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LEARNING OBJECTIVES

After completing this course, the reader will be able to:

1. Explain the importance of resistance to anoikis in the development of metastases.

2. Describe the mechanisms of anoikis resistance in EFTs and osteosarcoma and their potential use in development

of new therapies.

@ This article is available for continuing medical education credit at CME.TheOncologist.com.

ABSTRACT

Detection of micrometastatic tumor cells in the bone
marrow or peripheral blood of patients with Ewing
family of tumors (EFTs) and osteosarcoma has been
shown to correlate with poor outcome. Although one of
the aims of chemotherapy is eradication of micrometa-
static disease, these cells vary phenotypically from pri-
mary tumor cells and appear to be more resistant to
chemotherapy. As a barrier to metastasis, cells nor-
mally undergo a form of cell death termed anoikis after
they lose contact with the extracellular matrix or neigh-
boring cells. Tumor cells that acquire malignant poten-

tial have developed mechanisms to resist anoikis and
thereby survive after detachment from their primary
site and while traveling through the circulation. Inves-
tigating mechanisms of resistance to anoikis, therefore,
provides a valuable model to investigate regulation of
micrometastatic disease. This review focuses on the cur-
rent understanding of the mechanisms involved in me-
diating cell survival and resistance to anoikis in EFTs
and osteosarcoma and discusses future studies that may
help to identify novel therapeutics targeted at micro-
metastatic disease. The Oncologist 2010;15:627—-635
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Micrometastatic Disease in EFTs and Osteosarcoma

INTRODUCTION

The development of distant metastases is the main cause of
death in patients with malignant disease [1]. Micrometa-
static disease refers to the presence of clinically undetect-
able tumor cells at diagnosis, or cells that remain present
after treatment to eradicate the primary tumor. These circu-
lating tumor cells (CTCs), found in the peripheral blood of
cancer patients, and disseminated tumor cells (DTCs),
which are distributed by blood circulation and found in the
bone marrow, are purported to be the origin of metastatic
disease, and one of the aims of chemotherapy is their elim-
ination. Several clinical studies in solid tumors have shown
that detection of micrometastatic disease, either in the bone
marrow or peripheral blood, is accompanied by a substan-
tially worse prognosis [2]. The most robust data come from
a study of >4,000 patients with breast cancer, in which tu-
mor cells in the bone marrow predicted the development of
skeletal and other metastases [3]. CTCs and DTCs were
found to be resistant to chemotherapy in a subset of pa-
tients, and their presence after adjuvant therapy is associ-
ated with an extremely poor prognosis [4—6]. Several
studies performed to characterize the phenotype of DTCs
have demonstrated a lack of expression of the proliferation-
associated antigen Ki67. Such data may explain the resis-
tance of DTCs to chemotherapy, and studies examining the
role of further noncytotoxic adjuvant therapy in these pa-
tients are ongoing [7]. Not all patients with micrometastatic
disease develop metastases, however, and the biology of
micrometastatic cells remains poorly understood. Animal
models indicate that a significant fraction of these cells may
die or remain in a dormant state, and it is ill understood what
conditions are required for escape from the dormant phase
into the active phase of metastasis development [8]. The
long latency period that occurs in some patients between
initial treatment and clinical evidence of recurrence is at-
tributed to this tumor cell dormancy.

Osteosarcoma and Ewing family of tumors (EFTs) are
two of the most common malignancies arising in adoles-
cents and young adults. Osteosarcoma is a mesenchymal tu-
mor of the bone that can arise in any location but is most
commonly seen in the long bones of the leg. The majority of
patients present with localized disease, but with surgery
alone, 80%—90% will die from their disease, generally as a
result of the development of lung metastases [9]. The use of
multiagent chemotherapy has substantially improved the
outcome of these patients, with 5-year survival rates now
reaching approximately 60%-70% [10, 11]. However,
many patients still die because of the development of me-
tastases, despite good local control, suggesting that micro-

metastases are not being eradicated by the current treatment
approaches in all patients and, thus, lead to distant recur-
rences. The presence of micrometastases in patients with
osteosarcoma was demonstrated in a study by Bruland and
colleagues, who used two antibodies recognizing osteosar-
coma-associated antigens to immunomagnetically isolate
tumor cells from the bone marrow and peripheral blood of
patients. They found that 15 of 28 (54%) patients without
overt metastases at diagnosis had malignant cells in the
bone marrow, and the presence of these tumor cells corre-
lated with disease relapse and poor outcome [12].

The EFTs comprise Ewing sarcomas arising from bone
and extraosseous Ewing sarcoma arising from soft tissues
(which includes peripheral neuroectodermal tumors). The
EFTs are characterized by the presence of specific chromo-
somal translocations that fuse the 5’ portion of the 22q12
EWS gene with 3’ sequences of different ETS family genes
[13]. Among the observed fusion genes, EWS-FLII is
present in nearly 85% of EFTs whereas the EWS-ERG gene
occurs in the majority of the remaining 15% of EFTs
[14, 15]. Like osteosarcoma, EFTs are considered to be sys-
temic malignancies, and major improvements in outcome
have been made with the use of multidrug chemotherapy
such that 5-year survival rate now approaches 70% for pa-
tients with localized disease at diagnosis [16, 17]. Patients
most commonly die as a result of the development of lung
metastases, but the bone and bone marrow may also be in-
volved [18]. In a study of 172 patients, micrometastases
were found in the bone marrow or peripheral blood in ap-
proximately 20% of those with localized disease at diagno-
sis when examined by reverse transcription-polymerase
chain reaction for the EWS-FLI or EWS-ERG rearrange-
ment [19]. In that study, the presence of micrometastases
again correlated with a higher risk for relapse, and the out-
come was comparable with that of patients with known
metastases.

REGULATION OF METASTASIS

Metastasis of cancer cells to distant sites is a multistep pro-
cess that involves the cancer cells becoming dissociated
from the primary site, intravasating into and surviving in
the circulation, and extravasating and growing in a distant
target organ (Fig. 1). At a cellular level, micrometastatic
cells are thought to arise through detachment from the pri-
mary tumor after acquiring an invasive phenotype that al-
lows them to migrate through the basement membrane.
Several genes have been shown to be involved in the pro-
motion of this invasive phenotype and initiation of metas-
tasis, including Snail, Twist, and, more recently, YB-1,
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Figure 1. Metastasis involves several steps in which tumor cells disseminate from the primary site to secondary metastatic sites.
Anoikis resistance allows tumor cells to survive in the absence of adhesion to the extracellular matrix, in the circulation or lym-
phatic system and travel to secondary sites in distant organs. Adapted from Simpson CD, Anyiwe K, Schimmer AD. Anoikis
resistance and tumor metastasis. Cancer Lett 2008;272:177—-185; with permission from Elsevier.

which act together to allow loss of cell adhesion and in-
creased cell migration [20-22]. Once cells have entered
into the circulation, they lack proper extracellular matrix
(ECM) attachment, which in normal nonhematopoietic
cells results in a special form of cell death called anoikis (a
Greek word meaning homelessness) [23]. The initiation
and execution of anoikis is mediated by caspase-dependent
apoptosis, and its role is likely to be preventing ectopic
growth of cells at inappropriate body sites [24]. In order to
metastasize to distant sites, tumor cells must acquire the
ability to resist anoikis and survive in the absence of adhe-
sion to the ECM. This review focuses on the current knowl-
edge of mechanisms of resistance to anoikis in malignant
cells, and specifically in EFTs and osteosarcoma in an ef-
fort to increase our understanding of the biology of micro-
metastatic disease in these tumors.

ANOIKIS RESISTANCE DURING METASTASIS
Anoikis has critical physiological roles by regulating cell
homeostasis in tissues, and it is also important during de-
velopment, in tissue remodeling, and in the resolution of
wound-healing responses [25-27]. In contrast, transformed
cells and most cell lines established from human tumors
show anoikis resistance when grown under nonadherent
(anchorage-independent) culture conditions, surviving de-
spite the absence of a matrix. Consistent with this, transfor-
mation by various oncogenes including those encoding
activated phosphoinositide 3-kinase (PI3K), its down-
stream effector Akt, and activated focal adhesion kinase
(FAK), as well as loss of tumor suppressor genes, can ren-
der cells resistant to anoikis and promote anchorage-inde-
pendent growth [24, 28-33].

Resistance to anoikis has been shown to significantly
contribute to the malignancy of different cancers, and pro-
tection from anoikis has been proven to facilitate both the
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survival and expansion of metastatic cells [29, 33]. Using a
genomewide functional screening approach, Douma and
coworkers looked for genes that enable cells to grow in an-
chorage-independent conditions and identified 7rkB as
conferring anoikis resistance [33]. TrkB, a receptor tyrosine
kinase that regulates essential neuronal processes, includ-
ing neuronal survival, was found to protect nonmalignant
epithelial cells against anoikis by a mechanism that requires
activation of the PI3K/Akt pathway, while completely fail-
ing to rescue programmed cell death by other proapoptotic
insults, indicating that TrkB does not act as a general pro-
survival factor [33]. A further role in tumorigenesis and me-
tastasis was confirmed after i.v. injection of epithelial cells
overexpressing TrkB into immunodeficient mice, which
then demonstrated an aggressive metastatic capacity in
vivo, suggesting that loss of anoikis may be sufficient to en-
dow cells with metastatic capacity [33]. Recently, a direct
correlation between anoikis resistance and metastatic ca-
pacity was demonstrated [34]. Using a loss-of-function
screening approach, Cheng and colleagues identified the
LKB1-dependent kinase SIK1 as a key modulator of
anoikis. They showed that silencing SIK1 in tumor cells
with short hairpin RNAs decreased p53 expression and
phosphorylation under anchorage-independent conditions
and contributed to the development of micrometastases in
the absence of primary tumors in immunodeficient mice
[34].

A range of proteins has been found to regulate complex
signaling pathways directly associated with the suppression
of anoikis in transformed epithelial cell models. Beside the
well-known involvement of PI3K/Akt, other protein ki-
nases have also been implicated as central regulators in de-
tachment-independent growth in tumor cells, including Src,
integrin-linked kinase (ILK), extracellular signal-related
kinase (ERK), and TrkA [35-39]. A role has also been
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shown for signal transducer and activator of transcription 3,
whose activation is important for oncogenic insulin-like
growth factor-1 receptor (IGF-1R)-induced anchorage-
independent growth [40]. Additionally, Rho GTPases,
which control many aspects of intracellular actin dynamics
and can be regulated by integrin signaling, have been linked
to anoikis resistance through activation of the ERK, c-Jun
N-terminal kinase, and p38 mitogen-activated protein ki-
nase (MAPK) pathways [41].

ANOIKIS RESISTANCE IN EFTs

The molecular mechanisms underlying the progression of
EFTs and the development of metastases, as well as the
mechanisms governing anoikis resistance, are only begin-
ning to be elucidated (Table 1). Lawlor and colleagues
demonstrated that EFT cell lines readily survive in anchor-
age-independent conditions, persisting as multicellular
spheroid clusters [42]. These spheroids show considerable
phenotypic differences from their monolayer counterparts,
including dramatically reduced proliferation with associ-
ated suppression of cyclin D1 levels, greater dependence on
serum stimulation, and hyperactivation of various onco-
genic signaling pathways including the PI3K/Akt and Ras-
ERK pathways. Moreover, the ability of EFT cell lines to
proliferate under such conditions is particularly dependent
on activation of Akt, because chemical inhibition of Akt
further reduces cyclin D1 levels in EFT spheroids. This is in
line with numerous studies in epithelial cancers demon-
strating the importance of sustained PI3K/Akt pathway ac-
tivation in anoikis resistance [43—45]. In EFTs, PI3K/Akt-
mediated cell growth and survival has been demonstrated to
occur via activation of IGF-1R signaling, which is also re-
quired for maintaining the malignant behavior of these tu-
mors [46—48]. IGF-1R-mediated suppression of anoikis
through PI3K/Akt activation has been demonstrated in
transformed mesenchymal cell models and in EFT cell
lines, in which antisense oligonucleotides targeting IGF-1R
lead to a decrease in cell proliferation, as well as an increase
in anoikis-induced apoptosis [49-51]. Preclinical models
confirmed the antitumor activity of IGF-1R inhibitors, and
monoclonal IGF-1R antibodies and small molecule inhibi-
tors are currently in clinical development, with encouraging
efficacy observed in phase I/II trials [50—-53]. Inhibition of
the IGF-1R pathway appears to be a good therapeutic target
for treatment of primary disease, but it may also be of ben-
efit for treatment of micrometastases.

EFT spheroids show more highly developed cell-cell
junctions than monolayer cultures, suggesting that anoikis
resistance in such anchorage-independent conditions might
also depend on these cell-cell interactions. To explore this
phenomenon further, Kang et al. [54] investigated the role
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Table 1. Cell characteristics, molecules, and pathways
involved in conferring resistance to anoikis in EFT and
osteosarcoma

Cell characteristics, molecules, and

pathways References
EFT
Reduced cell proliferation with [42, 54]

suppression of cyclin-D
Activation of PI3K/Akt signaling pathway [42, 54]
Activation of IGF-1R signaling pathway  [50]

Formation of multicellular spheroids with [54]
increased cell—cell contacts resulting from
increased E-cadherin expression

Increased ErbB-4 expression [54]
Osteosarcoma

Src activation [71,72]

Activation of PI3K/Akt signaling pathway [72]

Caveolin-1 downregulation [72]
c-Met activation [72]
Ezrin/B, integrin interaction [67]

Abbreviations: EFT, Ewing family of tumors; IGF-1R,
insulin-like growth factor-1 receptor; PI3K,
phosphoinositide 3-kinase.

of cell-cell adhesion and the downstream signaling mech-
anisms dependent on this interaction in anoikis resistance.
Using a panel of inhibitory antibodies, anchorage-indepen-
dent EFT cultures showed a particular dependence on E-
cadherin—-mediated cell-cell adhesion for survival, as
compared with other cadherins and integrins, and this sur-
vival was mediated through downstream activation of Akt.
Most interestingly, ErbB-4, among a panel of tyrosine ki-
nases using an antibody-based array, was identified as be-
ing hyperactivated under detachment conditions, and it was
subsequently shown to be critical for anoikis resistance in
these EFT cells. The ErbB-4 hyperactivation was E-cad-
herin dependent, and the E-cadherin—mediated Akt activa-
tion was shown to be dependent on ErbB-4 expression.
These results are consistent with recent reports showing a
protumorigenic role for ErbB-4 in various cancer types. A
recent study showed the importance of ErbB-4 in the
survival of melanoma cells, specifically in relation to acti-
vating ErbB-4 point mutations, which are found in
approximately 20% of melanoma patients [55]. Further-
more, in peripheral nerve sheath tumor cells, neuregulin, a
ligand for ErbB receptors, was found to increase migration
and invasion by binding to ErbB-3 and ErbB-4 [56]. Kang
et al. [54] also demonstrated that anchorage-independent
EFT cells were significantly more resistant to chemother-
apy than those grown in monolayers and that downregula-
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tion of ErbB-4 restored sensitivity to multiple cytotoxic
agents. These data raise the possibility that inhibition of
ErbB-4 may serve as a therapeutic target specifically aimed
at a stage when the cells are in a micrometastasis-like state,
particularly if targeted in combination with chemotherapy.
Further in vitro and clinical studies are needed to define the
role of ErbB-4 in the metastasis of EFTs, including the spe-
cific mechanisms by which ErbB-4 becomes hyperacti-
vated in anchorage-independent conditions, and the
possible presence of activating ErbB-4 mutations in pri-
mary tumor cases that may further promote its activity. In
vivo metastasis studies, including the use of specific kinase
inhibitors, are also needed to further support the notion of
ErbB-4 as a therapeutic target in this context.

The above results in EFTs also suggest a possible role
for cadherin-mediated ligand-independent activation of ty-
rosine kinases in the context of metastasis. Such a mecha-
nism of action was shown in a study of anoikis resistance in
squamous cell carcinoma cells, in which E-cadherin was
demonstrated to have a positive role in survival under de-
tachment conditions through its ligand-independent activa-
tion of epidermal growth factor receptor [57]. In a colon
cancer model, anchorage-independent growth was also
found to be dependent on induction of E-cadherin; further-
more, in ovarian surface epithelial cells, ectopically ex-
pressed E-cadherin suppressed anoikis and enabled the
formation of adenocarcinomas in immunodeficient mice
[58, 59]

There is recent evidence illustrating the importance of
factors in anoikis resistance that are not directly linked to
modifying the apoptotic program. Specifically, metabolic
alterations may play a critical role, and the ability to miti-
gate the effects of these metabolic changes may be impor-
tant in cancer progression and resistance to anoikis. A
recent report investigated the metabolic status of cells under
loss of attachment conditions, using mammary cells as a
model system [60]. There was a significant decline in the
bioenergetic status of cells as determined by ATP levels fol-
lowing detachment, which could be rescued by expression
of a dominant oncogene such as ErbB-2. This drop in ATP
levels correlated with decreased glucose uptake, which was
also restored in the presence of the ErbB-2 oncogene [59].
Interestingly, reactive oxygen species (ROS) appear to play
an important role in the reduction of ATP and glucose up-
take levels in detached cells through the ability to suppress
fatty acid oxidation, and oncogenic rescue of this bioener-
getic stress is in part mediated through its ability to suppress
ROS as a result of cellular detachment [59]. Importantly,
because of the anoikis-promoting properties of ROS, anti-
oxidants showed protumorigenic effects in the context of
anchorage-independent survival, because it promoted both
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luminal filling in a three-dimensional cell culture model of
breast acinar formation and colony formation in soft agar
assays. One possible mechanism to mitigate this bioener-
getic stress is autophagy, a process of “self-eating”
whereby subcellular organelles are broken down through a
lysosomal pathway, and component biomolecules are re-
covered for catabolic processes. A recent study demon-
strated autophagy as an important factor in anoikis
resistance, because breast epithelial cells deficient in vari-
ous components of the autophagy pathway showed greater
susceptibility to anoikis [61]. Overall, these studies provide
new evidence to suggest that resistance to anoikis is, in part,
mediated by the ability of cells to tolerate the bioenergetic
stress that is the consequence of the loss of cellular attach-
ment. This adds a new branch to our understanding of
anoikis resistance, one that functions independently of the
status of the apoptotic machinery. Preliminary data suggest
that similar mechanisms may be operating in EFTs and are
the subject of ongoing investigation.

ANOIKIS RESISTANCE IN OSTEOSARCOMA

In osteosarcoma, the molecular basis underlying the regu-
lation of micrometastatic disease is very poorly understood,
although several of investigations have provided new in-
sights into the development of metastases and resistance to
anoikis (Table 1). Ezrin, a membrane-cytoskeletal linker
protein, was demonstrated to be an important regulator of
the metastatic behavior of osteosarcoma [62, 63]. Khanna
and colleagues demonstrated that ezrin was required for the
development of metastases in a mouse model and, in dogs
and patients with osteosarcoma, high expression levels cor-
related with poor outcome [63]. Ezrin’s ability to link the
cell membrane to the actin cytoskeleton allows cells to in-
teract directly with its microenvironment, thereby facilitat-
ing signal transduction through growth factor receptors and
adhesion molecules [64, 65]. In a mouse model, ezrin-
mediated survival of metastases was found to be partially
dependent on MAPK signaling, and also dependent on ac-
tivation of mammalian target of rapamycin, because inhibi-
tion with rapamycin inhibited this metastatic behavior
[63, 66]. More recently, the same group demonstrated that
expression of a cell adhesion receptor, 3, integrin, appears
to promote metastasis in osteosarcoma. This protein may be
important in the survival of osteosarcoma cells in the circu-
lation, because knockdown of 3, integrin in MNNG-HOS
cells in vitro prevented cells from growing in anchorage-
independent conditions without affecting proliferation in
adherent conditions [67]. In vivo knockdown of 3, integrin
in a mouse model suppressed pulmonary metastases, an ef-
fect that was dependent upon interaction with ezrin to main-
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tain its expression levels. What is not currently known is
how ezrin regulates 3, integrin.

Although integrins are well known to play a critical role
in the survival of normal adherent cells by activating signal
transduction pathways, cell-cell contacts are able to acti-
vate integrin signaling in anchorage-independent condi-
tions, and cells may avoid anoikis by changing the pattern
of integrin expression (reviewed in [68]). This was demon-
strated in squamous cell carcinoma cells, in which a switch
from o35 integrin to a3 integrin protected cells from
anoikis, again by activation of PI3K/Akt signaling [69]. In-
tegrin expression was also shown to increase sensitivity to
anoikis, such as was found in the osteosarcoma cell line
Saos-2, in which overexpression of o, integrin led to an in-
crease in anoikis [70]. This cell line was partially sensitive
to detachment-induced cell death, but when made resistant
to anoikis, these cells were dependent on Src kinase activa-
tion for survival, because pharmacological inhibition of its
activity restored anoikis sensitivity. Dephosphorylation of
FAK was not found to be essential for anoikis resistance,
but the PI3K/Akt pathway was critical for cell survival,
with pharmacological inhibition of PI3K activity restoring
sensitivity to anoikis-resistant cells [71]. Further evidence
of the role of Src in mediating anoikis resistance in osteo-
sarcoma came from Cantiani et al. [72], who found that
overexpression of a signaling modulator protein, caveo-
lin-1, in osteosarcoma cells in vitro inhibited anchorage-
independent growth by inhibiting Src and c-Met tyrosine
kinases. Caveolin-1 is a protein required for forming
plasma membrane invaginations called caveolae that regu-
late several intracellular signaling pathways [73]. In the
above experiments, a panel of osteosarcoma cell lines was
used, and Saos-2 cells, which are most sensitive to anoikis,
displayed higher basal levels of caveolin-1 than other cells
lines. Abrogation of caveolin-1 in Saos-2 cells using an an-
tisense strategy resulted in greater resistance to anoikis,
with greater Src kinase and Met activity. Its role in modu-
lating metastasis was further demonstrated in vitro,
whereby abrogation of caveolin-1 increased migration and
invasion of osteosarcoma cells, and in vivo, where abroga-
tion dramatically enhanced lung metastasis in athymic mice
[73]. The role of caveolin-1 appears to depend upon its cel-
lular context, and it has been described as an oncogene or a
tumor-suppressor gene depending on the cell type [74].
Caveolin has been found to suppress anoikis in malignant
cell lines, including breast cancer and other mesenchymal
tumors; however, in prostate and lung cancer it has a pro-
tumorogenic role, and in EFTs it promotes both anchorage-
independent and tumor growth in human and mouse models
[75-79]. Caveolin-1 has also been found to mediate anoikis
through regulation of integrin control of several growth-

Micrometastatic Disease in EFTs and Osteosarcoma

regulatory pathways, thus potentially providing an addi-
tional level to the regulation of anoikis [80].

Src kinase activity has been implicated as a prometa-
static pathway in a variety of tumor types because it
promotes key oncogenic mechanisms such as cell prolifer-
ation, adhesion, apoptotic resistance, and invasion [81]. Ini-
tial investigation in osteosarcoma supported this hypothesis
because inhibition of Src activity with a small molecule in-
hibitor, dasatinib, was shown to inhibit migration and inva-
sion of osteosarcoma cells in vitro and tumor growth in vivo
[82]. More recently, however, the role of Src in mediating
metastasis was questioned because Hingorani and col-
leagues found that dasatinib failed to alter the development
of metastases in an in vivo model of osteosarcoma [83].
Metastases formed regardless of whether dasatinib was
commenced 2 days prior to injection of tumor cell at the pri-
mary site or 7 days thereafter, implying that Src may not be
required for any of the steps of the metastatic process in that
model. The authors concluded that inhibition of Src kinase
may not be as useful a strategy to prevent pulmonary me-
tastases as had been suggested by the in vitro data alone. If,
however, inhibition of Src increases the sensitivity of
ostesarcoma cells to anoikis, it may continue to have a role
in combination with chemotherapy for eradication of mi-
crometastatic disease.

The pathogenic role of the Notch signaling pathway has
been investigated in osteosarcoma. Altered Notch signaling
has been associated with many different diseases, including
cancer, and it is also involved in bone development [84—
86]. Thus, Zhang and colleagues investigated its impor-
tance in the pathogenesis of osteosarcoma and its role in
metastasis [87]. Those authors demonstrated that Notch ac-
tivation promoted invasion in osteosarcoma cell lines and
the development of metastases in a mouse model, effects
that were eliminated by chemical inhibition of Notch sig-
naling by vy-secretase. Interestingly, in the in vitro model,
y-secretase did not affect cell proliferation or anchorage-
independent growth [87]. More recently, Notch and related
genes were found to be upregulated in human osteosarcoma
cell lines and primary human osteosarcoma tumor samples
[88]. In those studies, chemical and genetic Notch inhibi-
tion decreased osteosarcoma cell proliferation in vitro and
decreased tumor growth in vivo [88]. However, the authors
were unable to detect any obvious metastasis of the tumors
generated in nude mice, and thus were unable to confirm
that Notch inhibition had any effect on metastatic develop-
ment. Further evidence is required before Notch inhibi-
tion can be considered as a therapeutic strategy for the
prevention of metastatic disease or eradication of micro-
metastatic disease. These studies highlight the com-
plexity of investigating the molecular mechanisms
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underlying anoikis resistance and the promotion of me-
tastasis. Determining the most critical cell surface mol-
ecules and signaling pathways for survival in such
conditions among the many possible candidates is para-
mount in identifying novel targets that may be exploited
for therapeutic benefit.

CONCLUSIONS AND FUTURE STUDIES

Cell growth in anchorage-independent conditions provides
a valuable in vitro model of micrometastatic disease, be-
cause resistance to anoikis and survival in the absence of
attachment to the ECM is a prerequisite for the successful
development of metastases. The growth characteristics of
these cells differ from those of cells grown in adherent con-
ditions because nonadherent cells have lower proliferation
rates and they demonstrate greater resistance to chemother-
apy. This may, in part, explain why current chemotherapy
protocols are unable to eradicate micrometastatic disease in
a significant proportion of patients with EFTs and osteosar-
coma, and why metastases develop late in the course of the
disease in some patients. Activation of certain downstream
signaling pathways has consistently been found to be im-
portant in anoikis resistance, including PI3K/Akt in EFTs,
osteosarcoma, and many other malignancies, and Src sig-
naling in osteosarcoma. Constitutive activation of receptor
tyrosine kinases, such as IGF-1R in EFTs, may be impor-
tant in anchorage-independent cell survival, but cell-cell
contact and activation of cadherin and integrins also appear
to be required for survival through the formation of multi-
cellular spheroids. These may allow for the ligand-indepen-
dent activation of novel receptor tyrosine kinases, such as
ErbB-4, as was demonstrated in EFTs. Regulation of
ErbB-4 under nonadherent growth conditions is currently
being investigated, as is the feasibility of inhibiting ErbB-4
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as a novel therapeutic target. Anoikis resistance has been
less well studied in osteosarcoma, and many aspects of its
regulation are not understood, particularly with respect to
which proteins and kinases are most critical for cell survival
in nonadherent cells. Loss-of-function high-throughput
screening strategies may be useful for identifying these and
other potential new targets for therapeutic intervention.
There are data emerging that metabolic regulation of de-
tached cells and autophagy may contribute to anoikis resis-
tance in epithelial cells. What is not known is whether such
processes are also involved in the suppression of anoikis in
sarcomas, and this is also the subject of ongoing investiga-
tions. In conclusion, it is hoped that a better understanding
of micrometastatic disease and anoikis resistance will lead
to the identification of novel agents that may be used to
eradicate CTCs and reduce the development of metastatic
disease in patients with EFTs and osteosarcoma.
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