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9.1 Introduction

A hallmark of aggressive hepatocellular carcinomas (HCCs) is the ability to metas-
tasize. Metastatic lesions are difficult to manage in clinical practice as the extent of
disease typically precludes curative resection and resistance to systemic treatments
is common [1, 2]. Metastasis is a multistage process in which cancer cells (1)
delaminate from the primary site and locally invade the host stroma (initiation), (2)
enter into blood and/or lymphatic vasculature (intravasation), (3) survive and exit
the circulation into distant sites (extravasation), and (4) colonize the new microen-
vironment and proliferate to form a macroscopic secondary tumor (colonization) [3,
4]. This simplified model provides a framework for a sequence of biological proper-
ties that must be acquired during cancer dissemination. Different malignancies,
however, demonstrate unique regulatory events in this process largely governed by
the complex microenvironment in which the metastatic cells originate and that of
the distant location(s) where the metastasis is established [5]. Given the anatomic
and physiologic complexity of the liver, the HCC microenvironment is one of the
most difficult to reproduce experimentally and, consequently, understand in its
totality. In the context of this chapter, HCC metastasis is discussed, with an empha-
sis on the role of the hepatic microenvironment and the role of circulating cancer
cells in the metastatic process.
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9.2 The Dynamic Interaction Between Tumor Cells
and the Tumor Microenvironment in HCC

Hepatocellular carcinoma is typically observed clinically as a consequence of
chronic inflammation associated with cirrhosis. The etiology of cirrhosis is com-
monly due to alcoholism, HBV/HCV infection, or metabolic disorders, all of
which create a tumor-permissive milieu [6]. Hepatocellular carcinoma is an
extraordinarily unique malignancy, in which tumorigenesis and progression are
significantly regulated not only by the intrinsic properties of tumor cells but also
by constant communication with a heterogeneous microenvironment. Cumulative
evidence suggests that the dynamic interaction between tumor cells and their sur-
rounding milieu plays fundamental roles in the initiation of metastatic phenotypes
at the primary site [7—10]. This interaction is dynamic, constantly evolving with
tumor development. For example, the microenvironment may exert inhibitory
effects in early stages. When tumor cells reach a certain point during their progres-
sion, they can circumvent these inhibitory signals and actually exploit surrounding
nonmalignant cells to support metastasis [5]. The surrounding milieu within the
HCC microenvironment may consist of (1) hepatic stellate cells, stromal cells,
endothelial cells, and immune cells and (2) growth factors, inflammatory cyto-
kines, and extracellular matrix proteins [11-14]. In this review, the intermingled
contribution of the tumor microenvironment to HCC metastasis is emphasized
from the perspective of tumor-associated inflammation and immune responses.

9.2.1 Contribution of Distinct Inflammatory Components
to the Progression of HCC Metastasis

Direct evidence of the interplay between the hepatic microenvironment and HCC
metastasis is evidenced by a comprehensive analysis of global gene expression pro-
filing from the National Cancer Institute [15—17]. In this investigation, the gene
expression profiles of nonmalignant hepatic tissue surrounding HCC tumors from
patients with intra- or extrahepatic metastases were compared to those with no
detectable metastasis. Peripheral stroma associated with HCC metastasis demon-
strated a unique gene expression profile when compared to tissue associated with
isolated HCC lesions. Importantly, this profile is also significantly different from the
intratumoral signature. More specifically, the pattern of inflammatory cytokine
expression was also unique in HCC patients with venous metastasis, suggesting that
cytokines may contribute to the metastatic process. These data strongly suggest that
the metastatic potential HCC may be influenced by the inflammatory response of
the host microenvironment.

Hepatic Stellate Cells

The hepatic stellate cell (HSC), first described by Kupffer in the nineteenth century,
has emerged in the past 25 years as a remarkably versatile mesenchymal cell with
vital functions not only in liver injury but also in hepatic development, regeneration,
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xenobiotic responses, metabolism, and immune regulation [13, 18-20]. Equally
intriguing is the remarkable plasticity of stellate cells. Stellate cells can be viewed
as the nexus in a complex sinusoidal milieu that requires tightly regulated autocrine
and paracrine cross talk, rapid responses to evolving extracellular matrix content,
and exquisite responsiveness to the metabolic needs imposed by liver growth and
repair [21, 22]. Moreover, stellate cells maintain systemic homeostasis through stor-
age and mobilization of retinoids, antigen presentation and the induction of immune
tolerance, as well as an emerging relationship with bone marrow-derived cells [22,
23]. In the tumor milieu, HSCs undergo a transition from the “quiescent” to “acti-
vated” state. Upon activation, HSCs infiltrate malignant hepatic tissue and localize
around tumor sinusoids, adjacent fibrous parenchyma, and the tumor capsule [24,
25]. Activated HSCs have also been identified in the periphery of dysplastic hepatic
nodules [26]. For tumor-associated HSCs, the restricted control of their function in
regulating fibrotic matrix decomposition and degradation is disrupted, leading to the
uninhibited production of extracellular matrix (ECM) proteins [20, 23, 27]. As a
major source of ECM proteins, HSCs may therefore stimulate HCC metastasis via
the regulation of tumor-stroma during the epithelial-to-mesenchymal transition, a
process required for metastasis.

Although HSCs are considered central to the stimulation of a pro-metastatic
microenvironment in HCC, the molecular mechanisms underlying this modulation
are poorly understood. Unsupervised genome-wide expression profiling confirmed
that the genes associated with cross talk between tumor cells and HSCs were signifi-
cantly enriched in cirrhotic tissues from patients with metastasis [25]. These gene
expression profiles, which are discussed in detail in subsequent sections, have the
capability to activate inflammatory programs, which in turn contribute to tumor
progression and metastasis.

Transforming growth factor-f (TGF-f) is secreted by both HSCs and hepato-
cytes and plays a multifunctional role in HCC pathogenesis [28, 29]. Tumor
suppressor functions are observed in the early stages of liver damage and regen-
eration. Alternatively, during cancer progression, TGF-p may stimulate tumor
invasiveness and metastatic behavior [30, 31]. TGF-p modulates the malignant
properties of HCC not only through its own canonical signaling cascade but also
via cross talk with many other growth factor pathways. Data from murine HCC
models and three-dimensional, micro-organoid in vitro models reported by van
Zijl et al. suggest a crucial role for the TGF-B/PDGF signaling axis in guiding
epithelial-to-mesenchymal transition at the invasive front [32]. In a recent study,
Park et al. identified tissue inhibitor of metalloproteinases-1 (TIMP-1) as one of
the secreted proteins of HSCs and a key component of TGF-f-mediated cross
talk between HSC and HCC cells. TGF-f stimulation led to increased expres-
sion of TIMP-1, which activated focal adhesion kinase (FAK) signaling via its
interaction with CD63. Inhibition of TGF-f signaling using EW-7197, a small-
molecule inhibitor of the TGF-f type I receptor kinase, abrogated TGF-f-
mediated epithelial-to-mesenchymal transition in vitro using HCC cell lines and
attenuated intrahepatic metastasis of HCC in an orthotopic xenograft mouse
model using SK-HEP1-Luc cells [33].
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Integrins, consisting of an a- and p-subunit, belong to a family of transmembrane
receptors that integrate the extracellular and intracellular environment through
binding both the ECM and the cytoskeleton [34]. Via transduction of signals
between the internal and external cellular domains, integrins regulate cell adhesion,
spreading, migration, proliferation, and differentiation as well as ECM deposition
and remodeling [35]. In activated HSC, downstream integrin signaling, via the focal
adhesion kinase (FAK)-phosphatidylinositol 3-kinase (PI3K)-Akt signaling path-
way, promotes ECM deposition [36]. Integrin subunits a6 and 1 expression in
human HCC tissue demonstrated a positive correlation metastasis [37]. These inte-
grins can coordinate with other key signaling components, including but not limited
to SERPINAS, CD151, PI3K-Akt, and TGF-f, to facilitate tumor invasion and
metastasis properly via epithelial-to-mesenchymal transition [38—41].

A significant increase in Th2 cytokines (e.g., IL-4, IL-8, IL-10, and IL-5) and a
concomitant decrease in the pro-inflammatory Thl cytokines (e.g., IL-1a, IL-1p,
IL-2, IL-12p35, IL-12p40, IL-15, and non-ILs, e.g., TNF-a and IFN-y) were also
found in livers associated with metastatic HCC, compared to normal samples. Such
a profound Th1 to Th2 profile switch is unique to hepatic tissues from patients with
HCC metastasis. This change is not related to the degree of viral hepatitis or cir-
rhosis, but it is a consequence of tumor burden [9, 15]. The findings strongly imply
that an anti-inflammatory cascade, which is likely initiated/upregulated by HSCs,
presents and promotes HCC metastasis.

Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) reside predominantly in the bone marrow, although
they are not of hematopoietic origin. MSCs are multipotent cells that differentiate into
osteoblasts, chondrocytes, adipocytes, and other cells of mesenchymal origin. In
response to inflammation, MSCs are recruited to sites of tissue injury to participate in
tissue remodeling and wound healing. The chronic inflammation observed in HCC leads
to the local accumulation of MSCs in the liver. Current evidence suggests that tumor-
infiltrating MSCs may influence the behavior of neighboring cancer cells [14]. The spe-
cific role of MSCs in HCC metastasis remains unclear. Upon co-culture with conditioned
medium from TGF-p1-overexpressing MSCs with HCC cell lines having high
(MHCC97-H) or low (MHCC97-L) metastatic potential, Li et al. showed that MSCs
promote the proliferation of HCC cells and TGF-$1 signaling and inhibit cell migration
and thus decrease metastatic potential. Inhibition of metastasis in this manner may be
explained by the downregulation of osteopontin (OPN) in HCC cells after co-culture
with TGF-B1 overexpressing MSC-conditioned medium [42]. Alternatively, MSCs pre-
treated with pro-inflammatory cytokines (IFN-y and TNF-«) facilitate epithelial-to-
mesenchymal transition of HCC cells, possibly through upregulation of TGF-p1 [43].
These findings reinforce the complexity associated with tumor-stromal signaling and
illustrate the influence stromal signaling can have over tumor metastasis.

Tumor-Associated Fibroblasts
Tumor-associated fibroblasts (TAFs) are the prominent cell type in HCC microenvi-
ronment and play a critical role in tumor-stroma interaction. The origin of TAFs
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remains unclear. TAFs specifically promote tumor growth, angiogenesis, and metas-
tasis, in part through secretion of high levels of stromal cell-derived factor 1 (SDF1
or CXCL12), properties that render these cells unique from normal fibroblasts [44].
Mazzocca and coworkers showed that HCC cell growth, intravasation, and meta-
static spread are dependent upon the presence of CAFs, and HCC cells reciprocally
stimulate proliferation of CAFs, suggesting a key role for CAFs in tumor-stromal
interaction [40]. There is a complex cross talk between TAFs and tumor cells. For
instance, both can secrete PDGF and TGF-f, which leads to stellate cell activation
and consequently ECM deposition and also enhances the growth and migration of
cancer cells [40]. TAFs interact with the microvasculature by secreting VEGF and
MMPs as well as several hepatocyte growth factors such as HGF [45]. TAFs also
secrete immune-modulatory cytokines (IFN-y, IL-6, and TNF) that can mobilize
lymphocytes, natural killer cells, and tumor-associated myeloid cells [46—48].

9.2.2 The Signature Roles of Inmune Components
to the Facilitation of HCC Metastasis

It is widely accepted that immune cells are recruited to the tumor site in response to
the chronic inflammatory microenvironment of HCC [9, 11, 49]. In response to the
local inflammatory response, at some point, cancer cells evolve mechanisms of
immune escape. Evidence continues to accumulate implicating the local immune
microenvironment of HCC as one of tolerance [50]. Specifically, a defined expres-
sion signature containing 17 immune genes (12 cytokines, HLA-DR, HLA-DPA,
ANXAL, PRGI, and CSF1) has recently been validated to evaluate local immune
suppression [15, 16]. This set of genes serves as a key orchestrator of the intricate
dialogue between infiltrating immune cells and cancer cells. Budhu et al. demon-
strated that this immune-related gene panel could successfully predict both venous
metastases and extrahepatic metastases by follow-up with more than 92% accuracy.
The prognostic performance of this signature was superior to and independent of
any clinicopathologic variables, including age, tumor size, microvascular invasion,
level of a-fetoprotein and/or albumin, Child-Pugh score for cirrhosis mortality, as
well as several staging systems (TNM, CLIP, BCLC, and Okuda) [15]. In the fol-
lowing section, the orchestrated action of these inflammatory genes in regulating
HCC metastasis is discussed with specific emphasis on tumor-infiltrating
lymphocytes.

T Cells

The majority of tumor-infiltrated lymphocytes in solid tumors are of CD3* T cells.
They can be further stratified into CD4* helper T cells; among this subset is the
CD4* regulatory T cell (Treg) and CD8* cytotoxic T cells. T cells can exert either or
both tumor-suppressive and tumor-promoting properties [51, 52]. Pathologic skew-
ing of T cells in the tumor microenvironment can suppress antitumor immune
responses and is defined as another key regulator in HCC progression. Accounting
for 5-10% of all CD4* T cells, Tregs are thought to be protumorigenic via the
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suppression of antitumor immune responses [53]. In HCC, tumor-infiltrating
CD4*CD25*forkhead box P3* (FoxP3) Tregs impair the cytotoxic activity of CD8*
T cells while suppressing the proliferation of IFN-y secretingCD4*CD25~ T cells
[54]. In other study, Gao et al. showed that the ratio of intratumoral CD45RO* to
peritumoral CD57* (memory/senescent) T cells serves as a negative predictor of
HCC extrahepatic metastasis [55, 56].

Although the role of T cells in HCC metastasis continues to be investigated, a
likely contribution is the array of inflammatory mediators secreted by activated
lymphocytes. For example, serum levels of IL-6 were high in metastatic HCC [57]
and were able to distinguish primary or metastatic liver tumors from benign HCC
lesions [58]. Furthermore, serum levels of the pro-inflammatory cytokines TNF-o
and IL-1p were high in HCC prior to resection compared with healthy individuals
[59, 60]. In another study, higher levels of IL-1f and TNF-« were found in the tissue
surrounding hepatic metastases than within the primary HCC tumor [11]. High
expression of IL-8 (or CXCLS), a chemokine with angiogenic action, in malignant
hepatic tissue was also associated with a higher frequency of portal vein, venous,
and bile duct invasion in HCC patients undergoing operative resection and may
therefore be important in invasion and metastasis [15]. Interestingly, Wang et al.
demonstrated type I interferon-mediated angiogenesis inhibition by downregulating
vascular endothelial growth factor (VEGF) and thus inhibiting metastasis in an
HCC xenograft model with high metastatic potential [61].

Tumor-Associated Macrophages
In addition to T cells, tumor-associated macrophages (TAMs) are commonly found
in the tumor microenvironment of many types of cancer. TAMs play a major role in
mediating the cross talk between cancer and stromal cells, promoting tumor cell
proliferation, and stimulating angiogenesis, invasion, and metastasis [62]. In HCC,
TAMs are recruited to the tumor milieu, residing predominately in the peritumoral
region, by a cascade of growth factors and chemokines secreted by cancer cells [63].
Soluble mediators promoting TAM recruitment include vascular endothelial growth
factor (VEGF), platelet-derived growth factor (PDGF), transformation growth
factor-p (TGF-p), chemokine (C-C motif) ligand (CCL2), and macrophage colony-
stimulating factor (M-CSF) [64, 65]. The expression of glypican-3 (GPC-3) on the
surface of HCC cells may also promote TAM recruitment [66]. In human HCC, the
majority of TAMs are polarized toward an M2 phenotype, characterized by poor
antigen-presenting capability and the secretion of a distinct set of cytokines/chemo-
kines (e.g., IL-10, TGF-p, CCL17, CCL22, CCL24, etc.) that interact with their
receptors expressed mainly by Th2 and Treg cells, promoting the recruitment of
these ineffective T cell subsets [67]. In the context of HCC metastasis, extensive
macrophage infiltration and increased levels of M-CSF have been associated with
intrahepatic metastasis and recurrence [68, 69]. Moreover, pharmacological
approaches to directly target TAMs, via knocking out CCL2 or other TAM-specific
chemokines, reduced migration and invasion of HCC cell lines [70].

The cross talk between tumor-associated macrophages and cancer cells in mediat-
ing HCC metastasis is conducted through various TAM-secreted factors and
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signaling pathways. Increased expression of CXCL12 and its corresponding receptor
CXCRA4, a particularly well-studied chemokine signaling axis, is associated with
lymphatic metastasis in HCC patients [71]. This CXCL12/CXCR4 axis stimulates
the growth, invasion, and metastasis of HCC cell lines, in part through enhancing the
secretion of matrix metalloproteases (MMPs) 2 and 9 [72]. Upregulation of TAM-
secreted IL-8 and its receptor CXCR2 have also been associated with intrahepatic
metastasis of HCC [73]. In addition to chemokine signaling, TAM-derived growth
factors also play a role in metastasis. Among these, TGF-p is well known for its role
in tumor growth and metastasis. In HCC, TGF-f induces epithelial-to-mesenchymal
transition through stimulation of the E- to N-cadherin switch, a signature event
required for EMT, by upregulating Snail, an E-cadherin repressor, and PDGF signal-
ing pathway [32, 74]. TGF-p can also affect a3f1 integrin, SMAD-2, and focal adhe-
sion kinase (FAK), all of which are known to regulate tumor invasiveness [75]. All of
these functions are regulated through TGF-f cross talk with other signaling cascades,
such as FAK, PDGFR, STAT, HIF, etc. In addition to TGF-f signaling, osteopontin
(OPN), a phosphorylated acidic glycoprotein which was found to be expressed in
macrophages after liver injury [76], also contributes to HCC invasion and metastasis
via the interaction with integrins [76]. OPN plasma levels were found increased in
HCC patients and were associated with reduced liver function and worse prognosis
[77]. Neutralizing OPN by anti-OPN antibodies resulted in strong inhibition of inva-
sion and metastasis of HCC cells in vitro and in vivo [78].

9.3  Circulating Tumor Cells: The Foundation of Cancer
Dissemination in HCC Metastasis

A highly heterogeneous subpopulation of cancer cells, termed circulating tumor
cells (CTCs), is able to physically translocate from the primary tumor site to the
peripheral circulation [79-81]. Historically, the presence of tumor cells in the
peripheral circulation of cancer patients was first reported by Thomas Ashworth in
1869 [82]. Not long after, in 1889, Stephen Paget proposed the “seed and soil”
hypothesis to explain the nonrandom pattern of metastasis to visceral organs and
bones [83]. The presence of CTCs in the bloodstream of patients with epithelial
cancers fits very well with this theory and has contributed to our understanding of
cancer pathogenesis and metastasis [81]. Circulating tumor cells have frequently
been observed in patients undergoing surgical resection or liver transplantation for
HCC [84]. Although it remains unclear as to where these cells fall on the spectrum
of primary to metastatic tumor cells, CTCs do appear to represent the link between
a localized primary tumor and metastatic lesion. During the metastatic process, can-
cer cells must acquire traits to degrade and invade through the extracellular matrix
of the surrounding tissue toward blood and lymphatic vessels [4]. The presence of
CTCs correlates with the extent of metastatic burden, aggressive disease, and
reduced time to progression [85]. An investigation by Vona et al. in 2004 detected
CTCs in 52% of blood samples using the ISET (Isolation by Size of Epithelial/
Throphoblastic Tumor cells) platform, from 44 HCC [86]. In other independent
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study, Xu et al. showed that CTCs were detected in more than 80% of HCC patients
but not in healthy person or patients with benign liver diseases [87]. Fan et al. fur-
ther demonstrated that CTCs were reduced in the peripheral blood of HCC patients
after resection. Moreover, patients with greater than 0.01% CTCs in their blood
were at a significantly elevated risk of disease progression and metastasis [88].
Taken together, these findings suggest that CTCs serve as a major contributor to
HCC recurrence and metastasis.

Physically, circulating tumor cells 20-30 pm in diameter are far too large to pass
through pulmonary capillary beds [86]. Theoretically, within minutes of being
released by primary tumors into the venous circulation, CTCs should be trapped in
these capillaries during their first pass through the heart. In addition, CTCs have a
limited half-life (1-2.4 h) in the circulation, possibly due to circulatory shear stress
or the loss of matrix-derived survival signals (anoikis) [89]. Based on these points,
it would be logical to assume that only exceptionally small or physically plastic
CTCs can transition through pulmonary microvasculature, thereby successfully sur-
viving in the circulation to colonize a particular organ [3, 90]. Molecular analyses
of CTCs demonstrate a heterogeneous gene expression pattern. CTCs have been
generally recognized as negative for CD45 (a hematopoietic marker) and positive
for extracellular epithelial cell adhesion molecule (EpCAM) and intracellular cyto-
keratins specific to epithelial cells (CK8/18/19), all of which have become “gold
standard” markers for the detection of CTCs with an epithelial phenotype in patients
with cancer [91, 92]. The reliance on epithelial markers to detect CTCs poses
another challenge, in that tumor cells tend to lose epithelial characteristics and
acquire mesenchymal features in order to metastasize [93]. Indeed, recent studies
have shown that CTCs also expressed mesenchymal markers, such as Vimentin and
N-cadherin [94-96]. The discrepancy in CTC marker expression suggests that
CTCs represent a heterogeneous population that includes cells that have lost or are
losing epithelial markers and that have undergone or are undergoing the EMT. It is
reasonable to suggest that this is a dynamic event during which cells gradually lose
their epithelial features to acquire other features that enable them to extravasate into
circulation and then undergo the reverse process, which allows the cells to travel to
the site of metastasis [81].

The lack of specific surface hepatic markers challenges CTC detection in HCC,
which in turn limits investigation of this cell type. To date, there are only a few stud-
ies that have been conducted to identify and characterize these cells. Similar to
CTCs derived from other tumors, HCC-derived CTCs were detected with mesen-
chymal as well as epithelial markers [97-99]. Compared with epithelial CTCs
detected by the conventional markers EpCAM and cytokeratin, the high rates of
EMT-associated CTCs correlated with poor prognosis in patients with hepatocellu-
lar carcinoma [84, 100-102]. A prospective study of 46 patients with liver cancer
showed the EMT markers TWIST1 and Vimentin in 84.8% and 80.4% of those
patients’ CTC samples, respectively [103]; tumor progression correlated with the
presence of mesenchymal CTCs in those patients. In addition, some markers for
cancer stem cells, such as CD44, CD133, CD90, or ICAM, were also detected in
HCC CTCs [104]. Altogether these findings raise the possibility that significant
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overlap may exist between CTCs, cancer stem cells, and HCC cells that underwent
EMT. Despite these complexities in the molecular expression of CTCs, a thorough
understanding of the biology of CTCs in the metastatic process nonetheless offers
the prospect of creating a highly useful diagnostic and prognostic surrogate mea-
sure. In this review, the discussion of CTCs emphasizes two major aspects: (1) the
relationship between circulating tumor and cancer stem cells and (2) the molecular
linkage between these subpopulations — the epithelial-to-mesenchymal transition.

9.3.1 Relationship Between Circulating Tumor Cells and Cancer
Stem Cells

Found in many types of cancer, cancer stem cells (CSCs) are a rare subpopulation
that possesses the ability to generate new tumors that consistently recapitulate the
morphology of original tumors. Following the hierarchical hypothesis of CSC
clonal evolution, these cells are able to self-renew and generate differentiated in a
similar manner to normal stem cells [105-107]. CTCs appear to have a critical role
in metastasis. The motility, invasiveness, and heightened resistance to apoptosis are
instrumental for metastatic initiation, while the self-renewal and tumor-initiating
ability are critical for successful metastatic establishment [108].

The Expression of CSC Markers in CTCs

Although it may not be specific for CSCs of HCC origin, commonly reported mark-
ers include EpCAM, CD133, CD90, CD44, and CD24 [84, 102, 109-111]. Most of
these markers are expressed in normal hepatic progenitors and are known as oncofe-
tal markers [107]. Tumor cells expressing these markers have demonstrated height-
ened tumorigenicity and metastasis using HCC cell lines and primary HCC models
[98, 112]. These common CSC markers were also detected in the CTC subpopula-
tion within the peripheral blood of HCC patients [87]. A recent prospective study by
Fan et al. revealed a strong correlation between the number of cancer stem cells
(CD45—/CDY90+/CD44+) in the blood and post-hepatectomy intrahepatic recur-
rence and lower recurrence-free survival of HCC. Further, circulating CSCs >0.01%,
tumor stage, and tumor size were all independent risk factors in predicting
recurrence-free survival [88]. In another investigation, the Cell Search System was
developed to examine preoperative blood samples from 123 HCC patients. Here,
Sun et al. detected at least one EpCAM* CTC in 66.7% of the samples, among
which 41.5% had at least two EpCAM™* CTCs, and further determined that preop-
erative detection of at least two CTCs was an independent risk factor for postopera-
tive recurrence [101]. The same group also reported expression of the CSC
biomarkers CD133 and ABCG2 in EpCAM* CTCs from 82 patients with HCC. A
study by Schulze et al. reported at least one EpCAM* CTC in 30.5% of HCC patients
and in 5.3% of patients with cirrhosis, demonstrating a strong correlation between
EpCAM* CTCs and survival [100]. Furthermore, Liu et al. identified 30 out of 60
patients with greater than 0.157% circulating CD45~ ICAM-1* tumor cells. Again,
these patients demonstrated significantly shorter disease-free and overall survival
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[113]. These investigations suggest that CTCs with stem cell-like phenotypes may
represent a subset of CTCs with a more aggressive phenotype, leading to early
recurrence, metastasis, and reduced overall survival.

Tumor Self-Seeding: A CSC Trait of CTCs

CTCs can be detected within the bloodstream of the overwhelming majority of
carcinoma patients, including those who develop few, if any, overt metastases;
however, less than 0.01% of tumor cells that enter into systemic circulation ulti-
mately develop into macroscopic metastases [114, 115]. It has been suggested that
CTCs may exist in the latent form in a state of pre-metastasis, defined as the time
between primary tumor diagnosis and clinically detectable metastasis [116]. In
breast cancer, malignant cells that disseminate early can reside as single cells or
as micro-metastatic clusters, as shown in studies of bone marrow samples from
patients without overt metastatic disease [117, 118]. These CTCs either lack the
ability to colonize or are successful colonization is prevented, possibly by host
environmental factors. In order to acquire a micro- to macro-metastatic switch,
latent CTCs must have the capability to reinitiate a tumor. The development of
macro-metastases is a manifestation of a so-called tumor self-seeding process.
This unique cancer stem cell phenotype has been well demonstrated by Kim et al.
in experimental mouse models of breast carcinoma, colon carcinoma, and malig-
nant melanoma [119]. In these models, tumor masses become readily seeded by
CTCs derived from separate tumors, metastatic lesions, or direct inoculation.
Tumor self-seeding selects for highly aggressive CTCs, as evidenced by the con-
sistent observation that metastatic cells are more efficient as seeders than their
parental populations. Interestingly, tumor self-seeding in mice carrying high num-
bers of CTCs was not associated with de novo tumor formation in orthotopic sites,
suggesting that self-seeding requires tumor-derived signals. Kim et al. further
implicate IL-6 and IL-8 as tumor-derived attractants of CTCs in breast carcinoma
and melanoma models, in agreement with other models of tumor cell chemotaxis
and metastasis. High serum levels of IL-6 correlate with poor prognosis in breast,
colon, and lung cancer [120-122], and high expression of IL-8 in metastatic mela-
noma is associated with tumor burden [123, 124]. Inflammatory cells recruited to
the tumor site can also be sources IL-6 [125, 126]. Thus, stromal and cancer cell-
derived factors may contribute to tumor self-seeding process of circulating tumor
cells [119].

The Origin of CTCs

Despite advances in our understanding of the relationship between circulating
tumor cells and clinical outcomes, the mechanistic role CTCs play in metastatic
dissemination remains unclear. This is due, in part, to the limited sensitivity
associated with current technical approaches as well as the lack of efficient
in vitro and/or in vivo models to detect and characterize this rare subpopulation.
One of the most fundamental, yet unanswered, questions relates to the origin of
CTCs. Both molecular expressing patterns and functional properties of CSCs
within CTC subpopulations point to possible overlap, implying that CTCs may
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actually represent CSCs in the circulation. Functionally, however, not all CTCs
are able to form ectopic metastatic lesions, as would be expected of CSCs. In
mouse models involving portal vein cell injections, only 2.5% of CTCs were able
to establish metastatic foci, and 1% of micro-metastases progressed to a macro-
metastatic tumor at day 13 after injection [127]. Therefore, among the heteroge-
neous population of CTCs, only a small subset is capable of successfully
metastasizing. This subpopulation of CTCs associated with CSC properties has
recently been defined as “circulating tumor stem cells” (CTSCs). The origin of
circulating tumor stem cells has not been established to date. In a recent review,
Yang et al. proposed two non-exclusive hypotheses for the derivation of CTSCs.
First, circulating and thus metastatic cancer stem cells already arise in the pri-
mary tumor as cancer stem cells with additional features rendering them capable
of evading the primary tumor, surviving in the bloodstream, and subsequently
initiating metastasis. Second, circulating cancer stem cells may actually arise
from previously disseminated tumor cells, e.g., out of a state of dormancy at a
distant site after escape from the primary tumor. Importantly, CTCs must survive
the hostile environment of the peripheral blood, evade immune surveillance, and
extravasate at a distant location. These features are certainly not present in all
CTCs [128]. While both hypotheses are reasonable, neither has been validated
conclusively to date. Consistent with the hypothesis that circulating cancer stem
cells are already present in primary tumors, primary tumor cells bearing CSC
markers are able to form distant metastases when transplanted into a secondary
host [129, 130]. As cancer stem cells are also associated with the functional plas-
ticity required to transition between mesenchymal-like and epithelial-like states,
these cells are a likely source of metastasis.

9.3.2 Epithelial-to-Mesenchymal Transition: A Hallmark
of Metastasis That Links Circulating Tumor Cells
and Cancer Stem Cells

Recent investigations have suggested that circulating tumor cells (CTCs) manifest
phenotypes associated with both CSCs and epithelial-mesenchymal transition
(EMT). Compelling evidence indicates that cancer cells are endowed with inva-
sive characteristics through the EMT, which is a complex process leading to the
loss of epithelial features and gain of mesenchymal traits via cellular rearrange-
ment of junctional proteins and eventually the loss of cell adhesion. This transi-
tion enables the tumor cells to acquire migratory and invasive abilities, which
facilitates metastasis through intravasation from the primary tumor site to the
vascular system and extravasation to the secondary location [3, 43, 131]. However,
EMT is often transient and reversible. Reestablishment of micro-metastasis in the
distant sites requires a reversal process, termed the mesenchymal-to-epithelial
transition (MET), by which cells regain epithelial characteristics necessary for
further colonization [3]. Thus, the EMT-MET transition processes are critical to
metastasis in all cancer cells.
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The Evidences of EMT Phenotype in CTCs

The expression of EMT-related proteins (Vimentin, N-cadherin, and TWIST1)
has been documented in CTCs obtained from patients with breast, lung, colon
cancer as well as hepatocellular carcinoma [97, 132-135]. Li et al. isolated
CTCs from 46 of 60 (76.7%) HCC patients, and immunofluorescence staining
detected TWIST1 and Vimentin expression in CTCs obtained from 39 (84.8%)
and 37 (80.4%) of the 46 patients, respectively. The expression of both TWIST]1
and Vimentin in CTCs significantly correlated with portal vein tumor throm-
bus. Co-expression of TWIST1 and Vimentin in CTCs could be detected in 32
(69.6%) of the 46 patients and correlated strongly with portal vein tumor
thrombus, TNM classification, and tumor size. Western blot analysis revealed
that the expression levels of E-cadherin, Vimentin, and TWIST1 in primary
HCC tumors were correlated with marker positivity in isolated CTCs (P =0.013,
P =0.012, P = 0.009, respectively). However, there was no significant differ-
ence in ZEB1, ZEB2, snail, and slug expression levels in CTCs, primary HCC
tumors, and adjacent hepatic tissue across samples with regard to clinicopatho-
logical parameters [136].

The contribution of EMT to CTC properties may be regulated through inducers
of EMT and/or the mechanisms of signal transduction that facilitate this process.
For example, TGF-p1 induces EMT in HCC by activating a cascade of signaling
mechanisms including the platelet-derived growth factor (PDGF), cyclooxygen-
ase-2, and phosphatidylinositol-2/Akt (PI3K/Akt) signaling pathways [30, 38,
131, 137]. Additionally, Ogunwobi et al. demonstrated that CTCs display pheno-
typic evidence of having undergone EMT, which appears to be inducible by HGF,
using murine CTC cell lines established from an HCC model of BNL IMEA.7R.1.
CTCs are highly enriched for the expression of HGF and its receptor c-Met com-
pared to the parental IMEA cells. Moreover, upregulation of HGF and c-Met may
be the consequence of a loss of DNA methylation in six CpG islands at the c-Met
promoter [138].

Lee et al. reported an interesting role for TM4SF5, a transmembrane 4 L six
family member 5, which is highly expressed in hepatic cancers and stimulates
metastasis by enhancing cellular migration. Here, a novel TM4SF5/CD44 inter-
action mediated self-renewal and circulating tumor cell (CTC) capacities.
TM4SF5-dependent sphere growth correlated with CD133*, CD24-, and ALDH
activity and a physical association between CD44 and TM4SF5. In serial xeno-
grafts of less than 5000 cells per injection, TM4SF5-positive tumors exhibited
increased CD44 expression, suggesting tumor cell differentiation. TM4SF5-
positive cells were identified circulating in the blood 4—6 weeks after orthotopic
liver injection. Anti-TM4SF reagents reduced metastasis. Such TM4SF5-
mediated properties were supported by CDI133/TM4SF5/CD44 (bound to
TM4SF5)/c-Src/STAT3/TWIST1/Bmi-1 signaling pathways. Suppression of
CD133, TM4SF5, or CD44 or disruption of the interaction between TM4SF5
and CD44 abolished the self-renewal and circulating tumor cell properties
[139]. This study therefore elucidated a critical link between EMT, CSCs, and
CTCs in hepatocellular carcinoma.
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Dynamic Role of EMT in Postulating Cancer Stem Cell

Phenotype of CTCs

Recent clinicopathologic and experimental evidence support the coexistence of
both EMT and CSC phenotypes in CTC subpopulations of patients with metastasis
[132]. The reciprocal action of these three components, however, is still not fully
understood. EMT has been suggested to play a key role in the formation of CTCs,
which can eventually form metastatic tumors. EMT may propagate or, in some
instances, even generate neoplastic epithelial cells through the acquisition of stem-
like characteristics [129, 136, 140-142]. Indeed, Mani et al. first demonstrated that
EMT was sufficient to induce a population of cells with characteristics of stem cells
bearing migratory and invasive capabilities [142]. Moreover, the overexpression of
EMT markers on CTCs was often accompanied by the presence of the stem cell
markers, including but not limited to ALDH1, CD133, and CD44 [95, 132]. Given
the fact that EMT can induce non-CSCs to enter a CSC-like state, tumor cells may
resemble CSCs through this process and transition to circulating tumor stem cells
with high metastatic potential. On the other hand, several studies suggested that
CTCs that are “frozen” in a mesenchymal phenotype seem to be unable to form
metastases [143], as tumor cell lines that are arrested in a mesenchymal state by
expression of EMT-inducing proteins such as Snail, TWIST1, or ZEB1 are more
invasive and easily enter the bloodstream, but they are unable to form overt metas-
tases after homing to distant organs [93, 144—146]. These cells may not be able to
undergo the reverse process of mesenchymal-to-epithelial transition to establish
micro-metastasis.

These observations are not contradictory. They indeed provide evidence for a
dynamic regulation of EMT toward CTCs in a reversible manner. Early in the meta-
static cascade, EMT is responsible for inducing mesenchymal and cancer stem cell
phenotypes. These are obligatory properties required for intravasation from the pri-
mary tumor and extravasation to the metastatic site of CTSCs. At a late metastatic
phase after CTSC homing, EMT may be switched to MET, by which cells regain
epithelial characteristics necessary for colonization and establish macro-metastasis.
Despite a profound contribution to the success of metastasis, the master controller(s)
of the switch between EMT and MET is not yet understood. It is possible that this
EMT/MET balance is driven by intrinsic properties of tumor cells as well as extrin-
sic components from both primary and secondary microenvironments.

Conclusion

Metastasis formation represents the dominant rate-limiting step of the invasion-
metastasis cascade. In spite of this gross inefficiency of metastatic establishment,
a small minority of disseminated carcinoma cells undergoes gradual genetic and/
or epigenetic evolution to acquire the adaptive traits required for metastatic colo-
nization. The tumor cells could not execute this complicated transformation
alone but through their extensive communication with the microenvironment of
the primary tumor and the metastatic site. Concomitant to anatomical and hemo-
dynamical features of the liver, hepatocellular carcinoma represents one of the
most complicated tumor microenvironments with a high degree of heterogeneity
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in cellular and molecular components, which contributes another layer of com-
plexity to the metastatic process. The milieu of HCC is composed of a wide
variety of inflammatory cell types, all of which interact with each other and
tumor cells, directly or indirectly through factors that they secrete, in order to
acquire a pathologic phenotype and alter the function of tumor cells. This mutual
interaction between cancer cells and host components is dynamic, constantly
evolving with tumor progression. Under microenvironmental signals, tumor cells
can be transformed into metastatic circulating tumor cells through the process of
epithelial-to-mesenchymal transition. This intriguing group of so-called circulat-
ing tumor stem cells can acquire unique stemlike characteristics simultaneously,
a prerequisite for the success of metastasis. Better understanding of the biology
behind these processes is critical to develop effective strategies for early cancer
detection and novel treatment approaches that can be translated into clinical
practice.
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