. Tumor prothrombotic mechanisms

Factors that enhance thrombogenicity of neoplasms are complex and reflect the interaction of
a variety of mechanisms that can be summarized on the basis of the classical triad suggested
by Virchow: hypercoagulability, vascular endothelial injury, and stasis.

2.1. Changes in hemostasis factors

Tumor cells have the properties to qualitatively and quantitatively modify plasma and cellular
components of hemostasis either directly by synthesis and secretion of procoagulant substan-
ces or indirectly by intracellular cytokine-mediated mechanisms (Table 1).

2.1.1. Synthesis and secretion of procoagulant substances

Production of procoagulant components by the tumor cells enhances fibrin deposition at the
sites of extravasation and extracellularly within the tumor microenvironment.

Tissue factor (TF)—cellular procoagulant and the main initiator of coagulation. Under
physiological conditions, procoagulant active form of TF cannot be detected in circulation and
on the surface of intact endothelium [1]. TF overexpression is considered a hallmark of the
malignant phenotype, identified for the first time in the description of thromboplastin
properties of leukemic cells [2]. Subsequently, high activity of TF was observed in the super-
natant samples from patients with promyelocytic leukemia [3]. Constitutive expression of TF
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on neoplastically transformed cells has been confirmed by other authors. TF was found
overexpressed on tumor cell surface of a number of cancers. TF overexpression is found on
the surface of microparticles or is secreted into the tumor microenvironment [3, 4]. Increased
TF-dependent procoagulant activity is observed in circulating tumor cells with stem cell
phenotype [5]. By inducing proinflammatory response through synthesis and secretion of
tumor cytokines: IL-13, TNF-a, vascular endothelial growth factor (VEGF), malignant cells
upregulate TF expression on the surface of monocytes/macrophages, endothelium [6-9], and
the degree of tissue expression of TF in the primary tumor correlates with levels of the
circulating antigen [10]. Overexpression of TF has a specific biological role in mediating tumor
growth and metastasis [11].

Cysteine proteinase (CP)—endopeptidase with a molecular weight of 68 KDa, whose only
known substrate is f.X. CP can directly activate f.X to f.Xa without involving f.VII, and unlike
other activators of £.X, CP proteolytically cleaves its molecule at several sites [12]. It has been
identified in extracts from embryonic tissues (amnion and chorion), solid tumors, and leukemic
blasts [13-15]. CP has not been detected in extracts from normal tissues as well as in patients
in complete remission. Its expression in acute promyelocytic leukemia is inhibited by treatment
with all-trans-retinoic acid, which confirms the hypothesis that undifferentiated cells express
CP and upon recovery of differentiation its expression is suppressed [16].

F.VII—a cofactor of tissue factor required for its procoagulant activity. Endogenously synthe-
sized £.VII from non-hepatic tumor cells capable of activating the coagulation via f.Xa mediates
proinvasive signaling pathways [17]. Proteolytically active f.VII in combination with TF
induces anti-apoptotic effects and inhibits anoikis [18].

Prothrombin/thrombin—a key proteolytic enzyme of coagulation. It is produced by different
tumor types and exerts pleiotropic biological effects in the processes of angiogenesis and tumor
proliferation [19]. In patients with low-grade carcinoma, f.Il induces intravascular coagulation,
increases tumor platelet adhesion in vitro, and the formation of metastases in vivo [20].

F.VIII: vWF —various cancers are associated with elevated levels of von Willebrand factor
(vWF) and f.VIII as a consequence of tumor-induced proinflammatory cytokine response
(TNF-a, IL-6) [21-25].

F.V —cofactor of f.X. By expressing f.V receptor, activity tumor cells are functionally involved
in catalyzing the prothrombinase complex [26]. Increased coagulation activity in patients with
breast cancer is correlated with the presence of single nucleotide polymorphisms in the gene
of £V and increased thrombotic risk [27].

F.XIII—fibrin stabilizing factor. Tumor cells from breast cancer have f.XIII-like activity. By
catalyzing fibrin cross-linking and deposition, they potentiate tumor growth and metastasis
[28].

Fibrinogen/fibrin—electron microscopy analysis demonstrated that fibrin is an integral
component of the examined tumors [29]. Fibrin deposition potentiates formation of metastatic
emboli that trap circulating tumor cells in the vascular bed and promote adhesion to the
endothelium [30]. Plasma fibrinogen levels are significantly elevated in patients with multiple
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myeloma and breast cancer at the time of diagnosis and during follow-up compared to healthy
controls [31, 32].

Procoagulant microparticles (MP)—submicron extracellular vesicles. Their procoagulant
capacity is determined by the expression of negatively charged phosphatidylserine and
functionally active TF [33]. Increased MP-associated procoagulant activity was detected in
patients with myeloproliferative neoplasms [34]. By intracellular exchange of MP, tumor cells
transfer oncogenic signal and amplify the angiogenic phenotype [35].

Heparanase —endoglucuronidase that degrades heparan sulfate. Overexpressed in almost all
known malignancies but has not been detected in normal tissue adjacent to the tumor. Tumor
cells secrete heparanase, which induces the expression of TF, activates directly £X, and
inactivates tissue factor pathway inhibitor [36].

2.1.2. Suppression of natural anticoagulant mechanisms

Protein C (PrC)—inactivates Va and VIIla in the presence of thrombin, and its functions are
mediated by specific endothelial receptor. PrC performs cytoprotective and antimetastatic
effects independently of coagulation [37]. Association between increased incidence of throm-
botic events and acquired resistance to PrC (APC), unrelated to factor V Leiden, has been
observed in multiple myeloma and colorectal cancer [38, 39]. There could be mechanisms of
cell resistance due to the modification of the endothelial receptor and induction of APC under
the influence of tumor proinflammatory cytokines [39, 40].

Protein S—cofactor PrC whose activity can be inhibited by circulating paraproteins [24].

Antithrombin III (ATIII)—a major serpin that inactivates factors Ila, IXa, Xa, XIa, XIIa,
kallikrein, plasmin. Decreased levels of ATIII are found in patients with malignant diseases
and decreased survival [41, 42].

Tissue factor pathway inhibitor (TFPI)—main inhibitor of the complex TF:VIIa. Overexpres-
sion of heparanase induces increase of functionally inactive TFPI in plasma (36), a putative
role of a tumor suppressor gene [43, 44].

2.1.3. Defective fibrinolysis —hypofibrinolysis

Tumor cells expressed on their cellular surface all proteins necessary for regulation of the
fibrinolytic pathways. Deregulation in generating normal fibrinolytic activity was observed in
patients with solid tumors and is a mechanism for the development of thrombotic tendency
[45].

Plasminogen activator inhibitor-1 (PAI-1)—important regulator of plasminogen activity.
PAI-1 is overexpressed in different types of tumors [21]. Genomic sequencing of hepatocytes
expressing the MET oncogene demonstrated significantly increased expression of the gene for
PAI-1and COX-2 that corresponded with triple increase in levels of circulating plasma proteins
[46].
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Thrombin-activated fibrinolysis inhibitor (TAFI)—blocks the binding of plasminogen to fibrin.
Reported elevated levels of TAFI in patients with cancer and thromboembolic events were
compared to patients with acute venous thrombosis and normal controls [47, 48].

Proteinase inhibitor of fibrinolysis (a2-antiplasmin, a2-macroglobulin) —secreted in the tumor
microenvironment/in high doses/in cancers with increased risk of venous thromboembolism
[49]. Immunohistochemical studies demonstrate the expression of fibrinolytic inhibitors only
in tumor cells, which could explain the absence of fibrinolytic activity in some tumors [50].

2.2. Endothelial activation

Blood vessels and endothelial cells play a major role in the control of the processes of hemo-
stasis, thrombosis, and inflammation. Endothelial tromboregulation is accomplished by
selective expression of mediators (autacoids and cell adhesion molecules) in response to
specific agonists. The synthesized mediators are involved in all phases of the hemostasic
process and regulate/maintain vascular reactivity. Intact endothelium is anticoagulant and
profibrinolytic under physiologic conditions. From the perspective of the Virchow’s triad,
endothelium loses its tromboresistive properties upon damage —for example, stretching of the
vessel wall, mechanical and chemical injury, turbulent flow, inflammation. Malignant process
causes deregulation of endothelial homeostasis, which can be defined more precisely as
activation rather than damage as endothelial cells alter their functional capacity and acquire
new properties in the absence of violation of tissue integrity [51]. Factors of endothelial
activation in the presence of malignant process include the following: (a) dysfunctional
endothelium —overexpression of adhesion molecules; (b) loss of anticoagulant and acquisition
of procoagulant properties; and (c) switch to proangiogenic phenotype [52].

2.2.1. Overexpression of adhesion molecules

Endothelial expression of selectins and ligands from the immunoglobulin superfamily is
increased under the effect of tumor-induced cytokine and cellular interactions. Tumor-
associated macrophages secrete TNF-a, IL-1, IL-6, IFN-y, which increase the expression of
adhesion molecules through activation of de novo synthesis of mRNA [22]. Increased expres-
sion of adhesion molecules ICAM-1, VCAM-1, and E-selectin mediated by NF-«B transcrip-
tional activation was found when co-culturing endothelial and tumor cells [53]. Gene profiling
of bone marrow cells from patients with multiple myeloma shows increased expression of
genes BNIP3, IER3, and SEPW1. Through their silencing by small interfering RNA processes
such as endothelial proliferation, adhesion and capillary formation are influenced [54].

2.2.2. Procoagulant conversion and loss of anticoagulant properties

Thrombomodulin (TM)—important endothelial cell-associated receptor that acts as direct
anticoagulant. Binding of thrombin activates PrC system and inactivates the proteolytic
degradation of procoagulant substrates [55]. Circulating tumor cytokines decreases TM levels
causing degradation of its molecule and increased endothelial expression of TF [56]. There is
inverse proportional relationship between TM expression and cellular proliferation in vivo.
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Downregulated to absent TM expression is found in metastatic foci, while forced expression
of TM in transgenic mouse models of squamous cell carcinoma lacking TM expression leads
to a differentiated epithelial-like phenotype—effect regulated by Snail transcription factor
[57]. Interference of the TM-PrC system that occurs as a result of lower TM and development
of acquired resistance to PrC of cellular type is one of the factors for procoagulant conversion
of endothelium.

In response to stimuli from the tumor microenvironment, antagonistic deregulation is
observed in endothelial expression of the pairs of VWF/ADAMTS13, TF TFPI, PAI-1/plasmi-
nogen activators. Cytokine-activated endothelium releases high-molecular complexes of vVWF,
which are hyper-reactive to platelet aggregation, thrombus formation, and adhesion, whereas
expression of ADAMTS13 depolymerase is suppressed [58]. Local procoagulant activity of
endothelium is potentiated further by the effects of heparanase, which induces expression of
TF and simultaneously dissociates its inhibitor TFPI from the endothelial cell surface [59]. And
last but not least, the endothelial cells as a primary source of fibrinolytic activators participate
in the induction of hypofibrilinolitic state by defective secretion of plasminogen activators in
enhancing the expression of a fibrinolytic inhibitor PAI-1 [60]. Different mechanisms of
microvascular dysfunction in combination with activated coagulation are the main pathoge-
netic factors in the development of thrombotic microangiopathy in malignancies.

2.2.3. Switch to proangiogenic phenotype

Increased angiogenic activity is due to complex processes in which fully differentiated, non-
proliferating endothelial cells acquire invasive, migratory, and proliferative properties. The
processes of the angiogenic switch are determined by the increased production of positive
regulators of angiogenesis (VEGF, FGF2, IL-8, PIGF, FGF-f3, PDGF), which originate from
tumor cells—they can be mobilized from the extracellular matrix or are released by stromal
cells, recruited in the tumor [61]. At the same time, many of these processes are coupled with
regulatory coagulation processes. For example, endothelial growth factor VEGF, secreted by
the tumor cells, increases endothelial expression of TF, which causes inverse decrease in the
expression of the negative angiogenic regulator—thrombospondin [62]. Synthesis and
secretion of another potent proangiogenic cytokine—interleukin-8 (IL-8) from endothelial cells
—are increased, and the effect is dose dependent on the levels of fibrin deposits [63]. A similar
mechanism is responsible for fibrin-induced expression of the gene for TF from umbilical
vascular endothelial cells [64]. Additionally, thrombin and coagulation degradation products
mediate haptotaxis of endothelial cells by selective exposure of a set of integrins. Thereby, they
orientate the formation of capillaries and vasculogenesis in the direction of the angiogenic
stimulus [65, 66].

Angiopoietin-1,2/Tie2 system is a key regulator of physiologic endothelial angiogenic activity,
which controls the proliferation and differentiation of endothelial cells during embryonic
development. Tie2 is an endothelial-specific receptor tyrosine kinase whose ligands are
angiopoietin-1 (Ang-1) and angiopoietin-2 (Ang-2). Angiopoietin-1 is secreted by perivascular
cells and in complex with Tie2 stabilizes the endothelium in quiescent state and potentiates
the maturation of blood vessels. Angiopoietin-2 acts as an antagonist of Ang-1/Tie2. It is
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overexpressed during tumor angiogenesis and is responsible for pro-angiogenic endothelial
conversion [67]. Tumor blood vessels express structural and functional abnormalities such as
abnormal vascular permeability and increased potential for rapid growth and remodeling due
to overexpression of Ang-2 [68]. Experimental data support the interdependence of the
processes of procoagulant and pro-angiogenic endothelial conversion. Ang-1 inhibits overex-
pression of TF in HUVECsS in a putative mechanism of PI3/Akt signal activation [69]. Throm-
bin-induced angiogenesis in an in vivo model of chorion allantoic membrane is accompanied
by a double increase in expression of mRNA, encoding VEGF and Ang2 [70].

Endothelium performs a crucial role as a regulatory nexus in the processes of hemostasis and
angiogenesis. The complexity of interactions allows on the one hand multiple targeting of
several pathological mechanisms involved in angiogenesis and tumor progression and on the
other hand mediates expression of side effects associated with the system of hemostasis.

2.3. Impaired blood flow

In the context of Virchow triad, disturbed blood flow is a predisposing factor for thrombosis.
Venous stasis is most often secondary—due to external compression of local or metastatic
tumor masses, adenopathy —inflammation caused by the tumor. The main mechanism
involves inadequate clearance of coagulation factors and local endothelial hypoxia that
induces endothelial expression of TF and platelet activating factor, increased leukocyte
adhesion and platelet activation. Additional predisposing factor is the prolonged immobili-
zation of cancer patients both in hospital and at home. Additive effect of disturbances clearance
of activated coagulation factors and hypoxic endothelial damage in conditions of prolonged
immobilization contribute to the development of a thrombotic process.

3. Tissue factor

Besides its major role in hemostasis, TF has been identified as an important signaling receptor
in cancer biology. Ample preclinical evidence has accumulated over the past decade, impli-
cating TF as an important effector in the processes of tumor initiation, growth, angiogenesis,
and metastasis. Moreover, this has led to the development of approaches exploring TF as a
potential target for anticancer therapy [71]. TF is overexpressed in many types of human
tumors, including breast cancer, pancreatic cancer, gastric cancer, prostate cancer, colorectal
cancer, non-small-cell lung cancer, melanoma, leukemia, lymphoma, esophageal cancer,
hepatocellular carcinoma, brain glioblastoma, but not in their normal tissue counterparts [1].
TF overexpression in cancer cells has been correlated with tumor progression and unfavorable
prognostic indicators such as increased angiogenesis, advanced disease stage, and resistant
phenotype [72-74]. Therefore, TF overexpression in situ could be considered a biomarker for
solid tumors.

Enhanced TF expression in cancer has been reported to be an oncogenic-driven event. In
colorectal cancer, activation of the K-ras oncogene and loss-of-function mutation of p53 result
in constitutive activation of mitogen-activated protein kinase (MAPK) and PI3K pathways
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leading to increased TF expression [75]. In turn, inhibition of the PI3K and MAPK by restora-
tion of the PTEN tumor suppressor gene in glioma cells downregulates TF expression
dependent on EGFR amplification [76]. In medulloblastoma cell lines, TF expression has been
shown to result from mutation in the c-Met oncogene and subsequent activation of Src kinases
[77]. It has been observed that a certain subset of tumor cells, known as cancer stem cells, which
constitutively express activated oncogenes and are capable of undergoing multilineage
differentiation, are characterized by TF abundant phenotype [5]. Moreover, enhanced TF
expression is observed during the processes of epithelial-to-mesenchymal-transition, whereby
epithelial cells acquire a mesenchymal, more aggressive and motile phenotype [78]. This
indicates that TF is possibly involved in maintaining cancer cell self-perpetuance.

There is a structure function dependency in TF mode of action. TF plays a role in cancer
progression both by initiating tumor growth and by promoting efficient tumor cell dissemi-
nation. Tumor-promoting activities of TF occur via non-hemostatic mechanism and can be
attributed to the cytoplasmic domain signaling dependent mostly on the activation of the
protease activated receptor 2 (PAR2). Prometastatic properties of TF can rather be coupled
with its extracellular domain and the subsequent generation of thrombin, which, as a potent
growth factor, exhibits further pleiotropic cellular effects.

TF-mediated signaling is critical for both physiological and pathological angiogenesis. TF
deficiency in murine knockout experiments caused early embryonic lethality due to impaired
vasculature development [79]. Zhang et al. demonstrated that tumors overexpressing TF
become highly vascularized once implanted into mice and the observed growth induction
could not be inhibited despite maximal anticoagulation [80]. It has been revealed that involve-
ment of TF cytoplasmic domain in several transduction cascades accounts for the production
by tumor cells of angiogenic cytokines and contributes to increased angiogenesis in a paracrine
fashion [81]. Formation of the complex TF/VIla leads to increase of intracellular Ca* and
phosphorylation of serine residues on TF cytoplasmic tail. This triggers signaling via the G-
protein coupled membrane receptor PAR2 that activates MAPK and PI3K transduction
cascades, resulting in increased gene expression of the angiogenic cytokines VEGF, VEGF-C,
CXCL1, II-8, and Cyr61 [82-84]. In addition to PAR2 signaling, the cytoplasmic domain of TF
can be phosphorylated independently of f.VII ligand binding by protein kinase C (PKC)
resulting in the transcriptional activation of VEGF, VEGFR, TGF, and suppressed expression
of anti-angiogenic molecules such as thrombospondin [85, 86]. The relationship between TF
and VEGF has been extensively studied and is manifested by reciprocal co-stimulation of their
expression profiles. VEGF induces TF expression by orchestrating the binding of nuclear
factors NFAT and AP-1 to the promoter region of TF gene [87]. Regulation of VEGF is in turn
dependent on the TF cytoplasmic domain signaling, which is demonstrated by the finding that
tumor cells transfected with truncated TF cDNA lacking the cytoplasmic domain fail to
produce VEGF, but preserve the TF procoagulant function [86]. Experimental ex vivo and in
vivo studies have further supported the TE-VEGF interrelationship by finding increased co-
expression on tumor sections and their association with increased angiogenesis and malignant
potential in human tumors [73-75, 88, 89].
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TF enhances tumor growth via TF/VIIa/PAR2 signaling. This is evidenced by studies on cancer
cell lines, where overexpression of TF by cancer cells conferred growth advantage compared
to cell lines expressing low levels of TF [71, 86]. Delay in primary and metastatic tumor growth
was observed after specific TF/VIla inhibition with the anticoagulant rNAPc2 but not after
inhibition of f.Xa [90]. Studies on selective targeting of different domains of the complex
TF:VIlarevealed that PAR2 signaling and integrin ligation is sufficient for TF tumor-promoting
properties [91].

Prometastatic properties of TF can be attributed to its extracellular domain, which is required
for its major role in triggering coagulation. The extracellular mutant domain (TFmut) has
markedly diminished function for activation of f.X, while full-length or cytoplasmic tail-
deleted TF retains its procoagulant activity [85, 92]. The expression of TF in tumors can induce
downstream coagulation activation via the TF/VIla/Xa pathway leading to fibrin and tumor
stroma formation. Tumor cells become encapsulated in fibrin and platelet-rich thrombi, being
protected from the host immune defense and arrest in the microcirculation. Local thrombin
formation facilitates arrest of tumor cells to the vessel wall by upregulation of adhesion
molecules and strengthening cell-to-cell junctions [93]. Fibrin matrix in the tumor stroma
builds itself a multifunctional scaffold rich on growth factors such as platelet derived growth
factor (PDGF), transforming growth factor (TGF), fibroblast growth factor (FGF), that is not
only protective, but also promotes matrix-cell interactions necessary for neovascularization
[94]. Thrombin, constitutively generated by the activated coagulation cascade in the tumor
surrounding, mobilizes the adhesion molecules allbp3-integrin, P-selectin, CD40 ligand, and
enhances tumor cell interactions to platelets, endothelial cells and matrix [95-97]. Thrombin
has also an important function in angiogenesis by inducing the activation of endothelial-
secreted collagenase type IV, which degrades basement matrix proteins and collagen during
neoangiogenesis [98]. In vivo experimental models of metastasis demonstrated dramatic
increase of lung metastasis with thrombin-treated tumor cells compared with untreated cells
[99].

In summary, TF-mediated effects either in a coagulation-independent mechanism via direct
cytoplasmic domain signaling and TF/VIIa/PAR2 or dependent on the coagulation products
induce diverse sets of cellular responses inherent to tumor cells including tumor growth,
neoangiogenesis, cell migration, and metastasis. Taking into account the specific biologic role
of TF in the malignant tissue, detecting circulating TF in cancer patients might be informative
of active disease and ongoing processes of matrix reorganization, cell destruction, and
neovascularization.

4. uPA/uPAR system

The physiologic role of fibrinolysis is dissolution of the fibrin clot and collagen degradation
exerted by the action of plasmin. Generation of plasmin, the main enzyme in fibrinolysis,
occurs upon activation of plasminogen by the tissue plasminogen activator (tPA) and the
urokinase plasminogen activator (uPA).Therefore, function of the urokinase plasminogen
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activator (uPA) and its high-affinity cellular receptor (uUPAR) is critical for fibrinolytic activities
including targeted degradation of the basement matrix. Moreover, uPAR is motile within the
cellular membrane, which allows its allocation at the cellular front of desired direction for
proteolysis [100]. Under normal conditions, the process of active proteolysis is tightly control-
led by the proteolytic systems.

In cancer, biology activation of uPA/uPAR system is a prerequisite for efficient focal proteol-
ysis, adhesion, migration and enables penetrating tumor cells to invade and metastasize [101].
Extracellular matrix proteolysis acts at all stages of the metastatic cascade: detachment of
tumor cells from primary site, intravasation, hematogeneous dissemination, extravasation,
and metastases formation. These processes are executed by proteolytic enzymatic systems,
including uPA/uPAR, matrix metalloproteinases, and cysteine proteinases, which interact
synergistically and are responsible for the complex proteolytic activity of tumors [102].

The cellular receptor for the urokinase plasminogen activator (uPAR) is a key molecule for
efficient pericellular proteolysis. Apart from potentiating proteolytic activity, the complex
uPA/uPAR ignites series of intracellular signaling events associated with the processes of
proliferation, adhesion, chemotaxis, migration, and angiogenesis. Tissue overexpression of
uPA/uPAR is found in various human tumors—breast, prostate, GIT, and lung. It is associated
with advanced disease and is independent adverse prognostic factor for survival [103]. Direct
involvement of uPAR in processes of tumor biology characterizes it as a hallmark of the
malignant invasive phenotype. Overexpression of uPAR cDNA in osteosarcoma cells increases
its ability to penetrate the basal membrane [104]. Invasive potential of tumor cells in chorion-
allantois membrane of chicken embryos correlates with uPAR-associated proteolytic activity
[105]. Expression of uPAR gene by tumor cells is required for vascular intravasation, whereas
uPAR gene expression decreases invasive potential of transformed fibroblasts in vitro [106].
Experiments with anti-uPAR inhibitory antibodies demonstrate reduction of the matric
proteolytic activity [107, 108]. Levels and activity of uPAR are regulated at the transcriptional
level by oncogene-controlled promoter activation. uPAR promoter region contains binding
motifs for several transcriptional factors that regulate cellular differentiation, migration, and
apoptosis: specific protein 1 (SP1), activator protein 1 (AP1) and activator protein 2 (AP2) [109].
uPAR basal expression is regulated proximally from SP1 transcriptional starting point. In
tumor models of colorectal cancer, constitutive, and induced uPAR expression is regulated by
AP1 binding motif via MAPK and c-JUN NH,-terminal kinase (JNK) signaling [110]. AP2
binding motif is required for constitutive overexpression of uPAR promoter activity ininvasive
tumor cells after stimulation by the tumor promoter phorbol acetate.

The role of K-ras and SRC oncogenes in uPAR regulation has been identified. K-ras regulates
uPAR mediated proteolysis by transcriptional binding of AP1 to the promoter motif. Down-
regulation of promoter activity as in deletion of the AP1 binding activity has been observed
in tumor clones with K-ras allelic deletion. The knockout effect is accompanied by significant
reduction of uPAR expression and tumor-associated proteolysis [111]. Increased uPAR protein
expression and laminin degradation parallel to c-SRC activation are observed in SW 480 cells
transfected to constitutively overexpress s-SRC. Elevated uPAR expression is due to tran-
scriptional activation secondary to increased binding of SP1 to the complementary promoter
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motif. This defines SP1 as distal factor of c-SRC-mediated regulation of uPAR [109]. Tissue
overexpression of uPA/uPAR has been detected in many human tumors like breast, prostate,
gastrointestinal, and lung cancers. Oncogenes responsible for enhancement of uPA/uPAR
expression in malignant tissue include ras, jun, myg, fos, rel, and ets. uPAR expression can also
be stimulated by the expression of TF and the epidermal growth factor receptor (EGFR) [112].

Factor Coagulation function Role in tumor biology

f.I (fibrinogen) Formation of the hemostatic clot Potentiates formation of metastatic emboli and

enhances survival of tumor cells

£II Converts fibrinogen to fibrin Growth factor, role in angiogenesis, tumor
(prothrombin/thrombin) proliferation, and metastasis formation
f.III (tissue factor) Major initiator of coagulation Exerts proangiogenic and prometastatic effects, role

in tumor growth initiation

f.VII Cofactor for TF Inhibition of anoikis, supports tumor invasion
f. XIIT Stabilizes fibrin Potentiates tumor growth and metastasis
Cysteine proteinase Direct activator of f. X has not been Suppressed expression by blasts upon differentiation

identified in healthy individuals

Heparanase Degradation of heparan sulfate Local invasion and metastasis
Protein C Anticoagulant function via Vaand Activated PrC resistance related to loss of
VlIlIa inactivation cytoprotective and antimetastatic effects
Tissue factor pathway Main inhibitor of the complex Putative role of a tumor suppressor gene
inhibitor TF:VIla
Plasminogen activator Regulator of plasminogen activity =~ Overexpression found in various tumor types,
inhibitor-1 (PAI-1) related to MET oncogene
uPA/uPAR system Generation of plasmin Focal proteolysis, tumor cell invasion and migration
Thrombomodulin Direct anticoagulant via thrombin ~ Forced TM expression in cancer cells lacking TM
binding and PrC activation leads to differentiated phenotype via Snail

Table 1. Coagulation function vs. role in tumor biology of hemostatic factors.

Fibrinolytic system components can be identified as determinants of invasion in tumor biology
and reflect the metastatic potential of tumors.

5. Conclusion

Identification of hemostatic system as a component of the tumor microenvironment would
provide aresearch scaffold for novel determinants of tumor progression. The role of hemostatic
components in the processes of tumor growth, angiogenesis, invasion, and metastasis makes
them an accessible potential target for targeted therapy. Analysis of their predictive and
prognostic value as surrogate biomarkers for tumor-induced events would yield development
of novel tools for monitoring and antitumor strategies.
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Abstract

Metastasis is a complicated course that involves the spread of aneoplasm to distant parts
of the body from its original site. A cancer cell must complete a series of steps before it
becomes a clinically detectable lesion for successful colonization in the body. These are
separation from the primary tumor, invasion and penetration of their basement
membranes, entry into the blood vessels and survival within blood, and entry into
lymphatics. A major challenge in extracellular matrix (ECM) biology is to understand the
roles of the ECM and how disruption of ECM dynamics may contribute to cancer. A
noteworthy area of forthcoming cancer research will be to determine whether abnor-
mal ECM could be an effective cancer therapeutic target. We should understand how
ECM composition and organization are normally maintained and how they may be
deregulated in cancer. So the aims of this chapter were to focus on extracellular matrix.
Invasion and metastatic skills, properties and functions of the ECM, abnormal ECM
dynamics, tumor microenvironment and ECM, details of ECM invasion, role of ECM and
ECM-associated proteins in metastasis, tumor dormant and metastatic process, essential
component of the niches, role of the ECM in tumor angiogenesis and lymphangiogene-
sis are be briefly explained in this chapter.

Keywords: extracellular matrix, niche, tumor dormancy, metastasis, cancer

1. Introduction

Extracellular matrix (ECM) was synthesized and secreted by embryonic cells starting from the
early stages of its development. Our knowledge on the composition, structure, and function of
ECM increased significantly in recent years. The most prominent among these is that extracel-



24 Tumor Metastasis

lular microenvironment holds a critical importance in cellular growth, survival, differentia-
tion, and morphogenesis [1].

The major role played by the local microenvironment or niches in the arrangement of cellular
behavior is gradually accepted more and more in cancer biology [2-5]. The fact that extracel-
lular matrix is a dynamic source in the progression of cancer became the center of attention
for researchers [1, 5-7].

ECM affects negatively multiple proteases in remodeling, but it should be debated whether
proteolysis constitutes a mandatory step in tissue invasion [8]. Many groups reported that the
crossed structural barriers of cancer cells may be transferred to ECM only via the proteolytic
pathway. Yet, others suggested that the neoplastic cells progressed toward the matrix by
pushing or suppressing without proteases [9-12]. No matter what the route is, neoplastic cells
invade the two major subtypes of ECM, namely basal membrane and interstitium [13-17].

2. Invasion and metastatic skills

The dissemination of tumors is a complex process occurring in a sequential series which can
be named as a sequence of invasive-metastatic events (Figure 1). These phases are composed
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Figure 1. Abnormal ECM promotes cancer progression. (A) ECM remodeling is tightly controlled to ensure organ ho-
meostasis and functions. Normal ECM dynamics are essential for maintaining tissue integrity and keep rare tumor-
prone cells, together with resident fibroblasts, eosinophils, macrophages, and other stromal cells, in check by
maintaining an overall healthy microenvironment. (B) With age or under pathological conditions, tissues can enter a
series of tumorigenic events. One of the earlier events is the generation of activated fibroblasts or CAFs (stage 1),
which contributes to abnormal ECM buildup and deregulated expression of ECM remodeling enzymes (stage 2). Ab-
normal ECM has profound impacts on surrounding cells, including epithelial, endothelial, and immune cells and other
stromal cell types. Deregulated ECM promotes epithelial cellular transformation and hyperplasia (stage 3). (C) In late-
stage tumors, immune cells are often recruited to the tumor site to promote cancer progression (stage 4). In addition,
deregulated ECM affects various aspects of vascular biology and promotes tumor-associated angiogenesis (stage 5).
Creation of a leaky tumor vasculature in turn facilitates tumor cell invasion and metastasis to distant sites (stage 6). (D)
At distant sites, cancer cells leave the circulation and take hold of the local tissue. Together with local stromal cells,
cancer cells express ECM remodeling enzymes and create a local metastatic niche. Abnormal niche ECM promotes ex-
travasation, survival, and proliferation of cancer cells (stage 7). At later stages when cancer cells awake from dorman-
cy, abnormal ECM turns on the angiogenic switch (stage 8), presumably using a mechanism similar to that used at the
primary site (stage 5), and promotes the rapid growth of cancer cells and an expansion of micrometastasis to macrome-
tastasis (see ref. [5]).
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of local invasion, entry into blood and lymphatic vessels (intravasation), intravenous journey,
exit from the veins (extravasation), development of micrometastases, and finally the growth
of the micrometastases into macroscopic tumors [18, 19]. As it might be expected, any one of
these phases may be interrupted by factors associated with the tumor or host. The series of
metastatic events may also be divided into two phases, namely (1) ECM invasion and (2)
intravenous dissemination of tumor cells and their homing in distant tissues/organs [20].

2.1. Characteristics, function, and invasion of ECM

As known, human tissues are composed of a series of compartments separated from each other
by two types of ECMs, namely basal membranes and interstitial connective tissues. Although
organized in different manners, each ECM type is composed of collagens, glycoproteins, and
proteoglycans [21].

In addition to the ECM molecules, the general critical functions are important also for devel-
opmental events (Figure 2). Extracellular compartment comprises various ECM components
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Figure 2. Summary of ECM functions in development. The ECM is multi-functional and can influence multiple bio-
chemical and mechanical processes simultaneously. This figure illustrates different functional states of the ECM and
their biological contexts. The five categories are not mutually exclusive. When interpreting ECM loss-of-function phe-
notypes, one should consider that multiple processes may be compromised thus specific roles of individual ECM com-
ponents are difficult to glean. A couple of important properties of ECM are not illustrated in this cartoon. First, ECMs
are highly dynamic and can be modified by the cells that come into contact with them creating a bi-directional mode of
cell-matrix communication. Second, ECM-ECM interactions vary the chemical and mechanical composition of the ex-
tracellular microenvironment. In this review, we incorporate several examples of how the functions of ECM are utiliz-
ed during embryonic development (see ref. [1]).
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and this organization and composition modifies the development with the initiation of
fertilization. The most prominent characteristic of cell-ECM interaction is that it is mutual. On
one hand, cells are continuously formed, destroyed, or rearranged. ECM components modify
one or multiple characteristics of ECM. On the other hand, as ECM arranges different cellular
behaviors, this will impact adjacent cells as a result of any different cellular activity and modify
its behaviors [22]. This feedback regulating mechanism between the cells and ECM enables
rapid adaptation to the surrounding of cells and tissues [23].

The extracellular matrix (ECM) structure is dynamic and may be destroyed by the enzyme
family known as the matrix metalloproteinases (MMPs). These enzymes are actually secreted
by stromal cells or heparinase (this is an endoglycosidase enzyme which separates heparin
sulfate chains expressed and secreted particularly by tumor cells). Thus, the microenvironment
may contribute to tumor dormancy or metastatic growth with the impact of MMPs. The
expression and secretion of MMPs by leukocytes and macrophages may lead to the release of
angiostatic factors inhibiting angiogenesis and metastatic growth from ECM. These anti-
angiogenesis factors comprise endostatin, restin, arrestin, three chains of collagen IV, and
macrophage elastase [24]. Similarly, stromal MMPs may release cytokines and angiogenic
factors affiliated with ECM such as fibroblast growth factor (FGF) and vascular endothelial
growth factor (VEGF) and may initiate the angiogenic switch required for the transition from
micrometastatic dormancy to metastatic growth. MMPs may also contribute to the formation
of a suitable place for the transition from dormancy to metastatic growth. For instance,
modifications in ECM components, such as the arrangement and production of type I collagen
and fibronectin, were detected in gene expression signals associated with metastasis and poor
prognosis in breast cancer [25]. Furthermore, the leukocyte secretion of MMP2 and MMP9 may
activate latent transforming growth factor (TGF)-beta localized in ECM. The activation of TGF-
beta may enhance the Type I collagen and lysyl oxidase expression synthesis and thus provide
a suitable setting for metastatic growth [26]. On the other hand, the heparinase synthesis of
tumor cells regulates the re-arrangement and destruction of ECM in association with angio-
genic factors promoting angiogenesis and tumor cell migration [27]. In summary, the crosstalk
between dormant tumor cells and ECM regulated by stromal and tumor cells may control the
initiation or termination of the dormant status of the cell.

2.2. Dormancy of tumor cells and the metastatic process

Tumor dormancy may be defined as the long-term asymptomatic, non-detectable and latent
state of disseminated tumor cells (DTCs). This period is a stage where the residual disease
exists, butisnot clinically visible. The cells in dormant state avail of the capacity to grow slowly,
escape treatment and the immune system of the host and to renew themselves. Tumor
dormancy may contribute to the progression and relapse of the tumor metastatically both in
local and distant sites. Cancer cells go into a dormant stage at the beginning of the disease or
following the first treatment and may remain dormant even for years or for decades after the
first treatment. The mechanisms and the sleep markers regulating the transition between the
dormancy and proliferation phases have not been fully designated [28]. A part of the latent
period in all patients may take place as the slow accumulation of the genetic modifications
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leading to immortality (TP53, RB1, P16 loss, and/or telomerase gain, etc.) and the transforma-
tions during and/or following carcinogenesis (Ras-activating mutations, ERBB2 amplification,
BRAF-activating mutations, etc.). Breast and prostate tumors, melanoma, B-cell lymphoma,
and leukemia are malignancies displaying dormant cancer cells [29, 30].

The metastatic growth of disseminated tumor cells (DTCs) from the primary tumor constitutes
the main reason of cancer-associated deaths. DTCs should survive around the circulation when
they mix with blood and avoid physical damage and immune system attacks. Thus, DTCs
adapt themselves to the new microenvironment of the secondary site and the reprogramming
periods to the micrometastasis or quiescent state begin according to the characteristics of the
microenvironment [31].

Various metastasis suppressant genes responding to microenvironmental stress may regulate
the dormancy. Metastasis suppressant genes have the capacity to encourage apoptosis or the
dormancy of cells and prevent the development of metastasis. KISS-1 is a tumor suppressor
gene contained inside kisspeptins, and it has been demonstrated that the cells expressing
kisspeptins remain dormant in many organs. Kangai 1 (Kail/CD82) is a cell surface trans-
membrane protein which joins the inhibition of invasion and cancer cell migration by forming
complexes with integrins. Furthermore, Kai 1 reduces the formation of distant metastasis upon
binding to duffy antigen-chemokine receptor on the surface of vascular endothelial cells [32].
It was demonstrated that in melanoma, colon, breast, and lung cancer models that the
metastasis is suppressed via the Nm23-1H (NMEL1) protein [33, 34]. Mitogen-activated protein
kinase 4 (MKK4) is a specific kinase which plays a role in dormancy in the micrometastatic
stage. MKK7 and MKKG6 are other kinases with less metastasis suppressor effects. BRMS1,
SMAD?7, SSeCKS, RhoGD12, and CTGF are metastasis suppressor genes which play a potential
role in dormancy. In case of more activated P38 in the cell, tumor cells may be encouraged to
enter dormancy [35].

2.3. ECM’s invasion and the stages of invasion

It is necessary for a carcinoma first to pass through the basal membrane beneath and then
through the interstitial tissue and consequently reach the circulation upon penetrating into the
basal membrane in the veins. The referred cycle is repeated also when the tumor cells embo-
lisms extravasate from a different site. Due to these reasons, a tumor cell may metastasize only
when they pass through different and high number of basal membranes and at least two
interstitial matrices [36, 37]. The ECM invasion is achieved in four steps.

The first step of the series of metastatic events is the relaxation of tumor cells. E-cadherins act
as intercellular adhesives and their parts within the cytoplasm bind to (3-catenin. Neighboring
E-cadherin molecules hold together cells, and as also explained earlier, they may send anti-
proliferative signals over the (3-catenin sequestration [38]. The E-cadherin function in almost
all epithelial-derived cancers is lost due to the mutations achieved via the {3-catenin gene
activation of the E-cadherin genes or the inadequate expression of the SNAIL and TWIST
transcription factors suppressing the E-cadherin expression [39, 40].

27



28 Tumor Metastasis

The second step in the invasion is composed of the local disintegration of the basal membrane
and the interstitial connective tissue. The tumor cells themselves secrete proteolytic enzymes
or stimulate stroma cells such as fibroblasts and inflammatory cells so that they secrete
proteases. It was expressed indirectly that many different protease families, such as matrix
metalloproteinases (MMPs), cathepsin D and urokinase plasminogen activators, play a role in
the achievement of the invasive characteristic in the tumor cell. Matrix metalloproteinases
regulate the tumor invasion not only by reshaping the insoluble components of the basal
membrane and interstitial matrix but also by releasing the growth factors at ECM [41].
Actually, the cleavage collagens and proteoglycans also have effects which promote chemo-
tactic, angiogenic, and growth. For instance, MMP-9 is a gelatinase which may release type IV
collagen in the basal membrane of the epithelial and the veins; furthermore, it also stimulates
the VEGF secretion of ECM from sequestered pools. Type IV collagenous activity, which is
very rare in the benign tumors of the breast, large intestine, and stomach is at an abundant
amount in the malignant tumors of the same organs. Meanwhile, indeed, an overexpression
of metalloproteases and other proteases was reported for many tumors [42—44].

The third step of tumor invasion involves changes in the adhesion of tumor cells to ECM
proteins. There are receptors in the normal epithelial cells, such as integrin, which belong to
the basal membrane laminin polarized on the basal surfaces and to collagens, and these help
the cell to maintain its undifferentiated status at rest. While the loss of adhesion initiates
apoptosis in normal cells, tumor cells are resistant to the death of cells to take place via this
path [36]. Furthermore, the matrix itself is changed in a manner so as to promote invasion and
the occurrence of metastasis. For instance, the cleavage of basal membrane proteins (collagen
IV and laminin) by MMP-2 or MMP-9 creates new sites to which the receptors in the tumor
cells may bind and stimulate the migration [42, 44].

The final step of the tumor invasion is the locomotion of malignant cells. During the locomotion
process, the tumor cells pass through fragmented basal membranes and proteolyzed matrix
regions and translocate. The migration of cancerous cells is a multi-phased process, which
impacts the cytoskeleton in the actin structure at the end and where many receptor families
and the signalization protein family play a role (Figure 3). This last step appears to be a process
which is promoted and directed by cytokines deriving from the tumor cell such as the autocrine
motility factor. Furthermore, the cleavage products of the matrix proteins (such as collagen
and laminin) and some growth factors (such as insulin-like growth factor I and II) have a
chemotaxis effect on these cells.

Moreover, the stroma cells also produce paracrine effector factors such as HGF/SCF (hepato-
cyte growth factor/diffusion factor) which bind to the receptors on the tumor cells. HGF
inhibition is as effective as standard chemotherapy in inhibiting local tumor growth [45]. The
fact that the concentration of these factors is high in the peripheral region of glioblastoma
multiform, which is a strong brain tumor with advanced invasion skills, supports the view
that they play a role in motility [46].
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Figure 3. Schematic model of enzymatic disruption of extracellular matrix at the tumor invasion zone: (A) The tumor-
surrounding extracellular matrix consists of a meshwork of collagen fibers (1) and interdispersed glycosaminoglycan-
containing proteoglycans (2) that provide swelling pressure to maintain tissue volume; (B) collagen molecules (3) are
aligned in staggered fashion overlapping by one quarter of their length to form a cross-striated collagen fiber (1). Co-
valent cross links (4) between neighboring collagen molecules are responsible for tensile strength and insolubility of
the fiber meshwork. The interdispersed proteoglycans shows limited aggregation with hyaluronate (5). It is restricted
from swelling by an intact collagen network; (C) collagen fibers are degraded by two enzymatic pathways: (a) protei-
nases (i.e., cathepsins, elastase, plasmin, thrombin) act as “cross-linkases” (4) to liberate collagen monomers from fibers
(6). Collagen monomers then denature (7), solubilize, and become susceptible to many proteinases. (b) Vertebrate col-
lagenases specifically cleave the collagen triple helix at the %-% point between the NH2- and COOH-termini (8). The
resulting TCA and TCS fragments denature (9) and are further cleaved by neutral proteinases: (D) Collagen and con-
comitant proteoglycan degradation (10) transforms the matrix from an insoluble (solid) to a liquified (fluid) state. The
remaining proteoglycans swell (11) due to breakdown of the restricting collagen network. These physical changes may
allow locomotion and tumor cell penetration (see ref. [6]).

2.4. How does ECM deregulation signal cancer?

The structure of tumor-associated ECM is basically different than that of the normal tissue
stroma. Relaxed, non-oriented fibrils and collagen I are significantly oriented with epithelia
which are significantly linearized and attached in the breast tissue or are designed vertically
to the tissue [41].

Abnormal ECM dynamics have been well documented in clinical studies as a sign of many
diseases and cancer. For instance, excessive ECM production or decreased ECM destruction
is evident in many organ fibroses [47]. The storage of various collagens containing collagen I,
II, I, V, and IX increases during tumor formation [48]. These abnormal changes in the
composition and rate of ECM may significantly modify the biochemical characteristics of ECM
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and potentialize the oncogenic effects of various growth factor signal pathways [49]. Increased
collagen deposition or ECM stiffness may support cell survival and proliferation alone or with
the upregulation of the integrin signal [50, 51].

Increased collagen cross links and ECM stiffness stimulate ERK and PI3 kinase signal as a result
of LOX overproduction and facilitate oncogenic transformation [47].

2.5. May ECM prevent cancer cell invasion?

Studies have demonstrated that ECM is essential in the protection and achievement of tissue
polarity and structure. Abnormal ECM dynamics may cause basal membranes to compromise
as a physical barrier and facilitate tissue invasion of cancer cells by supporting epithelial
mesenchymal transition [52, 53].

The changes in ECM topography may facilitate the migration of cancer cells. Thickening and
linearization are observed in collagen fibers in cancer cases, and these are mostly seen in tissue
invasion and vascular tumor sites, which demonstrates that they may play an active role in
this cancer cell invasion [41, 54].

2.6. Tumor microenvironment and ECM

Tumor microenvironment plays a critical role in the progression of cancer and is the main
factor determining the growth and survival of DTCs in prioritized metastatic sites [43, 55]. It
was recently revealed that the stroma cells surrounding tumor cells constitute a variable
environment which promotes or prevents tumor formation of mutual signalizations between
the tumor and stroma cells and not as a static barrier that prevents the motility of tumor cells
[56]. The congenital and adaptive immunity cells as well as fibroblasts are among stroma cells
which interact with tumors. It was revealed in various studies that tumor-accompanying cells
contain ECM molecules, proteases, protease inhibitors, and genes encoding various growth
factors in modified forms [57]. Dormant tumor cells are in close contact via the extracellular
matrix via the integrin signalization pathway regulating tumor cell growth, migration,
differentiation, and survival. Metastasis-associated urokinase receptor (UPAR) causes tumor
growth via fibronectin receptor alfaSbetal-integrin activation and interaction. This complex
enables the functioning of EFGR which promotes focal adhesion kinase (FAK) and adhesion
to fibronectin and transfers mitogenic signals via Ras extracellular signal-regulated kinase
(ERK), respectively. In an in vitro study, the downregulation of uPAR and the loss of function
of integrin reduced the proliferative signals from a fibronectin-rich microenvironment which
led to the transition from a tumorigenic status to a dormant status in human carcinoma cells.
Furthermore, the blockade of uPAR, betal-integrinler, FAK or EGFR alone or in combination
results in in vivo tumor suppression which is demonstrated to be associated with the induction
of tumor cell dormancy [58, 59].

In vivo ERK1/2 signalization revealed that dormancy derives from an almost complete full
inhibition of the Raf-MEK-ERK pathway and triggers the stopping of cell cycle in the G0-G1
phase as in the dormant cells. It was demonstrated that the mitogen-activated protein kinase
(MAPK) signalization cascade activated with (P38/c-Jun N-terminal kinase (JNK) has an



Is Extracellular Matrix a Castle Against to Invasion of Cancer Cells?
http://dx.doi.org/10.5772/64495

impact as a tumor suppressor via various tumor suppressor (TP53 and Rb-mediated) pathways
and by the decrease of various oncogenic signals and become responsible for the stopping of
the growth. The disruption of the UPAR complex activates the p38 MAPK signalization
pathway. Proliferation in primary and secondary tumors requires a high ERK1/2/p38 MAPK,
pathway activation—contrary to tumor dormancy. Thus, the molecular mechanisms of growth
inhibition have become comprehensible during dormancy, which is observed both I the p38
MAPK pathway activation and ERK1/2 pathway inhibition [60].

Thus, tumor cells maintain their existence within a complex and constantly changing envi-
ronment in which ECM, fibroblasts, and the immunity system cells communicate with one
another. The cells which cooperate with the referred environment in order to fulfill their bad
intentions and may adapt themselves to this environment can be the most successful tumor
cells.

2.7. May fibroblasts play a role in tumor invasion?

When cells are transformed and the solid tumor mass formation is initiated, they lead to a
modification in the phenotypes of the cells surrounding them. A transformation occurs in the
extracellular matrix in addition to the modification in the cellular phenotype, and this tumor
formation occurs simultaneously [57, 61]. It was recently discovered that increased matrix
stiffness may also lead to the increase in the oncogenic YAP/TAZ complex increased in
association with signal regulators comprising the Hippo signal pathway, enhanced cellular
proliferation, decreased contact inhibition, increased cancer stem cell phenotype, and in-
creased metastasis [62]. However, it was demonstrated in the recent publication by the authors
that YAP/TAZ was not activate only at CAFs: Cancer associated fibroblasts, but that YAP/TAZ
was necessary also for CAF development [63]. The authors demonstrated that CAF activation
led to a matrix remodeling developing to increased stiffness with the myosin light-chain 2
(MYL9/MLC) expression which plays a vital role in the formation of ECM. Another point
pinpointed by these authors was that the YAP/TAZ activation was not specific only to CAFs,
but that it was also revealed in the normal tissue fibroblasts surrounding the cancerous tissue.

2.8. Role of ECM in vascular dissemination and homing of tumor cells

The growth of a tumor size requires an increase in the need for nutrients, oxygen, and waste
exchange. Tumor vascularization constitutes the main path in metastases of cancer cells [36,
64].

When tumor cells reach the circulatory system, the host is likely to be destroyed by immune
cells. Some tumor cells in the blood circulation aggregate and adhere on leukocytes in the
circulation, particularly on thrombocytes, and cause embolism; thus, part of tumor cells in the
circulation achieves a certain degree of protection against the antitumor effects of the effector
cells of the host. However, the majority of tumor cells circulate alone in the circulation. During
the extravasation of free tumor cells or the development of tumor embolism, the referred cells
first adhere on the vascular endothelium and then enter the organ parenchyma upon passing
through the basal membrane via mechanisms similar to those in the invasion process [64].
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It is possible to estimate the site of extravasation of tumor cells and the distribution of the
metastases in the organs by looking at the site of the primary tumor and the vascular or
lymphatic drainage (Figure 4). Most tumors metastasize in the first organ they encounter in
the capillary bed upon entering the circulation. However, natural drainage paths may not
easily explain the distribution of metastases in many cases. Some tumors such as lung cancers
frequently metastasize in the adrenals, while they almost never spread to the skeletal muscle
[65]. This organ tropism may be associated with the following described mechanisms:
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Figure 4. ECM role in tumor angiogenesis, lymphangiogenesis. Angiogenesis and lymphangiogenesis depend on the
ECM. Tumor cells produce various components, including VEGF and angiogenic and antiangiogenic ECM fragments,
to regulate blood vessel formation (stage 1). During branch initiation, endothelial cells secrete proteases to break down
the basement membrane to grow out (stage 2). The outgrowth process of endothelial branching is propelled by at least
two groups of cells: tip cells, which lead the migration toward the angiogenic chemoattractant source, and stalk cells,
which depend on the ECM and its derivatives to survive and proliferate to provide building blocks for vessel forma-
tion (stage 3). Additionally, ECM components participate in cell migration and other aspects of tubulogenesis of blood
vessels. Although details remain unclear, lymphangiogenesis depends on the ECM and, together with angiogenesis,
provides routes for cancer cell metastasis and immune cell infiltration (see ref. [5]).

1. The expression of the ligands in the tumor cells and preferably of the adhesion molecules
present in the endothelium of the target organs. 2. The expression of chemokines and their
receptors. Chemokines contribute to the guided movements of leukocytes (chemotaxis), and
cancer cells appear as cells which utilize similar tricks in order to settle in special tissues.
Chemokine receptors named CXCR4 and CCR7 have a high expression in human breast cancer.
The ligands of these receptors (CXCK12 and CCL21) are present in high amounts only in the
organs where breast cancer cells have metastasized. Based on this observation, it was claimed
that the blockage of chemokine receptors may limit metastases [44, 66].
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When tumor cells reach their target, they may be colonized in that target. The factors regulating
the referred colonization have not yet been fully understood. However, in order for tumor cells
to proliferate after extravasation, they need a stroma that will accept them. In some cases, the
target tissue may not carry a suitable environment identity for metastasis and is not the suitable
soil, so to say, for the development of the tumor seeds. For instance, although the skeletal
muscle is not rich in terms of vessels, it rarely becomes a stage for metastases [44].

Because, the biochemical characteristics of ECM, which play an important role in tubulogenesis
during tumor angiogenesis [67, 68] in the vein lumen formation blood vessel lumen formation
[69], are different in terms of displaying different branching patterns and various elasticities
in these fields [70].

2.9. Details of ECM invasion

Willis et al. drew attention to the astuteness in the invasion of the devilish hidden cancer cells
in the review they published [7]. Many groups reached the conclusion that cancer cells acquire
an amoeboid phenotype characterized by insensitivity to proteinous inhibitors and surpass
type I collagen barriers [12]. Now we know that a wide spectrum of types of cancer cells are
definitely dependent on MT1-MMP when they are faced with cross-linked Type I collagen
barriers [12, 71].

Still, when cancer cells encounter structural barriers, they hold the potential to adapt them-
selves to a protease-dependent position. Although there is limited information on the size of
ECM pores, it is estimated via confocal reflection microscope that micropores range between
of 40-10 um? and macropores of 40-1000 um? inside in vivo tissues [72-74]. These results
increase the probability indicating that the collagen structure combined in an in vitro setting
may not be repeated in a complex in vivo setting.

However, it should be noted that the defects in the migration of vascular smooth muscle cells,
adipocytes differentiation, and stem cell origin displayed an in vitro setting duplication with
the use of dense acid extracted type I collagen hydrogels in MT1-MMP-targeted mice [75-77].
Interestingly, the diameter of collagen fibers at in vivo neoplastic fields matched with the self-
polymerized collagen hydrogels prepared in acid extractor type I collagen under standard
conditions [78].

These results led to the thought that cancer cells may rapidly migrate to precleared tunnels via
the proteolytic pathway through proteinaceous-independent processes similar to those in the
in vitro setting [11, 79-81].

2.10. Role of ECM and ECM-associated proteins in metastasis

As cancer cells accumulate mutations or other molecular signals during the metastatic process,
they are predisposed to become more easily malignant and lose contact with the surrounding
cells and ECM in the primary tumor. These surrounding cells provide the opportunity for
invasion. Thus, ECM and ECM-associated adhesion proteins play a critical role in the meta-
static process [82]. Therefore, Zacharia et al. [83] published a review describing roles of the

33



34  Tumor Metastasis

new molecules named migfilin, mitogen-inducible gene-2 (Mig-2), and Ras suppressor-1 (RSU-
1) in the cell-ECM adhesion fields. The authors reached the conclusion that cell-ECM adhesion
proteins are predisposed to function such as adaptor proteins in the form of multiple protein-
protein interaction in the cell-ECM adhesion fields.

Even though the different effects in various types of cancer cells were discussed, they added
that cell adhesion, which is crucial in terms of cell metastasis in many cases, supported cell
invasion and apoptosis.

2.11. Is ECM the main constituent of niches?

Despite the “skill” they display in moving away from the site in which they were first formed,
tumor cells are rather ineffective in terms of forming colonies in distant organs. Millions of
cells drop off even from small tumors every single day; even though macroscopic metastases
have not developed, it is possible to identify these cells in the blood circulation and in small
fociin the bone marrow. The dormant state of micrometastases, which is defined as the capacity
to preserve their existence for a long period without any progression, was observed in breast
and prostate cancer [29, 30, 44].

In the studies demonstrating that ECM undertook a dynamic niche role in the progression of
cancer in recent years [5-7], investigators indicated that the microenvironment or niche played
a major role in the development of cancer. Abnormal ECM directly promotes cellular trans-
formation and metastasis and impacted the progression of cancer [84].

A successful metastasis does not require local niche supporting only cancer cell development
in the primary focus, but also necessitates the survival, colonization of the cancer cells invading
the metastatic niches and their achievement of macrometastasis [85-87].

The molecular mechanisms of colonization have just begun to be enlightened in mice models,
but the view claiming that tumor cells impact normal stroma cells and secrete cytokines,
growth factors and proteases, which transform the site of metastasis into an environment
where cancer cells may live, appears to be suitable [88, 89].

3. Concluding remarks

As metastatic mechanisms are better understood at a molecular level, it will be significantly
easier for physicians to use these mechanisms as a treatment goal [90]. The identification of
tissue-specific signals involved in metastatic progression will open the way to new therapeutic
strategies. For this purpose, the authors [91] reviewed recent progress in the field, with
particular emphasis on the mechanisms of organ-specific dissemination and colonization of
breast cancer (Figure 5). Despite what has been described so far, it may not be possible to
estimate exactly which cancer type may metastasize. But a noteworthy area of forthcoming
cancer research will be to determine whether abnormal ECM could be an effective cancer
therapeutic target. So we should understand how ECM composition and organization are
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normally maintained and how they may be deregulated in cancer. Then, we may protect the
ECM as a castle against to invasion of cancer.
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Metastases

Figure 5. Gene mediating organ-specific breast cancer metastasis. Breast cancer genes promoting organ-specific meta-
stasis to bone, lung, and brain have been identified. They include proinflammatory molecules and chemokines/recep-
tors (e.g., COX-, CXCL12/CXCR4), matrix-degrading and modifying enzymes (e.g.,, MMP1/2, LOX), adhesion and
extracellular matrix molecules (e.g., VCAM-1, TNC, OPN), transcription factors (e.g., ID1, KLF17), intracellular signal-
ing proteins (e.g.,, SRC, NF-_B), and cell communication proteins (JAGGED1, CTGF). Some genes promote seeding
(e.g., STEGALNACS, AGPTL4), whereas others promote colonization (e.g., OPN, CXCR4) (see ref. [91]).
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Abstract

Ovarian cancer is the most lethal of all gynecologic malignancies and has witnessed
minimal improvements in patient outcomes in the past three decades. About 70% of
ovarian cancer patients present with disseminated disease at the time of diagnosis. The
standard of care remains a combination of debulking surgery and platinum- and
taxanes-based cytotoxic chemotherapy. Even though metastasis is the leading cause of
ovarian cancer related fatalities, our understanding of the process remains limited.
Ovarian cancer has a unique pattern of metastasis where the hematogenous spread is
less common. Ovarian cancer cells mainly metastasize within the peritoneal cavity,
which involves exfoliation from the primary tumor, survival, and transport in the
peritoneal fluid followed by metastatic colonization of the organs within the perito-
neal cavity. A key step for successful metastasis is their attachment and productive
interactions with the mesothelial cells covering the metastatic organs for the establish-
ment of metastatic tumors. This chapter provides an overview of ovarian cancer
metastasis highlighting the unique dissemination and the underlying mechanisms of
regulation of the steps involved. The role of the microenvironment in the process of
metastasis will also be reviewed.

Keywords: ovarian cancer, metastasis, omentum, microenvironment, ascites

1. Introduction

Ovarian cancer is the most lethal of all gynecologic malignancies. It accounts for a fifth of all
cancer-related deaths among women in the United States of America. Itis estimated that 22,280
women will be diagnosed with ovarian cancer and 14,240 will die of the disease in the United
Statesin 2016 [1]. Thismakesitarelatively less prevalentbuta very deadly form of cancer. About
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90% of all ovarian cancers are epithelial in origin, which are classified into high-grade serous,
low-grade serous, endometrioid, clear cell, and mucinous subtypes [2]. Of these, the high-
grade serous ovarian cancer (HGSOC) is the most common subtype and is characterized by
mutations in p53 and genomic instability [3]. A detailed characterization of the HGSOC tumors
was done by The Cancer Genome Atlas Network, which mapped the deregulated pathways
involved. In the past, these tumors were thought to originate from the ovarian surface epithe-
lium.However, morerecently researchershavestarted tobelieve thattheymayactually originate
from the fallopian tube fimbriae based on the analysis of prophylactic salpingo-oophorecto-
my samples [4].

One of the reasons for the poor prognosis of ovarian cancer is the fact that most patients are
diagnosed late [5]. Itis a highly metastatic cancer and more than 70% of ovarian cancer patients
are diagnosed with metastasis [6]. As the tumor grows within the peritoneal cavity, the
symptoms produced are abdominal pain or bloating and may be confused with other bowel
diseases like irritable bowel syndrome [7, 8]. Ovarian cancer is often called ‘the silent cancer’
or ‘the disease that whispers’ because of these diffuse symptoms. The presence of high levels
of cancer antigen 125 (CA-125) is used as a diagnostic marker of disease progression. Pelvic
ultrasound, MRI, and CT scanning is also used to determine the extent of the disease. Patients
undergo a ‘debulking’ surgery usually conducted by a gynecologic oncologist with a goal to
remove as much of the tumor masses as possible from the abdomen [9]. In addition, the tumors
are also staged histopathologically as per the International Federation of Gynecology and
Obstetrics (FIGO) guidelines (Table 1) [10]. Minimal residual disease after the surgery is
considered one of the strongest prognostic factors and is highly desirable [11]. The surgery is
followed by adjuvant cytotoxic chemotherapy consisting of a combination of carboplatin and
paclitaxel. The response to therapy is determined by measuring the serum CA-125 levels and
by imaging techniques [2]. If the disease relapses within 6 months, it is considered chemore-
sistant and if relapse occurs after 12 months, it is considered chemosensitive. While a majority
of the patients respond well initially to chemotherapy, most eventually end up developing
chemoresistance [12]. Bowel obstruction by the metastatic tumors is the predominant cause of
ovarian cancer-related mortality [13]. Since many parts of the bowel get affected, it becomes
extremely difficult to surgically treat this condition. In addition, extensive ascites is a cause for
major discomfort. Palliative measures such as control of nausea, abdominal pain, draining
ascites, and modified diet are typically resorted to [2]. Since most of the ovarian cancer patients
are diagnosed with advanced disease, in effect, it is metastasis that is being treated [6].
Therefore, a greater understanding of the process and regulation of ovarian cancer metastasis
is essential.

Ovarian cancer predominantly metastasizes within the peritoneal cavity and through the
pelvic lymph nodes (Figure 1) [14, 15]. However, recent evidence suggests the possibility of
hematogenous metastasis of ovarian cancer (Figure 1) [16]. This chapter will discuss the steps
involved in the unique metastatic dissemination of ovarian cancer and will highlight what is
known about the regulation of the steps involved.
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Stage I: The disease limited to ovaries only
e Ja: Tumor in only one ovary or fallopian tube with intact capsule
¢ Ib: Tumor in both the ovaries

¢ Ic: Tumor on the surface of one or both ovaries/fallopian tubes with ruptured capsule and cancer cells present in

peritoneal washings
Stage II: Tumors spread to the pelvis but limited to below the pelvic brim
e ITa: Tumors spread to the fallopian tubes or uterus or both
e IIb: Tumors spread to other pelvic tissues within the peritoneum
Stage III: Tumors have spread to the abdomen beyond the pelvis or has metastasized to the lymph nodes or both
o IIla: Microscopic involvement of extra pelvic peritoneal regions
e IIIb: Tumors up to 2 cm diameter
e Illc: Disease greater than 2 cm with or without lymph node involvement

Stage IV: Distant metastases: pleural effusions contain cancer cells and metastasis to the liver and spleen parenchyma

Table 1. International Federation of Gynecology and Obstetrics staging of ovarian cancer [10].
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Figure 1. Mechanisms of ovarian cancer metastasis: Transcoelomic dissemination. (1) The cancer cells loose cell-cell
contact and exfoliate into the peritoneal cavity. (2) They float in the peritoneal fluid and are carried all over the perito-
neal cavity. (3) Attachment to the peritoneal organs like the omentum. (4) Formation of the metastatic tumor. Hema-
togenous metastasis. (A) Invasion and intravasation. (B) Transport of circulating cancer cells through the blood vessels.
(C) Extravasation from the omental capillaries. (D) Formation of the metastatic tumor in the omentum.
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2. Overview of ovarian cancer metastasis

The lack of an anatomic barrier allows the ovarian cancer cells to very conveniently spread
into the peritoneal cavity. The cancer cells on the surface of the primary tumors start loosing
cell-cell contact and become loosely attached to each other. As a result of this, they become
prone to exfoliation into the peritoneal cavity (Figure 1). Exfoliation is promoted by the
mechanical forces like rubbing of neighboring peritoneal organs during respiratory move-
ments and flow of the peritoneal fluids. The cancer cells may come off as single cells or as
clumps. This is a passive mode of dissemination unlike the typical invasion followed by
intravasation observed in tumors undergoing hematogenous metastasis [13, 17, 18]. The
peritoneal fluid naturally flows within the peritoneal cavity upward, toward the head, and
then back downward, toward the feet, as a result of the diaphragm movement during
respiration and gravitational pull, respectively [19]. The exfoliated ovarian cancer cells from
the primary tumor are disseminated throughout the peritoneal cavity by this natural flow of
the peritoneal fluid (Figure 1). Since normally there is only a small volume of the peritoneal
fluid present, dissemination is predominantly limited to the organs in the vicinity of the
primary tumor [17]. As the disease progresses, more and more ascites is produced and this
enables the spread of the cancer cells to more distant sites in the abdomen. One of the pre-
dominant sites of ovarian cancer metastasis is the omentum which is a fatty double fold of the
peritoneal membrane, about 8 by 8 inches in size, covering the bowels [13]. It is important to
note that this mode of spreading typical of ovarian cancer is very different in terms of the
hydrodynamic forces experienced by the cancer cells when they are carried rapidly in the blood
vessels during hematogenous metastasis [20, 21].

Epithelial cells tend to undergo anoikis in the absence of attachment to a substratum. Therefore,
the main challenge faced by the cancer cells floating in the peritoneal fluid is overcoming
anoikis and surviving floatation. In addition, they have to avoid immune surveillance. The
cancer cells either form aggregates or spheroids or exist as single cells (Figure 1) [22]. The
spheroids may also contain embedded cancer-associated fibroblasts as well as activated
mesothelial cells, which contribute to the development of the ascetic microenvironment [22].
The subsequent challenge for these floating cancer cells is to successfully attach to the surface
of the organs in the peritoneal cavity (Figure 1). Debulking surgery often reveals such
spheroids loosely attached to the peritoneum. The mesothelial cells covering the peritoneum
and the bowels secrete mucus like substances, which help in reducing friction between surfaces
as they brush against each other during the course of the organs’ natural movements. The same
also helps in preventing attachment of the cancer cells to some extent. However, the integrins
expressed by the metastasizing cells help them to attach to the extra cellular matrix proteins
(ECMs) secreted by the mesothelial cells. Thereafter, the cancer cells are able to push apart the
mesothelial cells forming the protective barrier and invade into the organ [23, 24].

Having invaded through the mesothelium of the site of metastasis, the cancer cells have to
now revert back to their normal self of growing attached to a substratum. However, since they
are now encountering a new microenvironment with a potentially different ECM and secreted
factors, they have to now adapt to these new conditions. The adaptive process involves
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extensive and productive reciprocal interactions between the cancer cells and the normal
microenvironment of the metastatic site [6]. Those cells, which are able to successfully adapt
to this new microenvironment, go on to eventually establish metastatic colonies. On the other
hand, the cells that cannot productively interact and adjust to the new microenvironment
eventually perish or remain dormant. The cells that are successful eventually reprogram the
microenvironment to form and ‘activated tumor stroma,” which include cancer-associated
fibroblasts, endothelial cells, immune cells, and modified ECMs that promote tumor growth
at the metastatic site. In addition to the peritoneal dissemination described above, ovarian
cancer cells have been found in blood circulation and recent reports have indicated the
existence of an alternative hematogenous mode of metastasis [16, 25].

The process of attaching to and developing metastatic tumors in the new organ is known as
metastatic colonization (Figure 1). It is considered the least efficient step in the whole process
of metastasis [21, 26]. This is also evidenced in mouse xenograft experiments to study ovarian
cancer metastasis where many millions of cancer cells are injected intraperitoneally and result
in about a hundred tumors or even less [6, 27, 28]. At the same time, the mechanism of
regulation of this step and the initial cross talk between the cancer cells and the microenvir-
onment remains a mystery for the obvious difficulty in getting access to this window. Greater
understanding of the biology of this process will enable the identification of key regulators
that can be targeted therapeutically to hit the metastatic disease at its most vulnerable phase.

3. Mechanism of peritoneal metastasis

The first step in the peritoneal metastasis is exfoliation of the ovarian cancer cells from the
primary tumor into the peritoneal cavity. The prerequisite for this step is the loss of cell-cell
contact between the cancer cells. As mentioned earlier, ovarian cancer can potentially arise
from the fallopian tube epithelial cells or ovarian surface epithelium. Both express the classic
epithelial marker epithelial cadherin (E-cadherin) [29]. E-cadherin plays a key role in epithelial
cell behavior, tumor suppression, and tissue architecture through its function as a cell—cell
adhesion molecule [30]. It is associated with the actin cytoskeleton through «, 3, and y catenins.
While E-cadherin is directly involved in the formation of adherens junctions between adjacent
epithelial cells, it can also regulate the formation of tight junctions and desmosomes [30, 31].

As the cancer progresses from a benign to a malignant form, the cells undergo an epithelial to
mesenchymal transition (EMT). This involves molecular and morphological changes wherein
they loose their epithelial characteristics and gain mesenchymal traits. This includes a loss of
the compact cell-to-cell attachment, polarity, and cuboidal shape. The cells become more
spindle shaped and motile. EMT also involves a change in the expression of epithelial and
mesenchymal markers [32]. A very important aspect of this transition is the loss of expression
of E-cadherin and a concomitant increase in the expression of neural cadherin (N-cadherin).
This results in a reduction in the cell-cell interaction between cancer cells through their
adherens junctions and an increase in the ability of the cancer cells to interact with the normal
stromal cells present in the microenvironment. In ovarian cancer, E-cadherin expression can
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be regulated transcriptionally and post-transcriptionally [33]. ZEB-1, ZEB-2, Snail, and Slug
are known to repress E-cadherin and can be regulated by several external cues. The signaling
pathways that regulate EMT and E-cadherin expression include transforming growth factor
B (TGF-P), epidermal growth factor (EGF), hepatocyte growth factor (HGF), endothelin-1 (ET-
1), and bone morphogenetic protein 4 (BMP-4) [32]. Moreover, the miR-200 family of micro-
RNAs can also indirectly regulate EMT by targeting ZEB-1 and ZEB-2, which results in the
derepression of E-cadherin [34]. Decreased expression of miR-200 family resulted in an
increase in the expression of ZEB-1 and ZEB-2, which repressed E-cadherin transcription and
induced EMT in ovarian cancer.

The loss of E-cadherin expression and the resulting decrease in the cell-cell attachment
promotes the dissemination of the cells into the peritoneal cavity. Interestingly, the loss in E-
cadherin expression was found to lead to an induction of expression of as-integrin [35]. a5
integrin forms a heterodimer with 3,-integrin that binds to fibronectin and hence is called the
fibronectin receptor. The induction of as-integrin was not through the canonical (3-catenin
pathway. Instead, it was through the epithelial growth factor receptor (EGFR)/focal adhesion
kinase (FAK)/mitogen-activated protein kinase (MAPK) pathway. The increase in fibronectin
receptor expression was found to help the disseminated ovarian cancer cells attach to the
fibronectin secreted by the mesothelial cells lining the omentum and peritoneum [35]. This is
an evidence of how the loss of E-cadherin—which facilitates shedding —is coupled to prepar-
ing the cells to reattach at the distant metastatic site.

Once the cancer cells have been shed into the peritoneal fluid, it significantly affects the
prognosis of the patient as evidenced by the 29% relapse rate of stage 1A ovarian cancer
compared to 59% relapse rate of stage 1C [36]. However, once detached from the tumor mass,
the cancer cells face several challenges in surviving in the peritoneal fluid. The peritoneal fluid
isaresult of continuous secretion of fluids by the peritoneal capillaries. This helps in lubricating
the adjacent organs in the peritoneal cavity and allows uptake of soluble factors through the
peritoneum. A majority of the peritoneal fluid is returned to the circulation through lymphatic
drainage. However, in ovarian cancer patients, the increased leakiness of vasculature induced
by high vascular endothelial growth factor (VEGF) levels accompanied by blocking of the
lymphatic vessels by cancer cells results in ascites formation [22]. This ascites is called
malignant ascites because of the presence of floating cancer cells. The malignant ascites
facilitates the spread of the cancer cells throughout the peritoneal cavity.

The disseminated ovarian cancer cells floating in the ascites either as spheroids or as single
cells develop resistance to anoikis and acquire cancer stem cell-like properties [37, 38].
Interestingly, the single-cell population was found to have a greater percentage of cancer stem
cells [39]. The cancer stem cells enriched from ascites have highly elevated ability to form
mouse xenograft tumors [40]. Just like cancer stem cells, the floating spheroids and single cells
are resistant to chemotherapy. The compact nature of the spheroids serves as an additional
physical barrier for the chemotherapeutic agents, preventing the inner cells from exposure to
the drug [22]. Taken together, this indicates that the cancer cells floating in the ascites are stem-
like and chemoresistant and have the potential to seed new metastatic tumors within the
peritoneal cavity.
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The spheroids have elevated levels of E-cadherin and EpCAM and concomitant diminished
expression of vimentin, matrix metalloproteinases (MMPs), and CD44 [37, 39]. Therefore, the
metastasizing cancer cells demonstrate plasticity in terms of their ability to switch back and
forth from epithelial and mesenchymal phenotypes as per the demands of the different steps
of metastasis. In addition to the cancer cells, the ascites has several normal cell types that
together form the malignant ascites microenvironment and supports the floating cancer cells.
The main non-cancer-cell types include cancer-associated fibroblasts (CAFs), mesothelial cells,
immune cells, mesenchymal stem cells, and platelets [22]. These cells can be associated with
the cancer spheroids or the single cells. They can also exist by themselves, floating in the
peritoneal fluid. These supporting cells produce a milieu of factors that assist the cancer cell
survival and subsequent colonization of the metastatic site. Cells like platelets also offer
protection from immune surveillance by coating the cancer cells.

Having successfully survived flotation in the peritoneal fluids, the next goal of the metasta-
sizing ovarian cancer cells is to attach to the various organs present in the peritoneal cavity.
Electron micrographs of sections of normal peritoneum and omentum have revealed the
architecture of the mesothelium covering them. The mesothelium consists of a monolayer of
mesothelial cells that are very tightly joined end to end to form a protective barrier [24]. These
mesothelial cells serve to provide a slippery surface—through the secretion of glycosamino-
glycans and lubricants—facilitating normal coelomic movement as well as preventing
infection and attachment of cancer cells [41]. The mesothelial cells can perform diverse
functions such as secretion of ECMs, growth factors, and inflammatory cytokines for tissue
repair and regeneration, proteases for fibrinolysis, and prevention of adhesions [41]. They are
also actively involved in the movement of fluids and solutes across serosal cavities [42].

Early in vitro experiments revealed that the ovarian cancer cells force the retraction of the
mesothelial cells upon attachment to the mesothelium [43]. More recently, Iwanicki et al. have
demonstrated the role of the fibronectin receptor (as(3,-integrin) expressed on the surface of
the ovarian cancer cells help them attach to the fibronectin secreted on the surface of the
mesothelial cells and promote the displacement of mesothelial cells through myosin-mediated
traction forces [24]. Subsequent studies revealed the ovarian cancer cells with a mesenchymal
phenotype had a greater propensity for mesothelial clearance [44]. The fibronectin secretion
by the mesothelial cells was found to be induced by their interaction with the metastasizing
ovarian cancer cells. The TGF-[3 secreted by the cancer cells activated a RAC1/SMAD-mediated
signaling pathway in the mesothelial cells, which resulted in the transcriptional upregulation
of the fibronectin gene and also induced an EMT-like phenotype in the mesothelial cells [45].
This would probably help in subsequent mesothelial clearance and also may potentially serve
as a source of cancer-associated fibroblasts in the microenvironment of the metastatic tumor
[46].

The increased expression of the fibronectin receptor in the ovarian cancer cells is also beneficial
in coupling attachment to growth factor signaling to promote metastasis. Inhibition of the
interaction of a;B;-integrin on the cancer cells with the fibronectin on the surface of the
omentum and peritoneum in mouse xenograft models of ovarian cancer metastasis resulted
in a decreased metastatic burden in both prevention and intervention settings [28]. Since
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inhibition of asp;-integrin can also inhibit angiogenesis, it was further investigated whether
the effects on metastasis were actually due to disruption of the human cancer cell a;3;-integrin
interaction with fibronectin or that of the mouse endothelial cell as[3,-integrin. The effect of an
anti-murine as(;-integrin-blocking antibody was compared to that of the anti-human o3
integrin-blocking antibody. Interestingly, the murine-blocking antibody did not show any
significant effect and, therefore, confirmed the key role of the interactions of the cancer cell
osP-integrin with the fibronectin of the microenvironment in promoting ovarian cancer
metastasis [28]. Further investigation revealed that the activation of asp3;-integrin resulted in
the activation and phosphorylation of the receptor tyrosine kinase c-Met independent of its
ligand —hepatocyte growth factor (HGF) [28]. This attachment induced activation of the
growth factor receptor lead to increased invasiveness and growth through the subsequent
activation of the FAK/Src signaling pathways in the cancer cells. The expression of a consti-
tutively active FAK could abrogate the inhibitory effects of the a;3,-integrin-blocking antibody
on the ovarian cancer cells [28].

Another effect of adhesion of the ovarian cancer cells to the surface of the omentum is the
increased secretion of the extracellular protease MMP-2. It cleaves fibronectin and vitronectin
present on the surface of the mesothelium into smaller fragments, which enhances binding of
the cancer cells to these ECMs through their specific integrin receptors as3;-integrin and o, 35
integrin, respectively [47]. Inhibition of MMP-2 in the ovarian cancer cells as a prevention
measure inhibited their adhesion to the omentum in nude mice. However, the host MMP-2
did not play a role in this process as evidenced in MMP-2 knockout mouse xenograft experi-
ments [47].

Once the cancer cells attach to the mesothelial cells on the surface of the omentum, they embark
on a process of adapting to the new microenvironment of the site of metastasis. As evidenced
by the ECM-cancer cell interactions and their consequences above, more productive reciprocal
interactions between the cancer cells and their new microenvironment are essential for
successful establishment of the metastatic tumors. The cancer cells have to revert from
surviving anoikis while floating in the peritoneal fluid to an attached growth in the presence
of new ECMs and growth factors available in the microenvironment of the omentum and
peritoneum. This involves significant changes in the gene expression profiles of the colonizing
cancer cells and, therefore, would involve the activation/repression of transcriptional/
translational regulators dependent on microenvironmental cues. One such important micro-
environment regulated translational regulator was reported to be the micro-RNA miR-193b [6].
miR-193b is a tumor suppressor micro-RNA that was found to be downregulated in the
metastasizing ovarian cancer upon their interaction with the mesothelial cells covering the
surface of the omentum. This downregulation promoted growth and invasiveness of the cancer
cells in vitro, colonization of human omentum ex vivo, and decreased metastasis in mouse
xenografts [6]. Interestingly, the miR-193b downregulation was induced by the hypermethy-
lation of its promoter as a result of the cross talk between the cancer cells and the mesothelial
cells. The promoter hypermethylation was catalyzed by the increased expression of DNMT1
in the cancer cells stimulated by their interaction with the mesothelium [6]. miR-193b was
found to directly target urokinase. A decrease in miR-193b expression resulted in increased
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expression of urokinase, which mediated the functional effects of miR-193b in driving
metastatic colonization of the omentum [6].

As the cancer cells adapt to the new microenvironment of the metastatic site and start to
proliferate, they also recruit resident and non-resident normal cells and convert them into the
tumor-associated stroma or “activated stroma’ [48]. It is well known that the tumors consist of
10-50% of non-cancer cells or the tumor stroma [49]. The key components of this tumor stroma
are the cancer-associated fibroblasts (CAFs), tumor-associated macrophages (TAMs), and
other immune cells, endothelial cells, pericytes, adipocytes, extracellular matrix proteins, etc.
[50]. All these stromal components are essential for successful growth and progression of the
tumors as they are a critical source of growth and tropic factors, help in evasion of immune
surveillance, angiogenesis, ECM remodeling, invasiveness, etc. Therefore, the eventual success
of the cancer cells in colonizing the omentum will depend upon their ability to develop an
active tumor stroma.

The metastasizing ovarian cancer cells were found to recruit the resident normal fibroblasts in
the basement membrane of the omentum and reprogram them into CAFs. This reprogramming
was driven by the decreased expression of miR-214, miR-31, and an increase in the expression
of miR-155 in the normal fibroblasts induced by the cancer cells [49]. The resulting CAFs
promoted ovarian cancer cell migration, invasion, and colony formation in vitro and tumor
growth and metastasis in vivo. Interestingly, CAFs could be converted back into normal
fibroblasts by the combined overexpression of miR-214 and miR-31 and inhibition of miR-155.
The micro-RNAs mediated their effects through an array of targets, most of which were
identified as chemokines and cytokines. The main mediator was found to be CCL5, which was
a direct target of miR-214. Inhibition of CCL5 in nude mice injected with a mixture of ovarian
cancer cells and CAFs significantly decreased the ability of the CAFs to promote tumor growth
and metastasis [49].

An important and abundant cellular component of the omentum is adipocytes. Until recently,
not much was known about the direct role of the omental adipocytes in promoting ovarian
cancer metastasis to the omentum even though it is well established that omentum is one of
the main sites of ovarian cancer metastasis and that it is a predominantly fatty tissue. Dr.
Lengyel’s group went on to demonstrate that the omental adipocytes secrete adipokines that
promote the homing of the metastasizing ovarian cancer cells to the omentum [51]. The cancer
cells, thereafter, could induce metabolic reprogramming of the adipocytes and induce lipolysis
in them. The adipocytes in turn induced the expression of FABP4 —a fatty acid transporter—
in the cancer cells. As a result of this, the cancer cells efficiently take up the free fatty acids
released by the adipocytes and utilize them as a source of energy and building blocks to drive
tumor growth [51]. This explains why the omentum tumor is usually the largest one in the
peritoneal cavity with sometimes the whole omentum getting converted into a solid, hard
omental cake. By that time, all the adipocytes have been depleted and used for the growth of
the metastatic tumor.
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4. Other mechanism of dissemination

While the transcoelomic route of peritoneal dissemination is thought to be the predominant
mode of ovarian cancer spread, other mechanisms do exist. The ascites produced in the
peritoneal cavity is typically drained through the lymph vessels present in the diaphragm [36].
This provides the cancer cells present in the ascites, the opportunity to metastasize to the lymph
nodes. Moreover, the lymphatic vessels drain into the left subclavian vein via the thoracic duct.
This enables some cancer cells to enter into the blood circulation.

Although circulating ovarian cancer cells have long been reported to be present in the blood
[52], it has typically been considered a mode of dissemination only in the very late stages of
the disease. The prevalent reasoning being that although the ovarian cancer cells enter into the
circulation, they are not yet adept at surviving in the circulation and establish metastatic
tumors in a very different ‘soil.” However, recent reports have suggested that hematogenous
metastasis may be more commonly occurring in ovarian cancer that we had thought [16, 53].
Using a parabiosis model, Pradeep et al. have very elegantly demonstrated the haematogenous
metastasis of the ovarian cancer cells from the primary tumor in one mouse to the omentum
of the paired mouse [16]. The expression of ErBB; in the ovarian cancer cells entering into
circulation and the omental expression of NRG1 was found to be the key players responsible
for the hematogenous metastasis [16]. Interestingly, the use of mouse models of hematogenous
ovarian cancer metastasis revealed a preferential homing of the cancer cells to the ovary
followed by the development of ascites and subsequent peritoneal metastasis [53]. When the
ovaries were removed before injecting the cancer cells, peritoneal metastasis and ascites
formation were completely abolished [53]. Taken together, recent evidences point toward a
more significant role of hematogenous dissemination in ovarian cancer that previously
thought.

5. Conclusion

Ovarian cancer is a malignancy where most patients are treated for metastatic disease because
they are usually diagnosed at an advanced stage. A better understanding of the process of
metastasis and the underlying mechanisms of regulation is crucial for development of effective
therapies. However, our knowledge in this field remains limited. It has become increasingly
clear that there are multiple different ways in which the cancer cells disseminate, and the
transcoelomic rout remains the most predominant mode. While it appears to be a relatively
simpler way to metastasize, the steps involved pose their own unique challenges to the cancer
cells. Moreover, the absence of the need for invasion, intravasation, and extravasation can
potentially enable the cancer cells to metastasize earlier and in greater numbers than in case
of hematogenous metastasis. Studying the underlying mechanisms have remained challenging
but the evolution of in vitro organotypic 3D culture models have opened up opportunities to
conduct more meaningful experiments and have lead to significant leaps in knowledge [6, 24,
45]. Use of ovarian cancer cell lines that closely resemble the mutational profile of clinical
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HGSOC samples will also contribute toward meaningful progress in research in this field [54,
55]. The use of such models will hopefully provide greater insights into the regulation of
metastatic colonization and enable therapeutic targeting of the disease at the stage in which
they are most vulnerable. Moreover, considering the key roles played by the microenviron-
ment of the site of metastasis as well as the tumor stroma, these ‘normal’ components can be
targeted as well as the cross talk between them and the cancer cells. Since these cells are
genetically stable and provide multiple different modes of support to the cancer cells, there
will hopefully be reduced chances of development of drug resistance.

Acknowledgements

A Department of Defense Ovarian Cancer Academy Award supported AKM.

Author details

Anirban K. Mitral**

Address all correspondence to: anmitra@indiana.edu

1 Medical Sciences Program, Indiana University School of Medicine, Bloomington, IN, USA
2 Indiana University Melvin and Bren Simon Cancer Center, Indianapolis, IN, USA

3 Department of Medical and Molecular Genetics, Indiana University School of Medicine,
Indianapolis, IN, USA

References

[1] Siegel RL, Miller KD, Jemal A. Cancer statistics, 2016. CA: A Cancer Journal for
Clinicians. 2016; 66(1):7-30.

[2] Jayson GC, Kohn EC, Kitchener HC, Ledermann JA. Ovarian cancer. Lancet (London,
England). 2014; 384(9951):1376-1388.

[3] Integrated genomic analyses of ovarian carcinoma. Nature. 2011; 474(7353):609-615.

[4] Perets R, Drapkin R. It’s totally tubular....riding the new wave of ovarian cancer
research. Cancer research. 2016; 76(1):10-17.

[5] VaughanS, Coward JI, Bast RC, Jr., Berchuck A, Berek JS, Brenton JD, Coukos G, Crum
CC, Drapkin R, Etemadmoghadam D, Friedlander M, Gabra H, Kaye SB, et al. Re-

53



54 Tumor Metastasis

[6]

(%]

(11]

(12]

[16]

thinking ovarian cancer: recommendations for improving outcomes. Nature reviews
Cancer. 2011; 11(10):719-725.

Mitra AK, Chiang CY, Tiwari P, Tomar S, Watters KM, Peter ME, Lengyel E. Microen-
vironment-induced downregulation of miR-193b drives ovarian cancer metastasis.
Oncogene. 2015; 34(48):5923-5932.

Goff BA, Mandel LS, Melancon CH, Muntz HG. Frequency of symptoms of ovarian
cancer in women presenting to primary care clinics. Jama. 2004; 291(22):2705-2712.

Bankhead CR, Collins C, Stokes-Lampard H, Rose P, Wilson S, Clements A, Mant D,
Kehoe ST, Austoker J. Identifying symptoms of ovarian cancer: a qualitative and
quantitative study. BJOG: An International Journal of Obstetrics and Gynaecology.
2008; 115(8):1008-1014.

Seward SM, Winer I. Primary debulking surgery and neoadjuvant chemotherapy in the
treatment of advanced epithelial ovarian carcinoma. Cancer Metastasis Reviews. 2015;
34(1):5-10.

Prat J. Staging classification for cancer of the ovary, fallopian tube, and peritoneum.
International Journal of Gynaecology and Obstetrics: The Official Organ of the
International Federation of Gynaecology and Obstetrics. 2014; 124(1):1-5.

du Bois A, Reuss A, Pujade-Lauraine E, Harter P, Ray-Coquard I, Pfisterer J. Role of
surgical outcome as prognostic factor in advanced epithelial ovarian cancer: a com-
bined exploratory analysis of 3 prospectively randomized phase 3 multicenter trials:
by the Arbeitsgemeinschaft Gynaekologische Onkologie Studiengruppe Ovarialkarzi-
nom (AGO-OVAR) and the Groupe d’Investigateurs Nationaux Pour les Etudes des
Cancers de 1’'Ovaire (GINECO). Cancer. 2009; 115(6):1234—1244.

Thibault B, Castells M, Delord JP, Couderc B. Ovarian cancer microenvironment:
implications for cancer dissemination and chemoresistance acquisition. Cancer
Metastasis Reviews. 2014; 33(1):17-39.

Lengyel E. Ovarian cancer development and metastasis. The American Journal of
Pathology. 2010; 177(3):1053-1064.

Amadori D, Sansoni E, Amadori A. Ovarian cancer: natural history and metastatic
pattern. Frontiers in Bioscience: A Journal and Virtual Library. 1997; 2:g8-10.

Tsuruchi N, Kamura T, Tsukamoto N, Akazawa K, Saito T, Kaku T, To N, Nakano H.
Relationship between paraaortic lymph node involvement and intraperitoneal spread
in patients with ovarian cancer--a multivariate analysis. Gynecologic Oncology. 1993;
49(1):51-55.

Pradeep S, Kim SW, Wu SY, Nishimura M, Chaluvally-Raghavan P, Miyake T, Pecot
CV, Kim §]J, Choi H]J, Bischoff FZ, Mayer JA, Huang L, Nick AM, et al. Hematogenous
metastasis of ovarian cancer: rethinking mode of spread. Cancer Cell. 2014; 26(1):77-
91.



[17]

[20]

[21]

[24]

(23]

(28]

[29]

[30]

Ovarian Cancer Metastasis: A Unique Mechanism of Dissemination
http://dx.doi.org/DOI:10.5772/64700

Yeung TL, Leung CS, Yip KP, Au Yeung CL, Wong ST, Mok SC. Cellular and molecular
processes in ovarian cancer metastasis. A review in the theme: cell and molecular
processes in cancer metastasis. American Journal of Physiology Cell Physiology. 2015;
309(7):C444-456.

Naora H, Montell DJ. Ovarian cancer metastasis: integrating insights from disparate
model organisms. Nature Reviews Cancer. 2005; 5(5):355-366.

Carmignani CP, Sugarbaker TA, Bromley CM, Sugarbaker PH. Intraperitoneal cancer
dissemination: mechanisms of the patterns of spread. Cancer Metastasis Reviews. 2003;
22(4):465-472.

Valastyan S, Weinberg RA. Tumor metastasis: molecular insights and evolving
paradigms. Cell. 2011; 147(2):275-292.

Chambers AF, Groom AC, MacDonald IC. Dissemination and growth of cancer cells
in metastatic sites. Nature Reviews Cancer. 2002; 2(8):563-572.

Ahmed N, Stenvers KL. Getting to know ovarian cancer ascites: opportunities for
targeted therapy-based translational research. Frontiers in Oncology. 2013; 3:256.

Kenny HA, Nieman KM, Mitra AK, Lengyel E. The first line of intra-abdominal
metastatic attack: breaching the mesothelial cell layer. Cancer Discovery.2011; 1(2):100—-
102.

Iwanicki MP, Davidowitz RA, Ng MR, Besser A, Muranen T, Merritt M, Danuser G,
Ince TA, Brugge JS. Ovarian cancer spheroids use myosin-generated force to clear the
mesothelium. Cancer Discovery. 2011; 1(2):144-157.

Pecot CV, Bischoff FZ, Mayer JA, Wong KL, Pham T, Bottsford-Miller ], Stone RL, Lin
YG, Jaladurgam P, Roh JW, Goodman BW, Merritt WM, Pircher TJ, et al. A novel
platform for detection of CK+ and CK- CTCs. Cancer Discovery. 2011; 1(7):580-586.

Chaffer CL, Weinberg RA. A perspective on cancer cell metastasis. Science (New York,
NY). 2011; 331(6024):1559-1564.

Mitra AK, Davis DA, Tomar S, Roy L, Gurler H, Xie J, Lantvit DD, Cardenas H, Fang
F,LiuY, Loughran E, Yang ], Sharon Stack M, et al. In vivo tumor growth of high-grade
serous ovarian cancer cell lines. Gynecologic Oncology. 2015; 138(2):372-377.

Mitra AK, Sawada K, Tiwari P, Mui K, Gwin K, Lengyel E. Ligand-independent
activation of c-Met by fibronectin and alpha(5)beta(1)-integrin regulates ovarian cancer
invasion and metastasis. Oncogene. 2011; 30(13):1566-1576.

Burkhalter R], Westfall SD, Liu Y, Stack MS. Lysophosphatidic acid initiates epithelial
to mesenchymal transition and induces beta-catenin-mediated transcription in epithe-
lial ovarian carcinoma. The Journal of Biological Chemistry. 2015; 290(36):22143-22154.

van Roy F, Berx G. The cell-cell adhesion molecule E-cadherin. Cellular and Molecular
Life Sciences: CMLS. 2008; 65(23):3756-3788.

55



56 Tumor Metastasis

[31]

(32]

(33]

(38]

[39]

[42]

[43]

van Hengel ], Gohon L, Bruyneel E, Vermeulen S, Cornelissen M, Mareel M, von Roy
F. Protein kinase C activation upregulates intercellular adhesion of alpha-catenin-
negative human colon cancer cell variants via induction of desmosomes. The Journal
of Cell Biology. 1997; 137(5):1103-1116.

Vergara D, Merlot B, Lucot JP, Collinet P, Vinatier D, Fournier I, Salzet M. Epithelial-
mesenchymal transition in ovarian cancer. Cancer Letters. 2010; 291(1):59-66.

Wu C, Cipollone ], Maines-Bandiera S, Tan C, Karsan A, Auersperg N, Roskelley CD.
The morphogenic function of E-cadherin-mediated adherens junctions in epithelial
ovarian carcinoma formation and progression. Differentiation; Research in Biological
Diversity. 2008; 76(2):193-205.

Park SM, Gaur AB, Lengyel E, Peter ME. The miR-200 family determines the epithelial
phenotype of cancer cells by targeting the E-cadherin repressors ZEB1 and ZEB2. Genes
and Development. 2008; 22(7):894-907.

Sawada K, Mitra AK, Radjabi AR, Bhaskar V, Kistner EO, Tretiakova M, Jagadeeswaran
S, Montag A, Becker A, Kenny HA, Peter ME, Ramakrishnan V, Yamada SD, et al. Loss
of E-cadherin promotes ovarian cancer metastasis via alpha 5-integrin, which is a
therapeutic target. Cancer Research. 2008; 68(7):2329-2339.

Tan DS, Agarwal R, Kaye SB. Mechanisms of transcoelomic metastasis in ovarian
cancer. The Lancet Oncology. 2006; 7(11):925-934.

Latifi A, Luwor RB, Bilandzic M, Nazaretian S, Stenvers K, Pyman J, Zhu H, Thompson
EW, Quinn MA, Findlay JK, Ahmed N. Isolation and characterization of tumor cells
from the ascites of ovarian cancer patients: molecular phenotype of chemoresistant
ovarian tumors. PloS One. 2012; 7(10):e46858.

Ahmed N, Abubaker K, Findlay J, Quinn M. Epithelial mesenchymal transition and
cancer stem cell-like phenotypes facilitate chemoresistance in recurrent ovarian cancer.
Current Cancer Drug Targets. 2010; 10(3):268-278.

Wintzell M, Hjerpe E, Avall Lundqvist E, Shoshan M. Protein markers of cancer-
associated fibroblasts and tumor-initiating cells reveal subpopulations in freshly
isolated ovarian cancer ascites. BMC Cancer. 2012; 12:359.

Zhang S, Balch C, Chan MW, Lai HC, Matei D, Schilder JM, Yan PS, Huang TH, Nephew
KP. Identification and characterization of ovarian cancer-initiating cells from primary
human tumors. Cancer Research. 2008; 68(11):4311-4320.

Mutsaers SE. Mesothelial cells: their structure, function and role in serosal repair.
Respirology (Carlton, Vic). 2002; 7(3):171-191.

Leak LV, Rahil K. Permeability of the diaphragmatic mesothelium: the ultrastructural
basis for “stomata”. The American Journal of Anatomy. 1978; 151(4):557-593.

Niedbala M]J, Crickard K, Bernacki R]. Interactions of human ovarian tumor cells with
human mesothelial cells grown on extracellular matrix. An in vitro model system for



[44]

[45]

[46]

[47]

[49]

[50]

[51]

[52]

[53]

Ovarian Cancer Metastasis: A Unique Mechanism of Dissemination
http://dx.doi.org/DOI:10.5772/64700

studying tumor cell adhesion and invasion. Experimental Cell Research. 1985; 160(2):
499-513.

Davidowitz RA, Selfors LM, Iwanicki MP, Elias KM, Karst A, Piao H, Ince TA, Drage
MG, Dering J, Konecny GE, Matulonis U, Mills GB, Slamon D], et al. Mesenchymal gene
program-expressing ovarian cancer spheroids exhibit enhanced mesothelial clearance.
The Journal of Clinical Investigation. 2014; 124(6):2611-2625.

Kenny HA, Chiang CY, White EA, Schryver EM, Habis M, Romero IL, Ladanyi A,
Penicka CV, George J, Matlin K, Montag A, Wroblewski K, Yamada SD, et al. Meso-
thelial cells promote early ovarian cancer metastasis through fibronectin secretion. The
Journal of Clinical Investigation. 2014; 124(10):4614-4628.

Rynne-Vidal A, Jimenez-Heffernan JA, Fernandez-Chacon C, Lopez-Cabrera M,
Sandoval P. The mesothelial origin of carcinoma associated-fibroblasts in peritoneal
metastasis. Cancers. 2015; 7(4):1994-2011.

Kenny HA, Kaur S, Coussens LM, Lengyel E. The initial steps of ovarian cancer cell
metastasis are mediated by MMP-2 cleavage of vitronectin and fibronectin. The Journal
of Clinical Investigation. 2008; 118(4):1367-1379.

Ko SY, Naora H. Adaptation of ovarian cancer cells to the peritoneal environment:
Multiple mechanisms of the developmental patterning gene HOXA9. Cancer Cell and
Microenvironment. 2014; 1(6):e379.

Mitra AK, Zillhardt M, Hua Y, Tiwari P, Murmann AE, Peter ME, Lengyel E. Micro-
RNAs reprogram normal fibroblasts into cancer-associated fibroblasts in ovarian
cancer. Cancer Discovery. 2012; 2(12):1100-1108.

Hanahan D, Coussens LM. Accessories to the crime: functions of cells recruited to the
tumor microenvironment. Cancer Cell. 2012; 21(3):309-322.

Nieman KM, Kenny HA, Penicka CV, Ladanyi A, Buell-Gutbrod R, Zillhardt MR,
Romero IL, Carey MS, Mills GB, Hotamisligil GS, Yamada SD, Peter ME, Gwin K, et al.
Adipocytes promote ovarian cancer metastasis and provide energy for rapid tumor
growth. Nature Medicine. 2011; 17(11):1498-1503.

Judson PL, Geller MA, Bliss RL, Boente MP, Downs LS, Jr., Argenta PA, Carson LF.
Preoperative detection of peripherally circulating cancer cells and its prognostic
significance in ovarian cancer. Gynecologic Oncology. 2003; 91(2):389-394.

Coffman LG, Burgos-Ojeda D, Wu R, Cho K, Bai S, Buckanovich R]. New models of
hematogenous ovarian cancer metastasis demonstrate preferential spread to the ovary
and a requirement for the ovary for abdominal dissemination. Transl Res. 2016 Mar 30.
pii: 51931-5244(16)00108-0. doi: 10.1016/j.trs1.2016.03.016. [Epub ahead of print]
PubMed PMID: 27083386.

57



58 Tumor Metastasis

[54] Haley J, Tomar S, Pulliam N, Xiong S, Perkins SM, Karpf AR, Mitra S, Nephew KP,
Mitra AK. Functional characterization of a panel of high-grade serous ovarian cancer
cell lines as representative experimental models of the disease. Oncotarget. 2016.

[55] Domcke S, Sinha R, Levine DA, Sander C, Schultz N. Evaluating cell lines as tumour
models by comparison of genomic profiles. Nature Communications. 2013; 4:2126.



Chapter 4

Role of Aquaporins in Breast Cancer Progression and
Metastasis

Maitham A. Khajah and Yunus A. Lugmani

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/64446

Abstract

There are various limitations regarding the current pharmacological options for the
treatment of breast cancer in terms of efficacy, target selectivity, side effect profile and
survival. Endocrine-based therapy for hormone-sensitive cancers such as that of the
breast is one of the most effective and well-tolerated therapeutic options but is
hampered by either intrinsic or acquired resistance, resulting in a more aggressive form
of the disease. It is generally agreed that this process occurs in parallel with cellular
transition from epithelial to mesenchymal phenotype (EMT), with consequent
enhancement of proliferative capacity, migrative ability and invasive potential.
Aquaporins (AQPs) represent a large family of water channel proteins which are widely
distributed in various tissues and which play a role in the physiological maintenance
of the extracellular environment particularly to regulate electrolyte-water balance.
Accumulating evidence shows that expression of several AQPs is modulated in cancer
tissues, and this correlates with tumor grade. AQPs 1 and 3-5 are also involved in breast
cancer invasion, through modulating the activity of various growth factors, signaling
molecules and proteolytic enzymes. We review current data on the involvement of these
proteins in processes associated with malignant progression and discuss possible
applications of AQP-based therapy as an effective means of inhibiting cancer cells from
metastasizing.

Keywords: breast cancer, metastasis, aquaporin, transport, ion channels

1. Introduction

Breast cancer remains the leading cause of tumor-associated mortality in women worldwide.
Estrogen, acting through predominantly nuclear-located receptors (ER), has a significant
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detrimental impact during its pathogenesis [1]. This forms the basis for endocrine therapy, with
the application of pharmacological antagonists generally termed selective estrogen receptor
modulators, such as tamoxifen. These have resulted in significant improvements in quality of
life as well as improved prognosis [2] in a significant proportion of patients with clinically
defined ER+ve status [3]. Unfortunately, de novo resistance to tamoxifen occurs in about 30—
40% of patients (those with very low level of ER expression, clinically designated as ER-ve) and
even in about 50% of the clinically defined ER+ve patients. Furthermore, almost all initially
responsive patients with late stage metastatic disease eventually relapse due to the develop-
ment of acquired resistance to anti-estrogen therapy. These forms of endocrine resistance
invariably lead to a more aggressive form of resurgent disease [4], and occur in parallel with
cellular transition from epithelial to mesenchymal phenotype (EMT). There is a strong associ-
ation between the EMT process and metastasis, which involves detachment of individual
epithelial cells from neighboring cells, loss of polarity, scattering, acquisition of enhanced
motility and invasion into the extracellular matrix (ECM) before entering blood and lymphat-
ic vessels. Many phenotypic changes occur during this process which includes the loss of cell-
cell adhesion as a result of reduced E-cadherin and catenins expression in adherens junctions,
reduced claudins and occludins expression at tight junctions and reduced expression of various
epithelial cytokeratins such as KRTS8, 18 and 19 which presumably aids in disruption of
cytoskeletal connections that maintain tissue architecture. These changes are also paralleled
withup-regulationof mesenchymalmarkerssuchasvimentin, fibronectin, alphasmoothmuscle
actin (ACTA2), N-cadherin and various matrix metalloproteinases (MMPs) [4, 5]. Attempts to
overcome endocrine resistance include the use of pure estrogen antagonists such as fulves-
trant (in place of tamoxifen, which is associated with some agonist actions with prolonged
administration) or agents which inhibit peripheral extragonadal synthesis of estrogen (aroma-
tase inhibitors such as anastrazole), which delays but does not resolve this problem [6, 7]. In
addition, receptor tyrosine kinase (RTK) inhibitors have been used recently in the treatment of
endocrine-resistant breast cancer [8], but they have limitations in terms of target specificity and
clinical outcomes. For example, the reversible inhibitor of epidermal growth factor receptor
(EGFR) erlotinib also blocks ERBB2 [9, 10], AKT (the downstream target of phosphatidylinosi-
tide 3-kinases; PI3K) and mitogen-activated protein kinase (MAPK) phosphorylation in breast
cancer cells [11]. Furthermore, imatinib inhibits the activity of the tyrosine kinase domain of
various targets such as ABL, KIT and platelet-derived growth factor receptor (PDGFR) [12, 13].
The lack of specificity of these agents might increase the risk of side effects and therefore limits
their clinical usage and utility. Since the current therapeutic options for endocrine insensitive
breast cancer patients have various limitations (including severe side effect profile and
resistance), thereisaneed to find better therapeutictargets to control this condition and improve
its prognosis.

Aquaporins (AQPs) represent a family of 13-14 small hydrophobic integral transmembrane
water channel proteins which are widely distributed in various tissues in the body. Their
function is to transport mainly water (through passive transport), glycerol, solutes (such as
urea, carbon dioxide, ammonia and nitric oxide) [14-20], as well as larger polar solutes (such
as sugars and hydrogen peroxide) [21-23]. The first discovered family member of these
proteins was initially called CHIP28, but it is now known as AQP 1 [24, 25]. AQPs are classified
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on the basis of their substrate permeability: (a) the classical water permeable AQPs 0, 1, 2, 4,
5,6 and 8; (b) the water and small solute (e.g., glycerol and urea) permeable aquaglyceroporins
AQPs3,7,9,10and 12; (c) gas (carbon dioxide and nitric oxide) and ammonia permeable AQPs
1,4 and 5; and (d) small ion (e.g., sodium and potassium) conducting AQP 1 [25]. Besides their
main role in maintaining salt and water homeostasis, recent evidence suggests their involve-
ment in various disease conditions including neoplasms such as breast cancer. These mem-
brane channels have received much attention in recent years as potential novel drug targets
for reducing cancer angiogenesis and metastasis. This chapter will provide evidence from
recent studies regarding the involvement of various AQPs in breast cancer pathogenesis and
will highlight their role in disease diagnosis, prognosis and treatment.

2. Structure of AQPs

Unlike other types of channels, AQPs do not show gating, saturation or membrane potential-
dependent behavior. AQP family members share 25-60% protein sequence homology [14, 26,
27], and are assembled on the cell membrane and cytoplasmic compartments as homotetramers
[28]. Each monomer is about 28-30 kDa in size and has its own water pore. Some members of
this family such as AQPs 0 and 4 have unique features in that their tetramers assemble into
higher order supramolecular structures described as orthogonal arrays of particles [29, 30].
The monomeric units of AQPs consist of six transmembrane a-helices (M 1, 2, 4-7 and 8), two
half helices (M 3 and 7) and five connecting loops (a—e) [31]. Both the N- and carboxyterminal
domains are present in the cytoplasmic compartment. Water movement occurs through a
narrow pore (<0.3 nm) in which steric and electrostatic factors prevent the transport of protons
and other small molecules [32]. Several studies have also indicated that the central pore allows
the rapid transport of oxygen, carbon dioxide and nitric oxide (seen in AQPs 1, 4 and 5) [19,
33]. On the other hand, the aquaglyceroporins have a less constricted pore with a larger
proportion of hydrophobic residues [34, 35]. Figure 1 illustrates a schematic arrangement of
an AQP channel.

water and solutes

Extracellular

Intracellular

water and solutes

Figure 1. Schematic diagram of the aquaporin channel. The aquaporins are formed by two tandem repeats of three
membrane-spanning helices. Two connecting loops, each containing a conserved sequence motif of Asn-Pro-Ala
(NPA) on the loops, bend into molecules to pair with each other and form a channel in the plasma membrane through
which water and solutes can pass between the cell and its environment.
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3. Expression profile of AQPs

3.1. Normal tissues

These channel proteins exhibit a wide tissue distribution. Several AQPs (1-4) play a role in
kidney function [36, 37]. For example, AQP 2 translocates from the intracellular vesicles to the
apical plasma membrane of the collecting duct in response to vasopressin stimulation leading
to water reabsorption by the kidney [37, 38]. AQP 1 allows carbon dioxide transport in the
proximal tubules, for regulation of arterial pH during metabolic acidosis [39]. In the brain,
AQP 4 is expressed in the perivascular astrocyte foot process region and plays a role in solute
clearance from the interstitial fluid [40] and the neuro-excitatory processes [41]. In the skin,
AQP 3is expressed in the stratum corneum (SC) and plays a role in maintaining skin hydration
and elasticity, and epidermal proliferation [42]. In the adipocytes, AQP 7 is involved in glycerol
movement across the cell [36]. Several AQPs are expressed in various regions of the eye and
play a role in ocular surface hydration, intraocular pressure regulation and visual signal
transduction [43]. Other AQPs are expressed elsewhere but their physiological functions
remain to be determined. For example, AQP 4 is expressed in the basolateral region of gastric
parietal cells but its deletion in mice does not alter acid secretion [36, 44]. Furthermore, tissue-
specific expression of AQP 4 in skeletal muscle [45], AQP 5 in sweat glands [46] and AQP 8 in
various tissues [47] have not yet been linked with any specific physiological role.

3.2. Tumors

There is accumulating evidence to suggest a role for several AQPs in cancer pathogenesis
through their modulated expression profile in several tumors. It is speculated that AQPs
facilitate water penetration into the growing tumor leading to its expansion through edema
formation [48, 49]. They also appear to be involved in angiogenesis, tumor proliferation and
migration/invasion [50-53]. About twenty types of tumors have been shown to express AQPs
in vivo. For example, the expression level of AQPs 1, 4 and 9 are increased in astrocytoma [48,
54-57], while the level of AQP 1 was shown to be either increased [58] or decreased [59] in
cholangiocarcinoma. Increased levels of AQPs 1, 3 and 5 [60-62] and decreased level of AQP
8 [63, 64] have been reported in colorectal cancer. Inlung cancer, AQPs 1, 3, 4 and 5 were shown
to be overexpressed [65-67]. Increased levels of AQPs 1, 3 and 5 were observed in cervical
cancer [68, 69]. AQP 5 was increased in chronic myelogenous leukemia [70] and esophageal
cancer [71]. In liver cancer, high levels of AQPs 3 and 5 [72] and low levels of AQPs 8 and 9
were observed [73].

There is a direct correlation between the expression level of several AQPs and tumor grade.
Highlevels of AQPs 1,4 and 9 were observed in astrocytoma correlating with advanced disease
stage [48, 54-57]. Enhanced AQP 9 expression was evident in malignant compared to benign
ovarian tissues and was positively correlated with tumor grade [74]. Furthermore, enhanced
expression of AQP 1 was seen in lung adenocarcinoma and its inhibition reduced cell invasion
[66].
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4. Physiological role of AQPs

4.1. Fluid transport and osmotic equilibrium

It has been suggested that at least eight (of the known 13) AQPs transport water, while others
such as AQPs 3, 7, 9 and 10 are also able to transport glycerol (termed aquaglyceroporins) [44,
75]. Their expression in various organs such as the kidney tubules, lung and alveoli facilitate
active fluid absorption and secretion by the creation of an osmotic gradient across the cell
membrane and subsequent fluid movement through these channels. Genetic knockout of AQP
5 in mice resulted in impaired salivary [76, 77] and airway submucosal gland secretion [78].
In addition, tissue-specific knockout of AQP 1 in mice leads to impaired secretion of the
cerebrospinal fluid [79] and ocular aqueous fluid [80], and inappropriate hypertonic fluid
absorption in the proximal kidney tubules [81]. It should be noted, however, that other data
suggest that knockout of various AQPs does not lead to impaired fluid absorption or secretion
[82-86], suggesting that the requirement of AQPs to facilitate active fluid transport depends
on the rate of such transport in each compartment. AQPs (specifically 1-4 and 7) are also
involved in maintaining the osmotic equilibrium across the kidney tubules and the formation
of concentrated urine. Marked polyuria and low urine osmolality was seen in AQPs 1 and 3
knockout mice, which led to severe dehydration [87, 88]. Reduced expression of AQP 2 also
leads to acquired forms of nephrogenic diabetes insipidus (NDI) due to the inability of the
kidneys to concentrate urine owing to the insensitivity of the distal nephron to the antidiuretic
hormone arginine vasopressin [89]. AQP 4 is expressed in the glial cells of the brain and spinal
cord, and plays an important role in water balance in the brain. A significant reduction in
osmotic water permeability in glial cells was demonstrated in AQP-4-deficient mice which led
to brain edema and swelling [90, 91]. In addition, several AQPs (0, 1, 3, 4 and 5) are expressed
in various compartments of the eye and play an important role in the regulation of fluid
movement and intraocular pressure [92-95].

4.2. CNS functions

AQP 4 was shown to be expressed in the glial cells in the brain particularly at astrocyte end-
feet at the blood-brain barrier and the ependymal-cerebrospinal fluid barrier [96]. AQP 4
deficiency in mice resulted in reduced seizure susceptibility in response to pentylenetetrazol
treatment [97], as well as in electrically-induced seizure following hippocampal stimulation
[98]. Delayed potassium uptake from the brain extracellular space (ECS) [98, 99], and expanded
ECS which dilutes the released potassium levels [100, 101], has been suggested to be respon-
sible for the reduced seizure susceptibility in AQP-4-deficient mice. AQP 4 also increases water
exit from the brain in vasogenic edema, as AQP-4-deficient mice show greater water accumu-
lation in various models of brain edema [102-105]. Also, AQP 1 was shown to be expressed in
the dorsal root ganglion neurons and nociceptive C-fibers, and AQP 1 deficiency in mice leads
to reduced pain perception in response to thermal inflammatory pain in part through modu-
lation of voltage gated sodium channel Nav 1.8 activity [105-107].
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4.3. Glycerol transport

AQP 3 was shown to be expressed in the stratum corneum (SC) at the basal layer of the
keratinocytes and plays a role in skin hydration. In AQP-3-deficient mice, SC hydration was
significantly reduced due to reduced water content, decreased skin elasticity and wound
healing [108]. An important factor which was also attributed to reduced skin hydration in
AQP-3-deficient mice is the impaired glycerol transport from the blood to the epidermis
through the basal keratinocytes, suggesting the importance of AQP 3 in glycerol transport.
Dysregulated expression of AQP 3 has been found in various skin disorders associated with
altered epidermal proliferation [109, 110]. In fact, topical or systemic replacement of glycerol
prevented skin abnormalities (less hydration and elasticity and impaired barrier function) in
the deficient mice [111].

4.4. Cell proliferation

A role for AQP 3 in cell proliferation has been suggested in various cell types. Using corneal
epithelial cells, delayed restoration of full-thickness epithelia was seen in AQP-3-deficient mice
after scraping. This was confirmed by reduction in proliferating BrdU-positive cells during
healing [112]. Reduced keratinocyte cell proliferation was also evident in AQP-3-deficient mice
or with siRNA-mediated knockout of AQP 3 in keratinocytes in part through reduction of p38
MAPK activity [113]. Furthermore, the proliferative rate of mouse colonic epithelial cells was
significantly reduced in AQP-3-deficient mice, which might explain the enhanced colitis
severity in these mice compared to WT mice in the dextran sulfate sodium model of colitis [114].

4.5. Cell adhesion

AQP 0is thought to be involved in cell-cell adhesion. It has been found to be expressed in lens
fiber cells in the eye and plays a role in maintaining their structure [115]. Loss-of-function
mutation of AQP 0 in humans and mice resulted in congenital cataracts [34, 92]. In addition,
AQP 4 was shown to mediate weak cell-cell interaction through its short helix in the extracel-
lular loop [116]. Overexpression of AQP 4 in L-cells (which lack endogenous adhesion
molecules) resulted in cell cluster formation, which supports the role of this AQP in intercel-
lular adhesion.

4.6. Cell migration

Various AQPshave been shown to be involved in the cell migrative process. AQP 1is expressed
on the leading edge of migrating cultured endothelial cells in association with increased
lamellipodia formation. AQP 1 deficiency in cultured endothelial cells results in significant
reduction in their migration. Overexpression of AQP 1 or 4 enhanced cell migration along with
prominent membrane ruffling at the leading edge [53]. The role of AQP 1 in cell migration was
also confirmed using kidney proximal tubule cells where its deficiency reduced cell migration
and its overexpression led to enhanced cell migration through the formation of lamella-like
membrane protrusions at the cell leading edge [50]. Furthermore, AQP 4 was localized on the
leading edge of migrating cultured astroglia cells, and its expression was increased by inducing
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a small extracellular osmotic gradient. AQP 4 deficiency (by siRNA treatment or cell isolation
from AQP-4-deficient mice) resulted in marked reduction in their migratory potential [51, 52].
AQP 3 deficiency in mammalian corneal epithelial cells [51], keratinocytes [113] and fibroblasts
[117] also reduced their migrative ability both in vitro and in vivo.

AQPs enhance cell migration through various mechanisms. They facilitate rapid changes in
cell volume and shape, which allows the cells to squeeze through the narrow and irregularly
shaped extracellular space; this has been referred to as amoeboidal movement [118]. Also, they
increase the local hydrostatic pressure (that push apart adjacent stationary cells), and actin
repolymerization, to stabilize cell membrane protrusions at the leading edge which is required
for the migratory process [119]. There is some evidence regarding the role of AQP 4 in
regulating a complex of intracellular molecules such as alpha-syntrophin involved in mem-
brane protrusions [120]. Some evidence also suggests a role for AQP 3 in reducing keratinocyte
cell migration through reduced p38 MAPK activity [113]; this is generally recognized as an
important signaling molecule for cell migration.

5. Involvement of AQPs in the etiology of cancer

There is accumulating evidence for the involvement of several forms of AQPs in various types
of cancer which also correlates with tumor stage.

With respect to tumor proliferation, AQP 5 interacts with the Ras-MAPK pathway and cyclin
D1/CDK4 complexes in colon cancer [121] and with the EGFR/ERK1/2/p38 MAPK signaling
cascade in lung cancer [122], resulting in enhanced proliferation, differentiation and survival.
Arole for AQP 3 has also been suggested for controlling proliferation of epidermal cancer cells
through the facilitation of glycerol transport and increase in ATP generation [123]. In non-
small-cell lung cancer cells, its effects appear to be associated with enhancement of the
expression of p53, increase in the ratio of cleaved to procaspase 3 and reduction in the
expression of proliferating cell nuclear antigen and B-cell lymphoma-2 (Bcl-2) [124]. AQP 4 is
involved in glioblastoma cell proliferation; siRNA-mediated knockdown of AQP 4 induced
cell apoptosis in part through modulation of key proteins involved in this process such as
cytochrome c, Bcl-2 and Bad [125].

With regard to tumor migration/invasion and angiogenesis, AQP 3 silencing in non-small lung
cancer cells resulted in significant inhibition of cell invasion through reduction of the activity
of matrix metalloproteinases (MMPs) 2 and 9 and AKT phosphorylation, as well as reduction
in angiogenesis through interaction with the HIF-2a-VEGF pathway [124]. Overexpression of
AQP 1in B16F10 melanoma cells and 4T1 breast cancer cells resulted in enhanced cell invasion
and tumor spread when injected through the tail vein in mice [53, 126]. siRNA-mediated
knockdown of AQP 1in melanoma cells also resulted in reduced cell proliferation and invasion
[127]. Overexpression of AQP 1 in colon cancer cells increased their invasive potential through
actin relocalization and RhoA and Rac activation [128]. In glioma cells, AQP 1 facilitated the
shunting of H* from the intracellular to the extracellular compartment and the release of lactate
dehydrogenase (LDH) and cathepsin B, which results in the acidification of the tumor

65



66 Tumor Metastasis

microenvironment leading to enhanced tumor angiogenesis and invasion [129]. AQP 4 also
plays a role in glioblastoma cell migration and invasion through rearrangement of the actin
cytoskeleton [130]. Furthermore, overexpression of AQP 5 in non-small lung cancer cells
enhanced cell metastasis through c-Src activation and induction of the EMT process [122].

6. Role of AQPs in the pathogenesis of breast cancer

While AQPs have been shown to be involved in the delivery of water to the mammary glands
which is critical for milk production and secretion during lactation [131], their expression in
breast tumors is modified and correlates with tumor grade.

6.1. AQP 1

Immunostaining indicates a predominantly membranous localization with some presence in
the cytoplasm in large tumor cells (more pronounced at the tumor invasion front), but no
expression was seen in smaller tumor cells. All of the AQP 1 positive invasive carcinomas are
found to be of ductal type, ER-ve and HER2/neu -ve (triple -ve form), and its expression was
significantly associated with poor clinical prognosis [132, 133]. A recent report suggested that
the cytoplasmic expression of AQP 1 promotes breast cancer progression and was associated
with a shorter survival rate especially in luminal subtype patients [134]. Its cytoplasmic
expression was positively correlated with advanced pathological features of invasive ductal
carcinoma and lymph node metastasis [134]. Another study reported that AQP 1 was highly
expressed in blood vessels (mainly in CD31+ve endothelial cells) of human breast and
endometrial carcinoma tissues, suggesting a role in tumor angiogenesis [135]. Using human
umbilical vein endothelial cells (HUVECs), Zou et al. [135] showed that estrogen treatment
significantly up-regulated AQP 1 expression in a time- and dose-dependent fashion, which
was mediated through a functional estrogen response element motif in the promoter region
of the AQP1 gene. Estrogen treatment significantly increased HUVEC proliferation, migration,
invasion and tubule formation; all of these effects were inhibited by pretreatment of cells with
AQP1-specific siRNA. These data suggest an important role of AQP 1 in cell invasion in part
through regulating actin stress fiber formation through colocalization with the ezrin/radixin/
moesin protein complex [135]. Qin et al. [134] showed that overexpression of AQP 1 in MCF-7
and MDA-MB-231 cells significantly enhanced (by approximately 2 fold) cell proliferation and
invasion. Epidermal growth factor (EGF) stimulation induced AQP 1 redistribution from the
cytoplasm to the cell membrane, further supporting a role in promoting cell invasion. In the
mouse mammary tumor virus-driven polyoma middle T oncogene (MMTV-PyVT) model
(which spontaneously develops a well-differentiated luminal-type breast carcinoma with lung
metastasis), AQP 1 deficiency significantly reduced the breast tumor mass (by 46%) and
volume (by 50%), vessel density and the number of lung metastases compared to the control
group [136]. This effect was in part due to decreased expression of vascular endothelial growth
factor receptor-2 (VEGFR2) and increased levels of hypoxia inducible factor-1a (HIF-1a) in the
AQP 1 knockout mice [136].
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6.2. AQP 3

AQP 3 overexpression in early breast cancer patients was shown to be associated with worse
prognosis in patients with HER2-overexpressing phenotype after curative surgery [137]. Its
expression was correlated with advanced stage, large tumor size and lymphatic and vascular
invasion, highlighting its role in angiogenesis and invasion. In addition, Huang et al. [138]
showed higher AQP 3 protein expression in breast cancer tissues (mainly in the cell membrane
and the cytoplasm) of premenopausal compared to postmenopausal patients, and was
associated with higher histopathological grade and lymph node metastasis in ER+ve breast
cancer patients. Estrogen stimulation significantly up-regulated AQP 3 expression in ER+ve
breast cancer cells (MCF-7 and T47D) by activating the estrogen response elements (EREs) in
the promoter region of the AQP 3 gene. siRNA mediated knockdown of AQP 3 in ER+ve breast
cancer cells significantly reduced estrogen-induced cell migration (by 30-70%) and invasion
(by 43-71%). Overexpression of AQP 3 in T47D cells significantly enhanced cell migration and
invasion. The role of AQP 3 in cell invasion was suggested to be in part through mediating
actin cytoskeleton rearrangement (by the formation of filopodia and stress fibers required for
invasion) and EMT induction (evident by reduced expression of the epithelial marker E-
cadherin, and increased levels of the mesenchymal markers N-cadherin and snail-1) [138].
Using breast cancer cell lines MDA-MB-231 and Bcap-37, Cao et al. [139] showed that fibroblast
growth factor-2 (FGF-2) significantly increased AQP 3 expression, and lentivirus-mediated
shRNA inhibition of AQP3 expression significantly reduced FGF-2 induced cell migration by
approximately 50%. This effect was mediated through AQP-3-induced activation of Akt and
ERK1/2. A recent report showed that AQP 3 expression in the triple negative breast cancer cell
lines MDA-MB-231 and DU4475 (as well as in HUVEC) was required for the transport of
extracellular hydrogen peroxide into the cells in response to CXCL-12 stimulation to induce
directional cell migration [140]. AQP 3 silencing in these cells was associated with impaired
CXCL-12 induced directional migration due to impaired F-actin polymerization, PTEN and
PTP1B oxidation, Akt phosphorylation, and the accumulation of the intracellular hydrogen
peroxide at the reading edge of migrating cells was needed for polarity sensing. Furthermore,
the role of AQP3 in invasion was tested by the injection of fluorescently labeled breast cancer
cells into severe combined immunodeficient (SCID) mice. Lung metastasis was significantly
reduced in AQP-3-deficient breast cancer cells, whereas its overexpression significantly
increased the number of cells migrating to the lungs [140]. In addition, the expression of AQP
3 was also increased in MCF-7 cells by treatment with the chemotherapeutic agent 5'-deoxy-5-
fluorouridine (5'-DFUR) [141], which was required for the 5'-DFUR-induced cell cycle arrest
(through its action on G1/S phase transition and up-regulation of p21 and FAS).

6.3. AQP 4

The role of this AQP is not well studied in breast cancer, however, one report showed that
AQP 4 expression (at both mRNA and protein level) was significantly higher in normal
compared to cancer tissue [133], and was mainly expressed in the cell membrane and the
cytoplasmic compartments.
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6.4. AQP 5

Immunohistochemical analysis shows significant overexpression of AQP 5 in breast tumors
from early breast cancer patients, and was correlated with the disease prognosis particularly
in patients with ER/PR+ve tumors [142]. This observation was also confirmed by another group
who showed that AQP 5 was not detectable in normal breast tissues, but was expressed mainly
in the cell membrane of mammary carcinoma and associated with cellular differentiation,
lymph node invasion and tumor stage [133]. The 5-year survival rate was decreased from 80%
in AQP 5 —ve patients to 50% in AQP5+ve patients, suggesting that its expression was associ-
ated with short overall survival [133]. In another report, AQP 5 expression was observed in
the ductal epithelial cells of human breast tissues with significant overexpression in invasive
compared to benign tumors [143]. It was also expressed in MCF7 and MDA-MB-231 breast
cancer cell lines (at mRNA and protein level); shRNA, or hyperosmotic stress-induced
reduction in AQP 5 expression significantly reduced cell proliferation and migration toward
fetal bovine serum (FBS) gradient. Some reports have suggested that AQP 5 induces tumori-
genesis (at least in lung epithelial cells) upon phosphorylation of the cAMP protein kinase
consensus site located in its cytoplasmic loop [144, 145].

7. AQPs: cancer diagnostic markers in breast cancer

There is no clinical data so far which confirms the use of AQPs as diagnostic markers for breast
cancer. However, many reports suggest a strong correlation between the expression profile of
certain types of AQPs and breast cancer pathogenesis and prognosis. For example, AQP 1
expression was associated with poor clinical prognosis in ductal type, ER -ve and HER2/neu
—ve breast cancer patients [132]. The cytoplasmic expression of AQP 1 was also correlated with
advanced pathological features of invasive ductal carcinoma, lymph node metastasis and
shorter survival [134]. Overexpression of AQP 3 in HER2-overexpressing patients [137] as well
as in premenopausal ER+ve breast cancer patients [138] was associated with advanced stage.
AQP 5 expression was also shown to be associated with poor clinical prognosis [133], partic-
ularly in patients with ER/PR+ve tumors [142], and in the ductal epithelial cells of human breast
tissues [143].

Detection of serum AQP 4 auto-antibodies has shown promising indication as a diagnostic
tool in neuromyelitis optica (NMO), an inflammatory demyelinating disease that selectively
affects optic nerves and spinal cord. It is claimed to be significantly associated with a higher
number of relapses and longer disease duration [146, 147]. There are also reports suggesting
a role for other AQPs: AQP 2 in determining the etiology of metabolic disorders dependent
on the arginine vasopressin [148], AQP 3 in eczema [149] and AQP 4 in epilepsy [150].

8. AQPs: therapeutic targets for breast cancer

There appears to be potential for the use of AQP-based therapies (such as cysteine-reactive
heavy metal-based inhibitors, AQP-induced water permeation, monoclonal AQP-specific
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antibodies and AQP gene transfer) to treat various conditions including breast cancer. Several
heavy metals have been shown to inhibit AQP 1. These include mercury II chloride (through
covalent interaction with the Cys189 residue in the water pore of AQP 1) [151, 152] and silver
and gold III compounds (through interaction with the cysteine residue near the conserved
NPA domain) [153, 154]. Gold III compounds were also shown to inhibit AQP 3 through
interaction with the Cys40 in its extracellular domain [154, 155]. Other nonmetal containing
small molecule inhibitors include tetraethylammonium (TEA*), which reversibly inhibits AQP
1 through interaction with the Tyr186 site [156, 157]. The carbonic anhydrase inhibitor
acetazolamide was also shown to inhibit AQPs 1 and 4 [158, 159]. Several antiepileptics, and
the loop diuretic bumetanide, are reported to inhibit AQP 4 [159-161]. The other loop diuretic
furosemide was also found to inhibit AQP 1 [162]. Furthermore, AQP gene transfer therapy is
alsoinits early phases; AQP 1 cDNA transfer into the parotid glands for treating salivary gland
hypofunction after radiation therapy is currently in phase I clinical trials [163-165].

In noncancerous conditions, some AQPs (1-4 and 7) are required for the formation of concen-
trated urine, which suggests that AQP-inhibitors might act as a unique form of diuretics to
treat various disorders such as heart failure [87, 88]. Increased expression of AQP 4 exacerbated
water accumulation in the brain, suggesting that AQP 4 inhibitors might be used to treat
cytotoxic edema [90, 91]. Other potential therapeutic uses of AQP-therapies include treatment
of various exocrine disorders, obesity and glaucoma [166].

AQP 1 is expressed on the endothelial cells of microvessels in various tumors including the
breast [167], with a clear role in mediating angiogenesis and invasion through interaction with
the actin cytoskeletal machinery, EGF, VEGF and HIF-1a. It has been suggested that the
carbonic anhydrase inhibitor acetozolamide, and the antiepileptic drug topiramate, suppress
tumor invasion in part through inhibiting AQP 1 gene expression [168, 169]. AQP 3 was also
shown to be involved in breast cancer cell invasion through interaction with the actin cytos-
keleton proteins, ER, chemokines and growth factors (CXCL-12, FGF-2), downstream signaling
molecules (ERK1/2, Akt, PTEN and PTP1B) and induction of the EMT process. Furthermore,
AQP 5 also enhanced breast cancer invasion in part through interaction with cAMP. The
chemotherapeutic drug cisplatin inhibits the expression of AQP 5 in ovarian cancer and leads
to reduced lymph node metastasis [170]. Therefore [171], inhibitors of the above-mentioned
AQPsmay have potential applications in breast cancer therapy through their inhibitory actions
on tumor angiogenesis and invasion.

9. Conclusion

There is growing evidence in several tumors (including that of the breast) to indicate that
several growth factors (e.g., EGF, VEGF and FGF-2) which are known to enhance cell invasion,
may do so, at least in part, through increasing expression of a number of AQPs, suggesting a
prometastatic role for these channels. This is likely to be mediated by interaction with various
signaling molecules involved in cell invasion such as Ras, MAPK and PI3K, leading to
rearrangement of the actin cytoskeleton (through interaction with RhoA/Rac), extracellular
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acidification (through interaction with LDH and HIF-1a, which by itself enhances cell
invasion), enhanced secretion of proteolytic enzymes needed to degrade the extracellular
matrix (ECM) (e.g.,, MMP2/9 and cathepsin B) and induction of the EMT process. AQPs also
enhance cell invasion through a ‘rounding’ of the cell to enable it to squeeze through the ECM
(termed amoeboidal motility). Figure 2 summarizes the putative role of AQPs in cancer

pathogenesis.
AQPs in malignancy associated processes
EMT amoeboidal motility
AQP3.5 induction of proliferation
T N-ca((ilkkller_m - snail change in cell AQP 3 telycerol transport
| E-cadherin shape and 1 ATP production,
volume 1 p35, | BCL-2
invasion AQP 4 modulates cytc,
BCL-2, Bad
AQP1  actin cytoskeleton rearrangement, AQP 5 modulates ]
1 RhoA/Rac, LDH, Cathepsin Ras/MAPK/Cyclin
H shunt and extracellular acidification D1/CKD4,
AQP3 1 MMP2/9, Akt, p38 MAPK, VEGF, HIF-2a EGFR/ERK1/2
AQP4  actin cytoskeleton rearrangement p38 MAPK cascade
AQPS5 1 Src & EMT induction
AQP 1.3.,4 expressed at leading edge of migrating cells

Figure 2. Role of AQPs in cancer pathogenesis. AQPs play an important role in cancer pathogenesis through enhance-
ment of cancer cell proliferation, invasion and induction of epithelial to mesenchymal transition (EMT) as well as in-
duction of amoeboidal motility. The mediators through which each AQP modulates these functions are elaborated in
the scheme.
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Abstract

Extracellular vesicles (EVs) are membrane-bound particles shed from nearly all cell
types into the extracellular environment. This collective term includes vesicles ranging
in size from 30 nm to 5 um in diameter. Various isolation techniques are used in different
studies to separate EVs with no consensus protocol. EVs are released from cells under
normal physiological conditions as well as in stressful and pathological conditions. In
malignancies, they have been shown to be useful circulating markers for risk assess-
ment, early diagnosis, monitoring of therapeutic effectiveness and prognosis. In
addition, they appear to influence cell death and growth, angiogenesis, immune
surveillance, extracellular matrix degradation and metastasis. In this respect, EVs have
generated considerable interest for their potential use in cancer therapeutics. Since they
appear to be responsible for transference of cellular components between cells and
thereby transfer of functional characteristics of the donor to the recipient, two strategies
for their role in cancer therapeutics may be envisaged. The first would be to prevent
formation and/or shedding of EVs to prevent communication to or from cancer cells.
The second would be to utilize them as carriers to deliver inhibitory/toxic compo-
nents into cancer cells to destroy or neutralize them. In this review, we discuss the
current state of research on characterization of EVs and highlight possible strategies for
their use in cancer therapy.

Keywords: cancer, microvesicles, EVs, exosomes, drug delivery
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1. Introduction

Extracellular vesicles (EVs) are membrane-bound particles shed into the extracellular environ-
ment by many types of cell under different circumstances ranging from normal physiological
conditions to pathological conditions like cancer. There are several ways of classifying EVs,
including size and mode of biogenesis. Some authors use the designation EVs interchangea-
bly with other terms like exosomes and microvesicles (MVs). This has led to some confusion
andinconsistency astotheparticlesactuallybeingstudied. Therefore, wehaveincluded asection
on the various isolation procedures to emphasise the importance of standardization. Indeed, in
many studies, there is no or unconvincing characterization of preparations. In this chapter, we
will use EVs as a broad term to encompass three categories: exosomes, microvesicles and
apoptotic bodies [1]. Exosomes (30-100 nm diameter) are formed in multi-vesicular bodies
(MVB) [2] and released upon MVB exocytosis [3]. They carry several kinds of cargo, depend-
ing on the surrounding physiological conditions prevailing at the time of their formation and
this will determine their effect upon recipient cells. MVs (100 nm-1 um) are produced by the
outward blebbing and fission of the plasma membrane and appear to have possibly more
selectively sorted cargo. MVs express surface receptors that differ depending on the mem-
brane composition of the donor cell [2]. Apoptotic bodies (1-5 um) are usually released by
tumour cells undergoing apoptosis, are packaged indiscriminately and are often fragmented
nuclei and cytoplasmic organelles [3, 4] Figure 1.
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Figure 1. Schematic illustrating the relative sizes of the different classes of EVs (Adapted with permission from Ref.

(3D-

When first discovered, the release of EVs from cells was thought to be a mechanism for removal
of waste and harmful substances from the cell. Nowadays, they are viewed as mediators of
intercellular communication through the transfer of biologically active molecules from donor
to recipient cells where they can modulate the phenotype and function of those recipient cells
[1]. EVs can interact through their surface proteins with receptors on the target cell, triggering
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intracellular pathways, or by direct membrane fusion or endocytosis thereby releasing their
cargo into the recipient cell [5]. Furthermore, EVs could transfer paracrine oncogenic features
locally between different cells and endocrine signals to distal cells of any type through body
fluids, usually blood [6].

The importance of exosomes may include antigen presentation and immune-stimulatory and
inhibitory functions. Several key roles of MVs have been suggested to include contribution to
the proinvasive character of tumours, induction of oncogenic cellular transformation, procoa
gulant activity and fetomaternal communication [3].

2. Techniques used for collection, measurement of concentration and
preservation of EVs

Because of the heterogenicity of EVs, a method of collecting a specific population of EVs of
interest must be established. Moreover, the methods of efficient collection of EVs have been
investigated in different studies. Previous reports have used two main methods: the ultracen-
trifugation method [7, 8] and FACS methods [9] for collecting EVs. Many studies have
compared the efficiency of these collection methods and evaluated the effect of in wvivo
biodistribution of EVs [10, 11]. These observations suggested that bulk EVs are heterogeneous
populations and that there is a need to collect a specific population of interest. In the following
section, we will compare different methods for isolating EVs and different techniques used for
collection and preservation of EVs.

2.1. Isolation techniques

In general, the isolation of EVs from biological fluids and cell cultures requires a series of
standard differential centrifugation steps [22]. These sequentially remove dead cells and large
cellular debris and then larger intracellular organelles, prior to obtaining a pellet from the
cleared cell supernatant. Several modifications/elaborations of the basic procedure have been
introduced to purify EVs as well as fractionate them further into discrete size groups; these
are illustrated in Figure 2.

Heat shock proteins (HSPs), usually associated with cytoprotective functions or as receptor
chaperones, are often associated with the cell surface of cancer cells. This feature has been
exploited for the separation of EVs from biological fluids and conditioned cell culture growth
media. Synthetic peptides called venceremin (Vn), with specific affinity to HSPs, have been
used to precipitate out EVs expressing these proteins, in a procedure [16] that has advantages
of speed and simplicity over those methods using standard ultracentrifugation. Further
refinement of such a strategy, utilizing targets with an exclusively cell surface localization,
could be used to distinguish the intracellularly generated exosomes from particles that are
formed from the plasma membrane. Other techniques for separating EVs include a salting out
process using sodium acetate, and the exoquick technique marketed as a kit by several
companies. The latter is also based on selective precipitation of EVs but uses a commercial
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agglutinating agent as well as two centrifugation steps. Exoquick has been claimed to produce
the highest concentration of EVs when compared to differential centrifugation or salting out
methods [14].

Isolation of EVs

S Differential
from biological isolati f th
5 Isolation O e
fluids and cell I £ EV
cultures R
Series of low speed Differential
|| centrifugations + || centrifugationsfollowed
filtration + high-speed by sucrose gradient
ultracentrifugation ultracentrifugation
| | Precipitation of EV using Immuno-selectionand
peptides | ultracentrifugation
l— Exoquick technique — Microfluidicdevice
Salting_out EVs using || Size-exclusion orimmuno-
sodium acetate affinity chromatography

Figure 2. Summary of procedures for isolation of EVs from biological fluids or cell cultures.

Currently, there is no standard isolation protocol for clearly discriminating the different classes
of EVs whether by size, density, morphology of the particles or molecular markers [2]. Various
procedures have been described in an attempt to separate them. Among the different groups
of EVs, the isolation of exosomes is the one most frequently reported in the literature [13].
Separation of exosomes from MVs usually involves a combination of low-speed differential
centrifugation steps followed by sucrose gradient ultracentrifugation [21]. Apoptotic bodies
can be collected at low-speed centrifugation of approximately 2,000 g. Microvesicles need a
higher speed ranging from 10,000 to 20,000 g. Exosomes are pelleted by ultracentrifugation
above 100,000 g for 1 hour or more [12]. Alternatively, immune selection of MVs can be
performed instead of the differential centrifugation step. This involves the adherence of MVs
to magnetic beads bearing antibodies against tumour-associated markers found on the surface
of MVs. Ultracentrifugation would still be needed following this immunoselection in order to
recover the exosomes in the eluate from the magnetic beads. Apoptotic bodies, on the other
hand, can be separated from exosomes by flotation on a continuous sucrose gradient. Separa-
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tion of exosomes from biological fluids and other EVs through the steps mentioned above takes
approximately 4-6 hours.

Another procedure devised to shorten the time for preparation is based on the use of a
microfluidic device, which is said to allow extraction and purification of exosomal RNA from
100 to 400 ul serum samples in an hour. This device relies on immunoaffinity isolation of
exosomes from cell-free supernatant or serum samples. The sample is allowed to flow inside
a microchannel coated with IgG against CD63 (which is highly expressed in exosomes from
all cell origins). Specificity was demonstrated by showing that fluorescence intensity was
higher in the microchannel coated with anti-CD63 antibodies compared to that coated with
(control) anti-CD4 antibodies. As opposed to magnetic bead-based systems, the microfluidic
device extracts exosomes directly from the serum in a single step. It does not require incuba-
tion, washing or centrifugation. This technique is not only faster compared to other methods
of separation butis also cheaper, requires smaller volumes of samples, and fewer reagents [22].

Another method commonly used for isolation is size exclusion chromatography, which relies
on size differences to separate EVs. Immunoaffinity chromatography is also an option for
capturing exosomes with antibodies that recognize a marker on the surface of exosomes [13].

3. EVs in health and disease

3.1. Biological roles of EVs

EVs that are derived from healthy cells transfer signals to other cells, which are needed to
maintain their physiological homeostasis and biological functions such as growth, differen-
tiation and apoptotic death. They exert their effects through multiple pathways, directly
activating cell surface receptors through bioactive lipid ligands and proteins, integrating their
membrane contents into the recipient cell plasma membrane and delivering effectors, such as
transcription factors, oncogenes, small and large non-coding regulatory RNAs, mRNAs and
infectious particles into recipient cells. Consequently, EVs contribute to the maintenance of
normal physiology [12].

The following are some examples of the role of EVs in maintaining a wide range of cellular
and biological functions:

I. Regulation of immune responses.

EVs might trigger adaptive immune responses or suppress inflammation in a tolerogenic
manner [13]. They have been shown to implement immune suppression by several mecha-
nisms, such as enhancing the function of regulatory T cells, suppressing natural killer (NK
cells, and inhibiting monocyte differentiation [12].

II. The nervous system.

The secretion of EVs can contribute to a range of neurobiological functions. For example,
increased release of EVs containing neurotransmitter receptors from cortical neurons follow-
ing enhanced glutamatergic activity [14].
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III. Embryonic development.

EVs are likely to be involved in the regulation of embryonic development, including mainte-
nance of morphogen gradients, collective cell migration and tissue polarity. However, this still
remains an emerging field with many unanswered questions, which need further investigation
[15].

IV. Tissue repair.

EVs derived from human adult mesenchymal stem cells (MSCs) have been found to prevent
ischaemia-reperfusion kidney injury and improve survival in a model of lethal acute kidney
injury [16]. MSC-derived EVs are reported to modify the expression of miR29¢ and miR150
and upregulate the expression of SDF-1, CXCR4, CXCR7, CCL2 and ANGPTL4, which are
known to play essential roles in acute and chronic wounding [17].

V. Liver homeostasis.

A comprehensive study of hepatocyte-derived EVs showed the presence of several members
of cytochrome P450, uridinediphosphate-glucuronosyl-transferase (UGTs) and glutathione S-
transferase (GST) protein families, supporting a role of these vesicles in the metabolism of
endogenous and xenobiotic compounds [18]. Recently, it has been shown that EVs from
hepatocytes were able to activate stellate cells to mediate a response to liver damage [19] and
many studies support an important role of these vesicles in maintaining liver homeostasis.

3.2. Pathological actions of EVs

Given their essential role in regulating biological processes, it is not surprising that EVs have
a significant influence in disease pathogenesis. This has been most extensively studied in
tumour biology. Several reports have indicated that EVs may be an important means of driving
the formation of a pre-metastatic tumour [12, 20]. EVs can promote proliferation of their target
cells, stimulate angiogenesis, induce metastasis and promote immune escape by modulating
T-cell activity [21-24].

Prior to the discovery of EVs, it was known that the vesicles secreted by tumour cells retained
procoagulant activity, linking cancer progression with EV-induced thrombosis [25-27]. In
addition, a direct link between EVs and tumour invasion of healthy tissues was reported in
2008 [28]. It was shown that the mRNA expression of an activated mutated epidermal growth
factor receptor (EGFRVII) in glioma cells can enhance vesiculation significantly and intercel-
lular transfer of this oncoprotein to adjacent tumour cells, leading to the production of
angiogenic mediators such as vascular endothelial growth factor (VEGF) [28].

Similar results were reported in another study by Skog et al. [22] showing that various miRNAs
that stimulate tumour growth and angiogenesis in addition to EGFR can be transferred by
human primary glioblastoma cell-derived EVs. Moreover, EVs derived from tumour cells were
shown to transfer activated EGFR to endothelial cells, inducing VEGF expression and resulting
in VEGEF receptor activation to stimulate angiogenesis [29]. Many of the previously mentioned



Extracellular Vesicles: A Mechanism to Reverse Metastatic Behaviour as a New Approach to Cancer Therapy
http://dx.doi.org/10.5772/64391

studies suggested that EVs can trigger tumour growth by stimulating the proliferation of
cancer cells and by stimulating angiogenesis in the adjacent normal endothelial cells.

Additional data also support the association of tumour-secreted EVs in the promotion of
metastasis and tumour invasion; for example, transfer of the EMMPRIN transmembrane
glycoprotein, which stimulates matrix metalloproteinase (MMP) expression in fibroblasts and
remodelling of the ECM [30]. Recently, it was shown that EVs derived from melanoma cells
directed bone marrow cells towards a prometastatic phenotype, mediating the communication
between tumour cells and normal cells [31, 32].

Furthermore, tumour-associated macrophages can secrete EVs, which contain certain miRNAs
that can promote breast cancer cell invasion [33]. In addition to their role in cancer, EVs have
been associated with various pathogens, including HIV-1, Epstein-Barr virus (EBV) and prions
[34-36].

4. Involvement of EVs in cancer

Tumour EVs (oncosomes) are associated with many types of cancers [37-39], with elevated
concentration in the plasma of cancer patients compared to healthy controls [40]; this can be
up to 10-fold more than the approximately 10" MVs per ml of serum measured in healthy
individuals [41, 42]. Tumour EVs contain lipids and proteins as well as RNAs, genomic DNA
and cellular metabolites, which can be transferred between cells [43], thus regulating the
bioactivities of recipient cells. Production of EVs seems to be highly regulated. Several studies
have characterised tumour EV components to identify useful cancer biomarkers [44]. For
example, in two breast cancer cell lines, MCF-7 and MDA-MB 231, the cell-derived EVs show
different profiles; 59 proteins were identified in MCF-7-derived EVs and 88 in EVs from MDA-
MB 231, with 27 proteins common between the two exosome-like vesicle types [45]. Among
all of these molecules that can be transferred from one cell to another through EVs, miRNAs
have attracted most attention because of their newly recognised regulatory role in modulating
gene expression. As some profiling studies have shown, miRNAs are not randomly incorpo-
rated into exosomes. According to previous studies, there exists a class of miRNAs that are
preferentially sorted into exosomes, such as miR-320 and miR-150. Members of the miR-320
family are widely distributed in exosomes derived from both normal tissue and tumours [22,
46,47] Moreover, some reports have shown that exosomal miRNA expression levels are altered
under different physiological conditions. Exosomal miR-105 released from the breast cancer
cell line MDA-MB-231 reduced ZO-1 gene expression in endothelial cells and enhanced
metastases to the lung and brain [48]. Exosomal miR-214, derived from the human microvas-
cular endothelial cell line HMEC-1, stimulated migration and angiogenesis in neighbouring
HMEC-1 cells [49]. Thus, it is attractive to speculate that EVs may ‘export’ the ability of the
producer cells to metastasise, to other cells.

Stressful stimuli, such as hypoxia, acidosis, oxidative stress, radiation and cytotoxic drugs,
activate signalling pathways that can trigger exosome production and secretion [50]. The p-53-
regulated gene product, TSAP6 [51], as well as ceramide [52] have been documented as
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Figure 3. Extracellular vesicles (EVs) are potential carriers of stress-mediated tumour progression (Adapted with per-
mission from Ref. [50]).

triggers. Stressful conditions can change both the molecular content and function of EVs,
allowing for cancer progression through any of the processes displayed in Figure 3. For
example, thermal and oxidative stress on leukemia/lymphoma T and B cells has been shown
to induce the release of exosomes rich in Natural Killer Group 2 and member D (NKGD2)
ligands that confer immunosuppressive properties to the exosomes. In addition, aggressive B-
cell lymphoma cells that have been exposed to rituximab, which is an anti-CD20 chimeric
antibody, started secreting CD20-poitive exosomes that protected the lymphoma cells from
antibody and complement-dependent cytolysis. It is known that the phenotype of metastatic
cellsis a result of an accumulation of stress conditions on tumour cells. It has also been reported
that while EVs derived from primary tumour cells can contain cell-adhesive proteins, those
from metastatic cells are loaded with proteins that are responsible for cancer progression,
invasion, metastasis and multidrug resistance. Thus, EVs can act as conveyors of stress-
mediated tumour progression. Like cancer cells, stromal cells could release EVs with modu-
lated function upon exposure to stress. As an example, mesenchymal stem cells exposed to
hypoxic conditions released microvesicles with angiogenic effects [50]. The horizontal transfer
of bioactive molecules by EVs can influence the different aspects of tumour progression, which
include angiogenesis, decrease of immune surveillance, ECM degradation, metastasis and
chemoresistance. The following sections discuss the influence of EVS on the processes that are
vital for tumour progression, through horizontal transfer of bioactive molecules.

I. Neoangiogenesis.

Fibrin, the end product of the coagulation process, plays an important role in tumour growth
as tumour cells can be coated with fibrin to escape immune surveillance; at the same time, the
fibrin matrix enhances the outgrowth of new blood vessels. In several studies, it has been
shown that EVs support coagulation through various mechanisms. They expose negatively
charged phospholipids, which enable binding of coagulation factors and hence formation of
prothrombinase complexes [53, 54]. In cancer, tissue factor vesicles are present in the peripheral
blood [27, 55]. A part of these MVs originates from cancer cells and usually participate in
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thrombus formation equally to leukocyte-derived vesicles. Those MV-exposed tissue factors
can promote coagulation by adhering at the site of vascular damage [56, 57].

In addition, tissue factor also plays a more direct role in angiogenesis, which is induced
through cytoplasmic domain phosphorylation of the tissue factor and subsequent downstream
signalling events. Consequently, thrombin will be generated through the activation of
coagulation by tissue factor, which cleaves several protease-activated receptors (PARs), in
order to initiate angiogenesis [58].

Besides, platelet-derived vesicles stimulate mRNA expression of angiogenic factors in cancer
cells and then cancer cell-derived vesicles will contain mRNA for growth factors, such as VEGF
and hepatocyte growth factor [59]. It has been showed that such vesicles fuse with monocytes,
conveying their nucleic acids content and altering their biologic activity [60]. Itis believed that
cancer cell-derived MVs transfer mRNA to other cancer cells, enhancing their malignant
potential, and it has been reported, as mentioned previously, that intercellular transfer of
oncogenic growth factor receptor by cancer cell-derived EVs modify the phenotype of these
cells [28].

II. Escape from immune surveillance.

Collective data suggest a relationship between stressful conditions due to the tumour envi-
ronment and immunological tolerance of tumours [50]. There are many mechanisms, either
direct or indirect, that have been suggested which can facilitate escape from immune surveil-
lance. For example, cancer cells may employ vesiculation as a means to efficiently deceive the
immune system and survive [13]. Another study also showed that under the pressure of
oxidative stress, tumour cells release NKG2DL-expressing tumour exosomes, which facilitate
tumour escape from cytotoxicimmune attack [61]. Further, exosomes from various cancer cells
were shown to expose Fas ligand (FasL, CD95L) of the death receptor Fas (CD95), to trigger
T-cell death and to diminish the function of adaptive immune cells [62].

Tumour-associated EVs may also enhance the function of regulatory T (Tg.,) cells, weaken
natural cytotoxic responses mediated by natural killer cells, downregulate dendritic cell
differentiation from monocytes and turn these cells into immunosuppressive cells [24, 63, 64].
In addition, cancer cells can integrate with EVs derived from non-cancer cells, for example,
platelets, by this means receiving lipids and transmembrane proteins, which would protect
them from immune surveillance [59]. Additionally, cancer cells may hide from the immune
system by mimicking the host environment.

III. Environmental degradation.

It has been shown that degradation of the ECM is needed for tumour growth [65]. EVs expose
and contain several proteases, including matrix metalloproteinase (MMP)-2 and MMP-9 and
urokinase-type plasminogen activator (uPA). uPA catalyzes the conversion of plasminogen
into plasmin, whereas MMPs degrade basement membrane collagens. Plasmin, which is a
serine protease, degrades numerous components of the ECM, including fibrin, and activates
various MMP zymogens [66].
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When Ginestra et al. [67] analyzed vesicle content in ascites fluids from 33 women with
different gynaecologic pathologies, they found that malignant tumour fluids contained higher
amounts of vesicles compared to benign proliferative cells. Moreover, they showed that the
EVs frombenign serous cysts had only minimal lytic activity, whereas those from cancer ascites
contained active metalloproteases [67]. Furthermore, a link was found between the malignant
potential of tumours and the MV-associated MMP-2 activity [68]. Another study reported an
increase in numbers of vesicles in late stage ovarian cancer ascites and showed that MMP-2,
MMP-9 and uPA activities were mainly concentrated within the MVs. Further, the MMP-2,
MMP-9 or uPA inhibition using antibodies almost eliminated the ability of these MVs to
enhance tumour invasion capacity, which highlights the significance of this pathway [69].

IV. Metastasis.

Metastasis necessitates an increase in cellular survival and invasiveness, which are both
enhanced by MVs. Some evidence suggests that MVs may favour lymphogenous and haema-
tological spread as the expression of Fas ligand by cancer cell-derived MVs plays a role in
lymph node infiltration [70]. Furthermore, as mentioned above, activation of platelets by tissue
factor-derived vesicles supports the haematological spread of cancer cells. Since the cancer
cells will be surrounded by platelets, this would afford them some protection from immune
surveillance and enhance their attachment to the vessel wall [59]. In addition, the procoagulant
properties of cancer cell-derived MVs further support intravascular fibrin formation, which in
turn facilitates adherence of cancer cells to the vessel wall [27].

4.1. EVs in cancer therapeutics

Since MVs appear to contribute significantly to cancer development, it is not surprising that
much effort is being focused on trying to find ways of utilizing them in therapy as well. There
are at least four strategies that could potentially be used to oppose EV-driven disease by
inhibiting various aspects of EV function; these are summarised in Figure 4. The most obvious
approach is to get rid of them and this can be achieved by blocking their biogenesis, by
interfering with their release from the cell, removing them from the circulation or inhibiting
their uptake by recipient cells [1].

4.1.1. Inhibition of EVs

I. Inhibiting EV formation.

Various cellular components are known to be vital for EV formation but until now no clear
inhibition strategy has been forthcoming although many are under investigation. However,
some studies showed that inhibition of ceramide formation (which is essential for endosomal
sorting and exosome biogenesis) using small molecule inhibitors of neutral sphingomyelinase
or through treatment with the blood pressure-lowering drug amiloride (which decreases
endocytic vesicle recycling) can reduce EV formation [52, 71]. Another interesting study
emphasised the importance of syndecan proteoglycans and their cytoplasmic adaptor
syntenin, in regulating exosome formation and release, directly interfering with this interac-
tion either by RNA interference (RNAi) or using small molecule inhibitors [72].
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II. Inhibiting EV release.
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Figure 4. Flowchart showing the variety of roles of EVs in cancer therapeutics.

Many proteins have been shown to be associated with the secretion of EVs, but again the exact
mechanism of regulated EV release remains unclear and probably varies between different
cells. However, it has been shown that some small GTPases in some tumour cells, such as
RAB27A73, can be a promising therapeutic target (by RNAi) for reducing tumour exosome-
mediated signalling to inhibit neutrophils that support tumour growth [73, 74]. This approach
was used in two independent studies and it showed a significant reduction in the growth rate
of primary metastatic carcinoma and in metastasis progression [73, 75]. Other GTPases such
as RAB11 and RAB35 might serve as alternative targets for inhibiting the release of exosomes
by weakening and loosening the docking and/or fusion of multi-vesicular bodies with the
plasma membrane [74].

III. Inhibiting EV uptake.

Several uptake mechanisms have been suggested for EVs, but there is insufficient information
about the fundamental phases in EV trafficking and target specification. However, some
studies showed that the uptake of EVs released from tumour cells can be reduced by diannexin,
which can block phosphatidylserine, an important cell adhesion protein [76]. On the other
hand, this concept can also be used in diseases other than cancer. For example, diffusion of
HIV-1 to T cells could be reduced by targeting intercellular adhesion molecule 1 (ICAMI),
which is exposed on EV-encapsulated viruses, thus preventing binding specifically to 32
integrin [77]. Moreover, another suggested mechanism of HIV-1 diffusion to non-haemato-
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poietic cells is by the horizontal transfer of chemokine receptors through EVs, which makes
these vesicles valued targets for investigation [34].

IV. Blocking specific EV components.

Blocking specific signalling components of EVs was shown to have therapeutic significance.
It was demonstrated that FASL-specific monoclonal antibodies targeting FASL1 displayed on
EVs reduced tumour growth in a melanoma model [78]. However, this method may lack
specificity and has negative impact on immune function. In the same way, the targeting of
MET oncoprotein by RNAI to inhibit its active involvement into EVs was shown to be useful
in reducing metastasis in late-stage melanoma [31].

All the above approaches highlight promising targets to develop small molecule therapeutics.
Nevertheless, it is important to note that interfering with EV biogenesis could result in
unwanted off-target effects, given that EVs are important for the regulation of normal core
cellular processes and of course such approaches will need to be translated into a drug delivery
system (DDS) that is capable of targeting specific EVs.

4.1.2. Cancer cell-derived EVs

Since it is known that EVs released from normal cells trigger positive effects and those released
from cells under pathological conditions usually trigger undesirable effects, it might initially
seem surprising that cancer cell-derived EVs could play a therapeutic role. Cancer cell-derived
MVs carrying tumour antigens could actually help in initiating immune attacks by providing
these antigens to antigen-presenting cells. These cells would then activate a T cell-dependent
immune response against the tumour; their antigen content theoretically makes them ideal
cancer vaccines. This has been reported in a number of studies of animal models of cancer [79,
80].

4.1.3. Normal cell-derived EVs

Normal cell-derived EVs can be used as drug delivery systems that transfer therapeutic nucleic
acids or proteins. Unlike synthetic liposomes and viral vectors, EVs would be immunologically
protected as ‘self’. In addition to being sufficiently stable with a long tissue half-life, the small
size of cell-derived EVs is suitable to allow them to penetrate through the target tissues [81]
and cross biological barriers [2] and at the same time be large enough to carry sufficient
payload. Moreover, MVs are capable of carrying a wide range of bioactive components,
including mRNA, miRNA, DNA and proteins. In this regard, most studies have focused on
the delivery of genes to cancerous cells to either replace dysfunctional tumour suppressor
genes or to activate immune rejection or trigger cells into apoptotic pathways. Another
potential advantage of EVs that makes them competitive in the pool of delivery vehicles is the
suggestion that specific peptides could be introduced into EVs to provide them with targeting
abilities toward a certain tissue.
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4.1.4. Immune cell-derived EVs

EVs that are produced by immune cells have been shown to have an important role in the
regulation of immunity. They can mediate immune stimulation or suppression and they can
drive inflammatory, autoimmune and infectious disease pathology. Therefore, EVs have the
potential to be used as therapeutic agents to modulate the immune system. It has been found
that EVs released by B cell lines carry MHC class II, co-stimulatory and adhesion molecules
indicating that such vesicles could directly stimulate CD4+ T cell clones [82]. This idea was
further supported by the observation that the vaccination of mice with exosomes derived from
tumour peptide-pulsed dendritic cells (DCs), enhanced tumour-specific cytotoxic T lympho-
cytes (CTLs) and inhibited tumour growth in a T cell-dependent manner [83]. Numerous
studies have shown the direct effects of EVsin T cell activation. It has been demonstrated that
immature DC-derived EVs express a low ratio of co-stimulatory molecules to co-regulatory
molecules on their surface and therefore act as immunosuppressives [84].

5. EVs as drug delivery tool in cancer

Effective therapeutic agents have been extensively studied and tried for many decayed to be
developed in order to deliver an effective therapeutic agent to its target specifically with
minimal side effects. It is well known that non-targeted drugs are inefficient and have side
effects when they are delivered systemically. The purpose of a drug delivery system (DDS) is
to deliver a drug efficiently, improve the effect of the drug and minimise its side effects [85,
86]. Many useful drug delivery tools and cargos have been developed, such as PEG, liposome,
nanoparticles and cell penetrating peptides (CPPs) [87-89]. However, despite the persistent
efforts of researchers, the delivery to specific organ and the side effect of DDS remain unsolved
completely. DDSs are desirable for use in cancer therapy, and EVs have been recently proposed
as promising natural drug delivery tool to serve different diseases [90, 91]. It has been noticed
that EVs have a tropism to some organs or cells, and because of their biological significance,
they have gain a potential benefit in drug delivery field to target organs or cells. Furthermore,
EV-based DDSs are expected to have huge impact and revolution in drug delivery industry
field because of their minimal side effects, as they are naturally occurring in the body, in
addition to their ability to mediate tumour-selective drug delivery or to mediate organ-specific
drug delivery.

5.1. Drug delivery techniques

5.1.1. Encapsulation of drugs to EVs

Drugs should be conjugated or encapsulated in EVs in order to be used as DDSs cargo or
vehicle. Several methods have been utilized for encapsulating existing drugs in EVs using
methods, such as sonication, extrusion and electroporation [92]. One study investigated four
different methods for incorporating catalase into EVs from a Raw 264.7 macrophage cell line,
where incubation at room temperature, freeze-thaw cycles, sonication and extrusion were
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applied [93]. Interestingly, it has been reported that melanoma cells treated with the anticancer
drug cisplatin eliminated the cisplatin through EVs [94]. When human pancreatic adenocar-
cinoma CFPAC-1 cells were treated with EVs containing paclitaxel, this produced an anti-
tumour effect [95].

5.1.2. Organ tropism of EVs

Another promising therapeutic application of EVs is through the delivery of molecules to
certain organs or cells using a phenomenon known as EV tropism. There have been various
attempts to use this pathway for treatment of brain disorders and cancer. For example, Alvarez-
Erviti et al. [7] used EVs as part of a neuronal-specific delivery system to effect an siRNA-
mediated knockdown of the (3-site amyloid precursor protein cleaving enzyme 1 (BACE1), an
initiating enzyme required for $-amyloid peptide synthesis. A significant reduction (60%) of
the BAAIzCE], at both mRNA and protein level, was achieved in the brain cortical tissue by
this delivery system, indicating its utility for the treatment of Alzheimer’s disease. Zhao et al.
[96] showed that systemic administration of glial cell line-derived neurotrophic factor to a
Parkinson’s disease (PD) mouse model, significantly ameloriated both neurodegradation and
neuroinflammation through the specific transmission of the neurotrophic factor by the
released EVs into the target neurons. Also Zhuang et al. [97] showed that intranasal delivery
of EVs containing curcumin or the STAT3 inhibitor JS1-124 to microglial cells in mice signifi-
cantly reduced Lipopolysaccharide (LPS)-induced brain inflammation and delayed tumour
growth in the GL26 tumour model. Furthermore, Pascucci et al. [95] showed a strong anti-
proliferative activity of EVs delivered from mesenchymal stromal cells (MSCs) incorporated
with paclitaxel, against the human pancreatic CFPAC-1 cell-line. These data suggest a more
potent and specific cell target delivery system aiming to increase the anti-tumour efficiency of
chemotherapeutic drugs. Skog et al. [22] demonstrated a future possibility to use EVs as a
diagnostic tool for certain tumours, such as glioblastoma. These tumour cells are able to release
their own EVs, which contain mRNA/miRNA and proteins into the blood stream. Various
mRNA/miRNA characteristics of glioblastoma cells were detected in the blood in about one-
third of the tested glioblastoma patients, suggesting its utility in diagnosis and for design of
optimal treatment plans for each patient.

6. Future perspectives

EVs are endogenous carriers that facilitate intercellular communication. Although their
existence has been known for a long time, they have attracted recent renewed interest because
of their possible participation in the spread of particularly cancer initiating or metastasis
promoting agents from tumour cells, which appear to produce them in excessive amounts. By
the same token, EVs from normal cells may be able to reverse the malignant characteristics of
cancer cells by transfer of tumour suppressors or pro-apoptotic molecules, providing more
‘natural” therapy. In the drug delivery field, they are causing much excitement as potential
therapeutics because of their efficient transfer of proteins, mRNA and miRNA, as well as
existing drugs, into selective targets. They have obvious advantages over artificial liposomes
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or other nanoparticles. However, this requires more knowledge of EV content and how they
are released, their stability and how they target cells. There is also a need for clearer quanti-
tative and qualitative analysis of EVs in terms of their classification and production from
normal and cancerous cells.
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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is known for its early spreading of tumor
cells into the liver. The aim of this study was to investigate the modulated gene
expression of PDAC cells during liver colonization. To that purpose, ASML rat
pancreatic cancer cells marked with enhanced green fluorescent protein were inoculat-
ed into the portal vein of isogenic BDX rats and reisolated from livers by fluorescence-
activated cell sorting sorting at early (1, 3 days), intermediate (9 days), advanced (15
days), and terminal (21 days) stages of liver colonization. Reisolated ASML cells were
used for total RNA isolation and subsequently their gene expression was investigated
by Illumina chip array for mRNA and miRNA species, followed by Ingenuity Pathway
Analysis (IPA). Following reisolation, 7-20% of genes and 10% of miRNA species were
modulated significantly in expression during the early stage of liver colonization and
continuously thereafter. These overall changes led to distinguish certain categories and
processes participating in cancer progression. The knowledge of these alterations in
gene expression will suggest targets, which could be used for new diagnostic proce-
dures as well as for combating liver metastasis successfully.

Keywords: pancreatic cancer, liver metastasis, ASML cells, isogenic rat model, modu-
lation of gene expression, stages of liver colonization

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is an extremely aggressive cancer [1, 2], as derived
from the respective 5-year survival rate of about 6% [3, 4]. This poor prognosis results, at least
in part, from a delayed diagnosis of the disease. All therapeutic efforts during the past 50 years,
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such as surgery, radiation therapy, chemotherapy, or combinations thereof, have shown little
impact on the course of this aggressive neoplastic disease. It is hoped, however, that a full
understanding of the molecular biology of pancreatic cancer will help in diagnosing, prevent-
ing, and treating this cancer.

A most recent study on pancreatic cancer patients describes genetic details, which have been
detected through full genome sequencing and copy number analyses in 100 PDACs. Genetic
drivers known for pancreatic cancer, such as K-ras, TP53, SMAD4, and mutations in CDKN2A,
were confirmed, whereas newly identified mutations, such as in the KDM6A gene, highlighted
the role of chromatin modifications [5]. Based on familial clustering studies, it was estimated
that 10% of PDAC cases are linked to an inherited predisposition [4, 6, 7]. Germ line mutations
were especially found in tumor suppressor genes, such as INK4A, BRCA2, and LKBI, the
mismatch repair gene MLHI, and the cationic trypsinogen gene PRSSI [8, 9]. These germ line
mutations are responsible for onset and penetrance of PDAC, but they likely contribute more
to the malignant progression of precursor lesions than to cancer initiation [10, 11]. Of course,
exogenous factors, such as cigarette smoking, constitute a measurable risk, as well [12].

In the early stage of PDAC, the genetic mutations of oncogenes like K-ras and suppressor genes
like TP53 —or both —lead to constitutive activation of transcription factors, but in the late stage
stress factors such as acidosis and hypoxia, which are frequently encountered in the tumor
microenvironment, further deregulate the expression of metastasis-related proteins. PDAC
metastasis is a progressive, debilitating disease that is characterized by pain, asthenia,
anorexia, and cachexia. The formation of metastasis is a complex and progressive process,
including four basic steps: dissociation of cells from the primary tumor, existence and survival
in the circulatory system, break down and degrading of endothelium and basement mem-
branes in target organs, and (d) establishment of a colony of metastatic cells [13].

Currently, it is hoped that new findings related to K-ras, the tumor’s unique metabolic needs,
and how the stroma and immune system affect the PDAC, will change the overall situation
for the better [14].

In order to better understand the PDAC metastatic process, a liver metastasis model was
developed by our group [15]. This model focused on the final steps of metastasis, which are
related to organ colonization. To that purpose, ASML rat PDAC cells, which had been marked
by luciferase (ASML™"<[15]) were implanted intraportally into isogenic BDX rats for mimicking
the final phase of liver metastasis. This process of liver colonization was related to the size of
the liver and the remaining life span of a given animal. Thus, for reisolation of tumor cells from
rat liver, four periods were selected and classified as early (days 1, 3), intermediate (day 6),
advanced (day 15), and terminal (day 21) stages. Also, tumor cells were recultivated in vitro
after their reisolation at 21 days for three additional periods (3, 6, and 9 days) to define the
microenvironment effect on gene expression after residing 21 days in rat liver. Reisolated
ASML tumor cells were used for total RNA isolation and then investigated by Illumina chip
array for genes and miRNAs, which show modulation of their expression during liver
colonization. These modulations were evaluated by Ingenuity Pathway Analysis (IPA) as
described in the study of Al-Taee et al. [16].
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The aim of this study was to establish a rat model for identifying and understanding patho-
physiological processes during metastatic liver colonization, as well as for finding new and
specific tumor markers as tools for diagnostic and therapeutic approaches. Here, we report on
the modulation of gene expression during stages of liver colonization by ASML pancreatic
cancer cells in rat liver.

2. Gene expression modulation in ASML rat PDAC cells during liver
colonization

2.1. Reisolation of tumor cells from liver tissue

ASML cells, which had been implanted to BDX rats, were reisolated after various periods. The
purity of these cells was based on a procedure, which involved gradient centrifugation as first
step followed by FACS sorting of eGFP-labeled tumor cells. Pending on the number of tumor
cells, the final grade of purity varied from 90% (day 1) to 99% (day 15) based on 1.6 to 52% of
tumor cells present in the cell suspension after gradient centrifugation.

2.2. mRNA modulation of ASML cells colonizing rat liver

2.2.1. Fold changes in mRNA expression

In order to analyze the mRNA modulation, which occurs in ASML pancreatic cancer cells
colonizing the rat liver, the gene expression profiles of ASML cells were determined by
microarray in five batches of tumor cells that had been reisolated from rat liver after 1, 3, 6, 15,
and 21 days post injection into the portal vein. For each of the five batches, representing
different stages of liver colonization, 23,400 genes were analyzed in total. In an attempt to
categorize the observed changes in gene expression, two parameters were chosen initially: the
fold change in mRNA expression over that of respective genes in control ASML cells growing
in vitro, and the time until reisolation of tumor cells from rat liver. The gene expression profile
from cells isolated after days 1 and 3 was classified as reflecting early colonization, as no tumor
burden was visible with naked eye. On day 6, the ASML cells showed signs of infiltrative
growth in the rat liver, visible as white spots of 1-2 mm in diameter and were discernible
macroscopically. The corresponding gene profile was classified as intermediate colonization.
At 15 days post injection, the ASML cells colonized about 40% of the rat liver and the tumor
spot size increased to ~5 mm in diameter. The respective gene expression profile was consid-
ered as advanced colonization. At 21 days post injection, ASML cells almost completely
infiltrated the ratliver and the corresponding gene expression profile was classified as terminal
stage. An overview for the two categories, the fold changes in mRNA expression and the
respective stage of liver colonization, is shown in Figure 1.

The observed modulation ranged from more than 2-fold to more than 20-fold, with a similar
distribution pattern regarding decreased and increased levels, thus resulting in a curve
resembling a normal (Gaussian) distribution. This distribution was similarly bell shaped over
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all stages, thus indicating little overall variation between early and late colonization stages.
There was one exception, however, regarding mRNAs with more than 20-fold increased or
decreased levels: the former were distinctly more prevalent than the latter at the early stage,
thus indicating a possible need for the strong activation of genes initially after tumor cell

implantation.
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Figure 1. nRNA modulation in rat pancreatic cancer cells colonizing rat liver: Given is the fold change of mRNA ex-
pression of reisolated ASML cells during early, intermediate, advanced, and terminal stages of liver colonization rela-
tive to control cells growing in vitro.

2.2.2. Types of mRNA modulation

On a single gene level, several types of modulation were found during the different stages of
colonization. Some examples are shown in Figure 2.

These included a steady increase in expression of certain genes, as seen for matrix metallo-
proteinase-2 (MMP-2) and ephrin type-A receptor 8 (Epha8), as well as a steady decrease, as
observed for cadherin 11 (Cdh11) and 5-hydroxytryptamine (serotonin) receptor 5B (Htr5b)
(see Figure 2A).

Another type, typical of an immediate increase or decrease in gene expression followed by a
persistent plateau was observed as well. This type of modulation was seen for the expression
levels of claudin-1 (Cldn1) and insulin-like growth factor 2 (IGF2), which showed a sustained
increase, whereas transforming growth factor alpha (TGF-a) and MDM2 proto-oncogene/E3
ubiquitin protein ligase (Mdm?2) showed a sustained decrease (see Figure 2B).
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A third type of altered gene expression was classified as early type responsive gene (e.g.
insulin-like growth factor binding protein 2 (Igfbp2) and keratin, type I cytoskeletal 42 (Krt42))
or late type responsive gene (e.g. lipolysis-stimulated lipoprotein receptor (Lsr) and family
with sequence similarity 132, member A (Fam132a)), which was either activated greatly in the
early stages of colonization and later showed a somewhat reduced expression or they started
with a mildly increased expression level and showed intensely increased expression only at
the end of the colonization period (see Figure 2C).
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Categories Cellular movement, Hematolo- | Cellular development, Growth & Tissue Lipid meta-
gical system, Development & proliferation, Connective tissue / | development | bolism, Small
function, Immune cell traf- Nervous system develop-ment & molecule
ficking, Inflammatory response | function, Tissue development biochemistry

Diseases or movement of | migration of proliferation | proliferation of growth of fatty acid

Functions mononuclear | phagocytes of neuronal cells connective metabolism

Annotation leukocytes fibroblasts tissue

No of genes 121 80 93 77 158 158
Early stage Increased Increased Increased Increased Increased Increased
p-Value 4,96E-23 6,82E-20 7,67E-19 1,30E-08 1,09E-24 1,65E-25
Activation z-score 2,812 2,563 2,436 2.461 3,143 2,751
Intermediate stage - not significant not Decreased decreased not
significant significant
p-Value 6,24E-13 8,00E-14
Activation z-score -2.949 -2,034
Advanced stage not not significant not not significant Decreased -
significant significant
p-Value 5,47E-14 5,93E-16
Activation z-score -1,098 -2,159
Final stage Increased Increased Increased - Increased Increased
p-Value 5,40E-30 3,21E-23 1,69E-14 1,26E-20 2,63E-05
Activation z-score 3,614 3,623 2,319 2,623 2.733
Categories Cell cycle Hematological Inflammatory | Cell-to-cell interaction, | Cancer, organismal
system develop- response Cellular function, injury & abnormali-
ment & function, Inflammatory response | ties, Tumor
Tissue morphology morphology

Diseases or M phase of | quantity of myeloid | immune phagocytosis of cells invasion of tumor

Functions tumor cell cells response of

Annotation lines cells

No of genes 26 78 107 56 51
Early stage Increased Increased Decreased not significant Decreased
p-Value 5,68E-10 2,34E-16 3,56E-13 8,14E-13 2,04E-14
Activation z-score 2,123 2,498 -2,231 -2,583 -2,156
Intermediate stage Increased Increased Decreased Decreased not significant
p-Value 1,07E-12 2,34E-16 2,83E-16
Activation z-score 2.486 2,498 -2.574
Advanced stage - Increased Decreased Decreased Decreased
p-Value 3,57E-15 1,74E-14 4,25E-15 1,52E-10
Activation z-score 2,084 -3,068 -2.406 -2.301
Final stage - not significant not significant not significant
p-Value
Activation z-score

Table 1. Some categories and related diseases or functions annotations.

2.2.3. Categories of the tumor cell genome showing modulation

By Ingenuity Pathway Analysis (IPA), amore comprehensive way of categorizing altered gene
expression was realized. In this analysis, several possibilities of grouping or ordering genes
were followed. Initially, some general cellular categories were chosen, which encompass a
limited number of more specific disease or function annotations. These, in turn, are charac-
terized by a distinct number of genes participating in the disease or function. The overall status
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of these genes (i.e. increased in expression or decreased in expression) is used to coin an
activation z-score, which is considered significant if higher than 2 (i.e. activated) or lower than
-2 (decreased). In addition, a p value indicates the significance of the alteration of the respective
process (Table 1).

Based on this analysis, the category “cellular movement” with the two function annotations
“cell movement of mononuclear leukocytes” and “migration of phagocytes” with 121 and 80
genes, respectively, was significantly increased at early and terminal stages, but not signifi-
cantly altered at intermediate and advanced stages. This is surprising, as it shows that
movement or migration of cells is not equally important over the whole colonization period.
Although this category of genes is increased initially, soon thereafter it is deactivated and
reactivated only for the terminal stage (Table 1, top part, column 1).

Another example is the category of genes related to proliferation. As could be expected, genes
belonging to this category were augmented in expression initially, as derived from the
significantly increased activation z-score (2.44), but failed to show activation at intermediate
and advanced stages. At these stages, genes related to neuronal cell proliferation were even
decreased in expression or showed no activation. At the terminal stage, there was activation
of genes related to the proliferation of fibroblasts, but not of genes related to proliferation of
neuronal cells (Table 1, top part, column 2).

Genes related to the growth of connective tissue, fatty acid metabolism, M-phase of tumor cell
lines, and quantity of myeloid cells were mainly upregulated but not throughout the whole
liver colonization process. In addition, genes related to the immune response, phagocytosis,
and invasion were decreased in activation (Table 1, top and bottom parts, columns 3-9).

2.2.4. Modulation of acute phase signaling chain genes

Subsequently, Ingenuity Pathway Analysis (IPA) was used for overlaying the findings of this
study onto scaffolds of known genetic relationships. This included a scaffold for the genes of
the acute phase signaling chain, which was overlaid with gene expression levels obtained at
intermediate (day 6 after tumor cell implantation, Figure 3A) and terminal (day 21 after tumor
cell implantation, Figure 3B) stages.

These figures show a differentiation of genes according to cellular compartments as well as to
colors as indicator of expression levels. Symbols, which have been placed to the specific cellular
or extracellular sites of the respective proteins, are used to report on a specific gene expression.
A colored border line of the respective symbol indicates that data from the present analysis
were available to describe the status of the gene. The colors used for filling the symbol denote
differences in expression: red color indicates increased expression and green color indicates
decreased expression, with less intense colors hinting to less pronounced increased or
decreased expression.
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On day 6 after tumor cell implantation, two genes (albumin and transferrin) of the acute phase
signaling chain are highlighted in intense red color and three genes (interleukin 6, a-2-
macroglobulin, and ceruloplasmin) in intense green color. Fifteen more genes are shown by
red colors of lower intensity, indicating submaximally increased expression levels. In addition,
14 genes are highlighted in a green color of reduced intensity, indicating less than maximally
decreased expression (see Figure 3A).

At the terminal stage, eight genes (albumin, transferrin, a-1-microglobulin, fibrinogen alpha
chain, serpin family A member 3, inter-alpha-trypsin inhibitor heavy chain H3, inter-alpha-
trypsin inhibitor heavy chain H4, and coagulation factor II (thrombin)) were highlighted in
the most intense red color and 21 more genes in less intense red colors. Concomitantly, only 1
gene (interleukin 6) was highlighted in intense green color and 15 in less intense green colors
(see Figure 3B), indicating a shift from reduced expression of acute phase signaling genes at
the intermediate stage to increased expression at the terminal stage of liver colonization.

2.2.5. Modulation of metastasis associated genes

In addition to using genes of the acute phase signaling as scaffold, another overlay of was
done by IPA analysis at the terminal stage of liver colonization for the three signaling cas-
cade scaffolds known as “metastatic solid tumor,” “metastasis,” and “metastatic gastrointes-
tinal tract cancer” (Figure 4). Because of the large overlap between the corresponding genes,
all three scaffolds were combined in one scheme, resulting in a picture, in which the three
scaffold designations are connected with their respective genes by straight lines. For clarity,
the gene symbols are arranged according to their cellular site, i.e. extracellularly, in the plas-
ma membrane, in the cytoplasm, or in the nucleus. In addition to the red/green color
scheme known from Figure 3A and B, the straight lines are colored by yellow and blue col-
ors, which indicate activation or inhibition of the respective gene products activity. Thus,
very often a gene highlighted in a reddish color, which indicates increased expression over
control, will be connected with its scaffold designation by a yellow line, indicating activa-
tion of the respective group of genes as given for the scaffold designation “metastatic solid
tumor” and the gene expression of collagen, type IV, alpha 2 (Col4a2), or of coagulation
factor II, thrombin (F2). This means that the increased expression of Col4a2 or F2 predicts
activation of a significant share of related genes. Conversely, a gene highlighted in green
color, which indicates decreased expression versus control, is sometimes connected with its
scaffold designation by a straight blue line, indicating inhibition of the respective group of
genes, as given for the scaffold designation “metastatic solid tumor” and the gene expres-
sion of colony stimulating factor 1 (Csfl) or interleukin 6 (IL-6). This means that the de-
creased expression of Csfl or 116 predicts inhibition of a significant share of related genes.

In addition, a gene symbol colored reddish can be connected to the scaffold designation by a
yellow line, indicating that its increased expression is related to inhibition of the corresponding
gene group, as for the genes apolipoprotein Al (Apoal) and serpin family E member 1
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(Serpinel). This means that the increased expression of APOAL1 or Serpinel predicts inhibition
of a significant share of related genes. Finally, a gene symbol colored greenish can be connected
to the scaffold designation by an orange line, as for the genes superoxide dismutase 3 (Sod3)
and TIMP metallopeptidase inhibitor 1 (Timp1). This implies that the decreased expression of
Sod3 or Timp1 predicts activation of a significant share of related genes (Figure 4A).

As Figure 4A gives an overview on a multitude of genes being connected to the three signal-
ing cascade scaffolds known as “metastatic solid tumor,” “metastasis,” and “metastatic gas-
trointestinal tract cancer,” which allowed to show less details, a more complete description
of a selection of metastasis genes is given in Figure 4B. This figure shows the respective fold
changes in mRNA levels versus control as positive or negative numbers below the corre-
sponding gene symbols.
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Figure 4. A) Overlay of ASML cell gene expression (day 21) on the three signaling cascade scaffolds termed “metastatic
solid tumor,” “metastasis,” and “metastatic gastrointestinal tract cancer.” The three scaffold designations are connect-
ed with their respective genes by straight lines. For clarity, the gene symbols are arranged according to their cellular
site, i.e. extracellularly, in the plasma membrane, in the cytoplasm, or in the nucleus. In addition to the red/green color
scheme known from Figure 3A and B, the straight lines are colored by yellow and blue colors, which indicate activa-
tion or inhibition of the respective related genes. B) More detailed description of a selection of metastasis genes. The
respective fold changes in mRNA levels versus control are given as positive or negative numbers below the corre-
sponding gene symbols.

2.2.6. Role of upstream regulators

The third IPA analysis concentrated on upstream regulators, which showed a significant
modulation in expression and therefore altered the activation state of a whole series of
downstream proteins.

From the early stage of liver colonization, six genes were selected for detailed analysis. These
included member RAS oncogene family-like 6 (Rabl6), which was increased in expression and
caused significant activation of downstream target genes, as well as Ras association domain
family member 1 (Rassf1), nuclear protein, transcriptional regulator, 1 (Nuprl), and jun proto-
oncogene (Jun), which also showed increased expression but caused inhibition of the corre-
sponding downstream molecules (Table 2). Finally, the genes interleukin 1 alpha (Il1a) and
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inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase gamma (Ikbkg) showed
decreased expression and caused inhibition of their respective downstream molecules (see
Table 2).

Upstream Exp. Molecule | Predicted | Activation | Target molecules in Ingenuity Pathway Analysis

regulator fold type activation | z-score/ | dataset
(early change state p-value of
stage) overlap
Rabl6 1,97 other Activated 4,899 / AURKB,BUB1B,CCNA2,CCNB1,CCNE2,CENPF,CKS1B,CX

5,42E-14 | 3CL1,DUT,H2AFX,HMMR,HMOX1, KIF23, MAD2L1,
MCM7,MELK, NDC80, PARP2, PBK,PLK1, POLD1,
POLE2, PRC1,RFC3

Rassfl 2,78 other Inhibited | -2,002/ | APOE,CAV1,CCNA2,CCND2,CPE,EFEMP1,EMP1,FGF2,F
4,10E-08 | 0S,GDF15,LITAF,MDK,MGMT,MYL9, PAKL, SAMDS,
SEPP1,SPP1, SRPX, TGM2

Nuprl 4,05 Trans- | Inhibited | -3,543/ ARHGAP11A,ASPM,ATF3,ATP6VOA1,BUB1B,CAMK2N1
cription 5,06E-11 | ,CASC5,CCDC77,CCNA2,CCNF,CDCA2, CDCA3, CDCAS,
regulator CEBPB,CENPI,CKAP2L,COL3A1,CXCL3, DHCR24,EME1,

ERCC6L, ESPL1, FANCD2, FCHSD2, FHL2, FUCA1, FZDS,
GBP2,GCH1,GDF15, GINS1, GMEBL, IL13RA1, IL6R,
KIF11, KIF18A, KIF20A, KIF23, KIF2C, KIFC1, MAFG,
MAN2B2, MKI67, MYD88, NAAA, NAPEPLD, NEIL3,
NUPR1, PIK3R1, PLK1, PM20D2, POLE2, PRNP,RAB20,
RAB32,SAMD4A, SERF1A/SERF1B, SGK223, SHCBP1,
SHPK, SHROOMS, SKP2, SLC6A6, SPAGS, SPC25,TRIB3,
TRIM16,UNC5B

Jun 3,35 Trans- | Inhibited | -3,047/ | A2M,Abcb1b,ALAS1,ANXA2,APOE,ATF3,BCL3,BIRC3,C
cription 4,20E-20 | AMP,CAV1,Ccl2,CCNA2,CCND2,CDC20,CDKL,CGA,CMT
regulator M5,CSF1,CTGF,CX3CL1,CXCL16,CXCL3, DIO2, EHD4, F3,

FBLN5,FGF2,FLNC,FN1, FOS, FOSL1, FTH1, GCLC, GJA1,
GSTAS, GSTP1, HES1, HMOX1, HPGD, ICAM1, IGFBP2,
IL6,ITGBA,JUN, LGALS3, MDM2, MYLPF, NCAM1,
NEFH, NFKBIA,NFKBIZ, Nppb, NQO1, NROB2, PADI4,
PLA2GA4A, PLAUR, Prl2c2, PTX3,RGN, S100A10, SGK1,
SLC6A6, SMAD7, SOD2, SPP1, STAR, STMN1, SULF2,
TGFB1, TIMP1, TK1, TNC, UGT2B15, VCAM1, WNT4
Illa -1,82 | cytokine | Inhibited | -4,061/ | ADORA2A,BCL3,BIRC3,Ccl2,CCL20,CD83,CSFL,CXCL2,C
1,46E-11 | XCL3,CXCL6,CYP1AL,CYP3A4,FGF2,FOS,FTH1,GCHL,
HMOX1,HSD11B2,ICAM1,IGFBPS,IL11, IL18,IL6, JUN,
MCAM, NFKB1, NFKBIA, NFKBIZ, NPY, NR3C1, P2RY6,
PLA2G4A, PTX3, SERPINA3, SOD2, SPP1, TGFB1, TK1,
TLR2, VCAM1,VEGFC

IKBKG -1,31 kinase | Inhibited | -2,414/ | AMPD3,Ccl2,CEBPB,CEBPD,CP,CSF1,CTSB,CX3CLL,CXCL
1,32E-12 | 2,CXCL3,CXCL6,CYP7B1,ENPP2,FOS, GBP2,GCHL,
ICAM1, IGFBP6,IKBKE, IL11,IL6,Mt1,NFKB2, Nppb,
Pri2c2, PTX3, RGS16, SEMA3C, SGK1, SOD3,
TMEM1768

Rabl6, member RAS oncogene family-like 6; Rassfl, Ras association domain family member 1; Nupr1, nuclear protein,
transcriptional regulator, 1; Jun, jun proto-oncogene; Il1a, interleukin 1 alpha; and Ikbkg, inhibitor of kappa light
polypeptide gene enhancer in B-cells, kinase gamma.

Table 2. Shortlist of significantly modulated upstream regulators during the early stage of ASML cell rat liver
colonization.

From the intermediate stage of liver colonization, also six genes were selected for detailed
analysis. These genes included colony stimulating factor 2 (Csf2) and NK2 homeobox 3
(Nkx2-3), which showed decreased expression, but activated their respective downstream

molecules. The transcription regulator forkhead box M1 (Foxm1) was increased in expres-
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sion and activated the corresponding downstream genes. The genes cytochrome P450, fami-
ly 2, subfamily e, polypeptide 1 (Cyp2el), angiotensinogen (Agt), and secreted
phosphoprotein 1 (Spp1) showed increased expression but inhibited their corresponding
downstream genes (see Table 3).

Upstream | Exp. | Molecule | Predicted | Activation | Target molecules in Ingenuity Pathway Analysis

regulator fold type activation | z-score/ | dataset
(interme- | change state p-value of
diate overlap
stage)
Csf2 -2,94 cytokine Activated 3,114/ ABCA1,ANLN,ANXA1,ARG1,AURKA,BCL3,BIRC3,BIRC5,BUB1

7,97E-35 | B,CASP1,Ccl2,CCL3L3,CCNA2, CCNBL, CCNF, CD14, CD74,
CDC20,CDCA2,CDCA3, CDCAS5, CDCAS, CDK1, CDKN2C,
CHAF1A, CHAF1B, CKS1B, COL8A1, CSF1, CSF3, CXCL2,
CXCR4, DSCC1,E2F8, EDN1,ERCC6L, F3, FANCA,FAS, FBXOS,
FCGR2B, FOS,FOSL1,FOXM1,GCH1,GDF15,HDC,HLA-DQB1,
ICAM1, ID3, IER3, IGF1, IL1B, IL3RA,IL6, INHBA, IRAK3, JAK2,
KIF11,KNTC1, LAMP2, LY96,MCM5, MDM2, MKI67, MNS1,
MYC, NCAPD2, NFE2, NFKBIA,NOX1, NR4A1,NUSAP1, PIM3,
PLK1, POLD1, POLE,PRC1, PRNP,PTK2B, RACGAP1, RECS,
RECQL4,5GK1,SKA1,SLC11A2, SLC1AS, SOD2,SPAGS, SPC25,
SPP1, SQSTM1, STMN1, TGFB1, TGM2, TLR2, TNFRSF1A,
TNFRSF1B, TNFRSF9,TRIP13,UHRF1,UPP1,VTCN1

Nkx2-3 -1,27 Trans- | Activated | 2,351/ | ADM,ALPL,ANGPTL4,ANKRD37,ANLN,ARHGDIB,BMP2,CASP
cription 5,76E-09 | 1,CEP55,CSRNP1,CX3CL1, CXCL16,EDN1,FAM198B, FGF2,
regulator FLRT2, GBP2,GCH1, GDF15, GIMAP7, GNG12, HIST2H2AA3 /

HIST2H2AA4, HIST2H2AC,MFNG,MYD88,NR2F1, NT5DC2,
PAPSS2, PIM3,PLA1A, PSAT1, PTPRE, RTP4, SHMT2, SRPX,

VCAM1
Foxm1 2,91 Trans- Activated 3,840/ ANXA1,AURKB,BIRCS5,BRIP1,BUB1B,CCNA2,CCNB1,CCND2,C
cription 2,40E-17 | CNF,CDC20,CDC25B,CDK1, CENPA,CENPF,CKS1B, FOXM1,
regulator FZD1, HSD11B2, IGF1, IL6, KDR, KIF20A, MCM8, MYC,
PECAM1, PLAUR, PLK1, PLK4,PRC1,PTCH1,SKP2,STMN1,
VCAN, VIM
Cyp2el 3,93 enzyme Inhibited -2,762/ CAT,Ccl2,CD14,Cyp4ald,GCLC,HMOXL,IL6, MGST1
7,73E-06
Agt 4,22 growth Inhibited -2,332/ ADAM23,ADIPOQ,ADM,AGT,AGTR2,ANGPT1,ATF3,ATP1B1,
factor 3,85E-24 | BGN,Calm1 (includes others), CAT, Ccl2, CCL3L3, CCL5,

CCND2, CDK1,CIT, COL3A1, COL4A1, CP, CTSS, CXCL2,
Cyp2c44, CYP2E1, Cypdald,DHFR,EDN1,F3,FDX1,FGF13,
FGF2,FN1, FOS,GCH1,GJA1, GSS,GSTA3, GSTAS, HES1,
HIF1A, HMGCS1,HMOX1,HSPA1A/HSPA1B,ICAM1,1D3,IDH1,
IDI1,IGF1, IGFBPS,IL18, IL1B, IL6, LDLR, LSS,MAD2L1, MAPT,
MGST1, MSMO1, MYC, NOX1, Nppb, NPR3,NPY,NR4A1,
NRG1, PIK3R1, PPFIBP1, PPP1R3C,PTGS1,RGS2, RRAS,SGK1,
SOD2, SOD3, SPP1, STAR, STC1, TGFB1, TGFB2, TIMP1,
TNFRSF12A, TNFRSF1B, TUBB3, UGCG, VCAM1, VEGFC
SPP1 4,35 | cytokine | Inhibited | -2,527/ | ADIPOQ,ANGPT1,ARG1,AURKA,CCL20,CCL5,CDC20,CXCL2,
9,62E-06 | FN1,FOS,HMOXL,ICAML,IL1B,IL6,KRT18,MYC,PIK3RL,
S100A4, S100A6,SEPW1, SPP1,TGFB1,TIMP1, TM7SF2,VAT1,
VIM

Csf2, colony stimulating factor 2; Nkx2-3, NK2 homeobox 3; Foxm1, forkhead box M1; Cyp2el, cytochrome P450,
family 2, subfamily e, polypeptide 1; Agt, angiotensinogen; and Spp1, secreted phosphoprotein 1.

Table 3. Shortlist of significantly modulated upstream regulators during the intermediate stage of ASML cell rat liver
colonization.
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From the advanced stage of liver colonization, four genes were selected for detailed analysis.
These genes included Versican (Vcan), which showed a reduced expression but activated its
downstream genes, as well as myelocytomatosis oncogene (Myc), which exhibited increased
expression and also activated a considerable number of downstream genes. The genes
CCAAT/enhancer-binding protein beta (Cebpb) and transforming growth factor, beta 1
(Tgfb1), on the other hand, were reduced in expression and as a result inhibited their respective
genes (Table 4).

Upstream Exp. Molecule | Predicted | Activation | Target molecules in Ingenuity Pathway Analysis dataset

regulator fold type activation | z-score/ p-
(advanced | change state value of
stage) overlap
Vcan -4,25 | other Activated 2,823/ | ADM,AEBP1,ANG,ASS1,CIR,C1S,Calm1, CASP1, Ccl2, CCL20,CEBPB,

5,37E-18 | CIDEA,CPE,CXCL2,CYBA,FABPS,FAS, FST, ICAML,LGALS9, Mecorn,
METRNL,NFKBL, NFKBIA,PLA2G2A, PRDXS, RBP1, SERPINGL, Slpi,
SOD2, TGFBI, TIMP1, VCAMI, VCAN,VEGFA, Widc17/Wfdc18
Myc 257 | trans- Activated | 2,907/ | ADK,ADM,ALB,ALDH18AL,ARGL,ASS1,AURKB,BCL6, BINL,BIRCS, CASPL,
cription 3,06E-20 | CCNA2,CCNBL,CCND2,CDI51,CD19, CDC20,CDCA, CEBPD, CITEDL,
| CKS2,COL2A1,COL3A1,COL5A2,CPD,CPT1A,CSPGA,CSRP2,CTSB,CTSD,D
regulator DIT3, DDX398,DHFR,DUSPS, EBI3,EDN1,EFEMP1, EMP1, EPHA2, FABPS,
FAS,FGFR1,FMOD,FOS, FOXE1, FTH1,G6PD,GAA, GADDASB, GADDASG,
GAMT,Gar1,GBP2,GBP4,GCLC, GIAL,H19,HEST HIVEP2, HLA-A, HMOXI,
ICAML, ID1, IDH1, IDH2, IER3, INHBA, ITGAS, JUN, KDR KLF10, KLF4,
KLF6,KRT7,Ptma,LUM,LYZ, MCM7,MGP,MKI67,Mt1,MYC,MYL9, MYLPF,
NFKBIA, Nppb, NPY, OPRK1, PDCD4, PLALA, PLK1, PLP1, PLS3, POLDI,
PPL,Ppp1rl5a,PSATL,PTN,RBP1,SCAMPS, SHMTL,SHMT2, SLC22A4,
SLC7AS, SMN1/SMN2, SOD2,SPN,STMNL, TAFLD, TF, TGFB1, THBSL,
TIMP1,TMSB10/TMSB4X, TXNRD1,VCAM1,VEGFA,VEGFC, VIM, WISP1
Cebpb 2,51 | trans- Inhibited | -3,299/ | Abcblb,AKRIB10,AKR1C3,ALB,APLN,ARG1,BLNK,CCL2,Ccl2,CCL3L3
cription 1,84E.21 | CONA2,CCND2,CD14,CDCAS,CDH3,CEBPB,CEBPD,COLSA2, CP, CPTIA,
CSF3,CTSC,CXCL2,CXCR4,CYP11AL,CYP1AL,CYP27B1,DDIT3, DGAT2,
DHFR, FAS, FBLN1, FGFR2, FHL2,FOS,FZD1,HDC, HLA-A, HP, ICAMI,
ID1,IER3,IFITM3, IKBKE, IL1B, IL6 JUN, KRT18,MGP,MYC,NDRG4, NFKBIZ,
NUPR1,PDK4,PEA1S, PLA2G4A,PLACL PTGS1, SCD, SLC12A2, TF,TGFBI,
TMEM176A, TNFAIP6, TNFRSF1A, TRIB3, TUBB3, VCAN, VIM, XDH
Tgfbl 2,48 | growth Inhibited | -2,346/ | ABCALADAMTS4,ADK,ADM,ADORALAGTR2,ALB,ALDH18AL APLN, AP
factor 6,57E-59 | OC2AQP9,ARGLASSLAXLB3GALT2,BARDL, BCL3,BCLG, BGN, BINL,
BIRCS,BMP7,C1QA,C1Q8,C15,Calm1, CALML4, CAMP,CARS, CASP1,
CAT,CBR3,CCL2,Ccl2,CCL20, CCL3L3,CCNA2,CCNB1, CCND2, CD14,
CD36, CD68, CDC20, CDH11, CEBPB, CENPF,CITED2, CKS2, CLDN4,
CMTMS, COL18A1, COL2A1, COL3A1, COTL1, CREB3, CSF1, CSPG4,
CSRP2, CST3, CTGF,CTSB, CTSC, CTSD,CTSS,CX3CR1, CXCL2, CXCR4,
CYBA,CYP11AL,CYP27B1, CYP3A7, DFNAS, DNMT3A, EDNL, ELF3, ELK3,
ENPP1, EPHA2, ESPLI, EXTL, FABPS, FAM110B, FAS, FCERLG, FDXR,
FGF2, FGF21, FGFR1,FGFR2,FOS,FSTL3,FTH1, FXYDS, FZD1, GADDASB,
GATA3,GBP2,GCLC,GDF15,GJAL,GLCE,GLI1, Gstad, GSTAS, GTPBP1,
H6PD, HEBP1, HES1, HLA-DQB1, HMOX1, HPGD, HSPA1A / HSPA1B,
HTRAL, ICAML, ID1, IER3, IFRD1,IGF2, IGFBP2, IGFBPS, IGFBP6, IL11,
IL13RA2, IL18,IL1B, IL33,IL6,IL6R, INHA, INHBA, IRAK3, ITGAL, ITGA6,
ITGB6, JUN, KDR, KLF10,KLF15, KLF4, KRT18,KRT7,LITAF,LOXLL, LPARL,
MAOA,MFAP2,MGP, MKI67, MMP12, MSMO1, MTHFD2, MYBLL, MYC,
MYD88,MYLK,MYLPF, MYO10, NAB2, NDC80, NDRG4, NFKBIA, NNMT,
NOV, NPR1, NR4A1, NR4A3, NTSE,NUPR1,0SR2,P2RY6 PAPPA, PARP3,
PDCD4,PDEAD,PGRMC1,PLALA, PLA2GAA, PLAGLL, PLS3, PLXNCL,
PNOC, POLD1, PPFIBP2, PPP1R13B, PPPIR3C, PRCL,PTGSL, PTK28,
PTPN6,RAB31, RACGAP1L, RAPGEF3, RASGRP3, RASL11B,RASSF1,
RBPMS, RHOD, $100A11, $100A4, SBNO2, SCD, SDC4, SEMA3A,
SEMA3B, SFTPC, SHMTL, SHOC2, SLC7AS, SMC4, SNAI2,S0D2, SOD3,
SPC25,SPEG,SPHK1,SRFBP1, TBX3,TCF12, TGFB1, TGM2, THBSL, TIMP1,
TIP2, TLR2, TLR4, TNFAIP6, TNFRSF12A,Tpm2, TUBB2A, TUBB3, TXNRDL,
VCAM1, VCAN,VEGFA, VEGFC,VIM, WFS1, WISP1,WNT11, WT1, XDH

regulator

Vcan, Versican; Myc, myelocytomatosis oncogene; Cebpb, CCAAT/enhancer-binding protein beta; and Tgfb1,
transforming growth factor, beta 1.

Table 4. Shortlist of significantly modulated upstream regulators during the advanced stage of ASML cell rat liver
colonization
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Upstream | Exp. Mole- | Predicted | Activation | Target molecules in Ingenuity Pathway Analysis dataset
regulator fold cule activation | z-score /
(terminal | change type state p-value of
stage) overlap
Csf2 -2,81 Cyto- Activated 2,752/ | SeeTable3
kine 3,11E-35
Foxm1 2,54 | Transcri | Activated 2,751/ | SeeTable3
ption 2,02E-11
reg.
Tsc2 3,08 other Inhibited -2,551/ | A2M,ACSS2,ANXAL,ATF3,B3GALT2,BIRC5,Ccl2,CCND2,CCND3,DDIT3,

1,78E-12 | DYNCLILEGR1,GPNMB, HMGCS2,HMOXLIRS1,MGP, NSDHL, PDGFRA,
PDGFRB,PRELP,RASSF4,5100A11,5100A6,5CD,SLC2A1, SMPDL3A, SOD2,
TAGLN, TMEM176A, TMEM176B, VAMPS
Tnf 3,53 Cyto- Inhibited | -2,209/ | A2M,A4GALT,Abcblb,ABCC3,ACPS,ACSLL,ADAMTS4,ADM,ADORAL,AD
3,74E-86 | ORA2AAEBP1,AGT, AGTRI, AKR1B1, AKR1B10,ALB,ANGPT2, ANGPTL,
ANXA1,AOC3,APCS,APOA1,APOC2,APOC4,APOE,AQP1,AQP3,AQPY,
ARG1,ARHGDIB,ARL6IP5,ARRDC3,ASGR1,ASS1,ATF3,AXIN2, BAGALNTL,
B4GALT1, BACE1, BCL2A1, BCL3, BCLS, BID, BIK, BIRCS, BMP2, BTG2,
BUB1B, C5AR1,CASP8,CAT, CCDC80,CCL19, CCL2,Ccl2, CCL20, CCL3L3,
CCL4, CCL5,Ccl6,CCND2,CCND3,CCR1,CCR5,CCR6,CD14,CD163, CD247,
CDA40,CD82, CDH1, CDH11, CDH2, CEBPD, CFB, CFD, CFLAR, CH25H,
CLDN4, COL1A2,COL3A1, COTL1, CPT1A,CREB3, CREB3L3, CSF1, CSF3,
CTGF, CTSK, CTSS, CTSZ, CXCL12, CXCL13, CXCL2, Cxcl9, CXCR4, CYBA,
CYBB,CYLD, CYP1A1, CYP1B1, CYP26B1,CYP2C8,CYP2E1,CYP7B1, CYTIP,
DCBLD2, DCHS1, DCN, DDIT3,DENND2D, DPP4,DPYS,DUSP1, DUSP2,
DUSPS, DUSPY,EBI3,EDN1,EDNRB, EFNAL, EGFR,EGR1, EGR2, EIF2AK2,
ELF3, ELK3, EMP1, ENPP3, ENTPDS, EPHA2, ERG, ESM1,EXT1, F3,FABP1,
FABP4, FADS1, FAM132A, FAM198B, FAS, FCER1G,FCGR2B, FDPS, FGF2,
FGFR1, FGG, FOSL1,FOXE1,FRMD6,FRZB, G0S2,GADDA45B,GCH1, GCLC,
GDF15,GDNF, GPD1, GPR176, GPRC5B,GPX1, Gsta4, GSTP1, H19, HDC,
HERC1,HES1,HID1,HK3,HLA-DRA,HMOX1,HP,HPGD,HSD11B1, HSD1787,
HSPA1A/ HSPA1B,ICAM1, ICAM2, ICOS, ID1, ID3,IDH2, IER2, IER3, IFIH1,
IFIT3, IGF1, IGF2, IGFBP1, IGFBP2, IGFBP3, IGFBPS, IKBKE, IL11, IL16,
IL18, IL1B, IL1R2, IL23A, IL24,IL3RA, IL6,INHA,INPP5D,IRAK3, IRFS5, IRS1,
ITGA6, ITGB2, ITGB6,JAG1, KDR, KIF20A, LAMCL,LBP,LCAT,LCN2, LDLR,
LGALSS, LOX, LPARS, LPL, LSS, LTB, LXN,LY96, LYVE1, MAFF, MALL,
MAN1C1,MAP3K8,MBL2, MCAM, MEF2C,MET,MFHAS1, MGMT, MGP,
MGST1, MMD, MMP12, MSLN, MST1, Mt1,MVP, Mx1/Mx2, MYLK,
NCF1, NEFH, NFKB1,NFKB2, NFKBIA, NFKBIZ, NINJ1, NNMT, NOS3,
NOTCH4, NOX1, NPM3, Nppb, NQO1, NROB2, NR112, NR4A1, NRP1,
0AS1, OCLN, OLR1, OPTN, ORM1, P2RX5,PCK1, PCSK6,PDE2A, PDGFA,
PDGFRA, PDIA4, PENK, PER2, PIM3, PLA2G3, PLA2G4A, PLAUR, PLK2,
PLK3, PLOD2, PLP1, PLVAP, POMC, POSTN,PPARG, PPP1R3C, Prl2c2,
PRNP, PRSS23, PSMB9, PTGS1, PTPRC, PTPRN,RAB32,RARRES2, RBP1,
RFTN1,RGCC, RGS1, RGS2, RGS20, RGS4, RGS5, RGS9, RND1, ROBO1,
S100A8, S100A9,5CD,SDC2,SDC4, SEMA3C,SEPP1,SERPINA3, SERPINB1,
SERPIND1,SERPINE1,SERPINE2,SGK1,SHBG,SLC10A1,SLC11A1, SLC11A2,
SLC1A4, SLC22A4, SLC27A5, SLC2A1, SLC2A2, SLC7A2,SLC7AS, Slcolal,
Slco1ad, SMPD1, SMPD2, SMPDL3A, SNN,SOAT1,S0D2, SOD3, SPARC,
SPHK1, SPP1, SPSB1, SQSTM1,ST3GAL6,STMN1,SYNPO,TAGLN, TBXAS1,
TF,TGFB1,TGFB2,TGFB3,TGM2, THBS1,THBS2, TIMP1,TK1, TLR2, TLR3,
TMEM176B, TNF, TNFRSF11B, TNFRSF1A, TNFRSF21, TNNC1, TPST1,
TRAF3,TRPC6,TXNIP,TXNRD1,UBD,VCAM1,VMP1,XIAP, ZC3H12A

kine

Csf2, colony stimulating factor 2; Foxm1, forkhead box M1; Tsc2, tuberous sclerosis 2; and Tnf, tumor necrosis factor.

Table 5. Shortlist of significantly modulated upstream regulators during the terminal stage of ASML cell rat liver
colonization.

From the terminal stage of liver colonization, again four genes were selected for detailed
analysis. These included two genes, which had been listed before (Csf2 and Foxm1) that caused
the same pattern of expression and resulting influence as in the intermediate stage of liver
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colonization (decreased expression but subsequent activation in the case of Csf2 and increased
expression resulting in subsequent activation in the case of Foxm2). The other two regulators
(tuberous sclerosis 2 (Tsc2) and tumor necrosis factor (Tnf)) were both increased in expression
and were predicted to inhibit a large number of downstream genes (see Table 5).

2.3. Changes in mRNA expression after recultivation in vitro

For assessing the influence of the environment on ASML tumor cells, ASML cells were also
recultivated in vitro for 3, 6, and 9 days after they had been reisolated from rat liver after a
colonization period for 21 days. As a result, genes were found to be downregulated in vitro or
upregulated at varying degrees. Some examples are given in Figure 5. As can be seen, the genes
desmoglein 4 (Dsg4), tRNA methyltransferase 10A (Trmt10a), and stathmin 2 (Stmn2) were
decreased more than 1000-fold, more than 100-fold, and more than 3-fold, respectively. In
contrast, the genes apolipoprotein C-II (Apoc2), ectonucleotide pyrophosphatase/phospho-
diesterase 1 (Enppl), and Keratin 18 (Krt18) were increased more than 3-fold (Apoc2 and
Enpp1) and more than 100-fold (Krt18). The differences between the cultivation periods of 3,
6, and 9 days were very low and thus negligible.

Expression levels of selected genes
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Figure 5. Changes in mRNA expression after recultivation in vitro: ASML cells were also recultivated in vitro for 3, 6,
and 9 days after they had been reisolated from rat liver after a colonization period for 21 days. As a result, some genes
were downregulated or upregulated in vitro, at varying degrees. Seven examples are given in comparison to control.

2.4. miRNA modulation of ASML cells colonizing rat liver

Concomitantly with the mRNA species, all known miRNA molecules were analyzed in the
respective batches of reisolated ASML cells. As for the distribution of mRNAs, the modulation
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of miRNA expression was detailed for the two same categories, i.e. the fold changes in miRNA
expression and the respective stage of liver colonization, as shown in Figure 6.

miRNA modulation in ASML cells
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Figure 6. miRNA modulation of rat pancreatic cancer cells colonizing rat liver: Given is the fold change of mRNA ex-
pression of reisolated ASML cells during early, intermediate, advanced, and terminal stages of liver colonization rela-
tive to control cells growing in vitro.

Because of the lower number of existing miRNAs as compared to mRNAs, the distribution
looks not as bell shaped as for mRNAs in Figure 1. This is also due to a considerable number
of miRNAs, which show a more than 20-fold regulation (both, positive and negative) in the
terminal stage of liver colonization.

An example for the influence of miRNAs is given in Figure 7. The miRNA 29b-3p is known
for its effect on extracellular matrix proteins, as on collagens [17]. Downregulation of miRNA
29b-3p was observed in ASML cells during the whole period of liver colonization. This is
shown in Figure 7A, with the nadir of miRNA 29b-3p expression appearing on day 3 (less than
10-fold of control level), and some recovery thereafter to a plateau of expression ranging from
fivefold to threefold reduced levels, as related to control expression in vitro. This reduction
was associated with distinctly increased expression of the collagens Col4a2 (collagen, type IV,
alpha 2), Col3a2, Colla2, Collal, and Col4al. Col5a3 showed only a minor increase in
expression, but Col5a2 (collagen, type V, alpha 2) showed reduced expression, as was true for
Tgfb3 (transforming growth factor, beta 3) (Figure 7B).
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Figure 7. Influence of miRNA 29b-3p on gene expression: Shown is the expression of miRNA 29b-3p in ASML cells
during liver colonization (A). In addition, the influence on mRNAs is given in terms of upregulation or downregula-
tion (B). For color code, see Figure 3.

This analysis shows that certain extracellular matrix proteins, as the collagen family, are highly
regulated by their respective miRNA. Further experiments are needed to reveal the mecha-
nistic role of these proteins during liver colonization and to address the question whether they
can be diagnostic or therapeutic targets.
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Abstract

Bone is one of the most common metastatic areas in the cancer patient. Bone metastasis
is the major cause to deteriorate the quality of life due to severe pain, walking difficulty,
paraplegia, and pathologicfracture. Tomaintain patient’s general condition and continue
scheduled medical treatment, various minimally invasive surgical methods have been
developed. The percutaneous methods including alcohol or bone cement (polymethyl
methacrylate[PMMA])injection, laser orradiofrequency ablation, cryosurgery, and MRI-
HIFU have shown favorable outcomes in the spine, pelvis, and other flat bones. Using
only these percutaneous methods have high risk of pathologic fracture in the long bone
of extremity, which needs some metallic fixation. Therefore, the new surgical method and
instrument involving percutaneous internal fixation with PMMA bone cement injec-
tion have been introduced. The PMMA bone cement injection is effective in the metastat-
icbone tumor, providing reliable mechanical augmentation of destructive bone, durable
local tumor suppression, and effective pain relief. The hollow-perforated screw and nail
(multihole injection screw and nail) has central canal and multiple side holes to facilitate
injection of bone cement to the bone lesion. An optimal customized surgical option
according to the patient’s circumstances should be planned.

Keywords: metastatic bone tumor, minimal invasive surgery, hollow-perforated
screw, percutaneous fixation and injection, palliative management

1. Introduction

Metastatic bone cancer is the most common malignancy in the bone tumor. The life expectan-
cy of patients has been increasing considerably over the recent years since the development of
cancer management, but the occurrence chance of bone metastasis also increased. The inci-
dence rate ranges from 20% to 85%, varying by type of cancers. Bone metastasis is the major
cause to deteriorate the life quality of patients due to severe pain, walking difficulty, and
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pathologic fracture. Pathologic fracture is induced in around 10% of bone metastasis, and is life-
threatening to patients.

The treatment of metastatic bone tumor includes the combination of modality including
medication, radiation therapy, and surgery to reduce pain and prevent bone destruction.
Recently, the use of bisphosphonate and denosumab was reported as an inhibition of osteolytic
microenvironment factors. Radiation therapy is the most frequently used and effective method
for palliation but has limitation of bone strengthening.

Generally, patients need operation for the prevention of pathologic fracture, especially on the
weight-bearing bones like vertebrae, pelvis, and femur as well as long tubular bone of
extremity. The early surgical management before the fracture is important and has many
benefits: avoiding terrible pain and complications, relatively easy surgery, reducing rehabili-
tation time and life-threatening condition. The surgical methods for bony metastasis include
curettage and bone cement (PMMA, polymethyl methacrylate) augmentation, internal fixation
with plate or intramedullary (IM) nail, arthroplasty, and prosthesis reconstruction. The
surgical treatment method is chosen by multidisciplinary teamwork. The most appropriate
surgical option should be selected under the consideration of patient’s age and life expectancy,
general condition, response of medical treatment, and even preoperative life quality, because
major surgery lead to stop or delay of chemotherapy and radiation therapy, and many
accompanied complications.

Recently, various minimally invasive surgical methods that can be performed without general
anesthesia and large incision have been introduced for metastatic bone tumor: ethanol
injection, cryoablation, radiofrequency (RF) ablation, cementoplasty, etc. The percutaneous
bone cement (PMMA, polymethyl methacrylate) injection is known as cementoplasty or
osteoplasty, and has been shown favorable outcomes in the vertebral body and the flat bones
such as pelvis, scapula, and sternum. However, solitary bone cement injection without metallic
fixation at the long bone still has high risk of pathologic fracture.

A new novel surgical technique will be introduced in the concept of percutaneous metallic
fixation and simultaneous bone cement injection. For this technique, the unique implant,
multihole injection screw and nail, is developed. This implant has a hollow in the center and
perforated side holes allowing the material injection to the bony lesion. This minimally
invasive surgical method showed good result in the respect of pain relief, mechanical stability,
surgical risk, rehabilitation period, hospital stay, surgical cost, and local tumor suppression.
The injection material can be various, including chemotherapeutic agent, anti-osteolytic agent,
and accelerate bone healing agent as well as PMMA bone cement. Recently, the MR-guided
focused ultrasound surgery (MRgFUS) is introduced. MRgFUS is an external ablation which
showed effectiveness in reducing pain from bone metastases. However, MRgFUS lacks
restoration for mechanical stability.

This chapter will introduce the diverse developing minimally invasive surgical methods and
suggest future direction for better management of patients with metastatic bone tumor.
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2. Various methods of minimally invasive surgery for metastatic bone
tumor

2.1. Alcohol ablation (ethanol injection)

Alcohol ablation is a simple and inexpensive technique for tumor ablation. The ablation
involves cellular dehydration and ischemia that lead to endothelial necrosis and vascular
thrombosis. Before the injection of the alcohol, a mixture of iodinated contrast material (25%)
and lidocaine 1% (75%) is introduced to examine area of the alcohol diffusion, and patient will
be put under local anesthesia. Alcohol ablation has been a treatment for bone metastases rather
than primary bone tumor. However, the method has a risk of failure or complications as the
alcohol may uncontrollably diffuse into the tumor and surrounding soft tissues [1].

2.2. Laser ablation

Laser ablation is the application of thermal energy converted from light energy. Thermal
energy will be diffused into the tumor tissue, inducing cellular coagulation necrosis through
denaturation of cellular protein. For this technique, a neodymium: yttrium aluminum garnet
(Nd:YAG) type generator or diode is used at lower power for thermal effect (photocoagulation)
or at higher frequency (vaporization and cavitation).

The procedure time is short (about 10 minutes) and the extent of tumor necrosis is related to
the amount of deposited energy, up to 15 mm in diameter for 1200 J. In the case of photocoa-
gulation, laser ablation has been a useful method to treat benign primary bone tumor osteoid
osteoma because of its accuracy, reliability, and accessibility. However, photocoagulation is
not appropriate to treat large lesions [1].

The current use of laser ablation for metastatic bone cancer is limited; the laser technology
cannot cover large lesion and takes long time to be done percutaneously.

2.3. Radiofrequency (RF) ablation

Radiofrequency ablation is a procedure to damage tumor cell through heat generated from an
active electrode inserted into the tumor. For effective treatment, the procedure is performed
at a temperature between 60°C and 100°C for 5-10 minutes.

Different size of a single tip electrode, which ranges from less than 15 mm up to 50 mm in
diameter, determines the removable size of tumor. To treat larger volume of tumor, additional
electrode should be inserted: internally cooled electrodes for cooling system and pulsed mode,
perfused electrode, which increases tissue conductivity, or umbrella-shaped electrode and
multipolar arrays which increases electrode tip coverage.

Radiofrequency ablation has been widely used to treat soft tissue cancer including hepatocel-
lular carcinoma and thyroid cancer. In the skeleton, this method is used both as curative
treatment for benign bone tumor such as osteoid osteoma, and palliative treatment for
metastatic bone tumor [1]. Figure 1 illustrates an operation case for bone metastasis by RF
ablation.

129
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Figure 1. RF ablation can be applied for the pelvic bone metastasis.

2.4. Cryoablation

Liquid nitrogen has been used as an intraoperative adjuvant method in the open bone tumor
surgery. For the percutaneous application, technical progress was made for probe manufac-
turing, and utilization of argon gas as a cryogen. The argon gas freezes the tumor tissues at
-100°C around the active probe, forming ice balls around the probe. Temperature below -20°C
leads to cellular necrosis causing protein denaturation and rupture of cell membranes.

In general, the size of the necrosis is likely to be smaller than the ice ball and its maximum is
up to 3 cm in diameter. The forming ice ball can be monitored by ultrasonography or computer
tomogram but cannot be detected by fluoroscopy. Processes of the cryoablation are categorized
into three phases: a first freezing phase (10 minutes), a thawing phase with helium gas (5
minutes), and a second freezing phase (10 minutes). Cryoablation is commonly used to treat
prostate cancer. Treating metastatic bone tumor using cryoablation, however, may not be a
good choice; the method fails to cover its big sizes, takes a long time, and is unable to perform
moving tip technique [1]. Figure 2 illustrates a treatment for femoral neck metastasis by
cryoablation.

Figure 2. Cryosurgery with probe type rod is applied for femoral neck metastasis.

2.5. MRI-HIFU (high-intensity focused ultrasound) ablation

HIFU induces coagulation necrosis of the tumors by focusing high heat transformed from
ultrasound produced by a transducer on tumors.
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HIFU ablation has been a treatment for uterine myoma as well as palliation of bone metastases
and sarcomas. The biggest advantage of HIFU ablation is its noninvasive procedure (however,
the development of its interstitial applicators is in progress). In addition, HIFU ablation can
eliminate tumors clearly and promptly: about 15 mm in diameter along the axis of the beam
and about 1.5 mm in transverse diameter. Its procedure is conducted under MR or US guidance

(1].

3. Polymethyl methacrylate (PMMA) bone cement injection

Percutaneous bone cement injection is known as a cementoplasty or an osteoplasty. The
PMMA has been used in orthopedic surgery from 1945 including joint replacement surgery,
spinal compression fractures, chronic osteomyelitis with antibiotics and tumors. The structure
of methyl methacrylate monomer allows polymerization at room temperature to produce solid
PMMA. The avidity of the polymer to dissolve in monomer aids this reaction. The composition
of PMMA is shown in Figure 3 and Table 1.

Figure 3. The PMMA bone cement is activated by mixing powder and liquid components.

Percutaneous vertebroplasty was originally developed as a treatment for angiomas, but its
application to the osteoporotic spine has been shown to provide significant and prolonged
relief of pain. It controls the symptoms of compression fractures by recreating mechanical
stability. The technique involves the percutaneous transpedicular injection of low viscosity
biomaterial into the vertebral body guided by an image intensifier.

Percutaneous bone cement injection for the metastatic bone tumor has been shown favorable
outcomes in the vertebral body and the flat bones such as pelvis, scapula, and sternum. The
PMMA has been one of the most useful agents in the treatment of bone tumors since it provides
immediate mechanical stability and reduces bone pain. The reason for pain improvement after
percutaneous cementoplasty (PC) procedure is due to tumor suppression, microfracture
recovery, nerve ending sacrifice, mechanical strengthening, etc. When the heat is generated
from solidification of bone cement, cytotoxic effect causes the destruction of tumor. The PMMA
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can also have a mass effect by interrupting circulation to the tumor. Nonetheless, the risk of
pathologic fracture is still high when PC is solely performed in long tubular bones such as
femur, tibia, and humerus without metal fixation [2].

Composition Function

Powder compositions

Polymer Polymethyl methacrylate

Copolymers (e.g., methacrylate-methyl methacrylate) Alter physical properties of the cement
Barium sulfate or zirconium dioxide Radio-opacifiers

Antibiotics Antimicrobial prophylaxis

Dye (e.g., chlorophyll) Distinguish cement from bone

Liquid compositions

Monomer Methyl methacrylate monomer
N,N-dimethyl-p-toluidine (DMPT) Initiates cold curing of polymer

Benzoyl peroxide Reacts with DMPT to catalyze polymerization
Hydroquinone Stabilizer preventing premature polymerization
Dye (e.g., chlorophyll) Distinguish cement from bone

Table 1. Bone cement composition.

3.1. Percutaneous cementoplasty for pelvic bone metastasis

The pelvic bone is a connecting area between spine and femur. The acetabulum of pelvis is a
direct contact area with femoral head and important for weight bearing. When the metastatic
tumor occurred at the acetabulum, the percutaneous PMMA injection will be a good option [3].

3.1.1. Surgical technique

The PC is performed under regional spinal anesthesia. A patient is positioned in lateral
decubitus position. A sterile field is prepared and skin is punctured with 10 or 11 gauge
osteoplasty needle at the 10 cm posterior from anterior superior iliac spine. The needle is
advanced from posterior to anterior at an angle about 70° from the horizontal plane. The
osteoplasty needle is usually used over two needles to reduce intraosseous pressure at the time
of bone cement injection: the bone cement is injected through a single needle, until bloody
fluids, and injected bone cement regurgitate through the other needles. Empty syringe will
aspirate the unnecessary fluids and then bone cement is injected through all needles. Under
fluoroscopic guidance, with anterior-posterior and oblique views of a pelvis, the PV needle
penetrates the outer cortex and the tip is positioned in the lesion. The low-viscosity radiopaque
PMMA is mixed and transferred to a 30 ml or 50 ml syringe, depending on the number of
cement pack (20 g per a pack). Then, PMMA is transferred again into several 1 ml syringes.
With the frequent check of oblique fluoroscopic view to avoid sciatic nerve injury by leakage,
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bone cement is injected as much as possible. If injection is not easily accomplished, a stylet is
used to push PMMA through the lumen of needle. The bone cement injection is usually
conducted within 3-4 minutes after making the cement mixture.

PMMA injection has to start slowly to prevent venous leakage with careful C-arm fluoroscopy
monitoring. If the bone cement flows rapidly to the regional vein on the fluoroscopy, the
injection has to be delayed to achieve thicker mixed bone cement. Figures 4 and 5 show the
operative process of percutaneous cementoplasty.

Figure 4. A 54-year-old female has left pelvic bone metastasis of breast cancer. Bloody osteolytic lesion managed by
PMMA bone cement injection.

Figure 5. Intraoperative photographs showing preparation of bone cement and start of injection through one needle
for intraosseous pressure decompression. Multiple bone metastases are frequently involved around hip joint and these
can be treated with one time surgery by minimally invasive surgery.

The anesthesiologist is asked to monitor temporary change of blood pressure, pulse rate, and
respiration due to toxicity and volatility smell of PMMA. In the case of a larger lesion en-
croaching most of the ilium, another VP needle can be employed in the same way.

3.2. Evaluation of percutaneous PMMA bone cement injection

F-18-FDG PET-CT is known for good detectability of bone metastases in several types of
cancers, and became widely used for treatment response evaluation and recurrence detection.
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The quantitative PET-CT values, SUVmax, and SUVmean showed significant uptake decrease
after PMMA injection procedure, which means less glucose uptake and reflects tumor
suppression. However, most control lesions were aggravated in the same individual patient.

Previous studies report that after bone cement injection, tumor volume is reduced and
histology showed tumor necrosis, which support our hypothesis. Bone scan (BS) is known for
good detectability, therapy response monitoring, and long-term follow-up of bone metastases.
BS is advantageous for whole skeletal metastases detection [4]. BS and F-18-FDG PET-CT have
complementary value as BS can detect osteoblastic metastasis well, and both are good imaging
modality to detect bone metastasis.

Interpatient study was unable to be performed due to the differences in patient status (primary
tumor, treatment, etc). So we performed comparison study of PS lesion and control lesion in
the same patient. In our study, as shown in Figure 6, BS showed improved or stable state after
PMMA injection procedure, which means local tumor suppression. However, most control
lesions showed aggravated state [5].

Figure 6. PET-CT evaluation after combined percutaneous cement injection surgery showed effective tumor suppres-
sion in the metastatic bone tumor. Before (above) and after (below) operation.

4. Percutaneous internal fixation and PMMA bone cement injection for
long bone metastasis

4.1. Femoral neck metastasis

The femur neck is very vulnerable area to fractures due to senile osteoporosis and metastatic
bone cancer [6]. The conservative treatment of metastatic tumors in the femoral neck is difficult
because of the frequency of intractable pain and impending or established pathological
fracture. Any of the aforementioned methods of treatment may be considered but do not
significantly contribute to the stability of the femoral neck. Usually, the patients are treated by
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either joint replacement or internal fixation for pain palliation. The bipolar hip arthroplasty is
amainstay for femur neck metastasis but is too much a burden to the advanced terminal cancer
patient. Recently, a new novel surgical technique for the treatment of femoral neck metastasis
using hollow-perforated screws (HPSs) and bone cement was introduced [5-7].

4.1.1. Hollow-perforated screw

The hollow-perforated screw (HPS), as illustrated in Figure 7, is a newly developed device,
modified from a 6.5-mm cannulated screw (Multihole Injection Screw; SOLCO, Seoul, Korea).
The screw allows to achieve greater fixation capable of injecting material into the weak bone
area simultaneously through its multiple side holes.

Figure 7. The hollow-perforated screws have multiple holes for injection. The equipment facilitates percutaneous fixa-
tion and simultaneous bone cement injection for femur neck.

4.1.2. Surgical technique

The procedure is performed in the lateral decubitus position under spinal anesthesia. The
femoral neck anteversion is drawn with the guidance of C-arm fluoroscopy. Two or three 2.2-
mm guide pins are inserted to the femoral neck as the same pattern of cannulated screw fixation
in the femoral neck fracture. The length of the inserted guide pin is measured and a small skin
incision is made for cannulated drilling. After the cannulated drilling, two or three multihole
injection screws are introduced over the guide pins. After checking the location of all screws
fluoroscopically, the osteoplasty needles are inserted into the canal of screw. These osteoplasty
needles are driven into the silicone tube before insertion, which is made temporarily by
segmentally cutting a hemovac line for preventing leakage of injected materials at the con-
necting site with the screw. The guide pin is removed and low-viscosity PMMA bone cement

Figure 8. A 58-year-old female has impending fracture of right femoral neck metastasis by lung cancer. Percutaneous
fixation and PMMA bone cement injection are effective methods for prevention of pathologic fracture.
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is injected through 1 ml syringes. Figure 8 shows preoperative and postoperative photographs
by percutaneous fixation and PMMA bone cement injection and Figure 9 shows detailed
surgical procedures.

- =N, | _

Figure 9. Detailed surgical procedure demonstrated for femoral neck metastasis.

4.2. Percutaneous flexible nail fixation and bone cement injection for humerus

The rigid conventional intramedullary nailing method has been widely used for treatment of
traumatic fracture as well as long bone metastasis. When surgeons place rigid nail to the
humeral lesion, general anesthesia, locked screws, and sometimes curettage and cementing
arerequired. The current study reported the palliative surgical treatment of metastatichumeral
lesions using percutaneous Ender nailing along with bone cement augmentation under
regional anesthesia in patients with high-risk advanced cancer [4].

4.2.1. Surgical technique

After interscalene or axillary regional anesthesia, the patient is placed in the supine position
so that fluoroscopy cannot be disturbed. The entry points of the Ender nails (4.5-mm diameters;
Smith & Nephew plc, London, UK) are the greater tubercle of the humeral head for proximal
and diaphyseal lesions, and the lateral condyle for supracondylar lesions. Ender nails that are
long enough to pass the intramedullary metastatic lesion are selected. When the Ender nail is
completely seated, the tip at the entry point should be buried beneath the cortex to prevent
soft tissue irritation. The osteoplasty needles are directly inserted into the medullary cavity by
hand-push or hammering in a percutaneous and transcortical manner. Over two needles are
commonly used for decompression of intramedullary pressure during bone cement injection
and coverage of larger or skipped lesions. The entry point of the needle is selected at the most
easily accessible area to the lesion, which is apart from the neurovascular bundles. After
identifying the location of the needles by fluoroscopy, low viscous bone cement is injected
through one needle and sequential through other needles.
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4.3. Percutaneous flexible nail fixation and bone cement injection for femur and tibia

The small diameter of intramedullary flexible nail fixation provides the space for percutaneous
bone cement injection. The combinational percutaneous surgery with flexible nail insertion
and bone cement injection can be useful to long bone metastasis patients who cannot undergo
conventional intramedullary nailing due to poor life expectancy and multiple surgical
demanding fracture risk areas. Although the pathologic fracture can be progressed more by
weak stability of flexible nail than by rigid conventional nail, in the selective patient condition,
this surgical method is effective to maintain bedside care and reduce further osteolytic
progression. Patients with subtrochanteric lesion, pathologic fractures, or joint destructive
lesions are excluded.

Figure 10. The four areas (left pelvis, both femurs, and left tibia) can be treated at once.

The Ender nail fixation in the humerus, femur, and tibia has some limitation for the bone
cement injection. Each osteoplasty needle has to penetrate skin and bone cortex for placing to
the intramedullary perimetal area [8]. Figure 10 shows percutaneous flexible nail fixation and
bone cement injection.

Figure 11. The multihole injection nail was developed for simultaneous bone cement injection in the course of nail in-
sertion without adding cortical punctures.
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Very recently, the multihole injection nail (SOLCO, Seoul, Korea) has developed into a hollow
titanium flexible nail with the tip of multiple side holes. The bone cement could be injected
deeply in the course of a percutaneous fixation without adding bone cortex holes. The
advantages of this new implant include immediate achievement of stable fixation and effective
pain relief, deeper injection of drugs or bone cements, a short recovery time, and high
emotional satisfaction from simple operation [9]. The use of the multihole injection nail is
shown in Figure 11.

4.4. Closed intramedullary (IM) nailing with percutaneous cement augmentation

The rigid IM nailing is widely used for metadiaphyseal lesions of the long bones and for
trochanteric and subtrochanteric lesions of the femur in particular. Immediate bony stability
and pain relief may be achieved with low morbidity. IM nailing may be undertaken using an
open or closed technique. Closed IM nailing tends to be used when there are minimal bone
destruction and displacement of the fragments. It may combine with percutaneous cement
augmentation. Closed nailing with cement augmentation has many advantages over only
closed nailing. First, intra- and post-operative bleeding is reduced as cement fills the space
around the nail. Second, the cement gives early mechanical stability by preventing further
destruction of bone and supporting the bone that remains; this results in further relief of pain.
Third, filling the canal with cement at the time of nailing may limit the intramedullary spread
of tumor [10]. Its operative procedures are shown in Figure 12.
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Figure 12. The combined percutaneous bone cement injection with the conventional intramedullary nailing leads more
effective in the symptom relief and local tumor suppression.

5. Chemotherapeutic agent-loaded bone cement

Beyond the injection of bone cement only, there is growing interest on therapeutic effects on
mixture of bone cement and chemotherapeutic agents. Many studies suggested that antineo-
plastic agent-loaded bone cement not only prevents tumor recurrences with better local tumor
control but also decreases the number of distant metastases [11].

According to the literature, percutaneous injection with a mixture of gemcitabine and PMMA
bone cement was applied to two patients of femoral neck metastasis from lung cancer [7]. In
vitro test reported that the antineoplastic agents, such as cisplatin laden bone cement, hinder
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the growth of giant tumor cells, colon cancer cells, lung cancer cells, and breast cancer cells [11].
But further studies are needed to investigate efficacy of the chemotherapeutic agents incor-
porated into bone cement.

6. Bisphosphonate-added bone cement

Bisphosphonates (BPs) are antiresorptive drugs widely used to treat bone diseases such as
osteoporosis, bone metastases, and hypercalcemia of malignancy, to prevent bone loss, and to
increase bone density [12, 13]. Several studies demonstrate that BPs with bone cement have
effects on increasing mechanical property and reducing bone resorption.

BPs in combination with bone cement play a key role in mechanisms of reducing a risk of bone
resorption. BP-enriched bone cement can regulate important mediators involved in osteoclas-
togenesis, such as RANKL synthesis by osteoblast, and may modulate OPG, a decoy receptor
of RANKL absorption, thus preventing RANK activation. In addition, two BPs alendronate
and pamidronate mixed with calcium phosphate bone cement showed satisfactory results in
mechanical properties. Both of them raise osteoblast proliferation and differentiation while
restraining osteoclastogenesis and osteoclast function [14]. BP-combined cement can be a
promising drug device as a local approach, preventing osteoporotic vertebral defect [13].

However, there is a paucity of clinical cases on clear efficacy of BP-laden bone cementoplasty
and further studies are needed.

7. Conclusion

The metastatic bone cancer takes the highest frequency of more than 95% of malignant bone
tumors and has adverse influences on quality of life in patient with advanced disease.
Moreover, metastatic bone tumor usually reveals in multiple areas. An optimal customized
surgical option according to patient’s circumstances should be planned, in order to achieve
durable skeletal stability, effective pain relief, least surgical morbidity, less hospital stay, and
local tumor suppression.
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Abstract

The key aim of the proposed chapter is to provide readers a brief description for the
most important parts of the field of circulating tumor cells (CTCs): the core techni-
ques, including negative and positive selection-based CTC isolation, and the differen-
ces between them. Most importantly, we will also review the clinical applications and
important findings in clinical trials. The evidence-based review will not only help
clinicians use CTCs to predict recurrence and foresee the disease-related outcomes but
also to inspire the researchers in this field to conduct further investigations.

Keywords: circulating tumor cells, negative selection, cancer, stem cell, liquid biopsy

1. Introduction of circulating tumor cells (CTCs)

1.1. Brief history of CTC researches

Circulating tumor cells (CTCs) are cells shedding from primary tumor(s) into the adjacent
vasculature and are floating around in the circulation throughout the human body. The cells,
as seeds for the subsequent initiation of distant site metastases, are responsible for the cancer-
related deaths [1]. For the first time, CTCs were described via the observation in the blood of
cancer patient by Dr. Thomas Ramsden Ashworth, who postulated that “cells identical with
those of the cancer itself being seen in the blood may tend to throw some light upon the mode
of origin of multiple tumors existing in the same person” in 1869 [2]. In 1906, Goldmann
reported that visible venous invasion by cancer in approximately 20% of 500 necropsies and
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microscopic invasion of vasculature in nearly 10% [3]. In very early 1900s, several reports of
observation of free cancer cells by morphology have been discussed in patients with melano-
ma, gastric cancer [4-6], and lung cancer [7]. However, long being in the technical limitation
on isolation of these rare cells in circulation, the realization of CTCs isolated from living cancer
patients and analysis of their clinical impacts began since 1930s [8-10]. One of the first systemic
surveys in 40 living cancer patients was done by Pool and Dunlop in 1934 [11]. In this period,
morphology and cytochemical characteristics remained the most important method to identify
“abnormal” or “atypical” cells. Tumor cell embolization was observed [12] and widely
accepted to be one of the major mechanisms for dissemination of cancer [13, 14]. Since 1986
with the development of polymerase chain reaction (PCR), investigators began to utilize these
nucleic acid-based detection methods to help identify CTCs, including circulating tumor
mutated DNA and mRNAs [15-23]. In early 2000s, semi-automated devices appeared and
facilitate the advances of CTC testing in clinical study enrolling healthy subjects and pa-
tients with various types of cancer [24-26], given the fact that numerous previous methods
were relatively operator-dependent and often lacked of validated sensitivity, specificity,
coefficient of variation and reproducibility [22, 27-31]. In 2004, CellSearch™ (Veridex, Janssen
Diagnostics, USA) got approval from United States (US) Food and Drug Administration (FDA)
for testing in patients with breast, colorectal, and prostate cancer [32, 33]. Since 2012, a rapid
exploration of number of CTC isolation devices having nearly fully automated design emerged
[34-40].

Recently, CTC studies are focusing on devices harboring high sensitivity, high specificity,
reduced sample requirement, label-free isolation, and the ability to catch living CTCs for in-
vitro culture. Owing to the less invasive nature than conventional cancer tissue biopsy, CTCs,
as serum circulating tumor DNA (ctDNA) and microRNA (miRNA), are termed to be “liquid
biopsies.”

1.2. Natures of CTCs

It has been a long time after CTCs were noticed and efficiently captured by many methods;
however, little is known about the behavior of CTCs [41]. Investigators have observed some
phenomenon about what CTCs look like, how CTCs shed, migrate, live, defense human
immune system, and initiate distant metastases.

First, CTCs were believed to be larger than normal blood cells, which contributed the devel-
opment size-based isolation strategy. Marrinucci et al. [42] supported that the fact of CTCs
being larger than white blood cells and having high nuclear to cytoplasmic ratios with
voluminous cytoplasm. In addition, the morphology of CTCs is highly similar to that of cells
from original biopsied cancer tissues. Numerous devices were developed on the basis of this
characteristics and collect cells with larger size (often >15 um), including dielectrophoresis
(DEP) [43, 44], optically induced dielectrophorestic (ODEP) [45] force-dependent devices, and
filter-based systems [46-61]. However, other investigators found that the size of real CTCs
could be greatly differed from cell lines [62], and might even vary interindividually and
intraindividually [63, 64]. The size criteria of CTC definition remain in debate.
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Second, CTCs exist in almost all staged cancer and could be detected in the course of the disease
[27]. In 1995, Hansen et al. analyzed the blood samples drawn from surgical fields during 61
oncologic surgeries and 93.4% samples found tumor cells [65], which suggest one of the
possible routes of early dissemination of cancer cells. In 2000, Yamashita et al. found that
signals of CTCs (carcinoembryonic antigen messenger RNA, CEA mRNA) from preopera-
tively negative to postsurgically positive might suggest a specific type of surgery could
contribute to the cancer cell dissemination [66]. Similar results were reported by other
investigators to support the findings in various types of cancer (but breast cancer mainly) [67—
73]. Although CTCs were found in early-stage cancer patients, the cells do not result in
metastasis all the times. The clearance of human immune systems and inadequate “soil” of
distant organs are one of the plausible explanations. To look on the bright side, CTCs in very
early stage cancer could help early diagnosis of cancer and prevent overwhelming dissemi-
nation and cancer death [74].

Third, CTCs would form cell clusters, clumps, or circulating tumor microemboli (CTM) and
were found to highly correlate to cancer progression [75-79] and resistance to systemic
anticancer therapies [78, 80], which was established on the basis of many animal model and
preclinical reports [81-85]. Recently, Sarioglu et al. [86] designed a Cluster-Chip for efficient
capture of CTC clusters and enable the detailed characterization of the biological properties
and role of CTC clusters in metastasis [86]. Studies of cancer metastasis have emphasized the
novel concept of “seed and soil” as a key determinant of metastatic propensity [87]. This model
matches the importance of mutated genetic drivers within tumor cells conferring proliferative
and invasive properties, with that of the microenvironment of the distant organ or “niche,”
which may facilitate metastasis occurrence. However, the physical characteristics of single
CTCs and CTC clusters may also contribute to metastatic propensity, especially as they impact
the ability of epithelial tumor cells to survive the loss of cell adherence and shear forces in the
blood stream, i.e., different survival signals among the cancer cell “seeds” may be important.
For instance, in a mouse endogenous pancreatic cancer model, noncanonical Wnt signaling is
elevated within CTCs, where it appears to suppress anoikis [88], while in a subcutaneous
tumor xenograft model, the admixture of tumor and stromal cells within microemboli may
contribute to stromal-derived survival signals [77, 89, 90].

Fourth, CTCs could also be detected in cancer patients who underwent curative surgery,
indicating minimal residual disease in the circulation [91-99] and suggesting the correlation
to disease recurrence in the following months [92, 95, 100, 101]. van Dalum et al. [99] found
that the presence of CTC in blood drawn pre and one and two years after surgery, but not
postsurgery is associated with shorter Relapse-free survival (RFS) and OS for stages I-IIl breast
cancer, which could partially answer the question of how frequent and how long oncologists
should follow patients’” CTCs up and the timing of CTC testing after curative surgery. This
phenomenon indicates that postsurgical adjuvant therapy might be required in specific
population on the basis of CTC testing which remains uncertain to date.

Fifth, the captured CTCs according to their method of isolation, sometimes are alive for in-
vitro culture [48, 61, 102, 103] and might play a very important role to continuously obtain
primary cancer cell lines in the near future. Furthermore, CTC-derived cell lines and xenografts
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might reveal new therapeutic targets and can be used for drug screening [104, 105]. The
phenomenon is the main difference of CTCs from ctDNA possibly being released from dead
cancer cells. In addition, living CTCs can also colonize their tumors of origin, in a process that
is call “tumor self-seeding.” Kim et al. [106] successfully revealed the self-seeding phenomenon
in breast cancer, colon cancer, and melanoma tumors in mice model, which was predominantly
mediated by CTCs with aggressive features, including those with bone, lung, or brain
metastatic tropism. The cancer-derived cytokines IL-6 and IL-8 acted as CTC attractants and
the markers MMP1/collagenase-1 and the actin cytoskeleton component fascin-1 as mediators
of CTC infiltration into mammary tumors. The important findings of tumor self-seeding
phenomenon could explain the relationships between tumor size, anaplasia, vascularity and
prognosis, and local recurrence seeded by disseminated cells following ostensibly complete
tumor excision.

Sixth, CTCs could represent a merged status of a whole tumor mass, including static and active
parts with expression of specific functional markers [107-110] and could serve as a multifunc-
tional biomarker [108, 111]. Functional analyses on CTCs might provide the possibility to
identify the biological characteristics of metastatic cancer cells, including the identification of
metastasis-initiating cells [104].

1.3. CTCs in cancer progression

1.3.1. Cancer migration, invasion, epithelial-mesenchymal transition (EMT), mesenchymal-epithelial
transition (MET) and cancer stem cells (CSCs)

As mentioned above, Hansen et al. [65] found that CTCs exist in the 93% blood samples drawn
from surgical fields. That correlated to one of the two common routes of cancer migration:
hematologic and lymphatic spreading. In clinical aspect, tumor migration and invasion means
tumor growth or progression and can be analyzed via the time from disease-free status to
recurrence or time from baseline to enlargement of tumor size. Early in 1999, Palmieri et al.
have found a significant correlation among clinical stages, tumor progression, and presence
of circulating cancer-associated antigens in stages I-III melanoma patients [112]. In other
cancer types, investigators widely agreed with the observation that the higher CTCs signals
indicate to higher cancer stage and recurrence rate, suggesting larger number of CTCs might
promote cancer progression [113-117]. However, not only CTC count but also the specific
properties of cancer cells matter. Two of them have been widely reported are epithelial-
mesenchymal transitions (EMTs) or stem-like properties of CTCs [118].

In many animal species, EMTs normally occur during critical phases of embryonic develop-
ment. The formation of mesenchymal cells (nonepithelial) that are loosely embedded in an
extracellular matrix from a primitive epithelium is an important feature of most metazoans
[119]. During this transition, mesenchymal cells acquire a morphology that is appropriate for
migration in an extracellular environment and settlement in areas that are involved in organ
formation, which involves interactions between epithelial and mesenchymal cells. Mesenchy-
mal cells can also participate in the formation of epithelial organs through mesenchymal-
epithelial transition (MET) [119]. CTCs may also undergo phenotypic EMT changes, which
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allow them to travel to the site of metastasis formation without getting affected by conventional
treatment [118, 120, 121]. The acquired molecular changes by CTCs undergoing EMT that
facilitates cancer progression and resistance to conventional therapies [122, 123]. EMT markers,
including vimentin, twist, ZEB1, ZEB2, snail, slug, and N-cadherin in CTCs, primary HCC
tumors and adjacent nontumoral liver tissues were evaluated by Li et al. [123] and the twist
and vimentin expression levels in CTCs could be promising biomarkers for evaluating
metastasis and prognosis in liver cancer patients. Most importantly, CTCs would abandon
their epithelial properties (EpCAM) [88, 124] and escape from CTC capture by positive
selection strategy (will discuss below) and become one of the main downsides of the strategy
of CTCisolation. Several investigators have noticed that phenomenon and suggested that there
is an urgent need for optimizing CTCs detection methods through the inclusion of EMT
markers [120, 125-129]. Deeper understanding of those processes is of fundamental impor-
tance for the development of new strategies of early cancer detection and effective cancer
treatment approaches that will be translated into clinical practice [122].

Stemness features of CTCs, sometimes termed as circulating cancer stem cells (CSCs), have
also been getting noticed as EMT of CTCs in recent years. The CSC hypothesis claims that a
small subset of cells within a tumor has the ability of both tumor initiation and sustaining
tumor growth [130-132]. These cells with expression of stemness markers are capable of
forming floating spheres in serum-free medium, a property associated with stem cells and are
able to differentiate into an aberrant cell phenotype constituting tumor heterogeneity [133].
Among all the possible molecular markers of stemness feature, CD133, CD44, ICAM-1, and
CXCR4 are common used antibodies for labeling the subpopulation from other CTCs and
actually technically available [134-136]. These are not the only markers to identify CSCs and
depend on cancer types. Sun et al. [137] found that stem cell-like phenotypes (labeled with
CD133 and ABCG2) in EpCAM-positive CTCs, and a preoperative CTC of more than 2
cells/7.5 ml blood is a novel predictor for tumor recurrence in HCC patients after surgery,
especially in patient subgroups with AFP levels of less than 400 ng/ml or low tumor recurrence
risk. Many other studies in various types of cancer have come across with the similar conclu-
sions, including breast, colorectal, gastric, liver, and NSCLC, etc. [120, 123, 138-145].

Therefore, the subpopulation of CTCs, CSCs, and CTC with EMT features is probably the one
of the key determinants of future CTC and cancer metastasis investigations.

1.4. The impact of CTCs on multidrug resistance

In 2011, Gradilone et al. reported an interesting study aiming to test the hypothesis that drug-
resistant CTCs might have predictive value in metastatic breast cancer (MBC) and possibly
retain stem-like properties [146]. As the study presented, the extraction of mRNA from CTCs
for multiple drug resistance proteins (MRPs) analysis are most commonly used protocol. They
also found the expression status of MRP1 and MRP2 in CTCs was found to correlate to response
to anthracyclines (doxorubicin or epirubicin) [147]. In 2013, Nadal et al. found an interesting
phenomenon that a relative enrichment of cytokeratin CK(+)/CD133(+) CTCs in triple negative
and HER2-amplified tumors was found. While CK(+)/CTCs decreases after chemotherapy
when analyzing the whole population, CK(+)/CD133(+) CTCs were enriched in posttreatment
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samples in nonluminal BC subtypes. These findings suggest the potential role of CD133 as a
promising marker of chemoresistance in nonluminal BC patients [148]. Similar results were
also reported in recent years and the authors have come across with the same conclusion that
multiple drug resistance profiling (MRPs mainly, sometimes with CD133 [148], ALDH1 [149],
and ERCC1 [150]) of CTCs could predict the responses to given chemotherapies [146, 148, 150—
152].

One direct proof of CTC exhibiting drug resistance comes from a study in 2014. Pavese et al.
observed that CTC and DTC cell lines, established from mice bearing human prostate cancer
orthotopic implants, exhibit increased cellular invasion in vitro, increased metastasis in mice,
and express increased EMT biomarkers. In addition, CTC cell lines are selectively resistant to
growth inhibition by mitoxantrone-like agents. The findings are important and suggested that
CTC formation is accompanied by phenotypic progression without obligate reversion. Their
increased metastatic potential, selective therapeutic resistance, and differential expression of
potential therapeutic targets provide a rational basis to test further interventions [153].

Therefore, developing an in-vitro chemosensitivity test on CTCs is not impossible though it
required large-scale clinical trials to test and validate. Yu et al. applied pharmacogenomic
(PGx) modeling testing on CTCs, while PGx testing was used on cancer tissue to predict the
efficacy of chemotherapeutic agents in preclinical cancer models, and reported the feasibility
in 2014. In the report, clinical benefit was seen for study participants treated with chemother-
apy regimens predicted to be effective versus chemotherapy regimens predicted to be
ineffective with regard to progression-free (10.4 months versus 3.6 months; P < 0.0001; HR,
0.14) and overall survival (17.2 months versus 8.3 months; P <0.0249; HR, 0.29) [151]. In another
study, thymidylate synthase expression in CTCs could possibly serve as a new tool to predict
5-fluorouracil resistance in metastatic colorectal cancer patients [152]. Other than conventional
imaging studies evaluating two-dimensional tumor size every 8-12 weeks for routine tumor
assessment during anticancer therapy, CTCs could possibly serve as a rapid responding
biomarker to real-time change of cancer cells, including the early response or resistance to
given therapeutic drugs [154-156].

2. The strategies for CTC isolation and enumeration

There are hundreds of methods/protocols reported to be able to efficiently detect or isolate
CTCs. In a simple way to discuss here, we have several common strategies of CTC isolation
could be worthy of development in the future. The first one is label-free isolation strategy,
including size-based, physical properties-based, morphology-based isolation strategy; the
second one is positive selection strategy, including positively identification of cancer-specific
markers on nucleus or cell surface, or specific DNA mutation(s), mRNA(s) overexpression;
and the third one is negative selection strategy, consisting of depletion of red and white blood
cells by any means. Finally, the fourth one is combination of two or more strategies mentioned
above.
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2.1. Label-free isolation strategy

Several novel studies using size as a key criterion of CTC identification were reported [157-
160]. Early in 2004, ISET system was used for a well-designed clinical trial evaluating 44
patients with primary liver cancer and without metastases, 30 patients with chronic active
hepatitis, 39 with liver cirrhosis, and 38 healthy individuals, and all participants were followed
up for a mean period of 1 year. Both the presence (P =0.01) and number (P =0.02) of CTCs and
microemboli were significantly associated with a shorter overall survival. Beta-catenin
mutations could be found in 3 of 60 CTCs which might be suggesting their impact on the
initiation of cancer cells invasion [161]. Similar positive findings by size-based CTC isolation
were reported in melanoma [162-164], gastric cancer [76, 165], prostate cancer [166, 167], lung
cancer [168-170], pancreatic cancer [103], liver cancer [127], sarcoma [171], and breast cancer
[172]. Separation by physical properties, i.e., gravity, density gradients, using microfluidic
technology [45, 46, 56, 60, 173-186], or microfiltration [53, 172, 187, 188] were also reported to
be able to capture CTCs efficiently.

By means of label-free isolation, combined molecular analysis could be easily performed after
CTC isolation owing to no chemicals exposure and less procedures done during isolation. For
instance, Zheng et al. [189] reported a novel device designed based on membrane microfilter
device to isolate CTCs and then send them to PCR-based genomic analysis by performing on-
membrane electrolysis with embedded electrodes reaching each of the individual 16,000
filtering pores. Immunocytochemistry and FISH assays following label-free isolation were
reported to be successfully performed directly on the filter system [157, 176, 190, 191].
Interestingly, some investigators compared the isolation efficiency of ISET and CellSearch™
systems [76, 93] and one team concluded that a combination of ISET plus CellSearch™ would
have better performance in CTC detection in NCSCL patients than ISET or CellSearch™ alone
[93].

There are several disadvantages of physical methods should be noticed. First, the isolation
process based on physical properties can cause the deformation and damage of CTCs by filter
pores [192]. Second, larger size cells could not always be cancer cells and the isolated popula-
tion often mixed up with megakaryocytes, which are very common to see in the circulation of
cancer patients just underwent chemotherapy. Third, small-size CTCs would be inevitably
missed by this isolation strategy.

2.2. Positive versus negative selection-based CTC isolation

2.2.1. Positive selection methods

Positive selection strategy is the most commonly used method of CTC isolation in the literature.
CellSearch™ is the most evidenced and the only one device having class IIl approval from US
FDA since 2004; therefore, hundreds of clinical trials chose to apply the device for CTC testing
for validation [114, 193-204], mainly in patients with breast, colorectal, and prostate cancer.
Other representative positive selection platforms are magnetic-activated cell sorting system
(MACS) and Isoflux. The main process of positive selection is to label targets cells by anti-CK
(AE1/AE3) antibody with ferric beads and immunofluorescence dye. The approximate
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sensitivity of detection is 107 (CTCs/hematologic cells). Another system, MACS used 50-100
nm-sized ferric beads. However, lower sensitivity and lower recovery rate of CTCs were
observed. The device was firstly introduced in 1998 [205] and then CTCs obtained by the
system could correlated with breast cancer stages [206] and could correlate with progression-
free survival in colorectal cancer patients [207]. These systems are all based on immunomag-
netic beads technology for CTC isolation and have long been limited by relatively low
efficiency of antibody conjugation due to tumor heterogeneity [192]. This limitation further
causes the difficulty of molecular analysis [208]. Fortunately, the technique of single CTC
isolation and analysis has been much more mature in recent years [166, 209, 210]. However,
fewer sampling (CTCs) could greatly contribute to the bias for prediction of target population
behavior (the whole tumors in the body). Another downside of positive selection strategy was
the limitation of EpCAM-dependent nature. Hyun et al. [124] demonstrated that EMT-induced
breast cancer cells maintained in prolonged mammosphere culture conditions possess
increased EMT markers and cancer stem cell markers, as well as reduced cell mass and size
by quantitative phase microscopy. In addition, EpCAM expression is dramatically decreased
in these cells. Moreover, CTCs isolated from breast cancer patients using a label-free micro-
fluidic flow fractionation device had differing expression patterns of EpCAM, indicating that
affinity approaches reliant on EpCAM expression may underestimate CTC number and
potentially miss critical subpopulations.

In addition to conventional immunomagnetic bead separation methods, density separation
and flow cytometry or cell sorting systems have been postulated to be potential tools of CTC
isolation and identification considering their high sensitivity and purity since 1998 [27]. This
method could be seen as a combination of negative selection strategy and a positive confir-
mation with surface markers, such as EpCAM or cytokeratins. Later in 2011, leukapheresis
and fluorescence-activated cell sorting (FACS) elutriation were also reported to be effective
for large volume blood process for CTC isolation with molecular analysis [211]. Recently, many
microscale on-chip sorting systems were developed considering the high purity of isolation
for CTC culture or tumor related genetic analysis. In 2014, Kim et al. have postulated an on-
chip multi-imaging flow cytometry system to obtain morphometric parameters of cell clusters
such as cell number, perimeter, total cross-sectional area, number of nuclei, and size of clusters
as “imaging biomarkers,” with simultaneous acquisition and analysis of both bright-field and
fluorescent images at 200 frames per second [212]. Moreover, laser scanning cytometry is also
a novel innovation developed to help identify CTCs [213, 214]. These methods, are mainly
based on flow cytometry and sorting techniques, which could possibly yield an extremely high
purity of CTCs (more than 80%). However, one of the drawbacks of the cytometric systems is
operator-dependent and multiple quality and internal controls are often required when setting
a criterion of CTC identification. Another downside of conventional sorting systems is cell
damage and decreased viability after sorting process.

Recently, by the advances of nanotechnology, nanoplates [215], nanowires [216], for positively
trapping of CTCs are becoming hot devices with theoretically higher sensitive capturing
efficiency than conventional ones. These techniques are often developed by biomedical
engineers who are good at medicine, biology and engineering; however, the devices seem to
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be still in proof-on-concept phase. Hopefully, these new devices would facilitate the
development of easy hands-on CTC testing and validation in clinical trials in the near future.
In brief, positive selection methods hold the greatest clinical application to date.

2.2.2. Negative selection methods

Negative selection methods are developed on the basis of the disadvantages of positive
selection methods-losing non-EpCAM or CK-expressing CTCs and relatively poor recovery
rate. The principle of negative selection strategy is to remove all the cells other than CTCs as
its first step. Owing to the sequence of isolation has changed, in the negative depletion
processing, the cancer information was preserved as possible, which makes the phenomenon
that the number of CTCs isolated by a negative method would generally (but not always) larger
than those by a positive one. In addition, by the CD45 depletion procedures, CTCs without
expression of epithelial markers could be isolated though further clarification of the clinical
significance of these cell populations is required [217]. The nature of the isolation strategy
increased the sensitivity, recovery rate of CTCs but decrease the specificity with inevitable
“background noises.”

In the developing history of the negative selection methods, Naume et al. [29, 218] have
proposed to use CD45 (a common antigen of leukocytes) coated beads to remove white blood
cells from tumor cells and red blood cells depleted by lysis buffer or density separation
processing for CTC isolation. Based on the concepts, Balasubramanian et al. [219] also
successfully demonstrated positive staining images for cytokeratin-positive CTC identification
after negative selection processes in 32 cancer blood samples. Among all the negative selection
systems, one of the representative systems is epithelial immunospot (EPISPOT) [220-224]. By
the procedures, CTCs in the blood sample are enriched by anti-CD45 immunomagnetic beads.
The isolated CTCs are then cultured in tissue culture plates precoated with antibodies which
capture cathepsin D, MUC1, or CK19 protein [225]. After the incubation period, cells are
washed out and the released protein spots are detected by the incubation with a fluorochrome-
conjugated antibody and counted. Each spot corresponds to one viable CTC. The device
focused on the expression of CK19-expressing cells, which were found to be detectable in up
to 65 and 70% of colorectal cancer and breast cancer patients, respectively, and correlated with
status of metastasis and poor survival in breast cancer [226, 227]. However, a single sample
processing in EPISPOT system requires three days for analysis, which prohibits of its clinical
use considering the time-consuming problem.

Nevertheless, the background cells in a negatively isolated sample are often mixed with
numerous white blood cells and red blood cells if the process is not well-performed, thus
prohibit the following molecular analyses. For this disadvantages of conventional negative
selection method, a better depletion process for red and white blood cells depletion are
warranted. Another device developed by Wu et al. [228], CanPatrol™ CTC enrichment, they
reported a recovery rate more than 80%. Interestingly, FISH assay could be successfully
performed for ALK gene rearrangement from CTC samples; however, further validation in
prospective clinical trials was still required.
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Similarly, Lin et al. [229-231] postulated a protocol and a device (PowerMag) to perform red
blood cell lysis and immunomagnetic beads conjugation for CD45-positve cells and identify
EpCAM-positive cells (defined as CTCs) from the blood samples. The protocol was proven to
effectively isolate CTCs from patients with colorectal, head and neck cancer and thyroid cancer.
Furthermore, the CTCs isolated by this negative selection method are further proven to be
alive and are capable of being cultivated for at least several weeks [229].

2.3. Other methodologies

In addition to pure positive and negative or label-free methods, some investigators proposed
their prototypes for CTC isolation. For example, Qin et al. [50] performed CTC isolation by the
size and deformability based separation from castrate resistant prostate cancer patients using
resettable cell traps. Compared with CellSearch™, the method could capture more than 10
times of CTCs for subsequent analyses. Basically, it is a label-free method and could be rapidly
processed.

Synchrotron X-ray microimaging techniques, high-resolution images of individual flowing
tumor cells, and nanotechnology were also proposed to help identification of CTCs. Positively
charged gold nanoparticles (AuNPs) which were inappropriate for incorporation into human
red blood cells were selectively incorporated into tumor cells to enhance the image contrast,
which was reported by Jung et al. [232]. This new technology for in vivo imaging of CTCs
would contribute to improve cancer diagnosis and cancer therapy prognosis. Moreover, new
chemical materials using a refined carbon-coated pure iron-based immunomagnetic nanopar-
ticle-enriched assay, and nested-RT-PCR was also reported to successfully isolate CTCs
efficiently.

Furthermore, not only for general population of CTCs, Hosseini et al. [233] postulated an
integrated nano-electromechanical chip (NELMEC) to isolate CTCs and CTCs with EMT
features from white blood cells. These new technologies hold great promising on automation,
which might greatly ameliorate current problems in CTC field.

2.3.1. Comparison of different strategies

In comparison between positive selection strategy and negative selection methods, the former
is most commonly used CTC isolation platform and widely validated by prospective clinical
trials. Several articles of meta-analysis confirmed the clinical impacts of CTCs obtained by
CellSearch™ [107, 234-237]. However, it is relatively costly and device-dependent.
Interestingly, some investigators compared the ISET and CellSearch™ systems for their
performance on CTC isolation [76, 93] and one team concluded that a combination of ISET plus
CellSearch™ would have better performance in CTC detection in NCSCL patients than ISET
or CellSearch™ alone [93]. That intriguing conclusion supports the combination method in the
following eras; however, along processing time of combined platforms also causes cell damage
or loss which is a problem the combined systems should be noticed.

In comparison between positive selection method and label-free strategy, Konigsberg et al.
[238] compared the efficiency of CTC isolation of MACS (positive selection system) with
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OncoQuick (label-free system) and found EpCAM-negative CTCs cannot be detected by
EpCAM-dependent enrichment methods. EpCAM:-independent enrichment technologies
seem to be superior to detect the entire CTC population.

Enrichment System Detection markers Pros Cons
strategy
Positive CellSearch EpCAM, CKs, CD45, FDA cleared; reliable; EpCAM-positivity dependent,
selection DAPI reproducible; visual expensive; cells losing
identification; clinical EpCAM could not be
relevance in metastatic detected; limited number of
breast, colorectal and markers
prostate cancer; semi-
automated processing;
capable of detecting smaller
CTCs; standardized kits
CTC chip EpCAM, CKs, CD45, High detection rate; visual ~ EpCAM-positivity dependent,
DAPI identification cells losing EpCAM could not
be detected; require clinical
trial validation
Ariol system  EpCAM, CKs, CD45, High detection rate (versus EpCAM-positivity dependent
DAPI CellSearch)
Laser-scanning cytometer Automated microscopic EpCAM-positivity dependent
procedure; high detection
rate
Adna test EpCAM, MUC1, High sensitivity; rapid No morphology confirmation;
mucin-1, HER2 processing EpCAM and MUCI-positivity
dependent
Negative EPISPOT CD45, CK19, mucin-1, Can detect viable CTCs Lack of enough clinical trials
selection assay cathepsin-D for validation
PowerMag CD45 depletion for 4 Clinically validated in Background noise, subjective
repeated times, EpCAM,  several cancer types; viable judgment of CTCs, labor-
Hoechst CTCs intensive; limited markers can
be used for a sample
Negative + CD45, EpCAM, CKs, High sensitivity for multiple Controls, cell aggregations,
flow CD133, CD44, Syto62 markers, high purity of laser compensation, operator-
cytometry, isolation dependent
FACS
Label-free ~ CTC-filtering  Size, CKs, Her2/neu, Rapid processing; Limited by size of CTCs
(size) devices; ALDH1, CD44, CD24 multiplexed imaging and variation
genetic analysis
ISET Size, CKs, EGFR, VE- Rapid processing; non- Size-dependent (may miss

cadherin, ki67

antigen dependent; able to
isolate CTM; cell illustrated
by IHC staining, able to

cells less than 8 um); require
more clinical validation trials;

manual processing
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Enrichment System Detection markers Pros Cons
strategy
perform FISH, DNA/RNA
analysis
DEP force Size, surface electricity, Rapid processing, can Low throughput; time-
viability isolate single cell very consuming
precisely
ODEDP force Size, surface electricity, Rapid processing, can Relatively low throughput
viability isolate single cell very

precisely; can differ viable
from dead cells

Tracheal Size High recovery rate, Require clinical trial
carina- acceptable purity; viable validation
inspired isolation
bifurcated
(TRAB)
microfilter
system
Label-free  Ficoll + RT-PCR CK-19, HER2, h-MAM, High sensitivity No morphology confirmation;
(gradient) CEA, maspin, GABA A, not really capture CTCs
B726P
Ficoll + RT CK-19, BST1, PTPRC High sensitivity; No morphology confirmation;
-qPCR quantification not really capture CTCs
OncoQuick CCNE2, DKFZp762E1312, High sensitivity; No morphology confirmation;
EMP2 quantification not really capture CTCs
MAL2, PPIC and High sensitivity; No morphology confirmation;
SLC6A8, hMAM, and quantification not really capture CTCs
EpCAM

Table 1. Overview of analytical methodologies for the detection and molecular characterization of CTCs.

Anotherreport addressed the differences between positive and label-free method was reported
by Qin et al. [50]. They designed a micropore filtration platform (using resettable cell traps) to
perform CTC isolation by the characteristic of CTCs (size and deformability) from patients
with castrate resistant prostate cancer. Compared with CellSearch™, the method could capture
CTCs 10 times more than CellSearch™ can achieve. The method was also proven to be able to
perform subsequent molecular analyses.

Interestingly, some investigators compared the isolation efficiency of ISET and CellSearch™
systems [76, 93] and one team concluded that a combination of ISET plus CellSearch™ would
have better performance in CTC detection in NCSCL patients than ISET or CellSearch™ alone
[93].

One question which is often and needed to be asked is that how to choose a best platform for
upcoming studies and trials. Before answering the question, the readers/investigators should
fully understand the differences, pros and cons among these methods. Then you should choose



The Selection Strategy for Circulating Tumor Cells (CTCs) Isolation and Enumeration: Technical Features, Methods, and
Clinical Applications
http://dx.doi.org/10.5772/64812

a platform wisely according to future directions of investigations (i.e., clinical trial, CTC
culture, patient-derived xerograft model from CTCs) (i.e., genetic analysis, single cell, physical
properties) and the requirements of the study materials (i.e., cells with high purity, with high
cell numbers, viability, expression with specific marker, etc.). Table 1 demonstrated the brief
comparison among novel platforms. In our opinion, for genetic analysis and future personal-
ized medicine, we need a large number of CTCs captured for cultivate, whole genome or
transcriptome sequencing and avoid sampling errors by hyper-selection of few cells to
represent the whole populations of cancer. Therefore, negative selection as first step is
currently most suitable strategy among all the methods.

3. The main elements in negative selection plus microfluidic CTCs
isolation

3.1. Inmunomagnetic beads-based methods

The method is in fact derived from conventional cytological diagnostics for bone marrow and
hematologic malignancies. However, when investigators attempted to apply this method to
CTC filed, they faced a big problem —the CTCs were so rare to identify in thousands of blood
smear slides. Therefore, an alternative method was to exam samples after series of centrifu-
gation, density separation (i.e., in buffy coat or peripheral blood mononuclear cells, PBMC
layer), and red blood cells removal. The vast majority of the following detection techniques of
CTCs in these prepared samples has long been based on sensitive immunocytochemical (ICC)
analysis using antibodies against different epithelial antigens [29, 31, 239-242]. Whether
positive selection or negative selection procedures using immunomagnetic beads before ICC
analysis are both helpful and critical for efficient CTC identification [29, 31]. Zigeuner et al. [31]
found thatimmunomagnetic cell enrichment significantly improves the sensitivity of detection
of CTCs cells added to mononuclear cells compared to immunocytochemistry method.

Although the exact procedures of immunomagnetic beads separation protocol was variable
with the beads and antibiotics but they have general principles and we would take the
procedures of Dynabeads as an example (modified from Naume et al.’s work in 1997 [29]). The
main procedures are preparation of beads, incubation with samples and beads, using a
magnetic field or column (depends on chosen systems) for target cells isolation by washing
out other cells which did not conjugated with beads. If the target cells are those we do not want
to analyze, the procedure is defined to be a negative selection. Conversely, if the cells are the
targets in the study, it is a positive selection.

3.1.1. Preparation of the magnetic beads

Rat antimouse (RAM) IgGl-coated M280 Dynabeads coupled to BerEP4 mAb (Product No.
112.07), M450 Dynabeads coated with an anti-CD45 mAb that recognizes all isoforms of CD45
(Product No. 111.19), and Neodynium Magnetic Particle Concentrators were sup plied by
Dynal (Oslo, Norway). Coating of the M280 Dynabeads with antiepithelial mAb was per-
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formed according to the manufacturer’s instructions. Briefly, the RAM M280 Dynabeads were
incubated with either BerEP4, 9189, or MOC31 mAbs at a concentration of 1/u.g/107 beads for
30 min at 4°C under gentle rotation, followed by three magnet washes in PBS/0.1% HSA and
then stored at 4°C. Before use, the Dynabeads were washed once with separation medium.

3.1.2. Positive immunomagnetic separation technique

A total of 1 x 107 peripheral blood mononuclear cells (PBMNC) were resuspended in cold
separation medium to a concentration of 2 x10” MNC/ml (0.5 ml volume) and incubated with
RAM IgGI M280 Dynabeads coated with either BerEP4 317G5, or MOC31 mAb. The bead
concentration varied from 2.5 to 40 x 10° b/ml, as described in individual experiments. The
bead/cell suspension was incubated under gentle rotation for 30 min at 4°C. The sample was
then diluted to 3 ml and placed against a magnet for 7 min to recover the rosetted cells, followed
by two additional washes as follows. The supernatant was removed, and the rosetted cells
were resuspended in 3 ml separation medium, followed by treatment with the magnet (7 min).
To facilitate ICC TC detection, the positive LMS product was finally resuspended to contain
5-7 x 10° beads/ml, and 0.5 ml aliquots were centrifuged onto each cytospin slide for further
immunocytochemical analysis.

3.1.3. Negative immunomagnetic separation technique

A total of 1 x 107 peripheral blood mononuclear cells (PBMNC) were resuspended in cold
separation medium to a concentration of 2 x 10” MNC/ml (0.5 ml volume) and incubated with
anti-CD45-conjugated M450 Dynabeads at a bead/cell ratio of 2.5:1, 5:1, or 10:1. The bead/cell
suspension was incubated under gentle rotation for 45 min. The solution was then diluted to
about 30 ml, and the magnet was applied for 5 min, with initial rotation of the tubes onto the
magnet to reduce trapping of tumor cells. The supernatant was collected and centrifuged at
450g for 10 min, counted, and resuspended in 10% FBS in PBS to 1 x 10° cells/ml. Then, cytospins
containing 5 x 10° cells were prepared. All the slides were air-dried overnight and stained by
immunocytochemistry.

3.2. Microfluidic-based methods for the high purity CTC isolation

In novel era of huge advances of microfluidic devices as mentioned in the section of “Label-
free isolation strategy” [45, 46, 56, 60, 173-186]. In fact, the vast majority of microfluidic devices
were designed based on EpCAM- or CK-identifying mechanism, which is positive selection
method. The CTC-Chip [25, 243], and the herringbone chip [244, 245] have been proven
effective to isolate CTCs with both high CTC purity (50-62%) [25, 245] and high recovery rate
(90-95%) [244, 245]. There are several microfluidic devices designed to use positive selection
strategy for proof-of-concept purpose [34, 57, 59, 124, 184, 210, 246-269] and for specific cancer
in clinical trials, (e.g., breast [270, 271], pancreas [272, 273], ovarian [274], prostate [275],
esophageal cancer [270], gastric [271], colorectal cancer [276], cancer of unknown primary
[277]) and for mutational analysis [278]. Moreover, combined preparation using positive,
negative, or label-free selection methods with microfluidic devices for better performance is
also feasible and have been reported [93].
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However, there are several drawbacks or limitations of microfluidic devices reported [267].
First of all, reports in literature, however, have revealed that EpCAM or CKs are not expressed
in all cancer cells (e.g., sarcoma, melanoma, or CTCs bearing EMT), and therefore some kinds
of CTCs cannot be targeted via the positive selection-based microfluidic device [279]. Secondly,
several microfluidic chips could identify with microtubes or micropoles with or without
EpCAM conjugation. It seems to be difficult to release captured CTCs from the chips. The
efficiency of identification will not be equal to recovered cells for further molecular or genetic
analysis. Thirdly, almost more than 80% of microfluidic devices are still in proof-of-concepts
phase and comes from a single team or laboratory. It might be because that the advances of
new innovation always come up faster than validation reports. However, we do need well-
designed and well-conducted prospective clinical studies to critically elucidate the clinical
impacts of the microfluidic devices. The investigators could consider to learn from the
developing history of CellSearch™ system.

3.3. Perspective for future of CTC technology: combinations of several methods

Our perspectives for future CTC isolation is mainly combined methodologies instead of
conventional ones based on a single isolation strategy.

Yamamoto et al. [49] displayed a combination of size-based filtration plus a magnetic column
method for CTC isolation. The combined use of the column and filter decreased the required
time for the spiked cancer cell capture, and the recovery rate of the spiked cancer cells from
blood was significantly higher using the combination process (80.7%) than that using the filter
alone (64.7%). Moreover, the recovered CTCs are more abundant by the combination process.
Another combination was ISET and CellSearch™ systems [76, 93] and the combination had
better performance in CTC detection in non-small cell lung cancer (NCSCL) patients than ISET
or CellSearch™ alone [93]. Furthermore, density separation plus flow cytometry or cell sorting
systems have been postulated to be potential tools of CTC isolation and identification consid-
ering their high sensitivity and purity since 1998 [27]. This method could be seen as a combi-
nation of negative selection strategy and a positive confirmation with surface markers, such
as EpCAM or cytokeratins. Later in 2011, leukapheresis plus fluorescence-activated cell sorting
(FACS) elutriation were also reported to be effective for large volume blood process for CTC
isolation with molecular analysis [211]. These studies illustrated the possibility and better
efficacy the combination can achieve, therefore, in our opinion, to find a suitable combination
of CTC isolation protocols considering the balance of efficiency, time, sample and costs is very
important in the future CTC field.

Intriguingly, several liquid biopsies, as aforementioned, could be combined to be tested in a
single sample and at the same time. To realize the goals and minimize the blood sample
required, Chudziak et al. [248] reported a novel device, Parsortix system, could negatively
select CTCs and perform cfDNA analysis simultaneously. The system recovered more CTCs
than CellSearch™ system in the comparison.
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4. The applications of CTC testing in clinical cancer researches

As aforementioned, CTC testing are designed to help the diagnosis, early detection and
monitoring for response and disease status of cancer patients. Clinical trials to evaluate and
validate are inevitable during the developing of any CTC testing. Here, we introduce several
important clinical validated studies for the clinical impacts of CTC testing in different cancer

types.
4.1. Breast cancer

One meta-analysis reported by Liao et al. [107], 14 studies with 2336 patients were enrolled
and found that presence of CTCs in peripheral blood was significantly associated with the size
of tumor [OR 0.68, 95% confidence interval (CI) (0.54, 0.87), P = 0.002], tumor grade [OR 0.71,
95% CI (0.55, 0.91), P = 0.006], estrogen receptor (ER) status [OR 0.72, 95% CI (0.57, 0.91), P =
0.007], and progesterone receptor (PR) of tumor status [OR 0.78, 95% CI (0.61, 0.98), P = 0.04].
In addition, the presence of CTCs is highly correlated with tumor size, tumor grade, ER, and
PR status in patients with breast cancer. Although the analysis did not consider the method of
isolation which might be one of the downsides and biases of the analysis, the results suggested
a trend of physical (tumor size), functional (tumor grade) and status of drugable targets (ER,
PR status), which are very useful clinically.

In Zhao et al. [234] performed a meta-analysis collecting 24 trials with 4013 breast cancer
patients and 1333 controls. Poor overall survival was found to be associated with the positive
CTC detection (HR = 3.00 [95% CI 2.29-3.94], P < 0.0001) and recurrence-free survival as well
(HR = 2.67 [95% CI 2.09-3.42], P < 0.0001). CTC-positive breast cancers were significantly
associated with high histological grade (HR =1.21 [95% CI 1.09-1.35], P < 0.0001), tumor size
(>2 em) (HR =1.12 [95% CI 1.02-1.22], P =0.01), and nodal status (1) (HR = 1.10 [95% CI 1.00-
1.21], P = 0.037). The studies, different to that of Liao et al. [107], mentioned about prognostic
values of CTC testing. However, the two reports did not mention about the isolation methods
and might neglect the biases from CTC number is highly correlated to the method of isolation.

For the purpose of technical standardization, Janni et al. [235] conducted a pooled analysis of
individual data from 3173 patients with nonmetastatic (stages I-III) breast cancer from five
breast cancer institutions. The prevalence and numbers of CTCs were assessed at the time of
primary diagnosis with the FDA-cleared CellSearch System. Results confirmed that >1 CTC(s)
were detected in 20.2% of the patients and CTC-positive patients had larger tumors, increased
lymph node involvement, and a higher histologic tumor grade than did CTC-negative patients
(all P < 0.002). Multivariate Cox regressions confirmed that the presence of CTCs was an
independent prognostic factor for disease-free survival [HR, 1.82; 95% confidence interval (CI),
1.47-2.26], distant disease-free survival (HR, 1.89; 95% CI, 1.49-2.40), breast cancer-specific
survival (HR, 2.04; 95% CI, 1.52-2.75), and overall survival (HR, 1.97; 95% CI, 1.51-2.59). The
study addressed the clinical impacts of CellSearch™ system in breast cancer patients and it
has confirmed the positive results from a large pooled database.
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For a subset in breast cancers, Rack et al. [91] addressed the role of CTCs isolated by Cell-
Search™ in a prospective trial enrolling 2026 early average-to-high risk breast cancer patients
and found an independent prognostic relevance of CTCs both before and after adjuvant
chemotherapy. The study successfully proved the prognostic role of CTCs in adjuvant settings.
The next direction of future studies should be designed to answer the question that whether
if extended adjuvant therapy is needed and whether if the extended therapy did reduce the
risk of recurrence or not.

For the role of CTCs in anovel and specific therapy in breast cancer, Paoletti et al. [280] reported
that heterogeneous mechanisms of resistance to fulvestrant, including estrogen receptor alpha
gene (ESR1) mutation. CTC enumeration, phenotyping, and genotyping might identify
patients who would benefit from fulvestrant dose escalation versus switching to alternative
therapies. The CTCs could possibly help find the resistance genes during the therapy and warn
the clinicians to change therapy in time before the tumor already gets progression.

In triple negative breast cancer (TNBC) who lacks of drugable targets (hormone therapy) in
breast cancer, Hall et al. (2015) enrolled 44 TNBC patients using CellSearch™ for CTC testing
and found that >1 CTC in each sample was identified in 30% of patients completing neoadju-
vant chemotherapy (NACT). Multivariate analysis demonstrated that detection of >1 CTC
predicted decreased RFS (log-rank P = 0.03, HR 5.25, 95% CI 1.34-20.56) and OS (log-rank P =
0.03, HR 7.04, 95% CI 1.26-39.35). The results suggested a modification of clinical management
for TNBC patients with positive CTC detection after NACT, including extension of NACT or
adding another anti-cancer therapy before tumor recurs.

4.2. Lung cancer

In a meta-analysis reported in 2013, pooled results from a total of 20 studies, comprising 1576
nonsmall cell lung cancer (NSCLC) patients showed that CTCs were associated with lymph
node metastasis (OR = 2.06; 95% CI: 1.18-3.62; Z = 2.20; P = 0.027) and tumor stage (OR = 1.95;
95% CI: 1.08-3.54; Z =2.53; P = 0.011). CTCs were significantly associated with shorter overall
survival (relative risk [RR] =2.19; 95% CI: 1.53-3.12; Z =4.32; P <0.0001) and progression-free/
disease-free survival (RR = 2.14; 95% CI: 1.36-3.38; Z = 3.28; P < 0.0001) [281]. Another study
reported the ability to recurrence prediction after curative surgery is positive [282].

For small cell lung cancer, a relatively aggressive subtype with poor prognosis population, a
total of seven papers covering 440 SCLC patients were combined in the final analysis. The
meta-analysis revealed that CTCs were significantly associated with shorter overall survival
(HR =1.9;95% CI: 1.19-3.04; Z=2.67; P <0.0001) and progression-free survival (HR =2.6; 95%
CI: 1.9-3.54; Z = 6.04; P <0.0001) [283].

Interestingly, in a molecular era nowadays, cancer therapy often relies on genetic or molecular
information from cancer tissues, CTCs as well. Das et al. [105] checked the status of ERCC1
expression on captured and found that low expression of ERCC1 on CTCs correlates with
progression-free survival (PES) in patients with metastatic NSCLC receiving platinum-based
therapy. ERCC1 expression was conventionally checked on NSCLC cancer tissue to predict
the response to platinum therapy, which has been the first line standard chemotherapy in
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patients without active EGFR mutation responding to tyrosine kinase inhibitors (TKIs). The
impacts of the study suggested that analysis of ERCC1 expression on CTCs in lung cancer
patients could predict the chemotherapy responses. It is a predictive role could possible direct
therapy in the future if the findings were confirmed in another large-scale phase III clinical
trials. In addition. Yanagita et al. [284] evaluated CTCs and ¢fDNA in EGFR-mutant NSCLC
patients treated with erlotinib until progression. Among the enrolled 60 patients, rebiopsy was
performed in 35/44 patients (80%), with paired CTC/cfDNA analysis in 41/44 samples at
baseline and 36/44 samples at progression. T790M was identified in 23/35 (66%) of tissue
biopsies and 9/39 (23%) of cfDNA samples. At diagnosis, high levels of cfDNA but not high
levels of CTCs correlated with progression-free survival. Therefore, cfDNA and CTCs are
complementary, noninvasive assays for evaluation of acquired resistance to first-line EGFR
TKIs. Recently, ALK rearrangement on CTCs are successfully performed and compared with
cancer tissues [51, 285]. Chromosome instability and ROS-1 rearrangement on CTCs were also
proved to be successful [51]. Immune cells analysis, tumor-associated macrophages (TAMs)
accompanied with CTCs analysis were also proven to be possible and CTCs are competent to
specifically manipulate TAMs to increase cancer invasiveness, angiogenesis, immunosup-
pression and possibly lipid catabolism in lung cancer patients [286]. These studies pointed to
the driven mutation detection and would directly benefit to NSCLC patients under targeted
therapies.

4.3. Gastrointestinal tract cancer

In 2014, a meta-analysis comprised 26 studies with peripheral blood samples of 1950 cases for
final analysis. The pooled results showed that gastric cancer (GC) patients with detectable
CTCs (including circulating miRNAs) had a tendency to experience shortened RFS (HR =2.91,
95% CI [1.84—4.61], 12 = 52.18%). As for patient deaths, we found a similar association of CTC
(including circulating miRNAs) presence with worse OS (HR = 1.78, 95% CI [1.49-2.12], 12 =
30.71%, n=30). Additionally, subgroup analyses indicated strong prognostic powers of CTCs,
irrespective of geographical, methodological, detection time and sample size differences of the
studies [287]. In addition, the role of EMT status on CTCs correlates with poor treatment
outcomes was also revealed. CTCs expressing CD44 were also found to be prognostic and
indicated to malignant behaviors of gastric cancer [288].

For pancreatic cancer, a prospective study addressing the role of CTCs, CTMs in 63 pancreatic
ductal adenocarcinoma (PDAC) patients before treatment using anti-EpCAM (epithelial cell
adhesion molecule)-conjugated supported lipid bilayer-coated microfluidic chips. CTM was
an independent prognostic factor of overall survival (OS) and progression free survival (PES).
Patients were stratified into unfavorable and favorable CTM groups on the basis of CTM more
or less than 30 per 2 ml blood, respectively. Patients with baseline unfavorable CTM, compared
with patients with favorable CTM, had shorter PES (2.7 versus 12.1 months; P < 0.0001) and
OS (6.4 versus 19.8 months; P <0.0001). Differences persisted if we stratified patients into early
and advanced diseases. The number of CTM before treatment was an independent predictor
of PFS and OS after adjustment for clinically significant factors. Therefore, in conclusion, the
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number of CTV, instead of CTCs, before treatment is an independent predictor of PFS and OS
in patients with PDAC [272].

In molecular analysis to predict treatment response, Abdallah et al. [152] found that thymi-
dylate synthase expression in circulating tumor cells can be useful tool as a 5-FU resistance
predictor biomarker in patients with colorectal cancer while other studies elucidate the
prognostic and predictive roles of CTCs [198, 289-291]. Recently, KRAS and BRAF were
successfully detected on CTCs by high-resolution melt (HRM) and allele-specific PCR (ASPCR)
and KRAS-codon 12/13- and BRAF-codon 600-specific assays. Comparing tumor tissues and
CTCs mutation status using HRM, Mohamed Suhaimi et al. [292] reported that a 84.1%
concordance in KRAS genotype (P = 0.000129) and a 90.9% (P = 0.174) concordance in BRAF
genotype. Another report utilized ISET system plus PCR for KRAS codons 12 and 13 mutation
with a 71% concordance between cancer tissue and CTCs from colorectal cancer patients [293].
In gastrointestinal stroma tumor, Li et al. [294] conducted a trial to elucidate the role of CTCs
expressing ANO1(DOGT1) in GIST. ANO1s were more frequently detected in unresectable
patients. Tumor size, mitotic count, and risk level were associated with ANO1 detection in
resectable GIST patients. The presence of ANO1 significantly correlated with poor disease-free
survival (15.3 versus 19.6 months, P = 0.038). Most patients turned ANO1-negative after
surgery and inversely, all 21 patients with recurrence turned ANO1-positive with high ANO1
expression levels. Moreover, in the neoadjuvant setting, decline of ANOI1 expression level
correlated with the response of imatinib. In the near future, these results would possibly
promote the genetic analysis on mutation-driven cancer therapies although they have not
become routine screen tools in CRC patients to date.

4.4. Head and neck cancer

Grobe et al. [92] used CellSearch™ for CTC isolation in 80 oral cavity cancer patients and found
that 12.5% patients harbored CTCs in peripheral blood, whereas in 20.0% patients DTCs in
bone marrow could be detected. Significant correlations could be found for CTCs and tumor
size (P = 0.04), nodal status and DTCs (P = 0.02), and distant metastasis with CTCs (P = 0.004)
and DTCs (P =0.005). Univariate and multivariate analyses revealed that CTCs and DTCs were
significant and independent predictors of recurrence-free survival (P <0.001) as well as in other
findings in HNSCC, including the ability of prediction 6-month death [231]. In 2015, Oliveira-
Costa et al. reported that immunohistochemistry was performed in cancer tissues and in CTCs
by immunofluorescence and Nanostring. Correlation was shown between PD-L1 and tumor
size and lymph node metastasis, HOXB9 and tumor size, BLNK and perineural invasion, and
between ZNF813 and perineural invasion. PD-L1 positivity was an independent prognostic
factor in this cohort (P = 0.044, HH = 0.426) in OSCC patients [295]. The results could possibly
apply to current immune-oncology studies.

Wau et al. [296] reported a meta-analysis conducted a computerized retrieval of literatures.
Twenty-two retrieved studies were eligible for systematic review, of which nine conformed
for the diagnostic test meta-analysis and five for the prognostic analysis. Subgroup analysis
showed 24.6% pooled sensitivity and 100% pooled specificity of detections by using positive
selection strategy, which moreover presented low heterogeneity. The presence of CTC was
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significantly associated with shorter disease free survival (DFS, HR 4.62, 95% CI 2.51-8.52).
The presence of CTC indicates a worse DFS.

4.5. Liver cancer

Early in 2004, Vona et al. have reported that the presence (P = 0.01) and number (P = 0.02) of
CTCs and microemboli (CTMs) were significantly associated with a shorter survival [161]. Fan
et al. [297] reported a meta-analysis consisting of 23 trials and found that CTC positivity was
significantly associated with RFS (HR 3.03, 95% CI: [1.89-4.86]; P <0.00001) and overall survival
(OS) (HR 2.45, 95% CI: [1.73-3.48]; P <0.00001). CTC positivity were also significantly associ-
ated with TNM Stage (RR 1.30, 95% CI: [1.02-1.65]; P = 0.03), Tumor size (RR 1.36, 95% CI:
[1.09-1.69]; P = 0.006), Vascular invasion (RR 1.99, 95% CI: [1.43-2.77]; P < 0.0001), Portal vein
tumor thrombus (RR 1.73, 95% CI: [1.42-2.11]; P = 0.0001), Serum alpha-fetoprotein (AFP) level
(RR 2.05; P=0.01) [297]. Sun et al. found that Stem cell-like phenotypes are observed in EpCAM
*CTCs, and a preoperative CTCs of >2 is a novel predictor for tumor recurrence in hepatocel-
lular carcinoma (HCC) patients after surgery, especially in patient subgroups with AFP levels
of <400 ng/ml or low tumor recurrence risk. EpCAM+ CTCs could serve as a real-time
parameter for monitoring treatment response and a therapeutic target in HCC recurrence
[137]. The prognostic value of overall survival of CTCs in HCC patients has been also revealed
[298].

4.6. Genitourinary tract cancer

Rink et al. (2012) found that using CellSearch™, CTC were detected in 23 of 100 patients (23%)
with nonmetastatic urothelial carcinoma of urinary bladder. CTC-positive patients had
significantly higher risks of disease recurrence and cancer-specific and overall mortality (P
values < 0.001). After adjusting for effects of standard clinicopathologic features, CTC posi-
tivity remained an independent predictor for all end points (hazard ratios: 4.6, 5.2, and 3.5,
respectively; P values <0.003). HER2 positivity was found in 3 of 22 patients (14%). There was
concordance between CTC, primary tumors, and lymph node metastases in all CTC-positive
cases (100%).

4.7. Skin cancer and melanoma

Conventionally, melanoma cells lack of cytokeratin or EpCAM expression and CTCs by
definition are very difficult to identify. However, investigators broke through the strait by
combination with CTCs plus c¢fDNA. Salvianti et al. [299] enrolled 84 melanoma patients and
68 healthy controls for CTC and cell-free DNA (cfDNA) testing to assess the diagnostic
performance of a tumor-related methylated c¢fDNA marker in melanoma patients and to
compare this parameter with the presence of CTCs. The percentage of cases with methylated
RASSF1A promoter in cfDNA was significantly higher in each class of melanoma patients (in
situ, invasive and metastatic) than in healthy subjects (P < 0.001). The concentration of
RASSF1A methylated cfDNA in the subjects with a detectable quantity of methylated alleles
was significantly higher in melanoma patients than in controls. When the CTCs plus RASSF1A
cfDNA are jointly considered, a higher sensitivity of the detection of positive cases in invasive
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and metastatic melanomas could be obtained. A similar finding was obtained to suggest
combine cfDNA (GNAQ/GNA11 mutations) and CTCs to identify uveal melanoma patients
with poor prognosis [300]. In another reports, a phase III trial of adjuvant immunotherapy
after complete resection of stage IV melanoma, quantitative real-time reverse-transcriptase
polymerase chain reaction (qQPCR) for expression of CTC-specific MART-1, MAGE-A3, and
PAX3 mRNA biomarkers were found to be not associated with known prognostic factors or
treatment arm. In multivariate analysis, pretreatment CTC (>0 versus 0 biomarker) status was
significantly associated with disease-free survival (DFS; HR 1.64, P=0.002) and overall survival
(OS; HR 1.53, P = 0.028). Serial CTC (>0 versus 0 biomarker) status was also significantly
associated with DFS (HR 1.91, P=0.02) and OS (HR 2.57, P =0.012) [301]. The report suggested
CTCT could be a new risk factor other than any conventional known factors, which might
change the staging systems if the evidence gets solid and validated.

4.8. Other cancers

For ovarian cancer, Romero-Laorden et al. [302] performed a meta-analysis enrolling 14
studies. Results showed the presence of CTCs and DTCs is associated with adverse clinicopa-
thological characteristics and poor clinical outcomes in ovarian cancer patients. They noticed
that different CTC number obtained by different devices could not be compared. Using size-
based isolation strategy (MetaCell®) in 118 ovarian cancer patients, CTCs might have add-on
values on current staging system and the cells could be cultivated after isolation [303, 304].
Furthermore, in another meta-analysis, eight studies of 1184 ovarian cancer patients were
included in the final analysis. In the PB group, it showed that patients with positive CTCs had
significantly shorter overall survival (OS) and disease-free survival (DFS) than patients with
negative CTCs (HR, 2.09; CI, 1.13-3.88 and HR, 1.72; CI, 1.32-2.25, respectively). The same
result was shown with DTCs in the BM group (HR, 1.61; CI, 1.27-2.04 and HR, 1.44; CI, 1.15-
1.80, respectively) [305].

For carcinoma of unknown primary (CUP), Matthew et al. [306] used a real-time, single-cell
multipleximmunophenotyping of CTCs to inform diagnosis of tissue of origin in CUP patients.
CellSearch™ plus multiplexed Q-dot or DyLight conjugated antibodies were used for cyto-
keratin 7 (CK7), cytokeratin 20 (CK20), thyroid transcription factor 1 (TTF-1), estrogen receptor
(ER), or prostate-specific antigen (PSA) expression. The feasibility of staining multiple markers
in CTCs presented in this work suggested CTCs could possibly have a non-inferior role as that
of cancer tissues in diagnostics.

5. Unanswered questions in the field of CTCs, technically and clinically

The unanswered question is that the optimal protocol or device has not been found or
validated. Many investigators have clearly realized that the number of CTCs cannot easily
compare with that counted by another system, but some are not. Recently, Fina et al. [307]
compared two CTC isolation methods in a clinical trial. AdnaTest EMT-1/ and EMT-2/Stem
CellSelect/Detect kits, and ScreenCell Cyto devices were both performed for all samples.
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Higher CTC detection rates were obtained with the AdnaTest approach when using for CTC-
enrichment antibodies against ERBB2 and EGFR in addition to MUCI and the classical
epithelial surface marker EPCAM (13% versus 48%). When the physical properties of tumor
cells were exploited, CTCs were detected at higher percentages than with positive-selection-
based methods. The results supported that different approaches for CTC detection probably
identify distinct tumor cell subpopulations. Technical standardization before clinical validity
would be the most urgent issue we have to solve.

6. Concluding remarks

We suggest the investigators to combine different isolation methods to achieve the most
optimal performance of CTC isolation and clinical trials for solid validation. The cooperation
among medical oncologists and biomedical engineers are critically important for the future
advances in CTC field. Genetic or molecular analysis, such as PCR for epigenetics or mutation
of specific gene(s) or next-generation sequencing for whole genome, whole exon, or chosen
targeted genes will be the major directions for personalized cancer therapies. The advances of
microfluidic devices will quickly solve the conventional problems of time-consuming, sample-
consuming, operator-dependent, and marker-dependent limitations.
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Abstract

We demonstrated the value of multiparameter flowcytometry in detecting human
tumor cells of breast cancer in peripheral blood, which had a sensitivity limit of 10° and
higher specificity compares with real-time polymerase chain reaction (RT-PCR). It was
also found that circulating tumor cell (CTC) number was related with TNM stage,
metastasis and the overall survival of patients. CTC level was one of the important
factors for patients’ prognosis. At the same time, we also verified the circulating tumor
stem cell (CTSC) was connected with TNM stage by multiparameter cytometry. The
detection of CTC and CTSC by multiparameter flowcytometry may be used to diagnose
disease at early stage to guide clinical therapy or to predict prognosis. Multiparame-
ter flowcytometry has the potential to be a valuable tool for prognosis assessment
among patients with breast cancer in clinical situation in China.

Keywords: circulating tumor cells (CTC), circulating tumor stem cells (CTSC), epithe-
lial-mesenchymal transiton (EMT), multiparameter flow cytometry, subtraction en-
richment

1. Introduction

MERGEFORMAT breast cancer is the most common cancer in women in developed coun-
tries.Indeveloping countries, suchas China, theincidence ofbreastcanceriscurrentlyincreasing,
particularly in larger cities [1]. It is considered to be a systemeic disease as tumor cell dissemi-
nation at early stage. The major problem of recurrence and death is due to the persistence of
minimal residual disease [2]. There is great interest in finding biomarkers in peripheral blood,
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which can be sampled at any stage of the disease. Then, the detection of CTCs for monitoring
therapy was highly investigated in breast cancer. Circulating cells with the characteristics of
tumor cells can be identified in the peripheral blood that is known as circulating tumor cells
(CTCs) in many patients with solid tumors of epithelial origin. These cells are present both in
patients with metastasis and in those whose tumors are localized [3]. Tumor cells shed into the
circulation intermittently which was corresponding with microinvasive events. The first phase
of metastatic consists of lessens of tumor cell adhesion, induction of tumor cell motility and local
tumor cell invasion [4]. These steps are followed by either spread to circulation in peripheral
blood orregional lymphnodes, andlocating in secondary organs[5]. Some of these cells generate
metastases eventually that can arise many years after therapy of the primary tumor at earlier
phase [2]. CTCs also may be related to a half-life probably 1-2.4 h, which means it cannot always
exist in circulating [6]. Some authors argued that these cells were predominantly in GO phase
and thus are not replicating [7]; however, they did not exclude the existence that the prolifera-
tion of CTCs can occur, although it was a rare event. Considering the half-life of CTCs, the
presence of CTCs in the blood could be maintained by a balance between replication and cell
death. While apoptosis contributed to a high rate of circulating tumor cells, only a small part of
the cells can adhere in second organs through blood vessels that were named as circulating
tumor stem cells (CTSCs) [8].

CTCs can be selected with a monoclonal antibody directed against CD45 for negative selection
of leukocytes [9-11]. And from this cluster cells, EpCAM (epithelial-cell adhesion molecule)
and cytokeratin-8 (CK-8), CK-18, CK-19 (CK-8, CK-18, CK-19 phycoerythrin staining)-positive
cells are the target cells, which were known as the marker of epithelial cells. The characteri-
zation of CTCs presents a very hot topic in breast cancer research nowadays [12]. It helped to
identify diagnosis and provide individual therapies according to the characterization of CTCs
[12-14]. The characterization of CTSCs contributed to the identification and targeted therapy
in breast cancer in the near future [15]. Molecularly targeted cancer therapies contributed great
help which according to the characterization of CTCs especially on patients whose tumors
have a particular mutation [16]. Some of the biological properties and the molecular charac-
teristics of CTCs were connected to CTSCs and the genomic profiles have been completed [15].
Following that, the CD44-positive CD24-negative cells with their tumor-initiating ability had
been considered as CTSCs [17]. Hence, from CTC, CD44-positive cell and CD24-negative cell
are CTSCs. Molecular characterization of CTCs, which is important for the identification of
diagnostically and therapeutically relevant for individual therapies, it is difficult to address
since they are very rare and the amount of available sample is very limited. Given the
properties of the metastatic CTCs, there should be some opportunities for early identification
and therapeutic targeting in breast cancer.

Some immunologic procedures, such as immunohistochemistry-based methods and reverse
transcriptase polymerase chain reaction (RT-PCR), have been used to detect CTCs in past time
[18-22]. However, current methods of detection do not seem to be sensitive or specific enough
to apply in clinical [23-25]. Nowadays, we demonstrate the advent of the flow cytometry in
the detection of CTCs, which makes a good balance of sensitivity and specificity. In addition,
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the procedure of the method was simple and the cost was lower than immunologic technology,
which made it possible to apply in clinical.

2. Methods

2.1. Patients

We investigated 45 patients with breast cancer in the Union Hospital in Wuhan during
September 2006 and June 2008 with three normal people as negative control. Twenty-five
patients had overt metastasis and 20 patients had no sign of overt metastasis. The character-

All CTC<5 (n=27) CTC25 (n=18) P-value?
n % n % n %
Age, years
Minimum 32 - 32 - 37 - 0.640
Median 50 - 49 - 51 -
Maximum 74 - 72 - 74 -
TNM stage
I 5 133 5 100.0 0 0.0 0.033
I 4 89 4 100.0 0 0.0
I 11 244 7 63.6 4 36.4
v 25 55.6 11 417 14 58.3
Primary tumor sites
Left breast 24 533 14 58.3 10 417 0.807
Right breast 21 46.7 13 61.9 8 38.1
Clinical pathology
Infiltrating ducta 28 622 17 60.7 11 39.3 0.921
Papillary 10 222 6 60.0 4 40.0
Squamous celled 4 89 2 50.0 2 50.0
Mucous cancer 1 22 1 100.0 0 0.0
Medullary 2 44 1 50.0 1 50.0
Diameter of tumor
<2.0 cm 13 289 9 615 4 30.7 0.522
2.0-5.0 cm 27 60.0 16 59.3 11 40.7
>5.0 cm 5 111 2 40.0 3 60.0
ALND
Yes 35 778 19 54.3 16 45.7 0.143
No 10 222 8 80.0 2 20.0
Metastasis
Yes 25 55.6 10 40.0 15 60.0 0.002
No 20 444 17 85.0 3 15.0

ALND, axillary lymph node dissection.

Table 1. Patient characteristics.
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istics of the patients are shown in Table 1, including mean age, TNM phase, histopathology,
lymph node status, metastasis and so on. All these patients were incipient and were treated
by systemic therapy, including 12 patients cured by cytokine-induced killer cells therapy (CIK).
And all the patients were drawn blood for the detection of CTCs.

2.2. Cell line

Carcinoma cell line SKBR-3 (breast) was used to estimate the sensitivity and specificity of the
flow cytometry, which was maintained in RPMI 1640 plus 10% fetal calf serum.

2.3. Antibodies

Antibodies, which were used for multiparameter flow cytometry, were as follows: anti-CD45-
PerCP, anti-CD44-APC (allophycocyanin, clone G44-26, catalog number 559942) and anti-
CD24-FITC (fluorescein isothiocyanate, clone ML5, catalog number 555427) were from Becton
Dickison Crop., USA. Ep-CAM (epithelial-cell adhesion molecule) and CK-8, CK-18, CK-19
(CK-8, CK-18, CK-19 phycoerythrin staining) were from Abcam, USA.

2.4. Preparation of samples

Every patient with breast cancer drew 20 ml blood for CTCs detection and three healthy
volunteers. The blood of healthy volunteers was treated as negative control. About 5 ml blood
was discarded to avoid contamination with skin cells as previously described [26]. We
separated mononucleocytes from 15 ml blood by Ficoll-Paque (Haoyang Biological Production
Limited Company, Tianjin, China) for 20 min with 1800 x g at 25°C. One half of the mononu-
clear cells was resuspended in phosphate-buffered saline (PBS) for multiparameter flow
cytometry on the account of at least 2-3 x 10° cells for each sample and the other half was kept
in Trizol reagent (Invitrogen, UK) at -70°C until RNA extraction for RT-PCR.

2.5. Flow cytometry

Mononucleocytes were enriched and washed twice with PBS and then labelled antibodies that
target white cell antigens and epithelial cell antigens (CD45-, Ep-CAM", CK-8, CK-18, CK-
19%), kept in dark at 4°C for 30 min. We added 20 pl monoclonal antibodies for each sample.
Cell pellets were resuspended in 250 pl PBS and enumerated by FACS Caliber™ (Becton
Dickison Crop., USA) at last.

SKBR-3 breast cancer cells were used to evaluate the sensitivity of the flow cytometry (tumor
cells recovery). Tumor cells were resuspended and counted. 1, 10, 50, 500 cells were spiked,
respectively, into 7.5 ml of blood from healthy person. And then, it was processed as described
as earlier and control the preparation for the same volume of the cell suspension and cells were
counted to accurately estimate the number of cells spiked into the blood. The average number
of Ep-CAM and CK-8, CK-18, CK-19 positive cells on FACS Caliber™ was used to calculate
the cells recovery.
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The mononuclear cells (MNCs) for FCM were incubated with monoclonal antibodies: anti-
CD45-PerCP, anti-EPCAM-PE, anti-CD44-APC and anti-CD24-FITC. About 20 ul of each
antibody was needed, and the condition was 4°C for 30 min away from light. Then, the MNCs
were washed two times. Finally, cells were resuspended with PBS and analyzed on FACS
Calibur™ (BD Bio) using Cell Quest software (BD Bio).

2.6. RT-PCR

We extract RNA with 1 ml trizol from the mononucleocytes, which were separated from 7.5
ml blood and then kept at -70°C. Add 0.2 ml chloroform and then centrifuge the sample at
12,000 x g for 15 min at 4°C. The intact RNA, which was contained in the supernatants, was
removed into a new tube. RNA was dissolved in 10 ul RNase-free water after precipitating
RNA with isopropyl alcohol and washing with 75% ethanol. Then, RNA was transcribed to
cDNA by a reverse transcriptase in a total 10 pl RT reaction solution, which was contained of
2 ul 5x Reverse Transcriptase Buffer, 1 ul ANTP (10 mM each), 0.25 ul RNase inhibitor (10 U),
1 ul oligo (dT);5 primer (25 pmol), 5.25 ul RNase-free water containing RNA (>0.5 ug), 0.5 ul
avian myeloblastosis virus (AMV) reverse transcriptase (5U) (TaKaRa, China). The resulting
cDNA was subjected to PCR amplification. PCR was composed of 2 pul cDNA, 10 ul Mix, 2 ul
primer of EpCAM, 6 ul H,O in a total volume of 20 ul. The primer of EpCAM was as follows:
5-GGACCTGACAGTAAATGGGGAAC-3; 5-CTCTTCTTTCTGGAAATAACCAGCAC-3’
[18]. GAPDH mRNA primer detail was as follows: 5-TGCACCACCAACTGCTTAGC-3’; 5'-
GGAGGCAGGGATGATGTTCT-3’ which was designed by Primer 5.0. The reaction condition
was 95°C for 2 min to activate Taq DNA polymerase and it finally elongated 72°C for 7 min
with 35 cycles. We detected the PCR products by ethidium bromide staining on a 1% agarose

gel.
2.7. Statistical analysis

Correlation, regression analysis and a Mann-Whitney rank sum test were performed on
titration experiments. Chi-square test was used to compare across CTC groups. Overall
survival was performed to describe the condition of CTCs and prognosis and was estimated
by the Kaplan-Meier. Comparison of groups used the log-rank test. All statistical tests were
two-sided, and P values <0.05 were considered statistically significant. Analyses above were
performed by using the SPSS 13.0.

3. Results
3.1. Sensitivity and specificity

3.1.1. Sensitivity

Itis demonstrated that the sensitivity of the method of CTCs detection by using multiparameter
flow cytometry was 0.001%, or 105, according to the serial dilutions test, which is shown in
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Figure 1a-d. It was highly reproducible on recovery and linearity across three separate
experiments (Figure 1e). The recovery of the tumor events was quite correlated with the tumor
events expected based on the serial dilutions (R?=0.997). The recovery of the tumor cells was
not significantly different from the tumor cells expected according to the serial dilutions (P >
0.6, Mann-Whitney rank sum test).

3.1.2. Specificity

The detection of CTCs by multiparameter flow cytometry contributed a higher specificity
compared with RT-PCR. We detected the expression of Ep-CAM in three typical advanced
breast cancer (ABC) patient (CTCs >5) and three limited breast cancer (LBC) patients (CTCs
<5). The result showed that the expression of Ep-CAM was positive for both patients with
ABC and LBC as shown in Figure 2. It was hard to distinguish ABC with LBC by RT-PCR,
while the flow cytometry could distinguish them obviously and quantitatively.
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Figure 1. The ability to detect human tumor cells SKBR-3 cells in normal blood by cytomentry is titratable down to a
sensitivity of 0.001%.Human tumor cells concentration was normalized adding to the leukocyte count, and serial dilu-
tions (0.0001, 0.001%, 0.005%, 0.05%) using normal mononucleocytes as the diluent. Samples were lysed, incubated
with anti-CD45-PerCP (20ul), EpCAM (20ul) and Cytokerating, 18, 19 (20ul) at 4°C for 30 minutes, and resuspended in
250ul PBS before multiparameter flow cytometric analysis. For samples with normal blood cells, up to 1000,000 total
events were collected. Events that fell within up right region were counted as meeting the criteria for SKBR-3 tumor
cells (CD45-EpCAM+CK+). Representative SKBR-3 cells are shown for (a) 0.0001% (b) 0.001% (c) 0.005%, (d) 0.05%. (e)
Correlation and regression analysis of recovered versus expected number of positive tumor events at dilutions signifi-
cant at the 0.01 level (2-tailed, R*=0.997, three separate experiments.). The percentage of tumor cells recovered was not
significantly different from the percentage of tumor cells expected based on the serial dilutions (P>0.6, Mann-Whitney
rank sum test).
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Figure 2. RT-PCR assay for EpCAM mRNA (a) and GAPDH mRNA (b). 1. DNA ladder, 2. negative control (H,0), 3.
positive control (SKBR-3 cells), 4.5.6. ABC samples, 7.8.9. LBC samples. All were positive. Size of EpCAM and GAPDH
is 186bp and 177bp, respectively.

Patient no. EPCAM (10%) CD44

CTC <50 CTC>50 CTSC negative CTSC positive
1 24.41 97.66 0.38 0.41
2 2.99 72.99 0.36 0.62
3 4.96 48.81 0.48 0.96
4 3.29 1.66 0.92 0.82
5 1.19 341 0.75 0.63
6 2.99 24.41 0.66 0.46
7 228 24.39 1.04 0.84
8 6.31 48.85 0.44 0.57
9 5.17 39.39 4.20 0.17
10 48.83 5.50 1.01 0.34
11 69.05 48.88 1.17 0.41
12 30.27 2.81 0.84 1.43
13 4.38 11.08 0.06 3.39
14 41.92 6.10 0.63 0.99
15 10.05 5.98 0.58 0.49
16 75.56 0.43 0.47
17 2.62 0.50
18 29.24
Control 0.14+0.02 0.59+0.10

Table 2. Analysis of EPCAM and CD44 gene expression in patients with BC.



202  Tumor Metastasis

We also compared breast cancer (BC) patients with healthy volunteers by QRT-PCR. The
expression of Ep-CAM was increased statistically higher in patients with BC (24.29 +44.10 vs.
0.14£0.02 x 10, P =0.000) than in healthy volunteers, which was shown in Table 2 and it was
calculated by 2 method. However, there were no obvious differences between BC and health
on the expression of CD44. Therefore, we confirmed that Ep-CAM and CD44 cannot be
identified by QRT-PCR but can be identified by multiparameter flow cytometry.

3.2. Patient characteristics

Forty-five patients were identified and included in this analysis (detail is shown in Table 1);
27 (60.0%) patients had CTCs levels <5 and 18 (40.0%) patients had CTCslevels >5, respectively.
The age of all the 45 patients ranged from 32 to 74, while the median age of CTCs levels <5
group was 49 years and the median age of CTCs 25 was 51 years. There were 25 (55.6%) patients
in metastasis including 15 (33.3%) patients had CTCs >5. At the same time, there were 20
(44.4%) patients with no metastasis including 17 patients had CTCs <5. It showed that there
was statistically significantly differences (P=0.002) on CTCs level between the metastasis
group and no metastasis group by chi-square test analyses. And the statistical differences of
CTCs level also exist in different TNM stage (P =0.033).
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Figure 3. Kaplan-Meier Plots of overall survival are shown for all patients during the follow-up. 27 patients in CTCs <5
group and the median survival is estimated to be 95 weeks. 18 patients in CTCs>5 group and the median survival is
65.5 weeks. P value is 2-tailed. Logrank indicates the P value, p=0.004.

3.3. Survival analysis

There were 17 (37.8%) patients who died during the follow-up period including 11 (24.5%)
patients in CTCs 25 group. The median survival among CTCs <5 group was 95 weeks (standard
deviation, 18.67 weeks) and the median survival among CTCs >5 was 65.5 weeks (standard
deviation, 30.0 weeks). Axillary lymph node dissection (ALND) had correlation with CTCs
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level (P=0.143) and 45.7% ALND patients got CTCs 25. During the follow-up, 11 (24.4%)
patients got lost contact with seven (15.6%) in <5 CTCs and four (8.9%) in > five CTCs group.
The results of the patients survival are shown in Figure 3 by Kaplan-Meier with logrank
P=0.004 and Breslow P=0.003, which confirm that the survival of CTCs <5 and CTCs > 5 group
were different statistically. And the overall survival (OS) of CTCs <5 group was higher than
CTCs 25 group.

Variables b; Sy P expb; 95.0% CI for expb;

Lower Upper
Age 0.101 0.031 0.001 1.107 1.042 1.176
CTCs 1.204 0.589 0.041 3.333 1.050 10.581
ALND -1.813 1.111 0.103 0.163 0.018 1.439
Diameter 1.029 0.822 0.211 2.799 .558 14.025
Metastasis 2.825 0.910 0.002 16.855 2.834 100.237

Table 3. Cox regression analysis results.

In addition, we found that the prognosis of patients with breast cancer was statistical signifi-
cant in CTCs level (P =0.041), age (P =0.001) and metastasis (P =0.002) base on the Cox
regression analysis for the follow-up in 45 patients as shown in Table 3.

3.4. Circulating tumor stem cells

We also analyzed the expression of CTSCs and the characteristic of clinical data was shown in
Table 4. There were 21 patients had at least one CTSCs expression among 45 patients with
breast cancer. The CTSCs level in different TNM stages was statistically different (P =0.020).
It was obvious that stage III and IV patients contributed more CTSCs expression than stage I
and II.

Patient characteristics Number (%) CTC (%) P-value CTSC (%) P-value
<50 >50 Negative  Positive

Age (years) 0.247 0.168

<45 24 (53.3) 12 (50) 12 (50) 10 (41.7) 14 (58.3)

>45 21 (46.7) 15(71.4) 6(28.6) 14 (66.7) 7 (33.3)

TNM stage 0.0272° 0.0202°

0 4(8.9) 4(100.0) 0(0.0) 4(100.0) 0(0.0)

I 6(13.3) 6(100.0) 0(0.0) 4 (66.7) 2(33.3)

II 14 (31.1) 8(57.1) 6 (42.9) 10 (71.4) 4(28.6)

I 19 (42.2) 9 (47.4) 10 (52.6) 6 (31.6) 13 (68.4)

v 2 (4.4) 0(0.0)  2(100.0) 0 (0.0) 2 (100.0)



204  Tumor Metastasis

Patient characteristics Number (%) CTC (%) P-value CTSC (%) P-value
<50 250 Negative  Positive

Tumor size 0.155 0.165

Tis 4(8.9) 4(100.0) 0(0.0) 4(100.0)  0(0.0)

T1 10 (22.2) 7(70.0)  3(30.0) 7 (70.0) 4(30.0)

T2 20 (44.4) 12 (60.0) 8 (40.0) 8 (45.0) 11 (55.0)

T3 5(11.1) 1(20.0)  4(80.0) 2 (40.0) 3 (60.0)

T4 6(13.3) 3 (50.0) 3 (50.0) 2(33.3) 4(66.7)

RLNM 0.075 0.0012°

0 24 (53.3) 16 (66.7) 8 (33.3) 19(79.2)  5(20.8)

1-3 9 (20.0) 7 (77.8) 2(22.2) 3(33.3) 6 (66.7)

>3 12 (26.7) 4(33.3) 8 (66.7) 2(16.7) 10 (83.3)

Clinical pathology 0.264 0.098

CIS 4(8.9) 4(100.0)  0(0.0) 4 (100.0) 0(0.0)

Infiltrating duct 36 (80.0) 21(58.3) 15 (41.7) 16 (44.4) 20 (55.6)

Mucous 2 (4.4) 1(50.0)  1(50.0) 2(100.0)  0(0.0)

Infiltrating lobular 1(22) 1(100.0)  0(0.0) 1 (100.0) 0(0.0)

Medullar 1(22) 0(0.0) 1 (100.0) 1 (100.0) 0 (0.0)

Papillary 1(2.2) 0(0.0) 1 (100.0) 0(0.0) 1 (100.0)

Histology stage® 0.002" 0.919

I 4(10.5) 3(75.0) 1(25.0) 2 (50.0) 2 (50.0)

I 17 (44.7) 14 (82.4) 3(17.6) 8 (47.1) 9 (52.9)

I 17 (44.7) 4(235) 13 (76.5) 7 (41.2) 10 (58.8)

ER 0.0182" 0.482

- 13 (28.9) 4(30.8)  9(69.2) 8 (61.5) 5 (38.5)

+ 32 (71.1) 23(71.9) 9 (28.1) 16 (50.0) 16 (50.0)

PR 0.0052 0.771

- 16 (35.6) 5(31.3) 11 (68.7) 9 (56.3) 7 (43.7)

+ 29 (64.4) 22(75.9) 7(24.1) 15 (51.7) 14 (48.3)

Her-2 0.405 0.262

1+ 14 (31.1) 10 (71.4)  4(28.6) 10(714)  4(28.6)

2+ 18 (40.0) 11 (61.1) 7 (38.9) 8 (44.4) 10 (55.6)

3+ 13 (28.9) 6(46.2) 7 (53.8) 6(46.2) 7 (53.8)

CIS, carcinoma in situ.
There are missing values.
"P<0.05.

Table 4. Patient characteristics in different CTC and CTSC levels.
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The CTSC positive was also related with RLNM status (RLNM 0, 20.8%; RLNM 1-2, 66.7%;
RLNM >3, 83.3%) and the P-value was 0.001. There were no statistical differences in regard to
age, diameter of tumor, clinical pathology, histology stage, ER status, PR status and Her-2
status in different CTSC groups.

3.5. Percentages of CD45-cells, CTCs, CTSCs and their clinical relevance

The expression of CD45, CTCs and CTSCs was further explored in different BC groups
(Table 5). The expression of CTSCs on CD45-C showed a rising tendency in different TNM
stage (P =0.034) and also in different RLNM status (P =0.001).

Patient characteristics CD45/MNC (%) CTC/CD45 (%) CTSC/CD45" (%) CTSC/CTC (%)
TNM stage 2 2 e c

0 2.01+1.08 0.11+0.12 0.00£0.00 0.00+0.00
I 1.29+0.92 0.24+0.25 0.03+0.05 5.38+11.46
I 2.72+5.26 0.42+0.51 0.06+0.14 3.72+7.63
1II 2.52+2.22 0.48+0.69 0.10+0.09 2.71+3.78
v 1.94+0.88 1.00+0.53 0.29+0.35 5.45+2.05
RLNM a c e a

0 243+4.01 0.28+0.28 0.02+0.05 2.49 +6.30
1-3 1.99+1.66 0.25+0.21 0.14+0.17 4.77 +8.89
>4 2.46 +2.59 0.83+0.90 0.14+0.15 3.67 £4.05
Clinical pathology ¢ N 2 2
Carcinoma in situ 2.01+1.08 0.12+0.12 0.00+0.00 0.00+0.00
Infiltrating duct 2.00+1.79 0.37+0.38 0.09+0.14 4.07 +6.86
Mucous 11.57 +13.04 0.21+0.30 0.00£0.00 0.00+0.00
Infiltrating lobular 1.13+0.00 0.24+0.00 0.00+0.00 0.00+0.00
Medullar 0.84+0.00 1.34+0.00 0.00£0.00 0.00+0.00
Papillary 0.47 +0.00 3.14+0.00 0.13+0.00 0.42+0.00
Histology stage 2 2 2 ¢

I 2.56+1.78 0.18+0.16 0.03+0.04 7.43+14.10
II 1.38+0.85 0.34+0.41 0.10+£0.14 432+7.15
111 2.33+2.29 0.66+0.76 0.10+0.14 2.56+3.31
ER b b b b

- 1.55+0.78 0.52+0.41 0.08+0.16 2.10+3.03
+ 2.67 +£3.80 0.38 £0.61 0.07+0.11 3.73+7.24

PR b b b b
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Patient characteristics CD45/MNC (%) CTC/CD45" (%) CTSC/CD45 (%) CTSC/CTC (%)
TNM stage 2 2 e <

- 2.09+2.15 0.51+0.42 0.08+0.15 2.37+3.37

+ 2.49+3.76 0.37+0.63 0.07+0.11 3.76+7.49
Her-2 2 @ < 2

1+ 2.93+5.20 0.33+0.47 0.03+0.05 3.21+7.63

2+ 2.45+2.32 0.36 +0.35 0.09+0.14 1.68+2.80

3+ 1.57+0.99 0.61+0.83 0.11+0.15 5.51+7.96
"P<0.05.

ANOVA test.

bStudent's t-test.
‘Kruskal-Wallis test.

Table 5. Percentage of CD45" cells, CTC and CTSC, and their clinical relevance.

The percentages of CTCs on CD45-C with TNM and histology stage increasing. In addition,
we found that the percentage of CTCs on CD45-C in ER" and PR" groups was higher than that
in ER" and PR* groups. And so was on CTSCs. Above all, we found the relationship between
the percentage of CTC on CD45-C and clinical pathology. Then, it was good for evaluate TNM
stage and RLNM status according to the percentage of CTSC on CD45-C.

Therefore, multiparameter flow cytometry technique is capable enough to identify patients
with breast cancer and assess the progression of disease.

4. Discussion

4.1. The significances of CTCs in breast cancer

The detection of CTCs by using multiparameter flow cytometry relied on the epithelial-specific
marker, which was expressed on epithelial cells but not on leukocytes [2, 27, 28]. Some of the
CTCs that had higher metastatic potential may lose the expression of epithelial-specific
markers during the migration process [29-31]. We also target another epithelial-specific
marker —Ep-CAM (epithelial-cell adhesion molecule) to avoid possible false negative [32]. In
order to detect the tumor cells that come from epithelium tissue, a monoclonal antibody
directed against CD45 for negative selection of leukocytes [9-11]. Therefore, we targeted the
dual-positive cells (CD45-EpCAM*CK") as a surrogate marker for CTCs. And the serial dilution
test was demonstrated to confirm the sensitivity of the assay by adding SKBR-3 into healthy
sample. At the same time, we also verified the higher specificity of multiparameter flow
cytometry by comparing with RT-PCR, although RT-PCR had a higher sensitivity [10, 11, 33,
34]. However, the detection of CTCs by nucleic acid techniques may overestimate the sensi-
tivity, which resulted from the membrane fragments or nucleic acid of markers because of the
crack of tumor cells in circle. CTC detection should be performed on cell level. On the other
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hand, we came out the result that RT-PCR could not identify the ABC patient (CTCs > 5) from
LBC patients (CTCs < 5) because of the high sensitivity of RT-PCR technology. We chose the
multiparameter flow cytometry as the way to detect CTCs under considering the balance of
sensitivity and specificity. It was important to discard the first few milliliters of sampled blood
to make sure that there was no false positive because of the epithelial cell fell off from the skin
when punctured.

Some researchers had tried the immunomagnetic combining flow cytometry technique to
detect CTCs, which had a higher false negative losing amount of target cells. This technique
cost expensive and not brief enough to apply in clinical.

It was common to meet the problem in clinical that it was hard to distinguish the tumor from
inflammation by imaging, while we found that there were no more than two CTCs in stage I.
Budd et al. [35] proposed that it was more accurately to evaluate the development of disease
by CTCs detection than imaging. Both tissue biopsy and marrow biopsy were traumatic, but
CTCs detection by multiparameter flow cytomety was atraumatic that can be achieved in
clinical. Above all, multiparameter flow cytometry was the appropriate technique for the
detection of CTCs to monitor the progression of breast cancer.

We demonstrated that the retrospective study to confirm the CTCs detection by multipara-
meter flow cytometry technique was a value method to apply in clinical. It suggested the
patients who had CTCs >5 prompting a poorer median overall survival (65.5 weeks vs. 95
weeks; P <0.05). We also found that the prognosis of the breast cancer was related with CTCs
level, age and metastasis but not the clinical pathology and diameter of tumor. Cristofanilli et
al. [36] also proposed that the patients with >5 CTCs/7.5 ml common had poorer prognosis
compared with patients with <5 CTCs. CTCs detection by multiparameter flow cytometry
should be a significant method for the evaluation of development and prognosis of cancer,
and it also helped to estimate the treatment of target therapy for patients.

4.2. The significances of CTSCs in breast cancer

We chose CD44'CD24 as an excellent marker in CTSCs identify. CD44'CD24 had been
considered as the marker of CSC [17, 37]. While CD133 was much more restricted in expression
compared with CD44 that was the reason we did not chose CD133 as the CTSCs marker [38-
40]. ALDH1 was another maker to identify CSC from BC. Ginestier et al. reported that the
expression of ALDHI1 in normal and breast cancer was 3-10%, while expression of
CD44'CD24 was 31% in contrast [41, 42]. In summary, CD44"CD24 was an excellent maker in
CSC identify.

CTCs may exist after mastectomy and chemotherapy; even there was no clinical manifestation
of breast cancer. It was explained as the theory of “dormancy” in tumor cells [43]. And it was
a part of tumor stem cells. Once the balance between proliferation and apoptosis was destroyed
by some inducement, the disease progressed. The immune system and angiogenesis was
reported, which were correlated closely with tumor cell dormancy [43, 44]. When the tumor
stem cells fell off the primary tumor, they came into the peripheral circle and became the
circulating tumor stem cells (CTSCs).
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We successfully confirmed that the existence of CTSCs and also reveal the relationship between
CTSCs level and different TNM stages. The correlation of CTSCs and clinical pathologic
features remains unclear before. Previous study had reported that the CD44'CD24" cancer stem
cells was not correlated with clinical features such as lymph node status, tumor size, histology
grade, ER, and PR, or HER-2 [45, 46].

It was reported that the patients who had high expression of CD44'CD24" tumor stem cells
were related with distant metastasis, particularly osseous [45]. And we found the expression
of CTSCs was quite related with RLNM status. It was a novel way for treatment targeting at
CTSCs to prevent metastasis and to evaluate the prognosis.

Cancer stem cells (CSCs) had been confirmed existed in many kinds of epithelial malignancy
[47]. And the CSCs were considered as a subpopulation of tumor cells [48]. The mutation of
normal stem cells resulted in the genesis of CSCs, which had been demonstrated by Cariati
and Purushotham [49]. Therefore, CTSCs were suggested that it was generated not only from
CTCs but also from normal stem cells. Further researches needed to be performed to confirm
it.

Detection of CTCs and CTSCs by using multiparameter flow cytometry was considered as an
effective technique on monitoring disease development and evaluating prognosis [50, 51].
Using multiparameter flow cytometry to detect CTC and CTSC in peripheral blood may
provide new opportunities for the early diagnosis of invasive breast cancer, guide us to select
optimal therapeutic regimens and help us to predict the prognosis. Moreover, we wish to
isolate the CTSCs that have the marker of CD44'CD24 ESA" expressing. Further researches on
CTSCs needed to be demonstrated and we have established a firm basis for following research.

5. Conclusion

Detection of CTCs by using multiparameter flow cytometry was effective and it has the
potential to be a valuable method for both prognosis assessment and cancer research in breast
cancer.

6. Looking forward

There is no doubt that CTCs would become an important test in clinical in near future. The
challenge of the achievement contains the heterogeneity of CTCs and big database of clinical
on CTCs. The heterogeneity of CTCs reflected in different tumor related proteins and mor-
phology. However, researchers have pay more and more interesting on EMT phenotype that
is common in all kinds of tumors. It will make CTCs detection accessible by decipherment of
conundrums underlying EMT phenotype.
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Abstract

Epithelial-mesenchymal transition (EMT) plays a key role in cancer metastasis. This
process is a complex, multi-functional, and tightly regulated developmental program.
EMT has been extensively investigated, but the molecular regulation of its signaling
pathway is highly complex. In this study, the different elements of EMT cascades that
could be targeted were determined. Difficulties in translating the preclinical findings in
routine clinic were also distinguished. Future research will provide insights into the
activation and regulation of various EMT programs in different tumor types and at
distinct stages of tumor development. These results will likely facilitate the develop-
ment of early detection strategies and improve the therapeutic targeting of malignant
solid tumors.

Keywords: tumor, tumor metastasis, EMT, regulation of EMT

1. Introduction

Cancer metastasis is the major cause of cancer morbidity and mortality. This process ac-
counts for approximately 90% of cancer deaths. Epithelial-mesenchymal transition (EMT) is a
characteristic of the majority of metastatic cells. EMT is a natural transdifferentiation mecha-
nism that governs changes in cell states along the epithelial versus mesenchymal axes and
confers epithelial-mesenchymal plasticity upon epithelial cells. In particular, epithelial cells
are transformed from highly differentiated, polarized, and organized cells into undifferenti-
ated, isolated, and mesenchymal-like cells with migratory and invasive properties. In this
chapter, we summarize evidence supporting the widespread involvement of EMT in tumor
pathogenesis and the regulation of cancer metastasis.
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2. EMT: a naturally occurring transdifferentiation program

Normal adult tissues in terminally differentiated cells have been reprogrammed into pluripo-
tent stem cells in the past 10 years [1, 2]. This process has resulted in the wide acceptance of
the initial hypothesis that nearly any type of dedifferentiation or transdifferentiation is possible
if the ectopic expression of a transcription factor is properly combined into adult cells. The
successful experiments on reprogramming have led to the exploration of the factors that
change the state of cells in nature rather than forced to ectopic gene expression.

EMT is the most important cell biology program among naturally occurring transdifferentia-
tion programs. This process converts epithelial cells into mesenchymal derivatives, which is
the reverse process of mesenchymal-epithelial transformation (MET) [3]. Accumulated
evidence for the past two decades has suggested that EMT occurs during development to
ensure the interconversions of cells utilized in the formation of different types of cells, thereby
forming the organs of organization and complex multicellular organisms [3, 4]. This cell
biological program is orchestrated by a group of transcription factors (EMT-TFs), such as the
Snail, Twist, and Zeb families [4, 5].

Two other aspects of EMT are worthy to be discussed in detail. The EMT program in some
epithelial tissues is apparently correlated with the residence of cells in stem cell-like states.
Moreover, versions of the EMT program are adopted by cancer cells to obtain a series of
processes associated with higher levels of malignancy. EMT exhibits the presence of mechan-
ical connections between an individual and the pathogenesis of cancer. These processes prior
to EMT are insignificant.

EMT governs changes in cell states along the epithelial versus mesenchymal axes and converts
epithelial cells to mesenchymal cells when this program is fully executed. Weinberg described
the extreme poles of the epithelial versus mesenchymal axes. Epithelial cells, frequently with
polygonal shapes in monolayer culture, are polarized along their apical-basal axis and are
tightly connected with one another laterally via adherens and tight junctions in vivo. These
lateral ties can ensure the structural integrity of epithelial cell sheets. By contrast, full mesen-
chymal cells exhibit spindle-like morphology with no sign of apical-basal polarity. These cells
are loosely attached to the surrounding extracellular matrix (ECM) through focal adhesions.
These features can help improve motility and explain the invasion of mesenchymal cells
relative to their epithelial counterparts.

The deep layer of biological contact between epithelial and mesenchymal cells is determined
by the differences in their respective transcription programs. These programs also control the
expression of other gene products and key structural proteins, including those involved in the
maintenance of the cytoskeleton and the strengthening of cell-cell adhesion [3-5]. Thus,
epithelial cells express different types of keratin to form intermediate filaments, whereas
vimentin constitutes the intermediate filament protein of mesenchymal cells. The expression
of cell adhesion molecules and polarized complexes in mesenchymal cells is generally
inhibited. EMT is marked by the replacement of E-cadherin by N-cadherin, which leads to the
formation of weak cell adhesion between adjacent cells.
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EMT can be significantly and rapidly activated in epithelial cells in response to physiological
signals in a cell autonomous or non-cell autonomous manner. When gastrulation is used as an
example, EMT responds to the induction signal as follows. The program is activated in
ectodermal epithelial cells and completely converts epithelial cells into mesoderm mesenchy-
mal cells, such as fibroblast growth factor and Wnt signaling pathway [6]. Similarly, EMT can
be rapidly activated in adult tissues; it reacts to wounding and promotes rapid wound healing.
This process is necessary to reconstruct the epithelial barrier that is essential for protecting
internal organs from external injury [7]. Such rapid conversion between epithelial and
mesenchymal states suggests the plasticity of epithelial cells, which facilitates their response
to EMT-inducing signals. In addition, this plasticity demonstrates that residence in one of these
two states is maintained in a metastable manner, with complex molecular and cellular
mechanisms to ensure that a cell is in one or another state for a long period.

The description of EMT as a binary that shifts cells from a fully epithelial state into a fully
mesenchymal state misreads the normal actions of this program. EMT is typically only from
a fully epithelial state to a partially mesenchymal state, with certain key epithelial markers
retained [8, 9]. Nevertheless, obtaining even a subset of mesenchymal traits to endow cells that
previously resided in a fully epithelial state with a suite of mesenchymal traits will produce
far-reaching effect on their biology.

3. EMT and cancer pathogenesis

Nearly 80% of malignant tumors are derived from epithelial tissues, which produce common
cancers, such as tumors of the lung, colon, breast, pancreas, prostate, bladder, ovary, kidney,
and liver. The epithelial states of the corresponding normal cells of origin in each determined
case sustain the expression of cytokeratin and E-cadherin, which are signs of the epithelial
states of early tumor tissues. In addition, tumor cells in early tumors remain the key biological
phenotypes of epithelial cells, such as a lack of motility and capability to form a continuous
cell sheet. These qualities exhibit a sharp contrast with those of advanced cancer cells, which
are products of a complex succession process that is frequently referred to as “tumor progres-
sion.” Highly invasive tumor cells present mesenchymal features, such as motility and
invasion, and the latter is associated with metastasis [10-12]. The acquisition of these malignant
features at the mechanism level can be explained by activating EMT, which is previously
dormant in tumor cells during tumor progression.

The acquisition of mesenchymal features in breast cancer is positively correlated with tumor
progression and an aggressive subtype of the disease [13, 14]. Investigating a large body of
loss-of-function and gain-of-function in xenograft tumor models is a direct means to describe
the link between the activation of EMT and the degree of malignancy of a tumor. The con-
sumption of EMT-TES, such as Twist, Snail, and Zinc finger E-box binding homeobox 1 (ZEB1),
in both human and mouse breast cancer cell lines significantly inhibits the metastatic dissem-
ination, whether the site is the primary site of tumor formation (e.g., mammary fat pad mass)
or after experimental introduction of cancer cells into venous circulation (i.e., tail-vein
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injection). By contrast, the ectopic activation of EMT can enhance metastatic dissemination of
orthotopically implanted human breast cancer cells by forcing the expression of EMT-TFS [15-
17].

EMT in patients with breast cancer does not only promote systemic dissemination but also
function as a major factor of drug resistance and disease recurrence [18, 19]. A similar phe-
nomenon has been observed in a mouse model of Her2-induced tumors in which Snail EMT-
TF can be autoactivated in recurrent malignancy in vivo and make the tumors highly
mesenchymal phenotype [20]. The results evidently show an association between EMT
activation and tumor relapse. Moreover, the link between EMT activation and enhanced
tumorigenicity has been verified in various human cancer cell lines [21]. The inhibition of
epithelial-mesenchymal plasticity suppresses the valid transition of carcinoma cells from a
weakly tumorigenic into a highly tumorigenic state by blocking the activation of Zebl EMT-
TF; that is, a state where tumor-initiating cells demonstrate their improved capabilities [22].

Recent studies have associated EMT with the acquisition of immunosuppressive capabilities
in various types of cancers. The expression of Snail EMT-TF in melanoma can simultaneously
inhibit the differentiation of cytotoxic T cells and induce the immune inhibition of the forma-
tion of regulatory T cells; the latter effect is mediated through the production of platelets [23].
Meanwhile, EMT in breast cancer cells enhances the resistance of tumor cells to cytotoxic T
cell-mediated lysis, which at least partially induces autophagy [24, 25]. The activation of EMT-
TF ZEB1 in lung cancer cells has been linked to the upregulation of programmed death ligand
1 (PD-L1), which is an immunosuppressive molecule that can block tumor-infiltrating
lymphocyte attack [26].

EMT activation has a pleiotropic function in driving cancer progression, and an increasing
number of reports confirm that invasive cancer is related to various types of aggressive
carcinoma cells. Thus, we believe that all carcinomas essentially develop traits that are related
with malignancy through the activation of an EMT program in their constituent neoplastic
cells. However, the EMT program associated with common cancers has not yet been deter-
mined because many clinical pathologists doubt the existence of this program and its role in
the production of high-grade cancer [27]. Such reluctance primarily originates from the fact
thatall markers of clinical biopsy are difficult to score. Although scoring will be possible, cancer
cells that underwent EMT are also difficult to distinguish from normal host tissues and adjacent
tumor stromal cells. Many fibroblasts and myofibroblasts self-express EMT-related markers.
Clear evidence of this program during tumor development can be obtained from cell detection
that co-express both mesenchymal and epithelial traits with certain retained epithelial markers
inherited from their fully epithelial precursors because cancer cells frequently experience the
only part of the EMT program. Recent analysis suggests that all subtypes of invasive breast
cancer tumor cells exhibit both epithelial and mesenchymal characteristics as shown by the in
situ hybridization in human breast cancer specimens of pooled epithelial and mesenchymal
markers [28]. In addition, a part of the circulating tumor cells is isolated from the peripheral
blood of patients with advanced prostate and breast cancers, and they also co-express both
epithelial and mesenchymal markers [28-30].
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4. EMT and tumor metastasis

Through the blood or lymphatic system, tumor cells can migrate far from the primary site and
then settle and grow in a remote site to complete tumor metastasis. This process plays a key
role in tumor disease, malignance level, and death of over 90% of tumor patients. Several
questionnaires have shown the low efficiency of tumor metastasis. The majority of tumor cells
can fall off into the blood or lymphatic system, such that only a small portion can form micro
metastases, and even fewer can achieve actual metastases and present specific organ affinity.
Moreover, the metastatic times of different tumors are not the same [31]. Thus, understanding
this process is significant, and the importance of EMT should be discussed from different
aspects.

EMT is a characteristic of most metastatic cells [32]. In particular, highly differentiated
epithelial cells are converted into undifferentiated and isolated ectomesenchymal cells with
migration and invasive properties. Migration is one of the four basic steps in tumor cell
metastasis. Various substances, such as secretion factors, growth factors, and ECM compo-
nents, can stimulate the migration of tumor cells. Cell migration stimulated by these substances
can be divided into random and directed migrations. Thus, tumor cells can migrate and
metastasize. The migration capability of tumor cells is related to their potential to metastasize.
The density of the negative charges that separate from the surface of the tumor cells increases,
which enhances electrostatic repulsion between cells. This process facilitates the removal of
tumor cells into a free state from the tumor tissue. The adhesion of molecules on the surface
of tumor cells is mediated by cell adhesion molecules, namely selectins, integrins, Ig super-
family, and cadherin [33]. Intercellular adhesion capability decreases in the same type, which
leads to the detachment of tumor cells from the primary tumor and the abnormal intercellular
adhesion contact with the implantation of tumor cells in the vascular wall. Invasion is the
important biological characteristic of malignant tumors. Every organization or organ has its
own structure. Tumor cells that invade an organ should respond to environmental stress, such
as the lack of oxygen and nutrients, low pH, active oxygen free radicals, and inflammation
regulatory factor. When the invasive capability is strong, the degree of tumor malignancy will
be high. Epithelial cells lose the characteristics of the epithelial cells of ectomesenchymal cells,
and the phenotype EMT process is the molecular basis of cancer stem cell invasion and
metastasis. In addition, during tumor development, many tumor cells exhibit changes in good
plasticity through morphology and phenotype transformation, such as collective amoeboid
transition (CAT) and mesenchymal-to-amoeboid transition (MAT) [34]. EMT is a transient
dynamic process that is influenced by the microenvironment. Furthermore, in vitro studies are
necessary to build an improved genetic mouse model and reliable marker for EMT to realize
real-time monitoring of the body, understand the mechanism of tumor evolution and EMT,
establish new EMT signs, and to explore the role of transcription factors in the induction of
EMT [35]. The loss of epithelial cell polarity during EMT reduces contact between the envi-
ronment and stromal cells. This process enhances cell migration and mobility, which results
in mesenchymal phenotypes. Moreover, changes in cell phenotype, coupled with an alteration
in the expression levels of E-cadherin, vimentin, N-cadherin, and a-SMA, among others, in
particular, a drop in E-cadherin level, can reduce the adhesion of cells, which facilitates the
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invasion and metastasis of cells. The loss of E-cadherin expression has been considered the
most notable feature of EMT [36]. EMT presents increased opportunities for cell metastasis
during tumorigenesis, probably because of its loose cell characteristics. EMT can promote the
transfer of various tumor cells. Tumor metastasis includes several steps, such as attacks that
are the precondition for cell transfer. EMT plays an important role during tumor invasion.
Non-invasive tumors are turned into highly invasive tumors when the E-cadherin protein of
tumor cells is cut. Experiments have established EMT marks in some tumor cells in metastases.

Snail, Twist, and ZEBI transcription factors closely linked with EMT can enhance invasion and
promote the degradation of E-cadherin. EMT is the interaction between tumor cells and
adjacent tumor-associated stromal cells caused by the induction of the transcription factor in
the tumor cells. The activation of tumor EMT typically occurs during signal swaps between
tumor cells and adjacent stromal cells. The progression of primary tumor cells can raise each
model into the surrounding stroma. The recruitment of cells form a “reactive” matrix, induce
the release of EMT signals, and start tumor cells by activating the EMT transcription factors
[37]. Figure 1 shows the tumor metastasis and EMT.
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Figure 1. In EMT processes, tumor cells change from epithelial-like cells to mesenchymal-like cells and get the ability
to metastasis.
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5. EMT-activating transcription factors in cancer

Many transcription factors can induce EMT. Molecular reprogramming during an EMT is
caused by three groups of transcription factors, namely the Snail, Twist, and ZEB families [38].

The Snail family includes Snaill, Snail2 (Slug), and Snail3 (Smuc). These factors regulate
epithelial and mesenchymal markers [39, 40]. Snaill induces signal to initiate EMT [41, 42].
These factors inhibit other epithelial markers that affect E-cadherin and bind to the E-cadherin
promoter to inhibit its transcription. The Snail factors activate the expression of mesenchymal-
like and pro-invasive genes that promote cell migration [43].

Snail factors are absent in normal epithelial cells. Snaill is expressed higher than Snail2 and
Snail3. An upregulated nuclear Snaill expression is associated with tumor progression and
can be found in the cytoplasm of several carcinomas. Snaill staining is found among fibroblast-
like cells, endothelial cells at the peritumoral stroma, and inflammation of colorectal carcino-
mas [44]. Snaill promotes the recurrence of Her2/neu-induced breast tumors in mice, and its
mesenchymal-like characteristics are exhibited in recurrent human carcinomas [45]. Therefore,
recurrent breast carcinomas are induced by Snaill spontaneously. High level of Snaill is an
independent predictor for reduced relapse-free survival in breast cancer patients. This factor
is considered an independent prognostic factor for worst evolution and poor survival in many
carcinomas [43].

Twist factor induces EMT by influencing other EMT-ATFs. Twistl represses E-cadherin by
inducing Snaill or Snail2 and then binding to its promoter [46—48]. The knockdown of Twist1
in breast cancer cells represses the metastasis in xenograft models, but does not influence the
formation of primary tumors [49]. Twistl induces N-cadherin by driving its transcription and
the mechanisms of post-transcription [50, 51]. Twist1 promotes the expression of mesenchymal
markers without eliciting an N-cadherin/E-cadherin switch in glioblastoma cells [52]. In cell
motility, the excessive expression of Twistl upregulates the expression of cytoskeletal and
ECM genes.

Twistl and Twist2 are upregulated at the invasive front of carcinomas in cancer and stromal
cells [53-55]. These factors are absent in normal epithelium but are induced in many human
carcinomas, such as those of the digestive tract, liver, breast, ovary endometrium, and prostate
[43]. Twist factors are upregulated in the cytoplasm and nuclei of cancer cells. Twist factors
are independent prognostic factors for increased tumor recurrence, tumor aggressiveness, and
the low survival rate of patients [49, 53, 56]. Twist and Snail factors play distinct but collabo-
rative roles among EMT-ATFs.

The ZEB family includes zinc finger/homeodomain proteins, namely ZEB1 and ZEB2. The
expression of ZEB factors drives an EMT by activating mesenchymal properties and repressing
epithelial markers [43].

ZEB1 and ZEB2 bind to E-box sequences in the E-cadherin promoter but recruit different sets
of co-repressors, namely SWI/SNF and CtBP for ZEB1 and NuRD and CtBP for ZEB2. ZEB
proteins bind and repress the promoters of epithelial markers, such as R- and P-cadherins, gap
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junctions (connexins 26 and 31), cell polarity markers (Crumbs3, Palsl-associated tightjunction
protein, and lethal giant larvae homologue 2), desmosomes (plakophilin 3, desmoplakin), and
components of tight junctions (claudin 7, occludin, junctional adhesion molecule 1, and zonula
occludens protein 3). ZEB proteins activate mesenchymal markers, such as N-cadherin and
vimentin [43]. ZEB1 and ZEB2 repress epithelial splicing regulatory proteins-1 and 2, the
overexpression of which inhibits EMT [57].

ZEB1 inhibits epithelial phenotype, although this factor is found in isolated fibroblasts and
immune cells in the interstitial matrix. This factor is not expressed in normal epithelium and
well-differentiated carcinomas that express E-cadherin [58, 59]. ZEB1 is highly expressed in
invading dedifferentiated cancer cells of many tumors, such as colorectal, breast, liver,
endometrial, lung, prostate, and pancreatic carcinomas. ZEB1 and ZEB2 are expressed by
stromal cells in epithelial tissues and organs of normal E-cadherin-positive epithelial cells [60].
ZEB-dependent paracrine signaling from the stroma can cooperate in E-cadherin repression
in other parts of the tumor [61].
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Figure 2. The main signaling pathways involved in EMT.

Other transcription factors also induce EMT and tumor invasiveness. The homeobox factor
goosecoid induces EMT by activating mesenchymal genes and repressing epithelial markers
[62]. TGF-B induces goosecoid in breast epithelial cells, and goosecoid is overexpressed in
ductal breast carcinomas and atypical ductal hyperplasia [62]. Figure 2 shows the main
signaling pathways involved in EMT.

6. EMT in a clinical perspective

EMT significantly affects metastasis in cancers [63]. This process has attracted increasing
attention because metastasis is vital in cancer recurrence and in death caused by cancer [64,
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65]. In addition, understanding this process is important to determine medical diagnosis and
treatment approach. Notably, sufficient information on biomarkers can lead to accurate
forecast and precise therapeutic methods for metastases. Hence, proper diagnostic and
therapeutic treatment for patients with early-stage cancer can promote good prognosis and
prolong survival time to further improve the quality of life of patients [66, 67]. Furthermore,
TBLR1, Sam68, SNAIL, Twist 2, etc. have been diagnosed markers or prognostic factors. This
information is clinically important to predict survival and provide promising therapeutic
targets for patients with early stage cancer [68, 69].

Sulforaphane or salinomycin treatment changes the stemness properties of cancer stem cells
(CSCs), which may have been caused by the regulation of the expression of a special gene or
protein. Sulforaphane downregulates Twist-1 and vimentin. By contrast, salinomycin treat-
ment does not only significantly reduce vimentin level but also induce and upregulate E-
cadherin expression in special cancer cell lines. Various reports have indicated a key role of E-
cadherin in EMT. Thus, studying these cadherins can be a promising strategy [70, 71].

Epithelial cancer cells tend to differentiate to acquire invasive and stem cell-like properties.
Thus, EMT regulators may function as therapeutic targets of cancer progression and recur-
rence. EMT-TFs, such as Twist, Snail, and ZEB, will be regarded as potent therapeutic targets
for pharmacologic inhibition. Traditionally, EMT regulators are nearly impossible to target;
however, evidence suggests that molecular links can offer the possibility for targeting regu-
lation as a therapeutic intervention of EMT among metabolic adaptation, epigenetic alteration,
and EMT [4, 72-74].

EMT significantly affects epigenome restructuring. Thus, epigenetic therapies can be used to
realize the pharmacologic inhibition of EMT, which makes EMT sensitive to chemotherapy.
In recent years, potential EMT inhibitors function as an effective chemotherapeutic sensitive
agent, such as HDAC enzymes LBH589 [75]. In addition, histone demethylase LSD1 epigenetic
modifiers offer important information on the survival of EMT by reducing invasiveness or
inhibiting the transfer function. Thus, inhibiting LSD1 [76] may lead to improved survival
because of the inhibition of invasiveness and metastasis [76].

Although epigenetic therapies exhibit considerable potential for clinical applications, the
clinical application of epigenetic drugs remains ambiguous because of its unclear mechanism.
The mechanism of epigenetic drugs should be investigated further. Therefore, the enhance-
ment of specificity may solve the potential problem on the treatment of particular epigenetic
targets in the future [74].

Drugs are likely to become anti-cancer drugs in clinical applications. Further study on the
clinical trials of cancer has shown that metformin arouses attention as a promising anti-cancer
agent [77, 78]. Metformin involves systemic effects, such as reducing insulin levels and acting
on one-carbon metabolism. This metabolism will be explored with epigenetic alterations based
on the connection between metabolism and the epigenetic state of cells [79].

Decitabine, which is a DNA methyltransferase (DNMT) inhibitor, suppresses the migration
capacities of SDH-mutant cells. This inhibition is evidently displayed by succinate abnormal
accumulation in epigenetic dysregulation and the resultant EMT. Mutant enzymes to directly
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explore the inhibition approach for SDH- and FH-associated cancers are worthy to be explored
[80].

7. Epigenetic modification and EMT

EMT is a comprehensive reprogramming during tumor development. This process involves
metabolism, epigenetics, and differentiation. In a specific tumor microenvironment, EMT-
dedifferentiated cells escape the primary tumor after they acquire migration and invasion
capabilities, invade the surrounding tissues, enter into the blood or lymphatic vessels, and
settle in distant organs. EMT converts differentiated epithelial cancer cells to an undifferenti-
ated state, thereby expressing stem cell markers and acquiring stem cell-like functions. This
process is reversible, and mesenchymal cells can differentiate into epithelial phenotypes. Thus,
an important process is developed in the macroscopic metastases in different organs.

DNA methylation, histone modification, and microRNA are the three types of epigenetic
modification. Many studies have shown that epigenetic modifications play a key role in tumor
metastasis [81]. The downregulation of E-cadherin (a cell adhesion molecule) expression
during EMT is an important feature. Therefore, the precise regulation of E-cadherin expression
via epigenetic modifications is extremely important to the occurrence of EMT. Several EMT-
related transcription factors are recruited as E-cadherin gene promoter, which inhibits
transcription [4]. Studies have shown that E-cadherin can be inhibited by the synergy of
various histone modification enzymes. The E-cadherin gene promoter is inhibited to different
extents to silence E-cadherin expression [82].

The characteristics of EMT are reversible in the type of stem cells and malignant features.
Tumor stem cells are unique undifferentiated cells, rather than increasing diffusion, compared
with most differentiated epithelial cells. The diffusion of anabolic needs is related to the
maintenance of an undifferentiated state, which may be metabolic alterations of the links
between EMT and tumor [83]. A change in cell metabolism is an important sign of cancer. The
best metabolic phenotype in tumor cell is characterized by the Warburg effect, which proves
that ATP is not the only metabolite of tumor cells [84]. Further studies have shown that aerobic
glycolysis can better satisfy the basic needs of cell division, known as the post-Warburg model.
This process is not only associated with cancer and normal cell proliferation, but also inhibits
mitotic cell differentiation. In the same inducers, bunah and inactivated tumor suppressor
genes, even oxygen glycolysis capability increased in the EMT, can be attributed to cell
undifferentiated state. The appropriate energy level is sufficient for biosynthesis precursor,
balancing normal state, and maintaining an undifferentiated state.

Epigenetic modifications are complex, dynamic, and connected with the extracellular envi-
ronment and nuclear transcription. Energy availability is extremely important. Energy-rich
substances, such as carbohydrates and fats, in the human body translate into ATP, along with
a large number of metabolites, such as glycolysis and fatty acid oxidation. These metabolites
can also drive epigenetic modifications in gene expression. A change in the intermediate
metabolites of EMT may not be simple. Metabolic reprogramming plays a role in the energy
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crisis causation of cancer cells. This process determines the epigenetic sand by modifying the
undifferentiated state of the chromatin structure. Reprogrammed genes and the change in gene
expression influence EMT markers and metabolic enzymes to overcome the local restriction
to obtain energy in the distant tissues and organs. The microenvironment is significant for the
EMT metastasis potential of cancer cells in reprogramming metabolism, epigenetics, and
differentiation. Hepatic, epidermal, and fibroblast growth factors activate and maintain the
EMT process. The cancer microenvironment growth factor activity generally regulates the
interaction between metabolism and EMT to coordinate cell differentiation and metabolism.

The transfer process is the key to the reversibility of EMT based on our previous study, in
which EMT regulation is mainly at the transcription level [4]. However, numerous molecular
mechanisms cooperate to change the behavior of tumor cells. In particular, the role of the
transcription regulation of EMT in the regulation and control of gene expression of the
transcription of alternative splicing is extremely important. Spliceosome assembly has
experienced gradual, composition, and structure changes required for normal maintenance.
The correlation of alternative splicing tumor progression becomes apparent. In fact, all major
cell biology deregulations of cancer are related to the changes in the alternative splicing of a
specific gene profile. Modifying the splicing expression and activities supervised by SR and
hnRNP provides the main source of changes in the stitching program observed in cancer cells
[85].

Malignant EMT plays a key role during transfer, and the alternative splicing program affects
the cell phenotype, including protein, cell adhesion, and cytoskeleton dynamics, influences
tumor microenvironment, and controls tumor metastasis formation. Cancer gene mutations
initiate processes, and epigenetic changes will be necessary to promote cancer. The change in
the epigenome improves the transfer of cells.

In general, cells, which are affected by external environment signals, satisfy the internal
requirements of nutrient and energy metabolism, as well as cooperate actively to promote the
occurrence of EMT. Thus, tumor metabolic adaptations and EMT are different mechanisms for
the same target cells to survive and grow. A close link and high correlation exist between
metabolic reprogramming EMT and the similarity rule and fly mechanism.

8. Regulatory role of microRNAs in EMT

MicroRNAs (miRNAs) are expressed endogenously as small, non-coding RNAs that regulate
various biological processes by modulating gene expression at the post-transcriptional level
[86]. MiRNAs play an important role in controlling tumor growth and progression. Some
miRNAs function as oncogenes and tumor suppressors. Moreover, miRNAs are also master
regulators of EMT and dynamically regulate balance between EMT and MET.

The miR-200 family consists of five miRNA sequences, namely miR-200a, miR-200b, miR-200c,
miR-141, and miR-429. Aggregated miRNAs that are expressed as two independent polycis-
tronic pri-miRNA transcripts are as follows: miR-200a, miR-200b, and miR-429 (chromosome
1); and miR-200c and miR-141 (chromosome 12) [87].
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The autocrine TGF-3/ZEB/miR-200 signaling regulatory networks that control epithelial and
mesenchymal states change in the cells. ZEB1/2 and TGF-p exhibit strong correlation, and
negative correlations are detected between TGF-B and miR-200, as well as between ZEB1/2
and miR-200, in invasive ductal carcinomas [88]. ZEB1/2 can induce EMT by inhibiting various
epithelial genes [89].

Other miRNAs can directly target EMT transcription factors. MiR-205 in mammary cells
maintains epithelial differentiation [90-92]. MiR-29b in prostate cancer inhibits metastasis by
regulating the EMT signal. MiR-148a in hepatocellular carcinoma (HCC) cells can negatively
regulate Met/Snail signaling and prevent EMT and metastasis [93]. Snail and miR-34 form
another double feedback loop. EMT is induced by TGF-f3, and an increase in Snail expression
can be inhibited by miR-34. A novel miR-203/SNAII feedback loop has also been reported in
breast cancer. These double feedback loops can enhance the balance between EMT activation
and control of the two states of the cell (epithelial and mesenchymal). A novel EMT network
that integrates the negative feedback loops, miR-203/Snail, and miR-200/ZEB has been
proposed recently as a control epithelial cell plasticity switches during differentiation and
cancer [94]. The expression of miR-10b in metastatic breast cancer cells is shown to be induced
by the transcription factor Twist, which binds directly to the putative promoter of miR-10b.
Twist-induced miR-10b inhibits the translation of mRNA encoding homeobox D10, which
results in an increased expression of RHOC, which is a well-characterized prometastatic gene
[95].

Many miRNAs interfere with EMT by targeting the structures of cell components [96-98].
MiR-155 is the direct transcriptional target of TGF-/Smad 4 signaling [99]. MiR-155 ectopic
expression can reduce the RhoA (Ras homolog gene families, member A) protein, a small
GTPase protein, to modulate the formation of tight junctions in the formation of stress fibers
of the actin cytoskeleton during expression and destruction [100]. The activation of miR-31 in
establishing metastases results in the regression of metastasis and the enhancement of the
survival of patients. In addition, the induction of miR-31 can reduce the metastatic potential
of cancer cells by targeting the RhoA [101]. The upregulation of miR-9 and direct repression
of E-cadherin-1 (CDH1) in human breast cancer cells are involved in the regulation of cell-cell
adhesion, migration, and the epithelial cell proliferation mechanism of calcium-dependent
protein. CDHI repression results in increased cell motility and invasion [102].

9. Inhibitors of EMT

Numerous tumor EMT inhibitors have been found in this study, and many of which are
difficult to apply clinically because of stability and targeting isssues. TGF-f3 is an important
factor in regulating EMT.

Various EMT inhibitors have been found in the TGF-{3 signaling pathway. Thyroid transcrip-
tion factor-1 is a protein encoded by the NKX2-1 gene in normal tissues that can inhibit the
secretion of TGF-(3, which increases the expression of E-cadherin in lung cancer cells.
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MMPs are other key factors in the induction of EMT. The inhibitors of MMPs play an important
role in blocking EMT development in tumor cells. Several MMP inhibitors, which have been
tested in clinical trials, can prevent EMT in cell experiments in vitro and inhibit tumor
progression in in vivo animal experiments. Orlistat Plymouth, one of the MMP inhibitors, has
a relatively significant effect on non-small cell lung cancer, colorectal cancer, and glioma, both
in in vitro cell experiments and in vivo animal experiments. Conducting combination chemo-
therapy with marimastat, captopril, and Fragmin exerts a certain effect on the treatment of
advanced kidney cancer. The human body itself can also synthesize a special kind of MMP
inhibitor, a tissue inhibitor of metalloproteinase (tissue inhibitors of metalloproteinases,
TIMPs). TIMPs, which are produced using genetic engineering technology, can also be used
as targeted drugs to treat tumors caused by the imbalance among MMPs and inhibit the
progression of EMT in tumor cells.

Certain phytochemicals or food substances exhibit anti-cancer [103, 104] and anti-EMT
properties [105]. For example, AIMs (anthocyanidins) and Morusin (a prenylated flavonoid),
which are isolated from the fruits of Vitis coignetiae Pulliat (known as meoru in Korea) and the
root bark of Morus australis (Moraceae), respectively, demonstrate anti-cancer activities by
inhibiting EMT through the suppression of nuclear factor (NF)-kB activity [106-108].

AlMs can inhibit NF-xB in a dose-dependent manner, and MMP-9 (EMT marker) can be
regulated by NF-«B preferentially [109]. IxkBa phosphorylation and GSK-3 activity can also be
suppressed by increasing the levels of AIMs [110]. Moreover, AIM downregulates mesenchy-
mal markers, such as Vim1, N-cadherin, and SNAI, as well as upregulates epithelial markers,
such as E-cadherin [110]. The morphological changes induced by TNF-a [110] are also inhibited
by AIM. The suppression of the migratory and invasive properties of cervical cells by AIM has
also been reported. Cervical cancer contains a heterogeneous population of cells called CSCs.
CSCs are cells with chemotherapy- and radiotherapy-resistant properties and are involved in
tumor recurrence, metastasis, and high mortality [111, 112]. Morusin, however, are reported
to be cytotoxic to several cancer cell lines, including cervical cells. Morusin can inhibit
migration and proliferation by inhibiting tumor sphere formation through the inhibition of
the NF-kB pathway.

Recent studies in our laboratory have found several EMT inhibitors, including tetracycline and
some natural products. The gelatinase inhibitor doxycycline is the prototypical anti-tumor
antibiotic. We have investigated the effects of doxycycline on the migration, invasion, and
metastasis of human lung cancer cell lines and in a mouse model. We have also measured the
effect of doxycycline on the transcription of EMT markers and used immunohistochemistry to
determine whether EMT reversal is associated with doxycycline inhibition. Doxycycline dose-
dependently inhibits the proliferation, migration, and invasion of NCI-H446 human small cell
lung cancer cells. It also suppresses tumor growth from NCI-H446 and A549 lung cancer cell
xenografts without altering body weight, inhibits Lewis lung carcinoma cell migration, and
prolongs survival. The activities of the transcription factors Twist1/2, SNAI1/2, AP1, NF-«B,
and Stat3 are suppressed by doxycycline, which reverses EMT and inhibits signal transduction,
thereby suppressing tumor growth and metastasis. Our data demonstrate functional targeting
of transcription factors by doxycycline to reverse EMT and suppress tumor proliferation and
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metastasis. Thus, doxycycline selectively targets malignant tumors and reduces their meta-
static potential with less cytotoxicity in lung cancer patients.

Apigenin is a naturally occurring compound with anti-inflammatory, antioxidant, and
anticancer properties. We have investigated the effects of apigenin on migration and metastasis
in experimental HCC cell lines in vitro and in vivo. Apigenin dose-dependently inhibits the
proliferation, migration, and invasion of PLC and Bel-7402 human HCC cells. It also suppresses
tumor growth in PLC cell xenografts without altering body weight, thereby prolonging
survival. Apigenin reduces Snail and NF-kB expression, reversed increases in EMT marker
levels, increases cellular adhesion, regulates actin polymerization and cell migration, and
inhibits invasion and migration of HCC cells. Therefore, apigenin may inhibit EMT by
inhibiting the NF-kB/Snail pathway in human HCC. Table 1 shows some EMT inhibitors found
in the last 3 years.

Molecules Tumor types Pathway References

Cyclin G2 Ovarian cancer Wnt/B-catenin Bernaudo et al. [113]

FOXO3a Prostate cancer Wnt/p3-catenin Liu et al. [114]

sFRP4 Head and neck squamous cell Wnt/B-catenin Warrier et al. [115]
carcinoma

sophocarpine Hepatocellular carcinoma AKT/GSK-3p3/3- Zhang et al. [116]

catenin

Bisdemethoxycurcumin Lung cancer TGF-B Xu et al. [117]

Ski Lung cancer TGF-3 Yang et al. [118]
GRP78 Colon cancer TGF-B Zhang et al. [119]
Thymoquinone Breast cancer TGF-B Rajput et al. [120]
BMP-7 Cholangiocarcinoma TGF-B Duangkumpha et al. [121]
NDRG2 Colon cancer TGF-B Shen et al. [122]
Myrtucommulone-A and Bladder cancer and breast cancer PI3K Iskender et al. [123]
thymoquinone

ING5 Breast cancer PI3K Zhao et al. [124]
a-Mangostin Pancreatic cancer PI3K Xu et al. [125]
NVP-BEZ235 Opvarian cancer PI3K Lin et al. [126]
1L-326 Colon cancer STAT3 Bak et al. [127]
Luteolin Pancreatic cancer STAT3 Huang et al. [128]
FTY720 Cholangiocarcinoma STAT3 Lu et al. [129]
NDRG2 Breast cancer STAT3 Kim et al. [130]

Table 1. Some EMT inhibitors.
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Abstract

The current dogma is that epithelial-to-mesenchymal transition (EMT) promotes
circulating tumour cell (CTC) formation and is ultimately a driver of metastasis. There
is also accumulating evidence that EMT-phenotype changes are commonly associated
with therapy resistance. Thus, capturing EMT-phenotype CTCs is expected to yield
important clinical information in regard to prognosis and response to therapy as well
as allowing the study of metastatic processes. However, the isolation and identifica-
tion of EMT-phenotype CTCs with commonly used isolation/detection methods are
suboptimal, and current efforts on improving the isolation of EMT-phenotype CTCs are
associated with pitfalls that need to be overcome. This chapter explores the signifi-
cance of EMT in CTC formation and the role of EMT in cancer metastasis and resist-
ance to therapy. We also comprehensively review the past and current limitations of
evaluating EMT phenotypes in CTC isolation and analysis and discuss how CTCs can
be seen in a more holistic fashion as important biomarkers for clinical management.

Keywords: CTC, EMT, vimentin, immunomagnetic cell isolation, metastatic disease

1. Introduction

Circulating tumour cells (CTCs) were first discovered by the Australian pathologist Thomas
Ashworth in 1869, who described single cells and cell clusters in a patient’s blood and
proposed a role for CTCs in the metastatic process [1]. Recently, due to improved CTC
detection techniques, these cells, together with circulating tumour nucleic acids (ctNA), are
emerging as attractive, accessible, non-invasive biopsies to guide the best therapy for a
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patient’s cancer. CTC counts are closely related to cancer progression and stage, and there is
mounting evidence from studies on prostate-, breast-, colorectal- and other cancers that CTCs
have prognostic value (reviewed by Caixeiro et al. [2]).

In essence, CTCs are very rare cells, and usually only between 0 and 30 CTCs can be isolated
from a 5-10-ml blood sample of a cancer patient; although for some patients, CTC counts can
be considerably higher. Isolation technologies allow enrichment and separation of CTCs from
the millions of surrounding blood cells by initial gradient centrifugation or red blood cell lysis
followed by further enrichment of CTCs due to their physical properties or by employing
antibody-based negative or positive enrichment techniques (reviewed by Yu et al. [3]).
Enrichment steps are followed by CTC identification primarily by immunocytostaining. The
most common CTC identification pattern relies on positive staining for nucleated cells (4',6-
diamidino-2-phenylindole (DAPI) or Hoechst staining) and cytokeratin (CK; positive CTC
marker) associated with a lack of CD45 staining (negative CTC marker, expressed on leuco-
cytes). Advances in single cell analysis technology have contributed to maximise the informa-
tion that can be gained from CTCs isolated from a single blood sample. Tumour biomarkers
such as gene amplification, mutation, rearrangement and expression can be successfully
analysed while CTC protein levels can be determined. There are high expectations that CTC-
based assays will find utility for clinical testing, guiding therapy and monitoring treatment in
the not-too-distant future (reviewed by Becker et al. [4]). However, cancer cells, including
CTCs, are extremely heterogeneous, and therefore, isolating a representative range of CTCs
remains difficult.

A particular challenge is the capture of CTCs that have undergone epithelial-to-mesenchymal
transition (EMT) [5, 6]. EMT and its reverse, the mesenchymal-to-epithelial transition (MET),
are reversible phenotypical changes that allow a cell to form either dense epithelial structures
with tight interaction to neighbouring epithelial cells or, by undergoing EMT, to loosen
interactions with other cells and become more mesenchymal and migratory. The ability to
undergo these changes is important for cells during development to allow the migration of
cells and the formation of different tissues. Cancer cells that are able to take advantage of these
processes and undergo EMT are proposed to be more motile and consequently are more likely
to become CTCs by entering the blood stream [7]. Not surprisingly, EMT-phenotype cancer
cells are linked to the presence of metastases. Additionally, cancer cells that have undergone
EMT tend to be distinctly more resistant to chemo and radiation therapy [8]. Consequently,
the detection and analysis of EMT-phenotype CTCs appear necessary to fully harness CTC
information about a given cancer and monitor disease evolution; yet, we are still poorly
equipped to detect these cells. Currently, most methods to isolate CTCs, and nearly all current
approaches to identify CTCs, rely on the presence of epithelial cell markers. CTC isolation
predominantly relies on immunomagnetic targeting of the epithelial cell adhesion molecule
(EpCAM), but this epithelial glycoprotein diminishes during EMT, thereby compromising the
effectiveness of this strategy [5, 6]. The identification of CTCs usually involves immunocytos-
taining for epithelial proteins of the cytokeratin protein family, which are similarly downre-
gulated during EMT [9]. Equally problematic is the method of probing for EpCAM, which is
frequently used to identify CTCs after size exclusion enrichment [10].
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In this chapter, we summarise the current understanding of EMT in CTC formation, detection
of EMT markers in CTCs isolated by common methods and their limitations, and new
approaches to better isolate and identify EMT-phenotype CTCs (EMT-CTCs). The clinical
relevance of detecting EMT-CTCs is also discussed.

2. EMT in CTC formation

The role of EMT in the metastatic process has been controversial mainly because cells in
metastatic tumours often display epithelial rather than mesenchymal characteristics, despite
the presence of cells with mesenchymal features in the primary cancer. The recognition that
EMT is a reversible process has led to a model adaptation, which postulates that EMT reversal,
termed MET, has to occur after extravasation to allow motile cancer cells to resettle and form
metastases [11] (Figure 1). Regardless of robust in vivo data that show increased metastasis
associated with an EMT phenotype in the primary tumour, experimentally tracking EMT or
MET in the metastatic process remains challenging [12].

Primary Tumor

Metastasis

Figure 1. EMT in CTC formation. Simplified illustration of cells in a primary tumour undergoing EMT changes, which
enable them to disseminate from the primary cancer, intravasate into the blood stream and travel as CTCs before ex-
travasating the vascular system and, by undergoing MET, regain the ability to form a metastatic tumour.

Several elegant studies and in vivo evidence (mainly from mouse models) show that EMT aids
tumour cell dissemination and promotes intravasation into the vascular system (CTC forma-
tion). MDA-MB-468 breast cancer cells that can be driven to undergo EMT by epidermal
growth factor (EGF) exposure were used in a severely compromised immunodeficient (SCID)
mouse xenograft model. Xenografts in this model lead to lung and liver metastases, and a peak
in CTC counts coincided with the appearance of cells strongly staining for the EMT marker
vimentin in the initial xenograft. Vimentin was also expressed in CTCs and CTC clusters,
suggesting that EMT promoted CTC formation [13]. Another study, in which KRAS-pancreatic
tumour model mice were treated with cerulein to induce pancreatitis and EMT changes in the
cancer cells, showed significant increases in CTC counts [14]; however, this finding was not
corroborated in a more recent study involving a similar model [15]. A role for EMT in CTC
formation was further substantiated when a squamous cell carcinoma prone mouse model
with targeted transcription factor Twistl induction confirmed that Twist1 caused tumour cells

243



244 Tumor Metastasis

to undergo EMT, and this was associated with a doubling of CTC counts as well as increased
metastasis [16]. Recently, an innovative model of endothelial cells that form vascular-like
structures in vitro was used to show that SW620 colorectal cancer cells could migrate into these
‘vessels’, especially when hypoxia-induced EMT was triggered [17]. A concept supporting the
notion that mesenchymal properties afford cancer cells some protection in circulation suggests
that any cells shedding from a tumour without undergoing EMT might undergo stressful,
traumatic events required for the interruption of the strong epithelial cell-cell interactions
resulting in reduced viability [18]. Additionally, EMT-phenotype changes are generally
thought to reduce sensitivity to stress signals that would normally lead to apoptosis [8]. Taken
together, these observations underpin the emerging opinion that EMT-CTCs may comprise a
more viable, aggressive tumour cell population than epithelial CTCs, and go some way to
explain the association of EMT-CTCs and increased metastasis. In that regard, itis worth noting
that transforming growth factor 3 (TGF{), which is commonly released by platelets, may
promote or maintain EMT in CTCs while in the circulation and promote extravasation [19].
The current understanding of the role of CTCs in establishing distant metastatic sites was
recently reviewed and is beyond the scope of this chapter [2, 20].

3. EMT phenotypes in CTCs isolated by EpCAM targeting

It is important to emphasise that, despite the epithelial nature of EpCAM, CTCs isolated by
EpCAM targeting can display markers of EMT. This is due to the fact that changes between
epithelial and mesenchymal phenotypes are dynamic, and cells can be found in intermittent
stages and express mesenchymal as well as epithelial markers at the same time. Accordingly,
mesenchymal markers have been successfully detected in CTCs after EpCAM-based isolation.
For instance, intermittent EMT phenotype characterised by co-expression of mesenchymal
proteins vimentin, N-cadherin and CD133 with epithelial markers EpCAM, CK and E-cadherin
was shown in breast cancer and prostate cancer CTCs isolated by EpCAM targeting [21].
EpCAM-based breast cancer CTC isolation also yielded cells with common gene expression
of the EMT markers TGF1, FOXC1, CXCR4, NFKB1, VIM and ZEB2 [22]. Moreover, higher
breast cancer staging correlated with mesenchymal vimentin and fibronectin expression in
EpCAM-enriched CTC samples. Interestingly, vimentin and fibronectin expression was also
detected in 31 of 92 (34%) of patient samples, which were CTC negative according to the
common CTC definition (DAPI', CK*, CD45’) but not in samples from healthy control indi-
viduals, suggesting the presence of CTCs lacking CK in some patients [23].

4. EMT phenotype in CTCs isolated with alternate strategies

The inability of EpCAM-based CTC isolation to optimally account for EMT-CTCs with EpCAM
loss has led to the targeting of alternative, EMT-associated cell-surface markers, for CTC
enrichment, or by avoiding these methods altogether and focussing on CTC enrichment due
to physical cancer cell properties, mainly size exclusion. Not surprisingly, when EpCAM-
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based immunomagnetic CTC isolation was directly compared with size exclusion CTC
enrichment of parallel blood samples from 40 NSCLC patients, CTCs were isolated from a
higher proportion of patients (80 vs 23%) by size exclusion, and as expected the isolated cells
tended to lack EpCAM; however, they expressed CK and had elevated levels of the EMT-
associated epithelial growth factor receptor (EGFR) and thus likely were tumour cells [24].

An elegant approach to account for the CTCs missed during EpCAM-based capture in HER2-
positive breast cancer patients utilised CD45 immunomagnetic depletion of blood cells after
an initial EpCAM-based CTC capture, to further enrich the remaining EpCAM-negative CTCs.
The EMT-linked transcription factors SNAI1 and ZEB1 were more commonly expressed in
these EpCAM-negative cells that were likely tumour-derived cells compared to the EpCAM-
isolated counterparts [25]. Vimentin, best known for its functions as a cytoskeletal support
protein, can also be present on the cell surface of mesenchymal cells and has been successfully
targeted in immunomagnetic isolation of CTCs from colorectal cancer patients and breast
cancer patients. After CD45 immunodepletion, CTCs were positively selected with cell-surface
vimentin (CSV) targeting. The authors suggest that CSV expression is restricted to cancer cells,
and CSV targeting isolates significantly more CTCs from colorectal cancer patients with
progressive disease than those with stable disease; moreover, higher CSV-CTC counts were
more commonly found in therapy-resistant patients. In a direct comparison of CSV- and
EpCAM-based CTC isolation (CellSearch CTC platform) in breast cancer patients, CTCs
isolated with CSV targeting were a more reliable marker for progressive disease compared to
stable disease. In both CSV-isolated breast and colorectal cancer CTCs, the EMT markers
FOXC2, SNAIL, Twist-1 and Slug tended to be highly expressed while E-cadherin and EpCAM
levels were low. The CSV antibody is currently not commercially available, thus limiting its
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Figure 2. EMT analysis in isolated CTCs. Quadruple staining to detect CTCs with EMT phenotype according to levels
of the EMT marker vimentin. (A) CTCs were identified by nuclear Hoechst staining ‘Ncl” (blue, Fluxion enumeration
kit) and cytokeratin (CK) staining (green; FITC-conjugated anti-cytokeratin antibody: clone c-11, Sigma-Aldrich) as
well as exclusion of CD45 expression (red, antibodies: CTC enumeration kit, Fluxion). Vimentin staining, ‘Vim’ (or-
ange, AF647-conjugated anti-vimentin antibody: clone V9, Abcam), in CTCs, was scored as indicated: Staining of a rep-
resentative cell for each category, negative (-), weak (+), positive (++) and strongly positive (+++), is depicted. (B) Cell
counts for vimentin-positive EMT-CTCs isolated from a representative patient sample using EpCAM- versus N-cad-
herin- “N-cad’-based isolation of CTCs using the quadruple staining assay. CTCs were isolated with the IsoFlux CTC
isolation platform using EpCAM-based or N-cadherin-based immunomagnetic isolation with the Rare Cell Isolation
Kit, Fluxion.
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EMT markers

Main finding/clinical correlation [reference]

EpCAM-based immunomagnetic isolation:

EpCAM, CK, E-cadherin,
vimentin, N-cadherin, CD133

CK

Vimentin

TGFR1, FOXC1, CXCR4, NFKB1,
VIM, ZEB2

HER2, VIM, FN1
CK, VIM, FN1

CTCs with intermittent EMT phenotype are common in advanced prostate- and

breast cancer [21]

Low CK level CTCs were correlated with receptor negative metastatic breast cancer
and with poorer OS [30]

Vimentin expression in prostate cancer CTCs is associated with decreased OS [31]

Gene expression of EMT markers shown in CTCs [22]

Presence of EMT-CTCs correlates to disease stage [23]

The presence of EMT-CTCs correlates to shorter PFS [32]

EpCAM-based isolation combined/compared with other methods:

Cell-surface vimentin (CSV)
Vimentin, twist, ZEB1, ZEB2,
snail, slug and E-cadherin

CK, EpCAM

CK, EpCAM, CDH]1, FN1, CDH2

TWIST1, SLUG, SNAIL1, ZEB1,
FOXC2

EMT-CTC numbers were a more reliable progressive disease marker for breast can-
cer patients when isolated targeting CSV versus EpCAM [27]

The expression of both twist and vimentin in CTCs was significantly correlated with

portal vein tumor thrombus in liver hepatocellular carcinoma [33].

Most CTCs from metastatic breast cancer patients showed intermittent phenotype
while 16% of patients had EpCAM- only CTCs and 33% EpCAM-null CTCs [34]
Combined EpCAM/EGFR/Her2-based CTC isolation was linked to

increased EMT-CTC numbers in metastatic breast

cancer patients with disease progression [35]

EMT-CTCs were more common in primary breast cancer

patients with poorer prognostic markers (ie

needed neoadjuvant treatment) [36]

Targeted immunomagnetic isolation (non-EpCAM):

Cell-surface vimentin (CSV)

>5>5 EMT-CTCs more common in progressive colorectal cancer [26]

CD45-based immunomagnetic blood cell depletion:

Vimentin, twist, CK

EpCAM, CK, VIM

Isolation by cell size:

Vimentin, CK

CK, EpCAM,VIM, TWIST
EpCAM, CK, VIM, TWIST

EMT -CTCs more prevalent in CTCs from metastatic breast cancer

patients [37]
CTCs of ‘CTC-negative’ NSCLC patient by EpCAM based isolation

were tumorigenic in mice [29].

Pancreatic cancer CTCs without CK or vimentin are more commonly in

patients with lymphnode metastasis [38].
Proportion of EMT-CTCS is linked to response to therapy in gastric cancer [39]

Intermittent phenotype and EMT CTCs were predominant in hepatocellular

carcinoma and correlated with metastasis [40]

OS: overall survival, PFS: progression-free survival. Dependent on their nature, EMT markers follow protein or gene

nomenclature

Table 1. Detection of EMT biomarkers in CTCs.
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use and confirmation of the data by others [26, 27]. A study that investigated gene expression
in ovarian cancer CTCs showed the expression of EMT markers in most individual CTCs from
three patients, while only 30% of these cells also expressed epithelial CK5 or CK7. However,
all CTCs expressed epithelial MUCT [28]. In a patient with non-small cell lung cancer who was
CTC-negative according to EpCAM-based (CellSearch) enrichment, it is worth noting that
CTCs enriched by CD45 depletion were tumourigenic in mice and CTCs isolated from the
same patient by size exclusion showed predominant EMT or intermittent phenotype [29].

In our laboratory, we embarked on the isolation of CTCs from advanced ovarian cancer
patients using N-cadherin-based immunomagnetic isolation and captured approximately
three times more CTCs” when using N-cadherin-based versus EpCAM-based CTC isolation
(data not shown). We also developed an assay to probe CTCs for vimentin as marker of EMT,
which showed that N-cadherin-based CTC isolation from advanced ovarian cancer patients
increased the capture of EMT-CTCs (Figure 2). Studies thatinvestigated EMT markers in CTCs,
isolated by various strategies, are compiled in Table 1.

5. The pitfalls of non-EpCAM-based CTC isolation

The clear advantage of EpCAM-based CTC isolation is the observation that EpCAM is only
rarely found on cells circulating in the blood stream of healthy individuals, resulting in a
limited number of false-positive ‘CTCs’. In our hands, using the IsoFlux CTC platform and
EpCAM-based enrichment, the average Hoechst®, CK*, CD45-false positive ‘CTCs’, obtained
from 10 healthy blood donors is 1.8 per 9 ml of blood with a range of 0-5 cells. By contrast, the
greatest problem with the use of EMT markers for CTC isolation or CTC identification, or with
CTC isolation techniques relying on physical cell properties such as size and plasticity, is the
increased risk of detecting false-positive ‘CTCs’. This is the case because some rare cells found
in normal blood can express a number of epithelial and mesenchymal markers. For instance,
circulating endothelial cells (CECs) can be found at varying numbers in blood samples of
healthy individuals (0-29/ml blood) [41] and increased numbers in cancer patients [42]. CECs
do not only express cytokeratin, but typical EMT markers such as N-cadherin, EGFR, vimentin
and fibronectin [43—-48]. Moreover, circulating endothelial cells tend to be above 10 um in
diameter [49], and some endothelial cells might therefore not be excluded from size-based CTC
enrichment. There are currently limited data evaluating potential CEC contamination in either
filter-enriched CTC samples or samples enriched by positive or negative immunotargeting.
However, itis likely that the inclusion of CECs in CTC counts in the literature (i.e. false-positive
CTCs) has inadvertently led to overestimation.

A particularly interesting approach to avoid the issues surrounding EpCAM is the use of
CD146 (MCAM)-based immunomagnetic CTC isolation. Elevated expression of CD146 has
been reported for melanoma, breast-, ovarian- and prostate cancer [50], and CD146-based
immunomagnetic CTC isolation was reported for breast cancer and melanoma patients [44,
51]. However, CD146 is also an endothelial marker used to define and target CECs [41]. Thus,
CD146-based CTC isolation needs to be complemented by cancer-specific CTC identification,
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such as Melan-A for melanoma CTCs, for example. Alternatively, there is a need to distinguish
co-purified CECs from CTCs using specific endothelial markers not expressed on cancer cells.
The endothelial marker CD34 has been used to distinguish CD146-enriched breast cancer CTCs
from CECs [44]. Whether CD34 is the most reliable or specific marker to distinguish true CTCs
from false positives still needs to be confirmed.

Our preliminary data suggest that the accumulation of false positives, most likely endothelial
cells, is also an issue when using N-cadherin-based immunomagnetic CTC isolation. While
CTC numbers isolated from advanced ovarian cancer patients were approximately four times
higher than EpCAM-isolated CTC numbers, we also detected more Hoechst*, CK*, CD45" false-
positive ‘CTCs’ in the blood from seven individuals without any history of cancer (data not
shown). N-cadherin, EGFR and cytokeratin expression of endothelial cells suggest that
targeting these proteins in CTC isolation or identification might lead to similar problems.
Moreover, other cells in the circulation, such as monocytes, macrophages and neutrophils, also
express the EMT markers EGFR, vimentin and N-cadherin. Further, tumour-associated
macrophages of breast cancer and prostate cancer patients were also shown to express
cytokeratin and therefore could be confused with CTCs [52-55]. Thus, while non-EpCAM-
based CTC isolation techniques appear to produce higher CTC counts and favour isolation of
CTCs with EMT features, they also may enrich for false-positive cells, and as long as identifi-
cation solely relies on CK and CD45 staining of nucleated cells, these cannot be sufficiently
well discriminated from CTCs. Advances in identifying CTCs and distinguishing them from
false positives, in particular endothelial cells, will refine CTC detection and help avoiding
diagnostic errors when progressing CTC-based assays into the clinic.

6. EMT-phenotype CTCs, do they have clinical relevance?

Circumstantial evidence linking EMT changes to advanced disease and increased metastasis
is strong. EMT phenotype in patient tumour tissue is often prognostic and correlates negatively
to overall survival and disease progression. Most notably, a switch from the expression of the
epithelial cell-cell adhesion molecule E-cadherin to the mesenchymal N-cadherin is thought
to be central to EMT, and it is commonly found in association with disease progression in
various cancers including melanoma, pancreatic-, bladder- and colorectal cancer (reviewed by
Cavallaro et al. [56]). Other studies found elevated expression of a number of E-cadherin
transcriptional repressors such as Twist, Slug, ZEB1/2 and Snaill linked to poorer prognosis
in endometrial-, colorectal-, hepatocellular-, bladder-, gastric- and lung cancer [57-63].
Equally, increased expression of vimentin was associated with poorer outcomes for patients
with gastric-, colorectal-, bladder- and breast cancer [58, 64-66]. However, the correlation of
EMT with poorer overall or disease-free survival is not universal. A recent study, which
established a comprehensive EMT gene expression signature in tumour tissue, found that
poorer disease-free survival was associated with an EMT gene expression pattern in ovarian
and colorectal cancer but not in breast cancer; therefore, it will be important to better define
the context in which EMT gives cancer cells a selective advantage [67]. As detailed above, EMT
marker gene or protein expression has also been studied in CTCs, and the overall emerging
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evidence suggests that increased EMT-phenotype detection in CTCs correlates with more
advanced disease stages and is the predominant phenotype found in the blood of patients with
metastatic disease (see Table 1).

Cancer cells frequently undergo EMT when exposed to stress, and this makes them signifi-
cantly more resistant to a variety of therapies. However, it is not well understood whether the
range of phenotypic EMT changes that cause increased mobility and metastasis is instrumental
in resistance or merely associated with it. Mounting in vitro evidence suggesting that EMT
confers drug resistance has been thoroughly reviewed previously [8]. More recently, in vivo
data reaffirm the link between EMT and therapy resistance. For instance, the loss of E-cadherin
expression in erlotinib-treated non-small cell lung cancer tumour tissues correlated with
poorer progression-free patient survival [68], and EMT gene expression signatures in ovarian
or prostate cancer patient tissue were associated with resistance to platinum therapy or
docetaxel and androgen deprivation, respectively [69, 70]. Interestingly, two recent studies
suggested that in breast- and pancreatic cancer mouse models, the majority of cells that
metastasised to the lungs did not undergo EMT. Nevertheless, EMT was involved in drug
resistance and conditional metastatic outgrowth when mice were treated with the drugs
cyclophosphamide and gemcitabine, respectively [15, 71]. These data add to the controversy
regarding the role of EMT in the metastatic process and warrant further research. The data do
support the survival/therapy resistance functions associated with EMT and it is plausible that
cancer cells may ‘escape into EMT’ to render themselves resistant to drug treatment. Data are
starting to emerge suggesting these changes might be detectable by CTC analysis as subtyping
CTCs as possessing epithelial, intermittent or mesenchymal characteristics showed that gastric
cancer CTCs of a patient progressing on therapy were all of EMT phenotype. However, and
confusingly, any remaining CTCs detected in gastric cancer patients that responded to therapy
were more epithelial in nature [39].

Regardless, it is possible that therapy inadvertently induces cells that survive drug exposure
to change into more mobile, viable and aggressive clones. Due to their EMT phenotype, these
cells may be ideally equipped to leave the primary tumour, become CTCs, prevent anoikis and
potentially form distant metastases sites. Additionally, the survival advantage of EMT cancer
cells might allow time to acquire alternative resistance mechanisms such as mutations. In turn,
that would allow EMT-CTCs to undergo MET after extravasation to enable the resettling and
formation of proliferating metastases. The underlying mechanisms need to be more thorough-
ly investigated, and the ability to accurately isolate EMT-CTCs will prove central to clarifying
the role of EMT in therapy resistance, disease relapse and metastatic processes. Efficient EMT-
CTC isolation and identification may also allow the development of diagnostic tests that
monitor escape into EMT as part of therapy response to inform improved patient management.

7. Conclusion

Despite open questions regarding how EMT contributes to cancer progression and drug
resistance, there is strong evidence that EMT changes, per se, are useful prognostic markers.
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Consequently, EMT-CTC isolation and analysis have the capacity to progress EMT research
and importantly allow the development of feasible, non-invasive diagnostic tests to predict
and monitor the effectiveness of specific therapies. More reliable identification of these cells
will permit the translation of EMT and CTC research into clinically relevant tests to guide
therapy.
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