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Abstract
Cancer metastasis contributes to significant morbidity and mortality. Patients with metastatic cancer,
often considered incurable, are provided with either supportive care or aggressive management
without curative intent. Despite decades of research toward unraveling cancer progression
mechanisms, the current body of knowledge has not translated into effective anti-metastasis
therapies, but recent findings challenge the classic notion that metastases develop during late stages
of carcinogenesis. Here, we evaluate the scientific evidence in the context of the multistage metastasis
model. The resolution of current controversies has implications on both the prognostic value of
molecular technology and the future of targeted therapies for the clinical benefit of metastasis
patients.
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Metastasis and the cancer patient
Cancer is a heterogeneous disease, and patients can experience a variety of outcomes following
diagnosis, including metastasis of the primary cancer to a distant site. Metastatic cancer is
particularly challenging for the medical field and is largely responsible for complications and
mortality associated with most epithelial malignancies such as lung, colon, breast, prostate,
liver, stomach, and pancreatic cancers. Furthermore, metastasis is typically difficult to cure by
conventional surgery, radiation therapy, and chemotherapy and confers poor prognosis for the
affected patient. As a result, local invasion and distant metastases attribute to 90% of human
cancer deaths (1).

The consideration of metastasis is clinically relevant in both the evaluation and the treatment
of the cancer patient. At the time of diagnosis, evaluating the patient for the risk of developing
clinical metastasis is important for prognosis and for determining the potential benefit of
systemic therapy. Patients at high risk for metastasis would ideally be treated with therapeutic
agents that disrupt the spread of disease or hinder growth at the distant site.
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Early theories of cancer metastasis
The development of clinically useful therapies against metastasis must begin with a detailed
understanding of the origins and mechanisms of cancer spread, concepts which have been
studied for more than 100 years (Figure 1). Significant insight was first attained through
Stephen Paget’s observations that cancer spread seemed to be dependent on the cross-talk
between cancer cells (seeds) and the specific metastatic organ site (soil) (2). Ewing challenged
this notion by proposing an anatomic mechanism for cancer spread, whereby dissemination
occurred through mechanical factors associated with the structure of the vascular system (3).
These notions, which persisted for half a century, were followed in 1975 by Bross’ metastatic
cascade theory, which demonstrated that the spread of metastasis was not random, but rather
occurred in steps that required one or more disseminating sites (4).

Controversy over the metastasis paradigm
In recent years, scientific research has blossomed and is in a prime position to address both
clinical prognosis and the treatment of metastatic cancer. The excitement in the field is fueled
by the likelihood that fundamental biological differences exist between metastatic and
nonmetastatic cancers. The identification of these differences are of clinical importance, since
they may be used to discriminate patient subpopulations and represent a starting point for
developing targeted therapies against the metastatic process.

Despite the scientific progress in cancer biology, therapies that specifically disrupt molecular
pathways associated with metastasis have not been clinically successful, and this failure of
clinical translation warrants a reevaluation of our understanding of metastasis. In this regard,
two opposing viewpoints have been debated in recent years. While some have demonstrated
that molecular alterations of the primary cancer dictate the ability to metastasize, others contend
that metastasis develops from a minority cell population following seeding and selection at a
distant site. These viewpoints are contradictory, but not mutually exclusive.

It has generally been accepted that the success in forming a primary tumor depends on a series
of genetic and epigenetic changes in premalignant cells that allow them to escape from normal
cell growth signaling controls, to resist proapoptotic stimuli, and to induce angiogenesis (1).
As a metastatic lesion is an extension of a primary tumor, the traditional view on metastatic
progression has heavily leaned towards the clonal selection hypothesis. However, the
traditional view has been challenged as being conceptually inconsistent, since the acquisition
of a metastasis phenotype may not be equated with an increase in proliferative capacity at the
primary site (5). Under such conditions, a cell that is “metastasis-enabled” would remain
extremely rare in the primary tumor mass, and thus the probability of selecting and expanding
a metastatic lesion would likely be minimal. One question in particular is at the heart of this
issue: Is metastatic capacity embedded within the genetic identity of the primary tumor? This
notion has led to the dual proclivity model, in which conditions under than clonal selection
lead to metastasis (5). The answer has direct implications on the use of molecular technology
for patient evaluation and treatment.

The classical metastasis model: clonal expansion and selection
Cancer develops from normal human tissue via a series of genetic and epigenetic events(1). In
their landmark studies, Vogelstein and colleagues demonstrated that sequential mutations
involving the loss of tumor suppressor genes and the gain of an oncogene are responsible for
cancer development in the majority of colorectal adenocarcinoma patients (6). These
observations supported the model of carcinogenesis as a clonal expansion of mutant cells that
acquire proliferative advantage and invasive properties.
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Metastasis has been thought to be a logical extension of this model, where at a late stage of
disease, invasive cells acquire the capacity to systemically disseminate and grow at a distant
site. Since metastatic properties may not be selective for clonal proliferation, cells responsible
for metastasis may be rare within the primary tumor. This viewpoint is supported by the clinical
observation that metastatic lesions are rare events despite the continual dissemination of
significant numbers of tumor cells into the circulation (7-9). To experimentally support this
model, Fidler and Kripke developed subclones from melanoma cells in a murine model and
first demonstrated metastatic heterogeneity, including the existence of a distinct subpopulation
of highly metastatic cancer cells (10).

Since those initial experiments, the murine selection model has been used in conjunction with
comparative genomics to identify the genetic mechanisms related to metastasis. Specifically,
cancer cell lines were implanted into host mice and were allowed to grow and metastasize. The
metastatic cells were then isolated and expanded in vitro. Repeated selection by this method
resulted in cell lines with enhanced metastatic potential upon further implantation compared
to the parental cell line. Clark et al. used this model to describe distinct gene expression patterns
in high vs low metastatic melanoma cell lines, including the metastasis-related enhancement
of RhoC (11). These studies suggest that the capacity to metastasize is an intrinsic property of
a subpopulation of malignant cells and that metastatic heterogeneity is a defining characteristic
of the primary tumor.

Other studies have demonstrated that cancer cells isolated from metastases in a murine
xenograft model not only have enhanced metastatic potential but also retain specificity for the
distant organ of metastasis. Massague and colleagues selected for a subpopulation of MDA-
MB-231 breast cancer cells with tropism for bone metastasis, that showed differential
expression of a distinct set of genes with multiple functions (12). A unique gene expression
pattern was also observed in a MDA-MB-231 subpopulation with tropism for lung metastasis
(13). Interestingly, a subset of the differentially expressed genes from the in vivo selection for
metastasis could also predict clinical lung metastasis based on gene expression profiles from
primary cancers, suggesting that some of the genes involved in the selective and site-specific
nature of metastasis may also be reflected in the genetics of primary cancer.

Metastasis as a property of the primary cancer
A pair-wise comparison between primary and metastatic cancer tissue is possible with the
availability of high resolution and high throughput technology for gene expression profiling.
Such experiments have challenged the clonal selection model of metastasis. Gene expression
profiling analysis has shown that paired primary tumors and metastases are similar while a
significant difference is observed when primary tumors with or without metastases are
compared. Consistently, multiple reports have used gene expression profiles of primary tumor
samples to predict metastasis and poor clinical outcome (14-16). These studies take a
bioinformatics approach and offer little with regard to the exact biological mechanisms
underlying the metastatic process. Nonetheless, the success of the molecular profile of the bulk
tumor in predicting metastasis defies the theory that a rare variant within the tumor population
is chiefly responsible for the spread of disease.

Direct comparisons of genetic profiles have been performed between primary tumors of the
breast and liver and their matched metastases. When unsupervised clustering is performed,
samples from the same patient almost always clustered together (16-18). Moreover, identical
expression patterns are observed between primary liver cancer (16) and their extrahepatic
metastases (Wang et al, unpublished data). That a metastasis is more similar to its paired
primary cancer compared to other metastases suggests that there may not be an integral set of
changes that are selected for during the metastatic process. Rather, the genetics of the primary
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cancer may determine the capacity of the tumor to metastasize. In addition, epigenetic
mechanisms, such as methylation status or microRNA activities may affect the ability to
metastasize. Consistently, a recent study suggests that the genetic machinery that causes
metastasis is hard-wired into the primary tumor since metastatic foci harbor few genetic
alterations compared to their corresponding primary cancer (19). Furthermore, clinical
observations reveal that about 5-10% of patients with metastasis have cancer of unknown
primary (20), and recent experimental studies indicate that early disseminated cancer cells may
account for metachronous metastases (21), suggesting that systemic dissemination may be an
early event in cancer development. These studies suggest that metastatic capacity is embedded
in the majority of cells within the primary tumor and may be determined at an early stage of
carcinogenesis.

Limitations and reconciliations
To establish the current metastasis models, researchers have used experimental mouse systems
or have established genetic profiles based on patient samples. These approaches have led to
contradictory conclusions about the nature of metastatic cancer. Unfortunately, both methods
are imperfect and may not be able to capture the true biology of metastatic disease.

In the mouse models, repeated cycles of in vitro culture and in vivo selection result in highly
metastatic variants. However, the evidence is based on cell lines adapted to culture conditions,
and the repeated selection process does not recapitulate the nature of human disease. These
experiment types could certainly be confounded by artifacts in cell lines occurring through
extended passaging and ensuing genetic instability. In addition, the host environment of
xenograft transplantation models does not necessarily recapitulate the human scenario and thus
the extension of these findings to the human condition should not be taken as an exact correlate.
Meanwhile, in the gene profiling studies comparing primary human samples, the similarities
observed between the primary cancer and its corresponding metastasis could likely reflect two
intertwined scenarios.

The first involves alterations of a few important “true” metastasis genes that are necessary to
promote this phenotype but do not alter global gene expression, thus they may not be readily
identifiable through microarray technology. Even through these few changes may be absolutely
necessary to generate this phenotype, the actual magnitude of the change or type of change
(expression alteration, for example) may not be large or deemed significant by the chosen cutoff
parameters of the study and thus, may not be extracted as a significant alteration in high
throughput global analyses such as microarrays. In other words, those genes with the largest
and most significant changes are those that usually chosen for follow-up in array based studies,
while those with minimal changes are usually not pursued. But perhaps, these smaller changes
in genes are where the true alteration necessary for metastasis lies. Thus we may have left the
“true” metastasis genes by the wayside in pursuit of other genomic changes which alter
phenotypes such as proliferation etc which affect not only the process of metastasis but also
growth of the primary tumor. The second involves the role of tumor cell heterogeneity and
tumor-associated stroma cells present in the bulk of tumor specimens. The alterations in these
tumor-surrounding tissues, affecting a vast number of genes, may overshadow that of “true”
metastasis promoting events. Significant alterations of gene expression profiles in non-
cancerous tissues from metastatic cancer patients have been observed (22,23). Such alterations
may be due to tumor infiltrating immune cells from the microenvironment which may
contribute to metastasis, either positively or negatively. This occurs due to tumor heterogeneity
and the diversity of inflammatory cells that are located in the stroma or infiltrate the tumor.
Examples of inflammatory cell infiltrates include tumor associated macrophages, considered
to be associated with angiogenesis and poor outcome and dendritic cell infiltration, typically
associated with good outcome due to their induction of T cell responses and presentation of
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tumor antigens (24,25). In addition, myeloid derived suppressor cells inhibit immune responses
and facilitate tumor growth and metastasis, while T cell infiltration is generally associated with
a good immune response (26). Certain populations of T cells however, such as the T regulatory
cells or those alternatively activated by Th2 cytokines are associated with metastasis and poor
outcome (27). Therefore the accurate assessment of immune cell distribution, phenotypes and
the status of inflammation are critical factors for the assessing metastasis proclivity and thus,
the inflammatory status may therefore contribute to metastatic tendency. In addition, the
alteration of the tumor microenvironment may reflect host genetics, imparting a high risk for
metastasis as a result of inherited factors (28). It is possible that a few tumor-associated
metastasis genes are necessary but not sufficient to form a metastatic lesion unless they are
supported by stroma-associated events, an underlying concept of Paget’s metastasis model.
Thus, both the methodology (i.e array technology) and the role of the microenvironment/
inflammatory status may significantly and dually affect the ability to identify true metastasis
genes.

Based on the evidence described above, it is likely that both intrinsic properties of the primary
tumor and selective mechanisms are involved in metastasis. Within the framework of the
metastatic cascade, we speculate that the early steps of metastasis may be governed by intrinsic
properties of the primary tumor, which are defined by the cell of origin and the genetic and
epigenetic events of tumorigenesis. These properties are likely to determine the capacity of the
primary cells to exit the primary site and survive systemic dissemination. Such characteristics
would be reflected in the genetic signature of the primary cancer and would allow for the
prediction of metastasis by molecular methods. Consistently, Gupta et al recently identified
four genes that can promote both the growth of primary tumors and metastatic outgrowth
(29). Moreover, intrinsic properties of the tissue of origin may play a role in the organ
specificity of metastasis as demonstrated by Paget’s classic observation that certain types of
cancer tend to metastasize to specific organs (2).

However, intrinsic properties of the primary cancer do not confer the complete set of genetic
changes for disseminated cells to complete the metastatic process. This view is supported by
the observation that relatively few metastatic lesions develop from the up to 107 circulating
tumor cells within a cancer patient (7-9). In this case, distant metastases may represent
stochastic or selective events. The enhancement of metastatic potential following serial
transplantation in an animal model suggests that metastatic cells undergo phenotypic changes
that lead to their growth advantage at distant sites. This advantage may be a result of selection
or cellular adaptation for proliferation in a foreign microenvironment. Alternatively, the
inefficiency of tumor cells to metastasize may be due to the presence of cancer stem cells since
these cells generally represent a minor population of tumor cells and share many common
properties of metastases (30). Another viewpoint comes from the studies of the critical role of
the epithelial-mesenchymal transition (EMT) in metastatic progression. It has been shown that
most carcinoma cells access and exploit components of the EMT program to acquire malignant
cell traits (31,32). It is possible that cancer cells may act autonomously by creating an EMT
state or recruit stromal cells to induce the EMT program, although these two scenarios seem
difficult to distinguish. Taken together, the evidence suggests that the metastatic capacity of
any cancer cell is most likely a function of both the intrinsic properties of the bulk tumor and
the ability of individual cells to withstand selection pressures at a distant site.

Implications for prognosis and targeted therapy
Understanding the mechanisms behind metastasis has clear implications for the future of
clinical oncology. Early reports have already established gene expression profiles that are able
to predict metastasis and outcome, including metastasis profiles identified in our laboratory
based on the expression of mRNA and microRNA patterns in primary hepatocellular carcinoma
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specimens and in their surrounding non-cancerous tissues (16,33,34). These models may be
useful for prognosis and identifying patients who require systemic therapy, but further
validation is necessary to establish their value in comparison to existing clinical parameters.

Additionally, understanding the sequence of molecular events at various stages of metastasis
may aid the identification of therapeutic targets. In particular, a patient who develops metastasis
likely has disease that has undergone distant colonization at the time of diagnosis; therefore,
only the mechanisms governing growth at the distant site are of clinical significance to his or
her treatment. This reinforces the need to develop therapeutic targets with specificity for the
metastasis itself. There have many attempts to develop HCC therapeutic agents, however many
are geared towards processes shared between tumorigenesis and growth rather than a particular
metastasis specific event (Table 1). A lesson may be taken from the failed phase III trials of
inhibitors of matrix metalloproteinases (MMPs). Although MMPs have been shown to have
multiple roles in the metastatic process, their most important functions may be in facilitating
the escape of the cancer from the primary site. In addition, a growth factor family targeted in
HCC is epidermal growth factor receptor (EGFR) or human epidermal growth factor (HER).
These receptors are involved in a signaling pathway which eventually leads to the activation
of a tyrosine kinase intracellular domain which serves as a docking location for intracellular
signaling molecules that bind to phoshotyrosine and lead to modulation of cell proliferation,
invasion, apoptosis, angiogenesis and metastasis. Small molecule compounds such as erlotinib
and lapatinib (35,36), which inhibit tyrosine phosphorylation have been reported in clinical
trials for HCC. Although these compounds were well tolerated, their anti-tumor affect was
only modest. Cetuximab is a chimaeric monoclonal antibody directed against EGFR and blocks
the binding of this receptor to its ligands. Although Cetuximab leads to growth inhibition, its
anti-tumor activity has been found to be quite low (37). These drugs however are mainly
targeting tumor growth and not the process of metastasis.

In contrast the anti-VEGF antibody bevacizumab targets angiogenesis in the growth of
metastatic cancer following colonization and is currently used as a first-line agent against
metastatic colorectal cancer (38). The use of this drug in an adjuvant setting and in combination
with other therapeutics is also warranted. Other VEGF related agents include sorafenib (an oral
multikinase inhibitor which blocks tumor cell proliferation/angiogenesis mainly by targeting
Raf/MAPK-ERK kinase), sunitinib and TSU-68 (oral anti-angiogenesis compounds).
Sorafenib has recently been described to improve survival in a recent randomized control trial
in advanced HCC, however the survival benefit is only by an extension of three months and
thus other drugs which provide longer prognosis are needed (39). Sunitinib has also shown
promise in phase-II trials of advanced HCC and warrants a large scale randomized trial (40).
Clinical trial results using individual or combined therapeutic agents suggests that synergistic
effects may be achieved when drug regimens are combined. In fact, combinations of EGFR
and VEGF inhibitors such as erlotinib and bevacizumab show promising results (41). Thus,
drugs targeting more specific alterations associated with metastasis, such as angiogenesis are
more likely to be beneficial in blocking this phenotype.

The Wnt/beta-catenin signaling pathway is another important target for development of novel
HCC therapeutics. A large percentage of HCCs show activation of this pathway which leads
to nuclear translocation of beta-catenin and upregulation of downstream transcription factors.
Various strategies are being developed and tested in preclinical studies to target this signaling
pathway. These include blocking the interaction between beta-catenin and TCF and
monoclonal antibodies against Wnt-1 and Wnt-2. In our laboratory, we have found that an
HCC subtype correlating with stem-cell-like features and poor prognosis displays a molecular
profile consistent with activation of the Wnt-beta catenin pathway (42-44). This suggests that
certain patients with a stem-cell-like HCC subtype and activation of Wnt-beta catenin signaling
may specifically benefit from Wnt-beta-catenin inhibitor regimens. This would allow for more
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beneficial stratification of patients for the most appropriate treatment regimens, a notion which
requires further studies. Although Wnt-pathway antagonists have not been efficacious in HCC,
the importance of this signaling pathway in HCC warrants future investigation and
development of therapies geared towards modulating Wnt-signaling.

Summary
The identification of clinically useful drug targets is possible with current technology and
careful study design. The challenge is to identify molecular changes that distinguish the
metastasis from the matched primary tumor. Current reports comparing samples from patients
lack statistical power due to the difficulty in obtaining metastatic tissue for analysis. Moreover,
to be truly comparative and to ascertain metastasis changes that are not confounded by tumor/
sample heterogeneity, experiments comparing primary tumors and metastases must be
conducted in a paired/matched fashion. However, the evidence from profiling studies thus far
has shed light on the metastatic process and suggests that metastasis may occur through the
alteration of rare metastasis promoting genes and by changes in the nature of the environment
for it to thrive. We suggest that molecular profiling of the bulk tissue, which can dually ascertain
tumor and microenvironment associated changes may delineate the factors that distinguish a
primary tumor mass from its metastasis. We suspect that such analysis will reveal the molecular
mechanisms of metastasis and essential genetic changes that allow for survival and drive
proliferation within a foreign microenvironment. If these pathways can be targeted with
specificity, there will be rekindled hope of finding a cure for metastatic cancer.

Acknowledgements
We thank Kent Hunter for critical reading of the manuscript; Karen MacPherson for bibliographic assistance. This
work was supported by the Intramural Research Program of the Center for Cancer Research, National Cancer Institute.

Reference List
1. Hanahan D, Weinberg RA. The hallmarks of cancer. Cell 2000;100:57–70. [PubMed: 10647931]
2. Paget S. The distribution of secondary growths in cancer of the breast. 1889. Cancer Metastasis Rev

1989;8:98–101. [PubMed: 2673568]
3. Ewing, J. Neoplastic Diseases. Vol. 6. Philadelphia, PA: WB Saunders; 1928.
4. Bross ID, Viadana E, Pickren JW. The metastatic spread of myeloma and leukemias in men. Virchows

Arch A Pathol Anat Histol 1975;365:91–101. [PubMed: 804747]
5. Bernards R, Weinberg RA. A progression puzzle. Nature 2002;418:823. [PubMed: 12192390]
6. Vogelstein B, Fearon ER, Hamilton SR, et al. Genetic alterations during colorectal-tumor development.

N Engl J Med 1988;319:525–32. [PubMed: 2841597]
7. Vona G, Estepa L, Beroud C, et al. Impact of cytomorphological detection of circulating tumor cells

in patients with liver cancer. Hepatology 2004;39:792–7. [PubMed: 14999698]
8. Wong IH, Leung T, Ho S, Lau WY, Chan M, Johnson PJ. Semiquantification of circulating

hepatocellular carcinoma cells by reverse transcriptase polymerase chain reaction. Br J Cancer
1997;76:628–33. [PubMed: 9303362]

9. Komeda T, Fukuda Y, Sando T, et al. Sensitive detection of circulating hepatocellular carcinoma cells
in peripheral venous blood. Cancer 1995;75:2214–9. [PubMed: 7536120]

10. Fidler IJ, Kripke ML. Metastasis results from preexisting variant cells within a malignant tumor.
Science 1977;197:893–5. [PubMed: 887927]

11. Clark EA, Golub TR, Lander ES, Hynes RO. Genomic analysis of metastasis reveals an essential role
for RhoC. Nature 2000;406:532–5. [PubMed: 10952316]

12. Kang Y, Siegel PM, Shu W, et al. A multigenic program mediating breast cancer metastasis to bone.
Cancer Cell 2003;3:537–49. [PubMed: 12842083]

Dong et al. Page 7

Clin Cancer Res. Author manuscript; available in PMC 2010 April 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



13. Minn AJ, Gupta GP, Siegel PM, et al. Genes that mediate breast cancer metastasis to lung. Nature
2005;436:518–24. [PubMed: 16049480]

14. van ’t Veer LJ, Dai H, Van de Vijver MJ, et al. Gene expression profiling predicts clinical outcome
of breast cancer. Nature 2002;415:530–6. [PubMed: 11823860]

15. Ramaswamy S, Ross KN, Lander ES, Golub TR. A molecular signature of metastasis in primary solid
tumors. Nat Genet 2003;33:49–54. [PubMed: 12469122]

16. Ye QH, Qin LX, Forgues M, et al. Predicting hepatitis B virus-positive metastatic hepatocellular
carcinomas using gene expression profiling and supervised machine learning. Nat Med 2003;9:416–
23. [PubMed: 12640447]

17. Perou CM, Sorlie T, Eisen MB, et al. Molecular portraits of human breast tumours. Nature
2000;406:747–52. [PubMed: 10963602]

18. Weigelt B, Glas AM, Wessels LF, Witteveen AT, Peterse JL, Van’t Veer LJ. Gene expression profiles
of primary breast tumors maintained in distant metastases. Proc Natl Acad Sci U S A
2003;100:15901–5. [PubMed: 14665696]

19. Jones S, Chen WD, Parmigiani G, et al. Comparative lesion sequencing provides insights into tumor
evolution. Proc Natl Acad Sci U S A 2008;105:4283–8. [PubMed: 18337506]

20. van de Wouw AJ, Janssen-Heijnen ML, Coebergh JW, Hillen HF. Epidemiology of unknown primary
tumours; incidence and population-based survival of 1285 patients in Southeast Netherlands,
1984-1992. Eur J Cancer 2002;38:409–13. [PubMed: 11818207]

21. Husemann Y, Geigl JB, Schubert F, et al. Systemic spread is an early step in breast cancer. Cancer
Cell 2008;13:58–68. [PubMed: 18167340]

22. Dave SS, Wright G, Tan B, et al. Prediction of survival in follicular lymphoma based on molecular
features of tumor-infiltrating immune cells. N Engl J Med 2004;351:2159–69. [PubMed: 15548776]

23. Budhu A, Forgues M, Ye QH, et al. Prediction of venous metastases, recurrence and prognosis in
hepatocellular carcinoma based on a unique immune response signature of the liver
microenvironment. Cancer Cell 2006;10:99–111. [PubMed: 16904609]

24. Pollard JW. Tumour-educated macrophages promote tumour progression and metastasis. Nat Rev
Cancer 2004;4:71–8. [PubMed: 14708027]

25. Talmadge JE, Donkor M, Scholar E. Inflammatory cell infiltration of tumors: Jekyll or Hyde. Cancer
Metastasis Rev 2007;26:373–400. [PubMed: 17717638]

26. Mantovani A, Allavena P, Sica A, Balkwill F. Cancer-related inflammation. Nature 2008;454:436–
44. [PubMed: 18650914]

27. Vignali DA, Collison LW, Workman CJ. How regulatory T cells work. Nat Rev Immunol 2008;8:523–
32. [PubMed: 18566595]

28. Hunter K. Host genetics influence tumour metastasis. Nat Rev Cancer 2006;6:141–6. [PubMed:
16491073]

29. Gupta GP, Nguyen DX, Chiang AC, et al. Mediators of vascular remodelling coopted for sequential
steps in lung metastasis. Nature 2007;446:765–70. [PubMed: 17429393]

30. Reya T, Morrison SJ, Clarke MF, Weissman IL. Stem cells, cancer, and cancer stem cells. Nature
2001;414:105–11. [PubMed: 11689955]

31. Thiery JP. Epithelial-mesenchymal transitions in tumour progression. Nat Rev Cancer 2002;2:442–
54. [PubMed: 12189386]

32. Scheel C, Onder T, Karnoub A, Weinberg RA. Adaptation versus selection: the origins of metastatic
behavior. Cancer Res 2007;67:11476–9. [PubMed: 18089773]

33. Van de Vijver MJ, He YD, Van’t Veer LJ, et al. A gene-expression signature as a predictor of survival
in breast cancer. N Engl J Med 2002;347:1999–2009. [PubMed: 12490681]

34. Budhu A, Jia HL, Forgues M, et al. Identification of metastasis-related microRNAs in hepatocellular
carcinoma. Hepatology 2008;47:897–907. [PubMed: 18176954]

35. Thomas MB, Chadha R, Glover K, et al. Phase 2 study of erlotinib in patients with unresectable
hepatocellular carcinoma. Cancer 2007;110:1059–67. [PubMed: 17623837]

36. Philip PA, Mahoney MR, Allmer C, et al. Phase II study of Erlotinib (OSI-774) in patients with
advanced hepatocellular cancer. J Clin Oncol 2005;23:6657–63. [PubMed: 16170173]

Dong et al. Page 8

Clin Cancer Res. Author manuscript; available in PMC 2010 April 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



37. Zhu AX, Stuart K, Blaszkowsky LS, et al. Phase 2 study of cetuximab in patients with advanced
hepatocellular carcinoma. Cancer 2007;110:581–9. [PubMed: 17583545]

38. Marshall J. The role of bevacizumab as first-line therapy for colon cancer. Semin Oncol 2005;32:S43–
S47. [PubMed: 16399431]

39. Llovet JM, Ricci S, Mazzaferro V, et al. Sorafenib in advanced hepatocellular carcinoma. N Engl J
Med 2008;359:378–90. [PubMed: 18650514]

40. Zhu AX. Development of sorafenib and other molecularly targeted agents in hepatocellular
carcinoma. Cancer 2008;112:250–9. [PubMed: 18041064]

41. Abou-Alfa GK, Venook AP. The impact of new data in the treatment of advanced hepatocellular
carcinoma. Curr Oncol Rep 2008;10:199–205. [PubMed: 18765149]

42. Yamashita T, Budhu A, Forgues M, Wang XW. Activation of hepatic stem cell marker EpCAM by
Wnt-ß-catenin signaling in hepatocellular carcinoma. Cancer Research 2007;67:10831–9. [PubMed:
18006828]

43. Yamashita T, Forgues M, Wang W, et al. EpCAM and alpha-fetoprotein expression defines novel
prognostic subtypes of hepatocellular carcinoma. Cancer Res 2008;68:1451–61. [PubMed:
18316609]

44. Yamashita T, Ji J, Budhu A, et al. EpCAM-positive hepatocellular carcinoma cells are tumor initiating
cells with stem/progenitor cell features. Gastroenterology. 2008In Press

Dong et al. Page 9

Clin Cancer Res. Author manuscript; available in PMC 2010 April 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. The evolution of metastasis theories
A timeline is presented outlining the major conceptual advances in our understanding of the
origins and mechanisms of metastasis from Paget’s seminal “seed vs. soil” hypothesis to more
recent theories regarding the role of stem cells and early developmental transitions.
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Table 1
Clinical targets for hepatocellular carcinoma

Therapeutic Agent Molecular Target Mechanism/Pathway

Bevacizumab VEGF Angiogenesis

Sorafenib (TKI), Sunitinib (TKI), Brivanib, Cediranib, Valatanib,
TSU-68

VEGFR Angiogenesis

Sorafenib (TKI), Imatinib (TKI), Sunitinib (TKI) PDGFR Angiogenesis

Sorafenib (TKI) RAF Signal Transduction

Vandetanib MEK Signal Transduction

Gefitinib (TKI), Cetuximab (mAb), Erlotinib (TKI), Panitumumab
(mAb)

EGFR Signal Transduction

Imatinib, Sunitinib (TKI), Sirafenib PDGFR Signal Transduction

Sunitinib (TKI) FLT3 Signal Transduction

Dasatinib SRC Migration/Invasion

Imatinib (TKI), Dasatinib c-KIT Signal Transduction

Trastuzumab (mAb), Lapatinib (TKI) HER2 Signal Transduction

Farnesyl transferase inhibitor tipifamib RAS Signal Transduction

Rapamycin mTOR Signal Transduction

Wnt (mAb), SMI Wnt, b-catenin Siagnal Transduction

Apomab, rhApo/TRAIL, Mapatumumab Apo2/TRAIL Apoptosis

Flavopiridol CDKs Cell Cycle

TKI: tyrosine kinase Inhibitor; mAb: monoclonal antibody; SMI: small molecule inhibitor
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