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Abstract
Primary cancer treatment, involving both local and often systemic adjuvant therapy, is often successful,
especially if the cancer is detected at an early stage of progression. However, for some patients, the cancer
may recur either locally or as distant metastases, in some cases many years after apparently successful
primary treatment. Significant tumor dormancy has been documented in several cancers, such as breast,
melanoma, and renal cancer. Tumor dormancy has long been recognized as an important problem in
management of cancer patients. Recent work has clarified biologic aspects of tumor dormancy and has
shown that dormant tumor cells may be resistant to cytotoxic chemotherapy and radiation. This work has
led to recognition of a key role for b1-integrin in regulating the switch from a dormant state to active
proliferation and metastasis. Here we discuss the role of b1-integrin and its signaling partners in regulating
the dormant phenotype. We also consider possible therapeutic approaches, such as small molecules or
antibodies (ATN-161, volociximab, and JSM6427), directed against b1-integrin signaling to target dormant
cancer cells and to prevent metastatic recurrence. Clin Cancer Res; 17(23); 7219–23. 2011 AACR.

Background
The major fear of cancer patients is the propensity of the
cancer to recur, sometimes after long latency periods, as
metastatic disease. Most therapies fail in the metastatic
setting. Thus, it is vital to develop new strategies to confront
metastatic disease before it emerges.
Recurrence of cancer after very long latency is explained
clinically by the persistence of disseminated dormant
tumor cells that are not clinically manifested. Several experimental mouse metastasis models using a variety of cancer
cell lines showed the presence of dormant cancer cells,
often coexisting in a metastatic site with actively growing
metastases (1–9). Furthermore, these 2 populations of cells
have been shown to be biologically distinct, with, for
example, very different responses to cytotoxic chemotherapy (2, 3, 10). Importantly, accumulating evidence shows
that dormant disseminated solitary tumor cells may also be
present in patients with no clinical evidence of relapsing
tumors, even in some patients who were diagnosed in early
stages of the disease (1, 11–13). Although breast and renal
cancers, as well as melanoma, are well documented to have
late recurrences, patients with other cancer types can also be
at risk (11). Moreover, several studies have shown that
disseminated solitary dormant cells are quiescent (reviewed
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in refs. 1, 2, 11) and may be resistant to therapies that target
actively dividing cells (3, 10). Hence, the persistent presence of these dormant tumor cells, even after systemic
treatment therapy, may lead to outgrowth of the cells years
later (14, 15).
During the course of metastatic spread, disseminated
tumor cells encounter new and foreign microenvironments
that will determine their fate. The majority of disseminated
tumor cells will likely meet their death upon colonization of
a "nonpermissive" site, because of the well-recognized
inefficiency of the metastatic process (2). In contrast, a
small proportion of tumor cells may persist and enter a
quiescent state of cellular dormancy that can last for years
or decades (12, 16). A subset of these cells may eventually
escape their dormant state and form metastases. Reciprocal
interactions between these cells and their surrounding
microenvironment lead to intracellular signaling in the
tumor cells that dictates their survival, growth arrest, and
resumption of proliferative growth. These interactions
involve adhesion molecules on the surface of the tumor
cells that sense and engage with the new surroundings.
In this review, we focus on one such adhesion molecule,
b1-integrin (Intb1), which has been shown to play an
important role in the switch from cellular dormancy to
metastatic growth and in mediating resistance of tumor cells
to adjuvant therapy and ionizing radiation. Targeting Intb1
as potential therapy and translational advances in the field
are discussed.
b1-integrin downstream signaling in cellular
dormancy and the switch to metastatic growth
Integrins are a family of cell adhesion molecules comprising 18a and 8b subunits that combine into at least 24
heterodimers. Intb1 partners with a subunits to form 12
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potential integrin receptors, which bind to a wide array of
arginine-glycine-aspartic acid (RGD)–containing extracellular matrix (ECM) molecules such as collagens, laminin,
and fibronectin (17, 18). Intb1 consists of a large extracellular domain, a single transmembrane stretch, and a short
cytoplasmic domain devoid of an intrinsic enzymatic activity. The cytoplasmic domain transduces bidirectional signals from inside the cell by regulating the conformation and
ligand affinities of the extracellular domain of Intb1 (insideout signaling), while mediating downstream signaling and
interactions with the cytoskeleton (outside-in signaling).
The outside-in signaling is initiated upon ligand binding to
Intb1, followed by the formation of adhesion complexes
assembled from signaling molecules, such as tyrosine
kinases, serine-threonine kinases, phospholipid kinases,
phosphatases, Ras superfamily proteins, and various adapter proteins (17–19).
Bidirectional signals of Intb1, together with cross-talk
with other cellular receptors (18), have been shown to play
a crucial role in cell adhesion, survival, differentiation, and
proliferation. Furthermore, several studies have underscored the important role of Intb1 in tumor initiation
(20, 21), reversion (22), survival (23), tumor progression,
and metastasis (20, 24, 25).
We and others have shown that Intb1 activation is a key
regulator in the switch from cellular dormancy to metastatic growth in vitro and in vivo (5, 6, 26, 27). In vitro
studies used a 3-dimensional (3D) culture system, constituted from growth factor–reduced basement membrane to model dormancy, and found that dormant
versus proliferative behavior in this model mimicked the
dormant versus metastatic behavior of multiple cell lines
in vivo (5). By using this 3D system, it was shown that
supplementation of the basement membrane with either
fibronectin or type I collagen induces Intb1 downstream
signaling (5, 26), leading to activation of focal adhesion
kinase (FAK) by Src. This activation results in downstream
activation of the extracellular signal–regulated kinase
(ERK), a key regulator in cell-cycle and cytoskeletal
reorganization. ERK, in turn, induces phosphorylation
of myosin light chain (MLC) by MLC kinase (MLCK),
culminating in f-actin stress fiber organization (26),
followed by translocation of cyclin-dependent kinase
inhibitor p27 to the cytoplasm (5). The following
induced cascade culminated in the transition from dormancy (quiescence) to proliferation. Inhibition of Intb1,
or its downstream signaling molecules Src, p-FAK, p-ERK,
and MLCK, culminates in reduced MLC phosphorylation,
cortical f-actin and in maintaining the cells in a dormant
state. Additionally, previous studies in head and neck and
breast cancer cells showed the importance of cross-talk
between a5b1 integrins, urokinase receptor (uPAR), and
epidermal growth factor receptor (EGFR) in cellular dormancy in vivo (7, 27). Downregulation of uPAR led to
reduced cross-talk with a5b1 integrins and, in turn,
reduced FAK and ERK activity and high cell division cycle
42 (CDC42)–p38 activity. The reduced ratio of ERK/Pp38SAPK culminated in induction of cellular dormancy. In
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contrast, high uPAR expression induced a5b1 integrin, and,
in turn, this complex recruited EGFR and FAK, which in a
fibronectin-dependent manner induced sustained ERK
activation.
Hence, Intb1 plays an important role in the cross-talk
between disseminated tumor cells and their microenvironment, thus dictating the fate of the tumor cells. Fig. 1
summarizes the intracellular functions of Intb1 in cellular
dormancy and their potential role in the switch to metastatic growth.
b1-integrin and resistance to adjuvant and ionizing
radiation therapy
Intb1 may also play an important role in resistance of
tumor cells to chemotherapy and ionizing radiation. Resistance of dormant solitary cells to chemotherapy has been
shown previously in vivo (3, 8, 28) and in the 3D model
system (D. Barkan; unpublished data). This resistance is due
to the quiescent nature of the dormant cells. Resistance of
dormant tumor cells to radiotherapy and or chemotherapy
may lead to persistence of the cells and recurrence of the
cancer following treatment. Indeed, low expression and/or
function of Intb1, as was shown in dormant tumors cells,
have been reported in tumor cells that have acquired multidrug resistance (29). On the other hand, several lines of
evidence show that Intb1 signaling plays a significant role in
mediating resistance to cytotoxic chemotherapies by
enhancing the cell survival pathway mediated by phosphoinositide 3-kinase (PI3K) and the serine-threonine kinase
(Akt) pathway (30, 31). Intb1 has also been implicated in
mediating resistance to ionizing radiation through activation of the PI3K/AKT pathway (32, 33), and it was shown to
be upregulated upon exposure to clinical doses of ionizing
radiation (33). Importantly, clinical evidence shows that
increased Intb1 expression, which is also linked to fibronectin levels, is associated with decreased survival in invasive breast cancer (34).
Therefore, given that Intb1 plays an important role in the
transition from cellular dormancy to metastatic growth and
its role in adjuvant and ionizing radiation resistance, Intb1
may offer an attractive therapeutic target to inhibit the
emergence of metastatic disease.

Clinical–Translational Advances
Several experimental models have shown the great potential in targeting Intb1 as a means to prevent breast cancer
recurrence and metastatic disease. Furthermore, new inhibitors for Intb1 are already in clinical trials for several
cancers as antiangiogenic therapy. Here, we discuss experimental models supporting the potential use of Intb1 inhibitors in prevention of cancer recurrence. We discuss the
progress already made in the use of Intb1 inhibitors in
several clinical trials that are ongoing for cancer patients,
and we speculate on potential combinational therapies,
including Intb1 inhibitors, in the prevention of cancer
recurrence.

Clinical Cancer Research

Downloaded from clincancerres.aacrjournals.org on December 1, 2011
Copyright © 2011 American Association for Cancer Research

Published OnlineFirst September 7, 2011; DOI:10.1158/1078-0432.CCR-11-0642

b1-Integrin and Tumor Recurrence

Type I collagen
Fibronectin

Fibronectin fibrils

uPA

uPA

α β1

uPAR

p-Src

p-FAK

EGFR

α
β1

PP
PP

p-Src
FAK

Ras
CDC42

GDP

Ras

GTP

CDC42

p-ERK
ERK

p-p38

p38
p-MLCK

p27

MLCK
p-MLC
MLC

Metastatic outbreak
(Proliferation)

p27
Nucleus

Nucleus

F-actin stress fibers

Cellular dormancy
(Quiescence)
© 2011 American Association for Cancer Research

Figure 1. b1-integrin signaling mediating the switch from tumor dormancy to metastatic growth. Transition from dormancy to metastatic growth is induced
by Intb1 activation through ﬁbronectin-ﬁbrils/type I collagen and/or uPAR activation, which initiates downstream signaling via Src and FAK, inducing a
high ERK-to-p38 ratio, which in turn activates MLCK, leading to cytoskeletal reorganization and metastatic growth. Inactivation of Intb1 or downstream
signaling, such as Src, FAK, or MLCK, or reducing the ERK-to-p38 ratio, will retain the cells in a dormant state.

Therapeutic targeting of Intb1
Several experimental models have shown the efficacy of
Intb1 inhibitors in treatment of refractory tumors and
advanced metastatic disease. Inhibitory antibodies to Intb1
(e.g., AIIB2) have been previously shown to effectively
synergize with ionizing radiation to modify Akt-mediated
ionizing radiation resistance in breast cancer cell lines and
were shown to dramatically enhance radiotherapy efficacy
in human breast cancer xenografts (32, 33). We have
reported that targeting Intb1, by either an inhibitory antibody or short hairpin RNA, or its downstream-signaling
mediator MLCK prevented the transition of dormant tumor
cells to metastatic growth and maintained the tumor cells
in a quiescent state, both in a 3D in vitro system as well as
in vivo (5, 26).
Flavopiridol, a synthetic flavone that can inhibit cyclindependent kinases, was shown to cause a decrease in FGF-2–
induced expression of integrins, including a5b1 integrin,
and, in turn, decreased the survival of well-differentiated
tumor cells in vitro (35). Importantly, a recent study by
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Chaurasia and colleagues (36) identified small molecules
capable of specifically disrupting the uPAR–integrin a5b1
interaction and, thus, profoundly inhibited metastasis.
To date, 3 Intb1-1 inhibitors have been or are being
evaluated in clinical trials: ATN-161, volociximab
(M200), and JSM6427. ATN-161 is an antagonist of
a5b1. ATN-161 is a 5–amino acid peptide derived from
the sequence of the integrin’s ligand fibronectin, PHSRN,
which acts in synergy with the RGD-containing binding site
to strengthen the a5b1–fibronectin interaction (37). ATN161 was shown to inhibit tumor growth and metastasis and
extend survival in multiple animal tumor models, either
when given as a single agent or when combined with
chemotherapy and radiotherapy (38–40). A phase I clinical
trial showed a very good safety profile for the use of
ATN-161 in patients with advanced solid tumors (41). All
of the treatment-related adverse events were grade 2 or
lower, and no dose-limiting toxicities occurred. Furthermore, one third of the patients manifested prolonged stable
disease. These findings led to preparation of a phase II trial
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in head and neck cancer in which ATN-161 will be used in
combination with radiation and chemotherapy.
Volociximab, originally known as Eos200-4 and now
M200, is a humanized monoclonal antibody against
a5b1. It was developed as an antiangiogenic agent for
the treatment of solid tumors and age-related macular
degeneration (37). In a phase I trial, patients with
advanced solid tumors were given 223 escalating i.v.
infusions of volociximab. Treatment was well tolerated,
and no dose-limiting toxicities occurred over the range
examined. Mild (grade 1 or 2), reversible fatigue was the
principal toxicity of volociximab at the highest dose
levels. Nausea, fever, anorexia, headache, vomiting, and
myalgias were mild and infrequent, and there was no
hematologic toxicity. Approximately one quarter of the
patients with advanced disease before study entry displayed stable disease as a result of treatment (42).
In summary, emerging evidence in the literature supports
the potential use of Intb1 inhibitors in preventing recurrence of breast cancer disease. Initial clinical trials using
inhibitors for Intb1, although used for already overt metastatic disease, show some encouraging results.
Future directions
The cross-talk between Intb1 with ECM components and
cellular receptors, such as uPAR and EGFR, induction of
transmembrane links between the ECM and cell cytoskeleton proteins, and the ability of these interactions to regulate the switch from cellular dormancy to metastatic
growth argues for the design of studies to assess inhibition
of Intb1 to either eradicate dormant tumor cells or to retain
them in a dormant state. Inhibition of Intb1 in combination
with, for example, inhibitors of either EGFR or downstream
effectors, such as Src or MLCK, should also be considered.
Specific targeting of disseminated tumor cells is vital, but
administering such inhibitors alone or in combination and
for a long period may target normal cells, resulting in
adverse side effects. However, recent findings showing high
expression of HER2 and uPAR in some circulating tumor
cells (43) make these receptors potential targets for delivery
of the above inhibitors, using either trastuzumab or uPAR
antagonists for drug delivery.
Intriguingly, it may even be possible to use selective small
molecules, instead of combinational therapies, to achieve
inhibition of multiple targets and prolong the dormant state
of the disseminated tumor cells with no adverse side effects.
For example, JSM6427 is a highly selective, small-molecule
inhibitor of a5b1 integrin currently in a phase I clinical trial
for the treatment of age-related macular degeneration. This
drug was developed as an antiangiogenic drug to treat agerelated macular degeneration, as was volociximab, and it is
likely that this small molecule, like volociximab, could also
be effective in maintaining stable disease in patients with
metastases. JSM6427 was shown to inhibit attachment of
human retinal pigment epithelium (RPE) cell to fibronectin, migration, and proliferation. This inhibition was followed by concomitant reorganization of the RPE cytoskeleton with distinctive features resembling a quiescent state of
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the cells (44). Given previous findings showing the role of
fibronectin in regulating dormancy via Intb1-mediated
cytoskeletal reorganization (Fig. 1; ref. 5), further examination of the potential use of this small molecule in preventing
recurrence of breast cancer disease is warranted.
Recent identification of small molecules capable of
specifically disrupting uPAR–integrin a5b1 interaction
and downstream signaling via ERK (36) may provide
novel therapeutic strategies to specifically target disseminated dormant tumor cells with high expression of uPAR
(43). Therefore, the use of such small molecules may have
therapeutic advantage in long-term treatment of cancer
patients who may harbor clinically undetectable residual
disease. These small molecules may retain dormant tumor
cells in a prolonged asymptomatic state. Notably, when
considering giving an antimetastatic preventive therapy
using anti-Inb1 inhibitor, for example, in the setting of
breast cancer, one must take into account whether the
patient will benefit from such long-term treatment. It has
been noted that long-term therapy for hormone-responsive breast cancer is effective in reducing metastatic recurrence, but large numbers of women may be treated for
benefit to relatively few, and the balance between benefit
and side effects must be weighed (11). Hence, future
identification of markers predictive of response to antiIntb1 therapy will help establish a personalized medicine
approach for the prevention of cancer recurrence.

Conclusions
Intb1 has been shown experimentally to be a key regulator in the switch from tumor cell dormancy to active
proliferation, both in vitro in a 3D dormancy model and
in vivo. Inhibition of Intb1 or its downstream signaling
partners has been shown to inhibit metastasis and to
maintain tumor cells in a dormant state. Clinical studies
on the effect of direct or indirect Intb1 inhibition suggest
that this approach may be valid and feasible. More needs to
be learned about the extent of dormant cells in cancer
patients, and biomarkers of patients who might benefit
from therapy designed to prevent awakening of dormant
cells need to be identified. As more patients are surviving
their cancers for many years, a better understanding of
tumor dormancy and treatments designed to prevent metastatic recurrences after long latency periods is needed for
the long-term health of patients.
Disclosure of Potential Conﬂicts of Interest
No potential conflicts of interest were disclosed.

Grant Support
Intramural program of Center for Cancer Research, National Cancer
Institute, NIH (D. Barkan); grant number W81XWH-06-2-0033 from the
U.S. Department of Defense Breast Cancer Research program (A.F. Chambers); Canada Research Chairs program (A.F. Chambers).
Received May 26, 2011; revised July 21, 2011; accepted August 1, 2011;
published OnlineFirst September 7, 2011.

Clinical Cancer Research

Downloaded from clincancerres.aacrjournals.org on December 1, 2011
Copyright © 2011 American Association for Cancer Research

Published OnlineFirst September 7, 2011; DOI:10.1158/1078-0432.CCR-11-0642

b1-Integrin and Tumor Recurrence

References
1.
2.
3.

4.

5.

6.

7.

8.

9.

10.

11.
12.
13.
14.

15.
16.

17.
18.
19.

20.

21.

22.

23.

Aguirre-Ghiso JA. Models, mechanisms and clinical evidence for
cancer dormancy. Nat Rev Cancer 2007;7:834–46.
Chambers AF, Groom AC, MacDonald IC. Dissemination and growth
of cancer cells in metastatic sites. Nat Rev Cancer 2002;2:563–72.
Naumov GN, Townson JL, MacDonald IC, Wilson SM, Bramwell VH,
Groom AC, et al. Ineffectiveness of doxorubicin treatment on solitary
dormant mammary carcinoma cells or late-developing metastases.
Breast Cancer Res Treat 2003;82:199–206.
Nash KT, Phadke PA, Navenot JM, Hurst DR, Accavitti-Loper MA,
Sztul E, et al. Requirement of KISS1 secretion for multiple organ
metastasis suppression and maintenance of tumor dormancy. J Natl
Cancer Inst 2007;99:309–21.
Barkan D, Kleinman H, Simmons JL, Asmussen H, Kamaraju AK,
Hoenorhoff MJ, et al. Inhibition of metastatic outgrowth from single
dormant tumor cells by targeting the cytoskeleton. Cancer Res
2008;68:6241–50.
Shibue T, Weinberg RA. Integrin beta1-focal adhesion kinase signaling
directs the proliferation of metastatic cancer cells disseminated in the
lungs. Proc Natl Acad Sci U S A 2009;106:10290–5.
Aguirre-Ghiso JA, Liu D, Mignatti A, Kovalski K, Ossowski L. Urokinase
receptor and ﬁbronectin regulate the ERK(MAPK) to p38(MAPK) activity ratios that determine carcinoma cell proliferation or dormancy in
vivo. Mol Biol Cell 2001;12:863–79.
Townson JL, Ramadan SS, Simedrea C, Rutt BK, MacDonald IC,
Foster PJ, et al. Three-dimensional imaging and quantiﬁcation of both
solitary cells and metastases in whole mouse liver by magnetic
resonance imaging. Cancer Res 2009;69:8326–31.
Heyn C, Ronald JA, Ramadan SS, Snir JA, Barry AM, MacKenzie LT,
et al. In vivo MRI of cancer cell fate at the single-cell level in a mouse
model of breast cancer metastasis to the brain. Magn Reson Med
2006;56:1001–10.
Ranganathan AC, Ojha S, Kourtidis A, Conklin DS, Aguirre-Ghiso JA.
Dual function of pancreatic endoplasmic reticulum kinase in tumor cell
growth arrest and survival. Cancer Res 2008;68:3260–8.
Goss PE, Chambers AF. Does tumour dormancy offer a therapeutic
target? Nat Rev Cancer 2010;10:871–7.
Klein CA. Framework models of tumor dormancy from patient-derived
observations. Curr Opin Genet Dev 2011;21:42–9.
Wikman H, Vessella R, Pantel K. Cancer micrometastasis and tumour
dormancy. APMIS 2008;116:754–70.
McGrogan BT, Gilmartin B, Carney DN, McCann A. Taxanes, microtubules and chemoresistant breast cancer. Biochim Biophys Acta
2008;1785:96–132.
Rass K, Hassel JC. Chemotherapeutics, chemoresistance and the
management of melanoma. G Ital Dermatol Venereol 2009;144:61–78.
Barkan D, Green JE, Chambers AF. Extracellular matrix: a gatekeeper
in the transition from dormancy to metastatic growth. Eur J Cancer
2010;46:1181–8.
Hynes RO. Integrins: bidirectional, allosteric signaling machines. Cell
2002;110:673–87.
Miranti CK, Brugge JS. Sensing the environment: a historical perspective on integrin signal transduction. Nat Cell Biol 2002;4:E83–90.
€ssler R, Schaefer EM,
Wennerberg K, Armulik A, Sakai T, Karlsson M, Fa
et al. The cytoplasmic tyrosines of integrin subunit beta1 are involved in
focal adhesion kinase activation. Mol Cell Biol 2000;20:5758–65.
White DE, Kurpios NA, Zuo D, Hassell JA, Blaess S, Mueller U, et al.
Targeted disruption of beta1-integrin in a transgenic mouse model of
human breast cancer reveals an essential role in mammary tumor
induction. Cancer Cell 2004;6:159–70.
Paszek MJ, Zahir N, Johnson KR, Lakins JN, Rozenberg GI, Gefen A,
et al. Tensional homeostasis and the malignant phenotype. Cancer
Cell 2005;8:241–54.
Weaver VM, Petersen OW, Wang F, Larabell CA, Briand P, Damsky C,
et al. Reversion of the malignant phenotype of human breast cells in
three-dimensional culture and in vivo by integrin blocking antibodies. J
Cell Biol 1997;137:231–45.
Park CC, Zhang H, Pallavicini M, Gray JW, Baehner F, Park CJ, et al.
Beta1 integrin inhibitory antibody induces apoptosis of breast cancer
cells, inhibits growth, and distinguishes malignant from normal phe-

www.aacrjournals.org

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.
34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

notype in three dimensional cultures and in vivo. Cancer Res 2006;66:
1526–35.
Kren A, Baeriswyl V, Lehembre F, Wunderlin C, Strittmatter K, Antoniadis
H, et al. Increased tumor cell dissemination and cellular senescence
in the absence of beta1-integrin function. EMBO J 2007;26:2832–42.
Imanishi Y, Hu B, Jarzynka MJ, Guo P, Elishaev E, Bar-Joseph I, et al.
Angiopoietin-2 stimulates breast cancer metastasis through the alpha
(5)beta(1) integrin-mediated pathway. Cancer Res 2007;67:4254–63.
Barkan D, El Touny LH, Michalowski AM, Smith JA, Chu I, Davis AS,
et al. Metastatic growth from dormant cells induced by a col-I-enriched
ﬁbrotic environment. Cancer Res 2010;70:5706–16.
Aguirre Ghiso JA, Kovalski K, Ossowski L. Tumor dormancy induced
by downregulation of urokinase receptor in human carcinoma involves
integrin and MAPK signaling. J Cell Biol 1999;147:89–104.
Townson JL, Macdonald IC, Liby KT, Mackenzie L, Dales DW, Hedley
BD, et al. The synthetic triterpenoid CDDO-Imidazolide suppresses
experimental liver metastasis. Clin Exp Metastasis 2011;28:309–17.
Morozevich GE, Kozlova NI, Preobrazhenskaya ME, Ushakova NA,
Eltsov IA, Shtil AA, et al. The role of beta1 integrin subfamily in
anchorage-dependent apoptosis of breast carcinoma cells differing
in multidrug resistance. Biochemistry (Mosc) 2006;71:489–95.
Aoudjit F, Vuori K. Integrin signaling inhibits paclitaxel-induced apoptosis in breast cancer cells. Oncogene 2001;20:4995–5004.
Hodkinson PS, Elliott T, Wong WS, Rintoul RC, Mackinnon AC, Haslett
C, et al. ECM overrides DNA damage-induced cell cycle arrest and
apoptosis in small-cell lung cancer cells through beta1 integrin-dependent activation of PI3-kinase. Cell Death Differ 2006;13:1776–88.
Park CC, Zhang HJ, Yao ES, Park CJ, Bissell MJ. Beta1 integrin
inhibition dramatically enhances radiotherapy efﬁcacy in human breast
cancer xenografts. Cancer Res 2008;68:4398–405.
Nam JM, Chung Y, Hsu HC, Park CC. beta1 integrin targeting to
enhance radiation therapy. Int J Radiat Biol 2009;85:923–8.
Yao ES, Zhang H, Chen YY, Lee B, Chew K, Moore D, et al. Increased
beta1 integrin is associated with decreased survival in invasive breast
cancer. Cancer Res 2007;67:659–64.
Najmi S, Korah R, Chandra R, Abdellatif M, Wieder R. Flavopiridol
blocks integrin-mediated survival in dormant breast cancer cells. Clin
Cancer Res 2005;11:2038–46.
Chaurasia P, Mezei M, Zhou MM, Ossowski L. Computer aided
identiﬁcation of small molecules disrupting uPAR/alpha5beta1—
integrin interaction: a new paradigm for metastasis prevention. PLoS
ONE 2009;4:e4617.
Tucker GC. Integrins: molecular targets in cancer therapy. Curr Oncol
Rep 2006;8:96–103.
Khalili P, Arakelian A, Chen G, Plunkett ML, Beck I, Parry GC, et al. A nonRGD-based integrin binding peptide (ATN-161) blocks breast cancer
growth and metastasis in vivo. Mol Cancer Ther 2006;5:2271–80.
Stoeltzing O, Liu W, Reinmuth N, Fan F, Parry GC, Parikh AA, et al.
Inhibition of integrin alpha5beta1 function with a small peptide (ATN161) plus continuous 5-FU infusion reduces colorectal liver metastases and improves survival in mice. Int J Cancer 2003;104:496–503.
Livant DL, Brabec RK, Pienta KJ, Allen DL, Kurachi K, Markwart S, et al.
Anti-invasive, antitumorigenic, and antimetastatic activities of the
PHSCN sequence in prostate carcinoma. Cancer Res 2000;60:309–20.
Cianfrocca ME, Kimmel KA, Gallo J, Cardoso T, Brown MM, Hudes G,
et al. Phase 1 trial of the antiangiogenic peptide ATN-161 (Ac-PHSCNNH(2)), a beta integrin antagonist, in patients with solid tumours. Br J
Cancer 2006;94:1621–6.
Ricart AD, Tolcher AW, Liu G, Holen K, Schwartz G, Albertini M, et al.
Volociximab, a chimeric monoclonal antibody that speciﬁcally binds
alpha5beta1 integrin: a phase I, pharmacokinetic, and biological correlative study. Clin Cancer Res 2008;14:7924–9.
Meng S, Tripathy D, Shete S, Ashfaq R, Saboorian H, Haley B, et al.
uPAR and HER-2 gene status in individual breast cancer cells from
blood and tissues. Proc Natl Acad Sci U S A 2006;103:17361–5.
Li R, Maminishkis A, Zahn G, Vossmeyer D, Miller SS. Integrin alpha5beta1 mediates attachment, migration, and proliferation in human
retinal pigment epithelium: relevance for proliferative retinal disease.
Invest Ophthalmol Vis Sci 2009;50:5988–96.

Clin Cancer Res; 17(23) December 1, 2011

Downloaded from clincancerres.aacrjournals.org on December 1, 2011
Copyright © 2011 American Association for Cancer Research

7223

