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Embryo development, wound healing, angiogenesis, and cancer metastasis rely on
cell motility and adhesion dynamics. This involves shifting integrin expression profiles,
which may reflect the changing environment that the cells encounter and adapt to.
For example, malignant cells migrating from primary to secondary sites will come
across extracellular matrix (ECM) compositions that are different from their site of
origin. In chapters 2 and 3 of this thesis, the roles of o581 and avf3 fibronectin
(FN)-binding integrins in cell motility and adhesion dynamics are discussed. We find
that when these integrins are ectopically expressed in the same cellular background
(GE11), striking differences in cellular functions (cell morphology, cell-matrix adhesion
dynamics and localization) are observed. Cells expressing a5B1 integrin exhibit a
contractile fibroblastic morphology with highly dynamic centripetally orientated cell-
matrix adhesions and migrate in random fashion. In contrast, av33 expressing cells,
whose cell-matrix adhesions are more static and distributed across the basal surface,

migrate in a highly persistent fashion.

What is the reason for these differences when both integrins interact with FN? One
possible explanation could be the interaction of signaling and/or adaptor proteins
with specific residues within the integrin cytoplasmic tail. However, a- and - tail
swapping experiments revealed that this is probably not the case. Rather, our evidently
suggests that it is how the integrins interact with the FN that affects cell signaling. We
demonstrate that both o581 and av33 adhere to immobilized (stretched) FN, but
only a5B1 binds to soluble folded (inactive) FN. RGD in immobilized (stretched) FN
is reoriented in such a way that it is accessible to both integrins (Altroff et al., 2004).
The ability of a5B1 to access the RGD site in soluble FN comes from the fact that
this integrin has an additional FN binding region (Aota, Nomizu, and Yamada, 1994;
Bowditch et al., 1994; Danen et al., 1995) and we show that placing the CTSEQNC
hypervariable sequencein the I-like domain of 31 in the context of 3 allows av[33
to also bind soluble FN. It has been suggested that the o581 hypervariable sequence
binds to the PHSRN “synergy” region in lIlIFN9 to stabilize interaction with the RGD
region in IIIFN10 by changing the tilt angle between [lIFN10 and IlIFn9, subsequently
exposing RGD loops. Our findings demonstrate that integrin av33, even if locked in a
high affinity state by different mutations, binds poorly to soluble FN because it lacks
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this functionality (Danen et al., 1995; Sechler, Corbett, and schwarzbauer, 1997).

The association with the synergy region may explain the apparently specific ability of
o531 to form a “catch-bond” with FN and mediate adhesion strengthening (Friedland,
Lee, and Boettiger, 2009; Roca-Cusachs et al., 2009). Importantly, our findings indicate
that switching between these two integrins with such distinct ligand-interaction
modes strongly affects intracellular cellular with effects on RhoA activity, cytoskeletal
contractility, and ECM assembly.

In chapter 4, a novel avB3 binding partner is described that could also contribute
to the specific avp3-mediated effects on cell morphology. MacMarcks (MRP) had
been implicated in the activation of integrins and cell spreading by regulating the
cortical actin network (Jin and Li, 2002). Interestingly, expression of B3 integrin
transcriptionally down-regulates MRP. We demonstrate that the region in the vicinity
of NITY domain of the 33 tail down-regulates MRP if associated with the awv-subunit.
Nonetheless, silencing MRP did not promote cell spreading in the parental line, and
overexpression did not hamper cell spreading in cells using avp3 for adhesion. This
suggests that 3 is required for MRP localization and expression but MRP is not
essential for avp3-mediated cell spreading (in contrast to 32 integrins, which have
been claimed to depend on MRP for spreading (Li et al., 1996).

As described in chapter 5, certain diseases display altered expression or functionality
of integrins. For instance, high expression levels of various types of integrins have been
correlated with tumor progression in a numbers of cancers (Mizejewski, 1999). For that
reason, antagonists such as peptidomimetics and monoclonal antibodies have been
developed targeting either a581 and av3 integrins. Disintegrins are RGD-containing
cysteine-rich peptides in snake venom that have been developed as therapeutic
agents for angiogenesis-dependent tumor growth and metastasis (Huang, 1998).
Unfortunately, these molecules are very large and have low metabolic stability limiting
their use for clinical applications (McLane et al., 2004, Cai and Chen, 2006). Cyclic
RGD-containing pentapeptides are the most commonly used RGD-based antagonist
(Ruoslahti, 1996). c(RGDf(NMe)V) a.k.a Cilengitide (EMD 121974) (Goodman et
al., 2002) has effectively induced apoptosis in glioblastoma and medullablastoma
(Taga et al., 2002). Integrin antagonist can be applied in combination with cytotoxic
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anticancer therapy, such as chemo- or radiotherapy to maximize therapeutic efficacy.
For example, Cilengitide in combination with gemcitabine inhibits highly vascularized
tumor growth (Colomer, 2004; Raguse et al., 2004). It has been reported that tumor-
associated endothelial cells can evade death by up-regulating avp3 integrin upon
radiation exposure. Agents such as the avf33 inhibitor S247 have the potential to block
growth of tumor cells and angiogenic vessels and cause inhibition of phosphorylation
of PKB/Akt (Abdollahi et al., 2005).

Classic 2D culture conditions differ strongly from the in vivo situation and affect cell
survival, proliferation, differentiation, cytoarchitecture, and migration (Kenny PA et
al., 2007; Bjerkvig, 1990; Bissell, 1981; Wapita and Hay, 2002; Corcoran et al., 2003;
Beliveau et al., 2010). For cancer metastasis-related studies, 3D invasion assays such
as the Boyden chamber assay (trans-well migration assay) also may not properly
resemble tumor cells disassociating from a solid tumor. For this purpose, cell spheroid
(CS) cultures have been developed that mimic solid cancer microenvironments.
This requires CS to be compact and contain an oxygen- and nutrient-depleted core,
which are characteristics of solid tumors (Mueller-Klieser, 1987; Sutherlands, 1988).
In addition, the ECM environment surrounding CS ideally mimics chemical (ECM
protein type) and physical (rigidity, cross-linking) properties of tissue (Buxboim and
Discher,2010; Friedl and Wolf, 2010, Leventhal et al., 2009). In chapter 6, we describe
the development a novel CS formation method in 3D collagen gels that fulfills these
criteria and, for the first time, can be performed in high throughput with high accuracy

and reproducibility.

There are several advantages of our approach based on microinjection over other
methods. For one, we combined CS formation and gel embedding into a single step,
thereby shortening preparation time from days to minutes. Secondly, CS formation
from a broad spectrum of cell can be achieved without additive, e.g. matrigel such
as used by others (lvascu and Manfred, 2006, 2007). Thirdly, CS are produced with
uniform size and shape with predefined spatial distribution, making this method ideal
for HTS. Unlike other techniques, 2D tissue culturing steps are completely omitted,
and freshly isolated tumor samples of mouse and human biopsies can be used directly

for CS formation. Consequently, we have designed an automated 3D culture syste
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that may be applied to drug screens for personalized treatment strategies.

According to several studies, B1 integrins support initiation and growth of breast
cancer. By blocking B1 integrins with antibodies, breast tumors in mice have been
sensitized to radiotherapy, indicating that 1 integrins may be suitable drug targets
for breast cancer (White et al., 2004; Park et al., 2006). In chapter 7, we describe that
silencing B1 in breast cancer cells indeed suppresses tumor growth but can also lead
to enhanced intravasation and metastasis. Our data support a model where in the
absence of B1 integrins, an epithelial-to-mesenchymal (EMT) transition is induced
through transcriptional down regulating of E-cadherin by an altered balance between
the ZEB and mir-200 families. Consequently, cells shift from cohesive multicellular
strand invasion to individual cell migration in 3D matrices. This likely enables tumor
cells to intravasate more efficiently through enhanced migration by eliminating the
burden to travel as collective units (dragging force) or it may up-regulate survival

mechanisms to resist the sheer stress within the blood vessel; or speed up.

Experiments using inhibitory peptides and a2 subunit silencing constructs, indicate
that a2P1 is the B1 integrin that acts as a metastasis suppressor in this system.
Interestingly, this integrin was very recently shown to be inversely correlated with
breast cancer progression (Ramirez et al., 2010). Nevertheless, we do not detect
a general loss of a2 or B1 integrins to correlate with E-cadherin loss. Histological
samples provide a snapshot in the dynamic process of metastasis process and may
not reveal key transient malignant modifications in the metastatic cascade; especially
if these are rare and transient. Indeed, the down-regulation of E-cadherin in response
to decreased P1l-integrin-mediated adhesion may be such a transient process that
occurs in a subpopulation of cancer cells within a tumor. Such events may be missed

by the pathologist but play a role in metastasis of E-cadherin positive breast cancers.

From fundamental research to clinical application, integrins have presented
themselves to be highly intriguing receptors. Besides mediating cell attachment to
the microenvironment, integrins organize signal transduction cascades that regulate
cell biology from proliferation and survival to migration. As such, they appear to be

useful biomarkers and drug targets in multiple diseases, including cancer.

116



Summary and discussion

References

Abdollahi, A., Griggs, D. W., Zieher, H., Roth, A., Lipson, K. E., Saffrich, R., . . . Huber, P. E. (2005). Inhibition of alpha(v)beta3
integrin survival signaling enhances antiangiogenic and antitumor effects of radiotherapy. Clinical Cancer Research : An Official
Journal of the American Association for Cancer Research, 11(17), 6270-6279.

Altroff, H., Schlinkert, R., Van Der Walle, C. F., Bernini, A., Campbell, I. D., Werner, J. M., & Mardon, H. J. (2004). Interdomain tilt
angle determines integrin-dependent function of the ninth and tenth Flll domains of human fibronectin. Journal of Biological
Chemistry, 279(53), 55995-56003.

Aota, S. -., Nomizu, M., & Yamada, K. M. (1994). The short amino acid sequence pro-his-ser-arg-asn in human fibronectin
enhances cell-adhesive function. Journal of Biological Chemistry, 269(40), 24756-24761.

Beliveau, A., Mott, J. D., Lo, A., Chen, E. I., Koller, A. A., Yaswen, P,, . . . Bissell, M. J. (2010). Raf-induced MMP9 disrupts tissue
architecture of human breast cells in three-dimensional culture and is necessary for tumor growth in vivo. Genes & Development,
24(24), 2800-2811.

”

Bissell, M. J. (1981). The differentiated state of normal and malignant cells or how to define a “normal” cell in culture.

International Review of Cytology, 70, 27-100.

Bjerkvig, R., Tonnesen, A., Laerum, O. D., & Backlund, E. 0. (1990). Multicellular tumor spheroids from human gliomas maintained

in organ culture. Journal of Neurosurgery, 72(3), 463-475.

Bowditch, R. D., Hariharan, M., Tominna, E. F., Smith, J. W., Yamada, K. M., Getzoff, E. D., & Ginsberg, M. H. (1994). |dentification
of a novel integrin binding site in fibronectin. differential utilization by B3 integrins. Journal of Biological Chemistry, 269(14),
10856-10863.

Buxboim, A., & Discher, D. E. (2010). Stem cells feel the difference. Nature Methods, 7(9), 695-697.

Cai, W., & Chen, X. (2006). Anti-angiogenic cancer therapy based on integrin alphavbeta3 antagonism. Anti-Cancer Agents in
Medicinal Chemistry, 6(5), 407-428.

Colomer, R. (2004). Gemcitabine and paclitaxel in metastatic breast cancer: A review. Oncology (Williston Park, N.Y.), 18(14 Suppl
12), 8-12.

Corcoran, A., De Ridder, L. I., Del Duca, D., Kalala, O. J., Lah, T., Pilkington, G. J., & Del Maestro, R. F. (2003). Evolution of the brain
tumour spheroid model: Transcending current model limitations. Acta Neurochirurgica, 145(9), 819-824.

Danen, E. H. J., Aota, S. -., Van Kraats, A. A., Yamada, K. M., Ruiter, D. J., & Van Muijen, G. N. P. (1995). Requirement for the

117



synergy site for cell adhesion to fibronectin depends on the activation state of integrin a5B1. Journal of Biological Chemistry,
270(37), 21612-21618.

Friedl, P., & Wolf, K. (2010). Plasticity of cell migration: A multiscale tuning model. The Journal of Cell Biology, 188(1), 11-19.

Friedland, J. C., Lee, M. H., & Boettiger, D. (2009). Mechanically activated integrin switch controls alphaSbetal function. Science
(New York, N.Y.), 323(5914), 642-644.

Goodman, S. L., Holzemann, G., Sulyok, G. A., & Kessler, H. (2002). Nanomolar small molecule inhibitors for alphav(beta)6,
alphav(beta)5, and alphav(beta)3 integrins. Journal of Medicinal Chemistry, 45(5), 1045-1051.

Huang, T. F. (1998). What have snakes taught us about integrins? Cellular and Molecular Life Sciences : CMLS, 54(6), 527-540.

Ivascu, A., & Kubbies, M. (2006). Rapid generation of single-tumor spheroids for high-throughput cell function and toxicity
analysis. Journal of Biomolecular Screening : The Official Journal of the Society for Biomolecular Screening, 11(8), 922-932.

Ivascu, A., & Kubbies, M. (2007). Diversity of cell-mediated adhesions in breast cancer spheroids. International Journal of
Oncology, 31(6), 1403-1413.

Jin, T., & Li, J. (2002). Dynamitin controls beta 2 integrin avidity by modulating cytoskeletal constraint on integrin molecules. The
Journal of Biological Chemistry, 277(36), 32963-32969.

Kenny, P. A, Lee, G. Y., Myers, C. A., Neve, R. M., Semeiks, J. R., Spellman, P.T,, . . . Bissell, M. J. (2007). The morphologies of breast
cancer cell lines in three-dimensional assays correlate with their profiles of gene expression. Molecular Oncology, 1(1), 84-96.

Levental, K. R., Yu, H., Kass, L., Lakins, J. N., Egeblad, M., Erler, J. T., . . . Weaver, V. M. (2009). Matrix crosslinking forces tumor
progression by enhancing integrin signaling. Cell, 139(5), 891-906.

Li, J., Zhu, Z., & Bao, Z. (1996). Role of MacMARCKS in integrin-dependent macrophage spreading and tyrosine phosphorylation
of paxillin. The Journal of Biological Chemistry, 271(22), 12985-12990.

Mclane, M. A., Sanchez, E. E., Wong, A., Paquette-Straub, C., & Perez, J. C. (2004). Disintegrins. Current Drug Targets.
Cardiovascular & Haematological Disorders, 4(4), 327-355.

Mizejewski, G. J. (1999). Role of integrins in cancer: Survey of expression patterns. Proceedings of the Society for Experimental
Biology and Medicine.Society for Experimental Biology and Medicine (New York, N.Y.), 222(2), 124-138.

Mueller-Klieser, W. (1987). Multicellular spheroids. A review on cellular aggregates in cancer research. Journal of Cancer
Research and Clinical Oncology, 113(2), 101-122.

118



Summary and discussion

Park, C. C., Zhang, H., Pallavicini, M., Gray, J. W., Baehner, F., Park, C. J., & Bissell, M. J. (2006). Betal integrin inhibitory antibody
induces apoptosis of breast cancer cells, inhibits growth, and distinguishes malignant from normal phenotype in three
dimensional cultures and in vivo. Cancer Research, 66(3), 1526-1535.

Raguse, J. D., Gath, H. J., Bier, J., Riess, H., & Oettle, H. (2004). Cilengitide (EMD 121974) arrests the growth of a heavily pretreated
highly vascularised head and neck tumour. Oral Oncology, 40(2), 228-230.

Ramirez, N. E., Zhang, Z., Madamanchi, A., Boyd, K. L., O’Rear, L. D., Nashabi, A., . . . Zutter, M. M. (2011). The a2B1 integrin is a
metastasis suppressor in mouse models and human cancer. Journal of Clinical Investigation, 121(1), 226-237.

Roca-Cusachs, P., Gauthier, N. C., Del Rio, A., & Sheetz, M. P. (2009). Clustering of alpha(5)beta(1) integrins determines adhesion
strength whereas alpha(v)beta(3) and talin enable mechanotransduction. Proceedings of the National Academy of Sciences of
the United States of America, 106(38), 16245-16250.

Ruoslahti, E. (1996). RGD and other recognition sequences for integrins. Annual Review of Cell and Developmental Biology, 12,
697-715. doi:10.1146/annurev.cellbio.12.1.697

Schwarzbauer, J. E., & Sechler, J. L. (1999). Fibronectin fibrillogenesis: A paradigm for extracellular matrix assembly. Current
Opinion in Cell Biology, 11(5), 622-627.

Sechler, J. L., Corbett, S. A., & Schwarzbauer, J. E. (1997). Modulatory roles for integrin activation and the synergy site of
fibronectin during matrix assembly. Molecular Biology of the Cell, 8(12), 2563-2573.

Sutherland, R. M. (1988). Cell and environment interactions in tumor microregions: The multicell spheroid model. Science (New
York, N.Y.), 240(4849), 177-184.

Taga, T., Suzuki, A., Gonzalez-Gomez, |., Gilles, F. H., Stins, M., Shimada, H., . . . Laug, W. E. (2002). Alpha v-integrin antagonist
EMD 121974 induces apoptosis in brain tumor cells growing on vitronectin and tenascin. International Journal of Cancer.Journal
International Du Cancer, 98(5), 690-697.

Walpita, D., & Hay, E. (2002). Studying actin-dependent processes in tissue culture. Nature Reviews.Molecular Cell Biology, 3(2),
137-141.

White, D. E., Kurpios, N. A., Zuo, D., Hassell, J. A., Blaess, S., Mueller, U., & Muller, W. J. (2004). Targeted disruption of betal-
integrin in a transgenic mouse model of human breast cancer reveals an essential role in mammary tumor induction. Cancer Cell,
6(2), 159-170. doi:10.1016/j.ccr.2004.06.025

Zutter, M. M., Mazoujian, G., & Santoro, S. A. (1990). Decreased expression of integrin adhesive protein receptors in
adenocarcinoma of the breast. American Journal of Pathology, 137(4), 863-870. Abdollahi, A., Griggs, D. W., Zieher, H., Roth, A,
Lipson, K. E., Saffrich, R., . .. Huber, P. E. (2005). Inhibition of alpha(v)beta3 integrin survival signaling enhances antiangiogenic

119








