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Introduction 

Breast cancer is the most common cancer among North American women. It is the number two cause 

of death (after lung cancer) of women ages 35-54 and affects approximately 1 in 9 women in their lifetime; of 

these one third will die of metastases. Unlike lung and skin cancer, the causes of breast cancer are not well 

understood. Conventional treatment modalities such as surgery, chemotherapy and radiation, whether used alone 

or in combination are not always effective at destroying all of the metastatic lesions. Better or different treatments 

are now required to combat breast cancer. These new treatments can be obtained through a better understanding 

of tumor cell biology. An important characteristic of tumor cells, with relevance to prognosis, is their ability to 

metastasize and grow anchorage-independently. 

Anchorage-independent growth 

Non-transformed cells must be adherent and spread in order to proliferate. As the cells progressively 

become transformed there is a progressive loss of anchorage requirement and response to exogenous growth 

factors via paracrine stimulation. The term anchorage-independent growth refers to growth and proliferation in 

the absence of adhesion and spreading. The classical assay to determine the anchorage-independent potential of 

cells is growth in soft agar. Cells which are able to grow in soft agar generally are more tumorigenic in mice 

(Shin et al, 1975). These properties suggest a relationship between the degree of transformation and the 

anchorage-independent growth potential. The term anchorage-independence was coined many years ago before 

the understanding of cell adhesion and integrins. We, in this report, and others (Glimelius et al, 1988; 

Nedermaii et al., 1984) have shown the involvement of integrins and extracellular matrix (ECM) in cells which 

are not adherent or spread, which conflicts with the original term anchorage-independence. From herein, the 

term "anchorage-independence" will refer to spreading independence or growth in a three dimensional matrix. 

In our survival assay the cells are maintained in suspension in media while they are imbedded in a three- 

dimensional agar matrix in the colony assays. 

Tumor nodules have been shown to be more resistant to chemotherapy and radiation therapy than adherent 



cells. A tumor spheroid typically shows several layers of cells with a necrotic center, several layers of cells 

undergoing apoptosis, few layers of quiescent cells and an outer layer of rapidly proliferating cells (Olive and 

Durand, 1994). As the spheroids enlarge, the external well-nourished cells continue to divide but the internal cells, 

lacking nutrients and 02 often exit the cell cycle and enter G0. It is these cells which have exited the cell cycle 

which are likely to be resistant to chemotherapy and radiotherapy since these treatments are designed for rapidly 

dividing cells. 

No correlation was found in a survey of the anchorage-independent growth of epidermal keratinocyte and 

human squamous cell carcinoma cell lines and oncogene expression (Kim etal.,1991). In addition transformation 

of rat embryo fibroblasts with v-Src transformed 95% of the cells but only 25% were anchorage-independent 

(Tavoloni et al, 1994). Despite these studies, oncogenic transformation can render some cells anchorage- 

independent (Masuda et al, 1992; Rak et al, 1995). These results suggest that extracellular factors, in addition to 

growth factors, may have a contributing factor in anchorage-independent growth. 

Integrins and ECM 

The ECM is composed primarily of collagens, glycoproteins and proteoglycans. ECM is not just the glue 

between cells as previously thought, but provides the scaffolding, support and strength to tissues and organs. In 

addition, almost all cellular events occurring during embryonic development and organogenesis, tissue remodeling, 

wound healing or tumor growth and metastasis are in some way influenced by individual components of the ECM. 

There are three mechanisms by which ECM can regulate cell behavior; (1) composition of ECM, (2) regulation of 

cell surface receptors that mediate adhesion to ECM, and (3) synergistic interactions between growth factors and 

ECM (Adams and Watt, 1990). These mechanisms are not mutually exclusive and all three can occur 

simultaneously. 

Integrins are transmembrane glycoprotein heterodimers composed of an a and ß subunit noncovalently 

bound together which mediate cell-cell and cell-matrix interactions. Associations of the a and ß subunits are not 

random, although av associates with multiple ß subunits, most a subunits associate with only one ß subunit 

(Hynes, 1987, Albelda and Buck, 1990). 



Integrins play a key role in a number of biological processes where such as embryogenesis, wound 

healing, cell differentiation, lymphocyte migration, survival, cell-cell interactions, cell migration and gene 

transcription (reviewed in Ruoslahti, 1991; Giancotti and Mainiero, 1994). Integrins are also involved in a 

number of pathological processes such as bacterial cell invasion (Isberg and Leong, 1990) and tumor cell 

migration and invasion (Dedhar, 1990; Dedhar and Saulnier, 1990). 

Integrins and growth factors in anchorage-independent growth 

There is limited information on the role of ECM proteins and integrins in anchorage-independent growth 

of either normal or transformed cells. The presence of ECM protein such as fibronectin (FN), laminin (LM), 

collagen and proteoglycans in tumor spheroids has been demonstrated many years ago in glioma cell lines 

(Glimelius etal, 1988; Nederman etal., 1984; De Pauw-Gillet etal., 1988). More recently, bovine granuloma 

cells cultured in agar produced FN and collagen type IV (Coll IV) (Rodgers et al., 1995). 

There were several studies performed on the expression of integrins in tumor spheroids. The a6 and ßj 

subunits were decreased in tumor spheroids of squamous cells A431, while there were no changes in the a2, a5, 

ß4 (Waleh et al., 1994). Hauptmann et al., (1995) investigated the expression of integrins on colorectal cells 

growing either as monolayers or spheroids in vitro, or as tumors and in vivo tumors in nude mice. They showed 

that different integrins were either decreased or increased in the different culture conditions and concluded that 

the different microenvironments regulated integrin expression. In addition, fibroblasts typically downregulated 

both FN and a5^x expression when maintained in suspension (Dalton et al., 1992). 

Growth factors are capable of driving adherent cells through the cell cycle. However, untransformed 

cells such as 3T3 LI or NRK fibroblasts will not progress through the cell cycle, in the presence of growth 

factors, if maintained in suspension. Transformed cells have acquired growth factor independence through 

autocrine secretion of growth factors, mutations or unregulated expression in growth factor receptors or proteins 

involved in signal transduction, both of which cause constitutive activation. The role of several growth factors 

in anchorage-independent growth has been investigated. Growth factors such as EGF, FGF and PDGF can 

increase anchorage-independent growth of some cells in the presence of 10% serum (Rizzino et al., 1986). TGF- 



ß is well documented in the literature as being able to increase anchorage-independent growth of a number of cell 

lines and affects the expression of both ECM proteins such as FN, as well as their corresponding integrin 

receptors (Heino et al., 1989; Roberts et al., 1992). It is not known what effect TGF-ß has on ECM and integrin 

expression on anchorage-independent cells. 

A recent development is that integrin-mediated adhesion and signaling is required for survival. 

Detachment from a substrate causes the cells to undergo apoptosis. This mechanism for apoptosis has been 

termed anoikis (Frisch and Francis, 1994). Only integrin-mediated attachment circumvents anoikis; attachment 

to antibodies directed to MHC proteins or plated on a polylysine substrate, failed to rescue the cells from 

apoptotic death. 

Integrin and growth factor signal transduction 

There is overlap between receptor tyrosine kinase and integrin signal transduction pathways. It appears 

that there may be additional, adhesion specific events involved in mitogenesis, because high concentrations of 

growth factors are not sufficient to override the adhesion requirement (Kang and Krauss, 1996). However, the 

molecular mechanisms which join integrin and growth factor signalling pathways are not well understood. There 

are a number of ways in which ECM and growth factors act co-operatively. (1) The ECM presents bound growth 

factors to cells in a functional manner (2) the ECM may change the cell shape through adhesive interactions and 

render it responsive to growth factors (3) ECM proteins may bind to integrins and generate signals that interact 

with those generated by growth factors (Schubert, 1992). One function of the ECM which is important for 

growth factor signalling is the activation of PIP 5-kinase catalyzed PIP2 formation by adhesion to FN which is 

ready to be used in growth factor signalling pathways (McNamee et al., 1993). 

There are a number of signalling molecules which are well established in the growth factor signalling 

pathways which are now being demonstrated to be involved in integrin signalling pathways. For example Ras, 

Grb2, Src and FAK have been implicated in such signalling pathways. These results suggest cooperative or 

synergistic interactions between growth factors and integrin signal transduction pathways. Until recently the 

effect of adhesion via integrins and the effects of growth factor on cellular proliferation and other functions were 



studied independently. Most studies performed on the cooperative effect between integrins and growth factors 

have been done in fibroblasts and platelets. Little information is available in this area on epithelial cells. 

Cell survival and anchorage 

It has been shown that anchorage-dependent cells when denied attachment, not only stop proliferating 

but also undergo apoptosis (Meredith et al, 1993; Frisch and Francis, 1994). How anchorage-independence 

relates to integral signalling and what role a5Rx might play in anchorage-independent growth is yet to be resolved. 

CHO cells transfected with the c^ßj integrin were able to inhibit serum deprived apoptosis on immobilized 

fibronectin by upregulating Bcl-2 but those transfected with avP; could not inhibit apoptosis (Zhang et al., 1995). 

It was also found that the a5 cytoplasmic domain was required for survival on fibronectin. Montgomery et al, 

(1994) have shown that ligation of the vitronectin (VN) receptor avß3 within a three-dimensional dermal collagen 

matrix, suppresses apoptosis and promotes melanoma (M21) cell growth. CHO and osteosarcoma cells cultured 

in serum-free conditions, survived only if they attached through the aßx integrin. Whereas some other integrins, 

while supporting cell attachment, could not rescue the cells from apoptosis (Zhang et al., 1995). FAK has also 

been implicated in the maintenance of survival since FAK knockouts in cell lines were undergoing apoptosis 

(Frisch et al., 1996). 

Extracellular matrix proteins and growth factors are key regulators of cell survival and growth under 

adherent conditions. Cells deprived of serum or maintained under anchorage-independent conditions often 

undergo cell death via apoptosis (Frisch and Francis, 1994). Adhesion to ECM proteins via integrins has been 

shown to mediate survival of adherent cells (Ruoslahti and Reed, 1994; Zhang et al, 1995). Basement 

membrane proteins, provided by Matrigel, were required for suppression of apoptosis in mammary epithelial cells 

(Boudreau et al, 1995, 1996). Adhesion to FN via a^ was required for survival of CHO cells in serum free- 

conditions (Zhang et al, 1995). These results provide evidence that occupancy of integrin receptors provides 

a cell survival signal. 

A number of growth factors, including epidermal growth factor (EGF), platelet derived growth factor 

(PDGF), and nerve growth factor (NGF) can also promote cell survival by a PI 3-kinase-dependent pathway 

(Yao and Cooper, 1995, 1996).   In addition, we have previously shown that PI 3-kinase is required for the 



hepatocyte growth factor (HGF)-mediated mitogenic response on adherent SP1 cells (Rahimi et al., 1996b). 

Very little is known about the role of ECM proteins and growth factors in tumor cell survival under 

anchorage-independent conditions. It is known that soluble FN can bind to the surface of fibroblasts and 

hepatocytes in suspension (Akiyama and Yamada, 1985; Johannson, 1985). Soluble VN was not sufficient to 

inhibit apoptosis in normal endothelial cells (Re et al., 1994). Although some tumor cells have bypassed the 

requirement for adhesion, it is not known whether ECM proteins still function in providing a growth or survival 

signal when under anchorage-independent conditions. 

In conclusion ECM-integrin interactions and cooperative signalling with growth factors play an essential 

role in both normal and transformed cell behaviour. The interactions have been well studied in adherent cells 

but are not well understood in three-dimensional spheroids, which is an intermediate model between cells in 

culture and in vivo tumor nodules. 

Rationale and Hypothesis 

Tumor spheroids have been used as a tumor model for a number of years. They were shown to 

histologically resemble in vivo tumors and are more physiologically similar to in vivo tumors than cells cultured 

in monolayers. Tumor spheroids are an intermediate system between tissue culture and in vivo tumors. Roskelley 

and Bissell (1995) found that mammary cells not only required basement membrane proteins to differentiate but 

also required a rounded morphology. Howlett et al. (1995) have shown that normal mammary cells differentiate 

into well-organized acinar structures whereas tumor cells form large, disorganized colonies when plated in the 

basement membrane matrix, Matrigel. 

Acquiring a better understanding of how extracellular factors such as ECM and growth factors affect 

metastatic cell growth in an anchorage-independent manner as found in tumor spheroids may provide the basis for 

developing better therapies to treat metastatic lesions. 

The mammary gland is a good system to investigate epithelial cell proliferation, differentiation and 

tumorigenesis. Unlike other organs, the mammary gland develops to maturity in the adult animal, reaching its fully 

functional status only during late stages of pregnancy and lactation. Pregnancy induces a massive proliferation of 



the epithelial cells, which leads to a branching morphogenesis which is accompanied by the production and 

secretion of milk proteins by the epithelial cells. After the lactation period, the epithelium is dismantled during 

involution by a process that involves degradation of the ECM prior to apoptosis, suggesting that the ECM is 

required for survival of mammary epithelial cells (Pullan et al., 1996). 

SP1 cells are a heterogenous population of tumor cells, therefore individual clones may have different 

adhesive and growth properties. The unstable genotype of tumor cells may cause some drift in the phenotypes in 

a rapidly growing population of cells. It is difficult to properly assess the adhesive and integrin properties in a 

heterogenous population of cells. As seen above, ECM proteins have both positive and negative influences on colony 

growth of SP1 cells. It is possible that some of the cells within the heterogenous population of SP1 cells respond 

positively to ECM proteins while others respond negatively. Such a situation may result in a null effect of the ECM 

or inconsistent results between experiments. It should therefore be possible to isolate a population of SP1 cells 

which grow efficiently in agar and another population which does not grow in agar. 

We have previously demonstrated that mammary fat tissue or 3T3-L1 preadipocyte conditioned media can 

stimulate the growth of a murine mammary carcinoma cell line, SP1 (Elliott et al., 1988, 1992; Rahimi et al, 

1996a). These cells grown in soft agar contain abundant extracellular FN in the form of fibrils. Much of what is 

known about the effects of ECM on mammary cells is based on differentiation and not growth. Much of what is 

known about cell growth under anchorage-independent conditions is based on growth factors and normal fibroblasts 

and concentrates on the cell cycle. There are few studies on the role of ECM in anchorage-independent survival 

and growth of tumor cells. This thesis will look primarily at the effects of ECM on anchorage-independent growth 

but also considers growth factors. We now want to show how extracellular matrix and growth factors participate 

in anchorage-independent survival and growth of SP1 cells. Our hypothesis is that extracellular matrix proteins 

and growth factors stimulate their respective cell surface receptors under anchorage-independent conditions 

and generate intracellular signals which permit survival and colony growth of SP1 cells. 



RESULTS 

1. Our first objective was to characterized the integrins and extacellular matrix proteins involved in 

anchorage-independent growth of SP1 cells. 

A) Adhesive and integrin profiles of SP1 cells 

SP1 cells are an adherent murine mammary carcinoma cell line. They adhered and spread extensively to 

fibronectin and vitronectin over a wide range of concentrations (0.16-20 u.g/ml). They adhered moderately well 

to collagen type I, and show a concentration dependent requirement of approximately 1.5 u.g/ml to collagen type 

IV. SP1 cells attached poorly to laminin and few cells remained on BSA coated plates after washing with phosphate 

buffered saline (PBS) (Figure 1). We observed a positive correlation between the degree of spreading and the 

strength of adhesion of SP1 cells. SP1 cells adherent on FN and VN show a more flattened morphology as 

compared to Collagen type I and Laminin, onto which they spread poorly and show a spindle-shaped morphology 

(Figure 2) 

Cell adhesion to the ECM can regulate integrin expression (Chen et ah, 1992; Dalton et al, 1992), therefore 

we determined the integrin profiles of SP1 cells cultured on plastic or anchorage-independently for 24 h in the 

presence of 7% FBS. We have used a number of different antibodies to immunoprecipitate 125I-labelled integrins 

from the cell surface of SP1 cells. Integrin a subunits are typically 120-150 kDa, with the exception of a! subunit 

which is 180 kDa. The ßj subunit is 110 kDa and the ß3 subunit is 97 kDa. Immunoprecipitations using antibodies 

directed to one subunit will often co-precipitate the associated subunit(s). For example in the anti-ßj 

immunoprecipitation in Figure 3, the antibody is directed to the ß, subunit and will co-precipitate all associated a 

subunits. Therefore the upper band, which is difficult to distinguish from the lower band in this exposure, is 

composed of numerous a subunits, and the lower band of the ß[ subunit. In the immunoprecipitation using 

antibodies specific for a2, a3, a5, a*, or a, subunits, co-precipitation of the corresponding ß subunit is also observed. 

The association between some a and ß subunits is not strong, and may be lost when using a strong lysis buffer such 

as RIPA. For example, there is only a weak ß band associated with the av, a2 and a6 subunit. SP1 cells express 

a number of integrins on the cell surface including the FN receptor, a5ß„ the VN receptor, avß3, the LM receptor, 

a6ß! and the Coll, LM and FN receptor, Ojfr. The collagen/LM receptor, tt,ft, was weakly expressed on SP1 cells 



cultured on plastic but was upregulated on SP1 cells which were maintained under anchorage-independent 

conditions for 24 h (Figure 3). Flow cytometry revealed very low expression of the FN receptor a$l (data not 

shown). These data show that SP1 cells adhere to a number of ECM proteins and express a number of different 

integrins on the cell surface. 

Integrin receptors require divalent cations such as Ca2+, Mg2"^, or Mn2+ for adhesion. To provide further 

evidence that integrin receptors are the primary receptors for extracellular matrix proteins on SP1 cells we 

investigated the role of divalent cations on SP1 cell adhesion to fibronectin. We removed the divalent cations 

from the cell surface by incubating the cells in divalent cation-free PBS containing 5 mM EDTA then 

resuspending them in divalent cation-free PBS supplemented with 0.5 mg/ml BSA. In the absence of divalent 

cations, SP1 cells did not adhere to FN. Addition of Ca2+, and Mn2+ at low concentrations (0.1-1.0 mM) 

promoted adhesion of SP1 cells to FN, while concentrations greater than 1.0 mM were inhibitory and formed 

a precipitate. Mg2+ did not form a precipitate and was effective at promoting SP1 cell adhesion to FN over a 

wide range of concentrations (0.1-50 mM) (Figure 4). Other divalent cations such as Zn2+ or Cu2+ did not 

support SP1 cell adhesion to fibronectin (data not shown). 

B) BMA5 antibody inhibits SP1 cell adhesion to fibronectin 

SP1 cells express several integrin receptors with potential to bind fibronectin (a5ß,, a${ and avß3). 

These integrins bind to their ligand via the RGD sequence. We therefore tested a GRGDSPK peptide and a 

control peptide GRGESPK to inhibit adhesion to FN. In our system, the GRGDSPK peptide was unable to 

reproducibly inhibit adhesion to fibronectin even at concentrations up to 1.0 mg/ml. However it was very 

efficient at inhibiting adhesion to vitronectin (data not shown). Blocking antibodies to many murine integrins are 

not available commercially, however, we obtained a blocking antibody to the murine a^ integrin (gift from B. 

Chan). The BMA5 antibody was effective at inhibiting adhesion of SP1 cells to FN while the antibody in affinity 

purified form was also able to inhibit adhesion but was less efficient (Figure 5). The decrease in efficiency is 

likely a result of denaturation resulting from the purification process. A rabbit anti-mouse IgG control or the 

blocking antibody GoH3 (hybridoma conditioned medium) which recognizes the laminin binding integrin, a6ß1; 



did not inhibit adhesion to FN. The GoH3 antibody was used as a control for the hybridoma conditioned medium 

(Figure 5). 

C) role of extracellular matrix proteins in anchorage-independent growth of SP1 cells. 

We have shown that SP1 cells adhere well to FN via the a5ß, integrin and we have previously demonstrated 

that FN is abundant in SP1 colonies (Appendix I). Thus, the next step in investigating the role of extracellular 

matrix proteins, especially FN, in anchorage-independent growth was to remove the primary source of FN from the 

colonies. Fibronectin was partially removed from fetal bovine serum (FBS) by immunoprecipitation with anti- 

bovine FN antibodies (Telios). Partial removal of FN from serum reduced colony growth efficiency of SP1 cells 

by approximately 50% whereas endogenous IgG depletion with protein A Sepharose alone or preclearing of the 

serum with rabbit anti-mouse IgG did not remove any factors required for growth in soft agar (Figure 6). Addition 

of exogenous bovine plasma FN at 10 (ig/ml to the FN reduced-serum partially reconstituted the colony growth. 

We have observed a reduction in colony growth in 4 of 6 experiments with a range of 26-89% inhibition. We have 

also analysed the immunoprecipitates of FN from serum on 6.0% SDS-PAGE under reduced conditions (data not 

shown). Although FN was likely not completely removed from the serum, our results show that we have removed 

sufficient FN from the serum to affect colony growth. Further experiments are required to determine the extent 

of the FN removed from the serum in our system by western blot analysis of the serum with FN removed by 

immunoprecipitation. It is possible that further depletion of FN will result in a greater and more consistant 

reduction in colony growth. 

We next investigated whether addition of purified bovine plasma FN as well as other ECM proteins to 

limiting culture conditions (1% FBS) would enhance colony growth. When SP1 cells are cultured in agar 

containing 1% FBS, very few colonies grow and remain small in size as compared to those obtained in the 

presence of 7% FBS. In the complete absence of serum, SP1 cells do not form any colonies in soft agar. We 

used these limiting conditions (1 % FBS) to determine which ECM proteins affect anchorage-independent growth 

of SP1 cells. The addition of FN and LM was shown to increase colony growth marginally in 1 % FBS, but likely 

lacked the needed mitogenic components present in 7% FBS to generate large colonies (Figure 7). The increase 

10 



in colony growth observed with FN, although small, was reproducible in 4 of 4 experiments and the range of 

increase was from 29-63% increase compared to 1% FBS control. In contrast, both Coll I and IV inhibited 

colony growth of SP1 cells with the former being more effective. Collagen type I could inhibit colony growth 

in the presence of both 1 % or 7% FBS (Figure 7, inset). Addition of Coll I or rV with FN or LM, respectively, 

also causes a reduction in colony growth demonstrating a dominant effect of Coll. We have observed a decrease 

in colony formation in the presence of Coll I in 4 of 7 experiments. In the 4 experiments where a decrease was 

observed, the range was from 46-96%. 

We have previously shown that FN in SP1 colonies is present in the form of fibrils (Appendix I). We 

now show that the 70 amino-terminus kDa fragment of FN, which inhibits FN fibril formation by causing chain 

termination, reduces colony growth of SP1 cells. We have shown that addition of the 70 kDa fragment reduces 

colony growth by approximately 30% at a concentration of 10 /*g/ml in agar as compared to a control 85 kDa 

peptide which does not inhibit FN fibril formation (Table 1). The 70 kDa fragment of FN does not inhibit SP1 

cell adhesion to FN therefore its effect on colony growth is mediated through inhibition of fibril formation and 

not through interference of FN-integrin binding. We also incubated SP1 cells under anchorage-independent 

conditions with FITC-labelled FN for 5 days. These results show that exogenous FITC-labelled FN at 30 fig/rol 

was incorporated in SP1 colonies especially at the early stages, since FITC-labelled FN appears to be primarily 

in the central region of the colony (Figure 8). 

2. Our second objective was to identify growth factors which stimulate anchorage-independent growth 

A) TGF-ß and HGF promote SP1 colony growth in 1% serum 

We have shown that ECM proteins are required but not sufficient to maintain colony growth of SP1 cells. 

It is likely that growth factors are also required for adequate colony growth. SP1 cells respond to a number of 

growth factors including basic fibroblast growth factor (bFGF), PDGF, insulin-like growth factor (IGF), HGF, 

and transforming growth factor-beta (TGF-ß). Although most of these factors have been shown to promote 

anchorage-independent growth of various cell lines, TGF-ß is well established in the literature to promote 

anchorage-independent growth and modulate both ECM and integrin expression (Heino et al., 1989). In addition, 

11 



SP1 cells express high levels of the HGF receptor, c-Met, and secrete HGF therefore it is an important autocrine 

mitogenic factor for SP1 cells (Rahimi et ah, 1996b). 

Thus, we investigated the ability of these two growth factors to promote anchorage-independent growth 

of SP1 cells. HGF at 5 ng/ml and TGF-ß at 0.5 ng/ml both promoted anchorage-independent growth of SP1 cells 

in soft agar. However, TGF-ß was considerably more efficient than HGF or FN in promoting colony growth 

in 1 % FBS. When added in combination with FN, HGF or TGF-ß showed a marginal additive effect compared 

to either growth factor alone (Figure 9). Concentrations of HGF greater than 10 /*g/ml had a negative effect on 

SP1 colony growth (data not shown). 

B) TGF-ß increases adhesion of SP1 cells to the ECM 

Transforming growth factor-ß is well recognized in the literature for its ability to increase both 

extracellular matrix secretion and integrin expression (Heino et al., 1989; Roberts et al., 1992). We investigated 

whether TGF-ß could promote adhesion of SP1 cells. SP1 cells were treated with TGF-ß in the presence of 2% 

FBS under both adherent and anchorage-independent conditions. The serum concentration was reduced to 2% 

to minimize the effects of the serum but maintain viability of the cells in suspension cultures. When cells were 

treated with TGF-ß under adherent conditions there was an increase in adhesiveness to FN, VN and Coll I and 

IV as determined by an adhesion assay (Figure 10A). SP1 cells did not adhere significantly to laminin with or 

without TGF-ß treatment. When SP1 cells were treated with TGF-ß under anchorage-independent conditions 

there was an increase in adhesiveness to Coll I and IV but the adhesiveness to FN, VN or LM remained 

unchanged (Figure 10B). In both cases the increase in adhesiveness to Coll I was greater than that to Coll IV. 

We are currently investigating the ability of TGF-ß to alter ECM expression by Northern analysis and integrin 

expression by cell-surface labelling in SP1 cells under adherent and anchorage-independent conditions. 

We also investigated whether HGF could alter the adhesive potential of SP1 cells. Our results showed 

that HGF does not alter the adhesive potential of SP1 cells on FN or VN but does stimulate cell spreading (data 

not shown). In addition, others have reported that HGF does not alter integrin expression (Matsumoto et al, 

1994). 
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3. Our third objective was to investigate how growth factors and integrins interact in anchorage-independent 

growth of SP1 cells 

A^ Effect of HGF. TGF-ß and FN on anchorage-independent survival of SP1 cells. 

We have shown above that FN, HGF, and TGF-ß can increase colony formation of SP1 cells in agar. 

We next focused our cooperative interactions between integrins and growth factors on the effects of cell survival 

under anchorage-independent conditions. 

We chose 1 % FBS in our assay because it maintained a reasonable survival rate in the tested time period. 

Under serum free conditions, approximately 95 % of the cells died after 24 h and we could only observe increases 

in cell survival. In the presence of 7% FBS, approximately 95% of the cells survived after 24 h and we could 

only observe decreases in cell survival. Using 1 % FBS yielded a cell survival of 70-80% and permitted us to 

observe both increases in cell survival and death. We chose a 24 h time point to avoid effects resulting from the 

cells conditioning the medium. We have recently taken electron micrographs of SP1 cells and stained with 

bromodeoxyuridine, which detects fragmented DNA, in an attempt to determine whether the mechanism of cell 

death is apoptotic. Our initial results suggest that some SP1 cells undergo apoptosis under anchorage-independent 

conditions in low serum conditions (data not shown). Our results on demonstrated a small number of cells with 

classical apoptotic signs as compared to the cell death observed in survival assays. Further experiments are 

required to more definitively conclude the mechanism of cell death in SP1 cells maintained under anchorage- 

independent conditions. 

We have shown that HGF at concentrations between 5-30 ng/ml can promote cell survival and that TGF-ß 

at concentrations between 0.1-0.5 ng/ml is sufficient to promote survival of SP1 cells maintained in suspension. 

Concentrations of HGF higher than 30 ng/ml and TGF-ß higher than 0.5 ng/ml resulted in a decrease in cell 

survival. Fibronectin could promote survival at concentrations greater than 1.0 jug/ml. Concentrations of FN 

greater than 10 /ig/ml did not improve or reduce survival beyond the maximal effect of a 50% increase in survival 

(Figure 11 A). In contrast to FN, Coll I and LM did not promote survival of SP1 cells under anchorage- 

independent conditions (Figure 1 IB). The 70 kDa fragment of FN which inhibits fibril formation but does not 

interfere with cell adhesion, could not promote survival and had no effect on survival mediated by FN (data not 
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shown).   This result suggests that fibril formation is not required for survival under anchorage-independent 

conditions. 

To determine whether the effect of FN on SP1 survival was mediated through the a5ß, receptor, we tested 

the effect of BMA5 (anti-a5 integrin blocking antibody) in our survival assay. The BMA5 antibody blocks 

adhesion by interfering with the a5Pj integrin-ligand binding. However, a number of antibodies which bind to 

integrin subunits can cause conformational changes in the integrins which cause the generation of intracellular 

signals (activating antibodies), BMA5 is a newly developed antibody and inhibits a^ mediated adhesion to FN 

(Fehlner-Grdiner et al., 1996), but no data is yet available on whether it possess activating properties. The 

BMA5 antibody (hybridoma conditioned medium) could significantly promote survival of SP1 cells in a 24 h 

assay as compared to the 1 % FBS control. The increase in survival observed with BMA5 was similar to that 

observed with FN. Addition of the affinity purified BMA5 antibody at a concentration of 10 /*g/ml could also 

significantly promote survival of SP1 cells under anchorage-independent conditions (Figure 12). In contrast, a 

rabbit anti mouse IgG control or a non-blocking anti-a5 antibody (5H10) which recognizes the extracellular 

domain of the a5 integrin subunit but does not interfere with ligand binding did not affect survival (Figure 12). 

Interestingly, addition of a secondary rabbit anti-mouse IgG which promote capping and internalization of the 

primary BMA5 antibody, resulted in an increase in cell death. 

B^ PI 3-kinase is required for FN + HGF-dependent cell survival 

PI 3-kinase activity was shown to be required in HGF-mediated proliferation of adherent SP1 cells (Rahimi 

et al, 1996) and is involved in NGF mediated survival of adherent cells (Yao and Cooper, 1995 and 1996). We 

now investigated whether PI 3-kinase is involved in HGF and FN-mediated cell survival. 

Individually, HGF and FN could promote cell survival by approximately 50% of the control (1% FBS), 

however when added in combination, HGF + FN resulted in an cooperative effect which was comparable to the 

survival observed with 7% FBS and significantly greater than FN or HGF alone (Figure 13). We are currently 

conducting survival experiments with BMA5 and HGF to test whether the cooperative effect of FN and HGF on 

survivalis mediated through the a5ß, . 
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We used two approaches to determine whether PI 3-kinase is involved in survival of SP1 cells under 

anchorage-independent conditions. First, wortmannin, an inhibitor of PI 3-kinase, increased cell death in all groups 

including 7% FBS. However, the additive effect of both FN + HGF on cell survival was strongly inhibited by 

wortmannin, resulting in a survival similar to HGF or FN alone, which were only slightly reduced as compared to 

untreated controls (Figure 13 ). TGF-ß could also reduce cell death by approximately 50% and acted in an additive 

fashion with FN (data not shown). Secondly, we used SP1 cells transfected with a dominant negative mutant of 

the p85 subunit of PI 3-kinase, designated Ap85 (obtained from M. Kasuga). The Ap85 protein lacks the binding 

site for the pi 10 catalytic subunit of PI 3-kinase. One of the clones isolated, designated C23, expresses high levels 

of Ap85, and shows reduced PI 3-kinase activity (Rahimi et ah, 1996). C23 cells showed no additive effect on 

survival when HGF and FN were added together. The increased cell survival in response to HGF or FN alone was 

only slightly affected. In contrast, another transfected clone, designated C22, which does not express high levels 

of Ap85 and maintains PI3-kinase activity, retained an additive effect of HGF + FN on SP1 cell survival (Figure 

14). We have also performed preliminary experiments showing that the C23 clone is less efficient at forming 

colonies in agar (data not shown) Further experiments are required to ensure that this effect is not a result of clonal 

variation. 

C) Phosphorylation of c-met. FAK and PI3-kinase 

The biological effect (colony growth and survival) of FN and HGF on SP1 cells under anchorage- 

independent conditions implies that intracellular signals are transduced from these interactions. We investigated 

the tyrosine phosphorylation states of several candidate signaling molecules. We have previously demonstrated 

that HGF is a strong mitogen for SP1 cells under adherent conditions and that HGF and HGF receptor are co- 

expressed on SP1 cells (Rahimi et ah, 1996). We have also shown that HGF can increases colony growth of SP1 

cells in agar. SP1 cells show continuous growth in serum-free medium consistent with an autocrine loop. We 

investigated the tyrosine phosphorylation of the HGF receptor under both adherent and anchorage-independent 

conditions. HGF receptor was constitutively phosphorylated on tyrosine residues in adherent SP1 cells. We 

observed only a slight increase in tyrosine phosphorylation upon addition of exogenous HGF at a concentration of 
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20 ng/ml. Tyrosine phosphorylation of HGF receptor was reduced under anchorage-independent conditions, but 

was restored in the presence of 20 ng/ml exogenous recombinant HGF (Figure 15A). The decrease in tyrosine 

phosphorylation was not a result of protein loading since both lanes contained equal amounts of HGF receptor 

(Figure 15B) When the blot was probed with anti-c-Met both the pi45 c-Met protein and the pi90 precursor were 

detected (Figure 15B), however only the pl45 protein was tyrosine phosphorylated (Figure 15A). 

Adhesion of many cell lines to ECM proteins results in the tyrosine phosphorylation of FAK, which is an 

important component in focal adhesion assembly and signal transduction pathways (Plopper et al, 1995). We also 

observed that adhesion of SP1 cells to FN caused tyrosine phosphorylation of FAK which is increased in the 

presence of HGF, as reported by others (Matsumoto et al, 1994). In contrast, soluble FN, HGF or FN + HGF 

together were unable to induce FAK phosphorylation above that observed in untreated SP1 cells maintained in 

suspension (Figure 16). We attempted to reprobe the blot with anti-FAK to check the FAK content in each lane, 

however our anti-FAK antibody was unable to detect the protein by western blotting analysis. However, the 

number of cells and the protein concentration were normalize in the lysate before immunoprecipitation. 

PI 3-kinase is constitutively phosphorylated in SP1 cells adherent to poly-L-lysine and on FN, and showed little 

change in the level of tyrosine phosphorylation in response to HGF (Figure 17). Under anchorage-independent 

conditions PI 3-kinase showed a low level of tyrosine phosphorylation. We did not observe any consistent 

increase in PI 3-kinase phosphorylation in response to FN, HGF, or FN + HGF under anchorage-independent 

conditions. Preliminary results of SP1 cells grown under anchorage-independent conditions demonstrated that 

PI 3-kinase activity was increased in a stepwise manner in cell lysates of cells treated with FN, HGF, and FN 

+ HGF compared to untreated cells (Figure 18). 

Additional work pursued which was not included in original proposal. 

4. Isolation and characterization of SP1 cell clones with differing anchorage-independent growth properties 

A^ C1-12-H cells grow efficiently in agar and in serum-free medium. 

We have cloned SP1 cells and tested 35 clones for their ability to grow in agar. We selected two clones 

16 



3 

at opposing ends of the spectrum; C1-12-H which grows very well in agar (approximately 40%) and forms large 

colonies with less variability in size and C1-24-L which does not grow well in agar (approximately 2%) as compared 

to the parent cell line, SP1 (approximately 10%). 

Our objective was to focus on differences in the adhesive properties of C1-12-H and C1-24-L and determine 

whether any observed differences correlated with their phenotypic differences in anchorage-independent growth. 

The morphology of C1-12-H and C1-24-L cells cultured on plastic in the presence of 7% FBS were very similar. 

The C1-24-L cells show a more spread phenotype while C1-12-H cells are more spindle shaped (Figure 19). 

We compared the growth potential of the two clones with the parent population of SP1 cells. SP1 cells, 

C1-12-H and C1-24-L had similar growth rates when cultured in 7% FBS on tissue culture plastic as determined by 

3H-thymidine incorporation. However, in serum free conditions, the C1-12-H clone incorporated significantly more 

'H-thymidine than either SP1 or the C1-24-L cells (Figure 20). 

Rahimi et al. (1996a) have shown that HGF is produced by SP1 cells and that they express the c-Met 

receptor. To determine whether the increased growth of C1-12-H was a result of increased HGF-c-Met interaction, 

we used suramin (a non-specific inhibitor of growth factor receptor-ligand interactions). The growth, as measured 

by 3H-thymidine incorporation, of all three cell lines was inhibited by suramin (500 u.g/ml) in serum-free medium 

(data not shown) this result suggests that a secreted growth factor is responsible, however, suramin is none specific 

and a number of growth factors could be involved. We also examined the HGF receptor status on SP1 cells and 

the two clones by immunoprecipitation and western blot analysis. We did not observe any difference in HGF 

receptor expression and tyrosine phosphorylation on SP1, C1-12-H and C1-24-L cells (data not shown). 

TV> C1-12-H cells adhere to collagen type I and express aS, 

We investigated the adhesion profile of C1-12-H and C1-24-L cells. C1-12-H and C1-24-L cells adhere to 

a similar extent on FN and VN (data not shown). In contrast, C1-12-H was able to adhere and spread on Coll I much 

more efficiently than C1-24-L (Figure 21A and B). C1-12-H cells were also able to adhere better to LM than SP1 

or C1-24-L cells (data not shown). Interestingly, both clones were able to adhere relatively well and to the same 

extent to Coll IV. 
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We have shown that C1-12-H cells adhere well to Coll I while C1-24-L cells do not, therefore we 

investigated the expression of Coll receptors on the cell surface of the two clones. The primary integrin receptors 

for Coll are c^ß,, a2ß„ and a^. Immunoprecipitation of the integrin receptors for Coll using anti-a2, a3 and ß, 

antibodies showed that C1-12-H cells expressed higher levels of the a2ß, integrin than C1-24-L cells. Both cell lines 

expressed similar levels of the ß; and the a3 integrin (Figure 22A). In the a2 immunoprecipitation we observed 

a band at approximately 110 kDa which co-migrates with the ß[ subunit but disappeared upon reduction of the 

samples (Figure 22B). We also observed a third band at approximately 100 kDa which is also present in the IgG 

control. This band was also lost after treatment with 2-mercaptoethanol. We do not have any antibodies which 

recognize the murine a, integrin subunit. However the a , subunit is 180 kDa in size compared to the other a 

subunits which are 120-130 kDa in size. Based on this difference, the a, subunit can be distinguished from the 

other a subunits in the ß! immunoprecipite. We did not observe any a, integrin subunit in the ß! immunoprecipite. 

We have not determined whether a2ß; is the primary receptor for collagen or what is the contribution of other Coll 

receptors such as a^ and avß3 since we do not have any specific blocking antibodies or peptides to these mouse 

integrin receptors. 

C) Fibronectin and collagen type I promote anchorage-independent growth of C1-12-H cells 

We have previously shown that FN can marginally increase colony growth of SP1 cells in soft agar in the 

presence of 1% FBS, while Coll I inhibits this growth. We tested the effect of FN, LM, VN and Coll I on colony 

growth in agar of C1-12-H and C1-24-L cells. Similar to the results observed with SP1 cells, FN and LM were found 

to promote colony growth of C1-12-H cells. When added in combination, FN + LM or FN + Coll I showed an 

additive increase in colony growth (Figure 23 A). Interestingly, collagen type I which inhibits colony growth of SP1 

cells promotes that of C1-12-H cells and could also increase colony growth in the presence of 7% FBS in a 

concentration dependent manner (Figure 23B). Neither FN or Coll I could affect growth of C1-24-L cells in agar 

(Figure B). In an attempt to evaluate the role of integrin expression on anchorage-independent growth, we, in 

collaboration with Dr. Bosco Chan, transfected the a2 subunit in SP1 cells. However, we have had difficulty 

isolating a positive clone. It appears that the transfected cells do not remain viable in culture. Control experiments 
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are underway to try and determine the reason for unviable transfectants 

In conclusion, we have isolated an SP1 clone which is very efficient at anchorage-independent growth, as 

well as growth in serum-free conditions. C1-12-H cells also adhered to Coll I and expresses a2ßj integrin. A 

summary of the properties of C1-12-H, C1-24-L and SP1 cells are presented in Table 2. 
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Conclusions 

Key novel findings obtaining from this project: There are two novel observations obtained in this work; 

1. A number of reports have shown the presence of ECM proteins in tumor spheroids. However this is 

the first report where individual ECM proteins in spheroids were investigated directly. We show by partially 

removing FN from tissue culture medium with optimal growing conditions (7% FBS), and by adding FN to tissue 

culture medium with limiting growth conditions (1% FBS), that FN is required for anchorage-independent 

survival and growth of SP1 cells. In contrast, Coll I inhibited colony growth of SP1 cells which express very 

low levels of the Coll receptor a2ßt. The SP1 cell clone, C1-12-H, which expresses higher levels of cc^, showed 

increased colony growth in response to Coll I. Thus, different ECM proteins are capable of promoting growth, 

providing the appropriate cell surface receptors are present and in sufficient numbers. Our results also show that 

ECM-integrin interactions alone can not induce anchorage-independent growth of SP1 cells. They can only 

modulate anchorage-independent growth in cells with the potential to grow under these conditions. 

2. Previous work performed on the role of ECM proteins and growth factors in cell survival has been 

performed in adherent normal or transformed cells. This is the first report investigating the role of ECM protein 

and growth factors in tumor cell growth and survival under anchorage-independent conditions. We have 

demonstrated a cooperative role for FN and HGF in cell survival under anchorage-independent conditions. In 

addition, we have shown that PI 3-kinase is required in FN + HGF mediated survival under anchorage- 

independent conditions as demonstrated by using wortmannin, a PI 3-kinase inhibitor and cells transfected with 

a dominant negative p85 subunit of PI 3-kinase. 
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Discussion 

ECM in colony growth 

Adhesion to ECM appears (at least superficially) to be the only parameter different between adherent and 

anchorage-independent cells. It is conceivable that some tumor cells may be able to grow in the complete absence 

of ECM, however, the cells' ability to respond to ECM proteins and its particular response to ECM may be a key 

regulator of anchorage-independent growth. Our work, as well as that of others, has shown the presence of ECM 

proteins in tumor spheroids. Here we provide evidence that ECM proteins are required for growth under anchorage- 

independent conditions. We have shown that FN is required for SP1 colony growth. Although FN is not sufficient 

to stimulate colony formation, it appears to play an important role in regulating growth. In support of these results, 

Coucke et al (1992) have shown that preincubation of B16 melanoma cells with FN can increase the formation of 

lung metastases when injected into mice. In addition, expression of FN is often increased in the stroma of 

mammary carcinomas (Christensen, 1992). Thus ECM-integrin interactions do play a role in colony formation in 

our system and may play a role in vivo. 

We have also investigated the role of FN fibrils in SP1 colony growth. Inhibition of FN fibril formation 

with a 70 kDa fragment had no effect on FN-dependent survival but did reduce colony growth. It appears that FN 

(or collagen) fibril assembly may provide a physical structure for cells, which permit changes in shape and result 

in different responses to growth factors. In support of this statement, Re et al (1994) observed that integrin ligation 

was not sufficient to inhibit apoptosis of human endothelial cells. Soluble VN could not inhibit apoptosis of these 

cells, they required to undergo a minimal degree of shape change in order to survive. Thus, tumor cells may have 

escaped the requirements for cell shape to survive but still require some shape changes to proliferate. These 

changes are provided by the matrix fibrils or interactions with other cells in the tumor spheroid. In addition, we 

have shown that Coll I can support anchorage-independent growth of C1-12-H cells. However, we have yet to 

investigate whether collagen type I is assembled in fibrils in SP1 colonies. Collagen type I fibril assembly is an 

entropic process, while FN fibril assembly requires cell surface receptors. Thus the mechanisms by which FN or 

Coll I fibrils support survival and growth may differ. 

An exogenous source of ECM proteins may be most critical at the early stages of colony formation. We 
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have shown that FITC-labelled FN appears to be predominantly located in the central region of the colony. Once 

the colony has started and matrix fibrils are established, the cells may change their environment by secreting their 

own ECM proteins and growth factors such as TGF-ß which may, in turn, affect ECM production of surrounding 

cells. The cells would then be less dependent on exogenous factors. Further experiments are required to determine 

the kinetics for matrix requirements. Removal of exogenous ECM protein at various time points and following the 

kinetics of colony growth would establish whether exogenous ECM proteins are required in the early stages of 

colony formation. 

In conclusion, tumor cells can respond to ECM proteins under anchorage-independent conditions; they 

simply do not spread. SP1 cells can synthesize their own ECM and growth factors under adherent conditions but 

still require exogenous factors under anchorage-independent conditions, suggesting a shift from autocrine to 

paracrine mechanisms under anchorage-independent conditions. Once the colony is established, and FN fibril 

interactions occur, there may be another shift back from paracrine to autocrine growth factor requirements. These 

data suggest that tumor cells are vulnerable as single cells since they have a high dependence on exogenous factors 

for survival. In support of this statement, few cells which disseminate from the primary tumor actually go on to 

form secondary metastases (Weiss et al, 1982). Figure displays a scenario of how ECM and growth factors are 

involved when an adherent cell becomes anchorage-independent and forms a tumor spheroid. 

Integrins in anchorage-independent growth 

Howlett et al. (1995) have suggested that in mammary carcinomas, the interactions between ECM and 

integrins are disturbed. The right integrins are expressed on the cell surface but the correct differentiation signals 

are not generated from them. Howlett et al (1995) have shown that Matrigel promoted acinar structure formation 

by normal mammary cells could be inhibited with anti-ß, integrin antibodies, while mammary carcinoma cells 

formed disorganized spheroids in Matrigel which could not be inhibited by anti-ß, antibodies. They suggested that 

growth of mammary tumor spheroids was integrin-independent. In contrast, Matrigel increased the metastatic 

ability of mammary carcinoma cell lines when co-injected with carcinoma cells subcutaneously into nude mice 

(Mullen et al, 1996). These two results appear to be in conflict with each other. One suggests that tumor cell 

colony growth is independent of the ECM-integrin interactions  while the other suggests that ECM promotes 
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metastasis hence the metastatic process is ECM-dependent. Close analysis of the results by Howlett et al (1995) 

shows that addition of the anti-ß, antibodies caused a slight increase in growth of the tumor cells instead of 

inhibition as seen in normal cells. It is possible that the anti-ß, antibody is inhibitory in normal cells because they 

do not recognize the antibody as their natural ligand. In contrast the integrins in transformed cells may not need 

the specificity provided by the natural ligand and are stimulated by the anti-ß, antibody as a result of changes in 

the activation state of the integrin. These changes in activation state are likely caused by changes in the activity 

of cytoplasmic signaling proteins, membrane proteins which alter integrin function or changes in phospholipid 

composition of the plasma membrane.   This is further supported by Werb et al (1989) who demonstrated that 

synovial fibroblasts adherent to anti-ß, antibodies or fragments of FN secreted the proteases stromelysin and 

collagenase while they did not on intact FN. In some cases an intact ECM molecule may ligate several integrin 

molecules simultaneously while ECM fragments ligate only one, thereby generating a different signal. These results 

suggest that parts of the ECM protein are activating while other parts may be suppressive. It was later found that 

signaling through the a5ß, receptor which recognizes the 120 kDa fragment of FN, increased metalloproteinase 

expression, while signaling through the a4ß, receptor, which recognizes a different part of FN (CS-1 region) 

suppressed expression (Huhtala et al, 1995). In addition, proteolytic cleavage of Coll I exposes a cryptic ROD 

sequence to the avß3 integrin which is not available on native Coll (Montgomery et al, 1994). It is also known that 

the ability of integrins to recognize their ligands is regulated by delicate alterations in the conformation of the 

molecule regulated by divalent cations and intracellular proteins (reviewed in Mould, 1996).  In addition, the 

response of an integrin to an ECM protein may be a result of other factors such as ECM proteins or growth factors 

which are present in the environment. Together, these results support Howlett et al (1995) theory that integrins 

on transformed cells do not properly recognize their ligands as they showed with human mammary cells. 

Although our interest was in the a5ßr fibronectin system on SP1 colony growth, we obtained several results 

which suggested a role of the a2ßr collagen receptor system in colony growth. (1) The a2ß, integrin expression 

was increased on the cell surface under anchorage-independent conditions. (2) SP1 cells under anchorage- 

independent conditions treated with TGF-ß only increase their adhesion to collagen (3) SP1 cells which are selected 

for their anchorage-independent growth properties expressed increased a2ß, expression and collagen could promote 
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their growth in agar. 

Tumor cells typically maintain the normal integrin profile but show a reduced or disorganized expression 

of integrins (Alford and Taylor-Papadimitriou, 1996; Berdichevsky et al, 1994). De novo expression or complete 

loss of integrin expression are seen occasionally in transformed cells. Integrin expression is important for mammary 

cell function. For example, the a2ßt integrin is required for mammary cell morphogenesis in a collagen gel, while 

the a3ß, integrin is required for morphogenesis in a laminin rich matrix (Howlett et ah, 1995). These data show 

that different integrins are capable of mediating mammary cell morphogenesis depending on the ECM protein 

present in the extracellular environment. Saelman et al (1995) have demonstrated that loss of a2ß, integrin reduces 

the ability of MDCK cells to survive and form cysts in three-dimensional collagen gels. The cells lacking oc^ also 

demonstrated reduced tubulogenesis and branching morphogenesis in response to HGF. This result also shows a 

cooperative effect between integrins and growth factors under anchorage-independent conditions. These results 

(Howlett et al. 1995) suggest that it is not a particular integrin receptor which is responsible for increased 

anchorage-independent growth, but likely several receptors are capable of supporting growth providing that the 

appropriate ligand is present. Our results support the idea that multiple integrins are involved, since both a^ or 

a2ß[ could support anchorage-independent growth in C1-12-H cells. C1-12-H cells which express higher levels of 

a2S!>l can respond to Coll I while SP1 and C1-24-L cells which express lower levels of this receptor do not increase 

colony growth in response to Coll. Again it appears that the level of receptor expression is an important parameter 

in determining its function. In support of this observation, overexpression of a2ß, in mammary cells tends to restore 

the normal phenotype. However it is difficult to assess exactly how many receptors are required especially 

considering that other factors in the environment and proteins on the cell surface may contribute to the response. 

Growth factors and anchorage-independent growth 

TGF-ß can increase ECM and integrin expression in a number of cell lines and can negatively regulate 

growth by stimulating cyclin dependent kinase inhibitors (Polyak et al, 1994; Reynisdöttir et al, 1995). TGF-ß 

often has an opposing effect on growth in transformed cells (Welch et al, 1990). It is possible that TGF-ß regulates 

anchorage-independent growth by one of three mechanisms (1) by altering the ECM and integrin expression (2) 
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direct signaling through the receptor affecting cyclins and cdk's or (3) a combination of both. TGF-ß can inhibit 

cell growth of adherent SP1 cells but promotes anchorage-independent growth of these cells in agar. More than 

just signaling from integrins and TGF-ß receptors is required for TGF-ß-mediated anchorage-independent growth 

since FN cannot replace the adhesive signal in suspension. A combination of FN and TGF-ß show an additive 

effect on SP1 colony growth. Cell shape and other parameters mediated by cell adhesion may also contribute to 

the effects of TGF-ß on cell growth (Sutton et al, 1991). Roskelley et al (1994) have shown that ECM proteins 

(Matrigel) are required for milk production in mammary epithelial cells maintained in a rounded morphology on 

polyHEMA. Adherent cells were much less efficient at expressing ß-casein. The effects of individual matrix 

components or the use of transformed cells were not determined in this model. It is also unclear to what extent a 

single matrix protein can contribute compared to several components as seen in experiments with Matrigel. 

HGF is a pleiotropic factor reported to affect many cellular functions. It is reported not to affect ECM or 

integrin expression, however the cellular response to HGF is different depending of the ECM present (Taipale and 

Keski-Oja, 1996). HGF is also an important regulator of mammary cell growth and morphogenesis. Taking into 

consideration the last two points, a change in ECM may lead to a change in HGF response and cause a change from 

HGF-mediated mammary cell morphogenesis to HGF-mediated cell growth. Mammary tumors often express 

elevated levels of FN and Coll I in the stroma, hence these changes may be accompanied by changes in HGF- 

mediated signaling. It remains to be determined exactly what parameters are required to regulate HGF-mediated 

morphogenesis versus growth in mammary cell culture models. 

Normal cells in suspension fail to undergo DNA synthesis in the presence of growth factors but show 

increased expression of c-Myc (Barrett et al, 1995). It was shown that cyclin A production is required for 

progression through the cell cycle and that fibroblasts in suspension fail to increase cyclin A expression, therefore 

cyclin A is adhesion dependent. In contrast, Cyclin D and E are more growth factor dependent. Interestingly, TGF- 

ß can override the adhesion requirements in some fibroblasts (Han et al, 1993). One can see a cooperative effect 

between growth factors and cell adhesion at the level of the cyclins. We have also seen that c-Src, FAK, Ras and 

PI 3-kinase can function in both integrin and growth factor signaling pathways, however there still remain many 

unanswered questions regarding the mechanisms by which growth factor and integrin signaling pathways interact. 
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Signaling in anchorage-independent growth 

One issue which remains to be determined is the specificity of protein-protein interactions after integrin- 

dependent activation of signal transduction pathways. For example FAK can bind to more than 9 substrates 

including PI 3-kinase, Src, Csk, HGF receptor, talin, paxillin, pl30cas, Grb2 and ß[ integrin. It is likely that FAK 

does not bind to all these substrates every time it is activated. It may also have different affinities for each 

substrate. Therefore which substrate is activated will depend on the abundance of FAK, its ligand and its affinity 

to the particular substrate. When this protein is over-expressed by transfection or naturally through transcriptional 

regulation, there is a sufficient amount of FAK for both high and low affinity substrates to interact with FAK. 

This may activate signaling pathways which may not usually be activated under these conditions. Such a 

mechanism is more clearly seen with integrin expression, where upregulation and downregulation of integrins at 

the cell surface change the function of the cell. The observation that transfection of the a5 integrin in CHO cells 

reduces the transformed phenotype suggests two possible mechanisms: (1) The number of receptors on the cell 

surface may play an important role in which signals are generated and (2) the signals generated from the integrins 

are dependent on other signals, hence opposing signals can be generated from the same receptor depending on 

which other signaling pathways or molecules are active. In support of this evidence, Varner et al (1995) 

demonstrated that unligated receptor generated negative signals for growth while ligated receptor generated 

positive signals for growth. There is also increasing evidence that there are cooperative interactions between 

different integrin receptors and between growth factors and integrin signaling pathways. In contrast we show that 

high expression of <x5ß[ promotes colony growth. However it may be that other parameters are also involved or 

the level of expression of a5ß, in our cells is still not as high as compared to transfected cells. The absolute 

number of receptors per cell would have to be calculated. It would be interesting to compare various integrin 

signaling mechanisms based on the level of integrin expression on the cell surface. This could be achieved by 

using the tetracycline inducible promoter in which expression can be regulated by the concentration of tetracycline 

added. 

In conclusion 

Transformation is a stepwise process which occurs after many mutations. Cells are therefore becoming 
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gradually transformed. At early stages, ECM-integrin interactions may promote differentiation while at later 

stages, promote migration and invasion during progression to the transformed and metastatic phenotype. Normal 

and transformed cells respond to the ECM under non-adherent conditions but it is the interpretation of the cellular 

signals generated as a result of ECM-integrin interactions which determines whether the cell will differentiate or 

proliferate. These signals depend on a number of factors (1) degree of differentiation of the cells, (2) the quality 

and quantity of cell surface receptors, (3) the presence and type of growth factors, (4) cell type and (5) cell shape. 

With a full understanding of all the parameters it would seem possible that transformed cells with different 

degrees of malignancy can be stimulated to redifferentiate providing the correct environment is provided. 

The big picture 

One has to be cautious in extrapolating results obtained in vitro to an in vivo situation since there are 

many other factors present in vivo which affect tumor cell function and phenotype. Here I describe an in vivo 

metastatic cascade and describe at what stages the findings of this work may contribute. 

Tumor cells grow at the site of origin until the tumor becomes vascularized, then the tumor cells escape 

into the circulation. Once in the circulation, the cells must survive under anchorage-independent conditions and 

extravasate at a distant site and grow into a secondary tumor or metastasis. The properties of metastatic cells are 

therefore different from the primary tumor cells. 

This work makes several contributions on the understanding of this process. Once cells escape from the 

primary tumor, and enter the circulation, factors in the serum such as ECM proteins or growth factors act as 

survival factors for some tumor cells (i.e. few cells can respond to these factors). We have shown that FN, HGF 

and TGF-ß support survival of SP1 cells, however, other serum factors are likely also support this function in vivo 

depending on the specific phenotype of the tumor cell. The increase in the cc2ßi integrin (laminin and collagen 

receptor) would be useful in adhesion to the basement membrane at a distant site which is primary composed of 

collagen type IV and laminin. Once it has extravasated at a distant site, the tumor may grow slowly at first, but 

will become vascularized. Since new blood vessels tend to be very leaky, they would provide plenty of plasma 

proteins such as FN for tumor growth. For tumor cells which do not express sufficient fibronectin receptors , 

expression of collagen receptors could substitute and exogenous source of collagen could be provided by the 
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newly formed endothelial cells or surrounding stromal fibroblasts. Our results also demonstrate that survival and 

anchorage-independent growth are separate steps and that fibril formation is not required for cell survival but is 

required for colony growth. 

This work has made some contributions to the understanding of the role of ECM protein in anchorage- 

independent growth of a murine mammary carcinoma cell line. An understanding of the growth requirements of 

tumor cells in spheroids will improve our ability to treat metastatic disease, the primary cause of mortality in 

breast cancer. 
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Table 1 
Effect of the 70 kDa and 85 kDa fragments of fibronectin on SP1 cell colony growth 

Fibronectin fragments Number of colonies 

3%FBS 90 + 6.5 

3% FBS + 70 kDa FN Fragment 62 ± 4.1 

3% FBS + 85 kDa FN Fragment 91 + 11 

Legend: 
SP1 were seeded (30,000/well) in 0.75 ml of a 1:1 mixture of agar and RPMI 1640 medium in 35 x 10 mm 
dishes. The final concentration of agar was 0.36%. The 70 kDa N-terminal fragment or the 85 kDa fragment 
were added to the mixture at 10 /*g/ml before solidification. The dishes were incubated at 37°C for 10 days. 
The colonies were then fixed in methanol, stained with Giemsa and counted manually. The results are 
expressed as the mean + SD of quadruplicates. 

Table 2. 

Growth and adhesive properties of SP1. C1-12-H and C1-24-L cells 

SP1 C1-12-H C1-24-L 

Growth in 7% (plastic) +++ +++ +++ 

Growth in serum-free medium + ++ + 

Adhesion to collagen type I + +++ - 

Adhesion to fibronectin +++ +++ +++ 

Adhesion to laminin + +++ + 

Expression of a2H>l + ++ - 

Colony growth (7%) ++ +++ + 

Legend: 
Table 3 illustrates the properties of the parent SP1 cells and the SP1 cell clones, C1-12-H and C1-24-L in growth, 
colony and adhesion assays. 

+ 
not detectable 
marginal growth or adhesion 
moderate growth or adhesion 
Maximal growth or adhesion 
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Figure Legends 

Figure 1. Adhesion of SP1 cells to purified ECM proteins 
Linbro 96-well tissue culture plates were coated for 18 h at 4°C with BSA, FN, LM, VN, Coll I and 

Coll IV at concentrations ranging from 0.15 to 20 /ug/ml (obtained by a two-fold serial dilution). The wells 
were washed with PBS and blocked with RPMI supplemented with 0.5 mg/ml BSA. SP1 cells in RPMI 1640 
supplemented with 0.5 mg/ml BSA were added to each well (30,000 cells /well) in a 100 /jl volume. After 
45 min at 37°C, the unattached cells were removed by washing with warm PBS. The remaining cells were 
fixed with 3.7% paraformaldehyde and stained with a solution of 1 % toluidine blue in a 1 % solution of sodium 
borate. The absorbance was measured with an ELISA plate reader at a wavelength of 570 nm. Each point 
is expressed as the mean + SD of triplicates. The experiment was repeated three times with similar results. 
The symbol designating each ECM protein is indicated in the figure legend at the top left hand corner of the 
graph. 

Figure 2. Morphology of SP1 cells on ECM proteins 
SP1 cells were harvested and washed once in RPMI 1640 supplemented with 0.5 mg/ml BSA. They 

were then seeded (50,000 cells/well) in Costar 24-well tissue culture plates (coated with the indicated ECM 
proteins at 10 /xg/ml) and allowed to adhere. Nonadherent cells were not removed. After 45 min the cells 
were photographed using a Leica DM IL inverted microscope using technical pan film (ESTAR-AH-base). 
Magnification: 66X 

SP1 cells on     (A) Fibronectin 
(B) Vitronectin 
(C) Collagen type I 
(D) Laminin 

Figure 3. Analysis of SP1 integrin profile cultured on plastic and agar. 
SP1 cells were cultured on tissue culture plastic or as colonies on agar coated plates in RPMI 1640 

medium supplemented with 7% FBS for 24 h. The cells were harvested and the number of cells normalized 
in each group, then surface labelled with 1.0 mCi 125I. The cell pellets were lysed in RIPA buffer at 4°C for 
30 min and the supernatants were precleared with rabbit anti-mouse IgG and protein A sepharose. The 
supernatents were aliquoted and incubated with anti-integrin antibodies and protein A sepharose. 
Immunoprecipitates were washed 4 times in lysis buffer and run on a 7.5% SDS-PAGE under non-reducing 
conditions. Antibodies used were; from left to right, polyclonal anti-P^ polyclonal anti-human-cc2 

(cytoplasmic); polyclonal anti-human-a3 (cytoplasmic); polyclonal anti-human-a5 (cytoplasmic); mouse 
monoclonal anti-a6 (GoH3) and polyclonal anti-human-av (cytoplasmic). The gel was fixed in gel fixative 
(10% acetic acid, 40% methanol, 50% dH20) and dried at 80 C for 1.5 h and autoradiographed. A similar 
gel was repeated 4 times with similar results. 
Legend: 
"P"- cells grown on tissue culture plastic (adherent) 
"A" - cells grown on agar (non-adherent) 
NOTE: cytoplasmic indicates that the antibody is directed to the cytoplasmic domain of the integrin subunit. 

Figure 4 Effect of divalent cations on SP1 cell adhesion 
SP1 cells were harvested with 5 mM EDTA and washed once in PBS supplemented with 0.5 mg/ml 

BSA. The cells were resuspended in divalent cation-free PBS supplemented with 0.5 mg/ml BSA and seeded 
(30,000 cells/well) in Linbro 96-well tissue culture plates coated with BSA or FN (10 jug/ml) as described in 
the Materials and Methods. The medium was supplemented with Ca2+, Mg2+, or Mn2+ at the indicated 
concentrations. After 45 minutes, the non-adherent cells were removed by washing 4 times with warm PBS. 
The remaining cells were fixed with 3.7% paraformaldehyde and stained with 1 % toluidine blue in 1 % sodium 
borate. The absorbance was measured using an ELISA plate reader at 570 nm. The results are expressed 
as the mean + SD of quadruplicates. The experiment was repeated twice with similar results. 

Figure 5. Adhesion assay in the presence of BMA5 antibody 
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Linbro 96 well tissue culture plates were precoated with fibronectin (10 jug/ml) or BSA (10jiig/ml) 
overnight at 4°C. The wells were washed with PBS and blocked with RPMI 1640 supplemented with 0.5 
mg/ml BSA for 2 h at 37°C. SP1 cells were seeded (30,000 cells/well) in the presence of no antibody (NT), 
GoH3 (hybridoma conditioned medium) (30% v/v), BMA5 antibody (hybridoma conditioned medium, 30% 
v/v) (BMA5 (sup)) and affinity purified BMA5 (10 /*g/ml) (BMA5(conc)), or rabbit anti-mouse IgG (30 
/xg/ml) (IgG), After 30 min at 37°C the nonadherent cells were removed by washing with warm PBS. The 
remaining cells were fixed in 3.7% paraformaldehyde. The cells were stained in 1 % toluidine blue and the 
absorbance measured in an ELISA plate reader at 570 nm. The results are expressed as the mean + SD of 
triplicates. The experiment was repeated twice with similar results. 

Figure 6. Effect of FN depletion on SP1 colony growth 
Serum was either untreated (UT) or incubated with protein A sepharose (-PAS) to remove endogenous 

IgG. After PAS treatment the serum was precleared with rabbit anti-mouse IgG (-IgG) and PAS. After 
preclearing the serum, fibronectin was removed by immunoprecipitation with a polyclonal anti-FN antibody 
(5/il/ml serum)(-FN). In one group bovine plasma fibronectin was added to the culture medium at a 
concentration of 10 /ig/ml (-FN+FN). The colony assay was performed as described in the Materials and 
Methods in the presence of 7% FBS. The cells were incubated for 14 days then fixed in methanol and stained 
with Geimsa. The colonies were counted manually. The results are expressed as the mean + SD of 
quadruplicates. The experiment was done 6 times and we observed an inhibition in 4 of the experiments 
(76%, 89%, 75% and 26%). 

Figure 7. Effect of purified ECM proteins on SP1 colony growth 
The colony assay was performed as described in the Material and Methods. The purified matrix 

proteins indicated in the X axis were added at a concentration of 10 /jg/ml to the RPMI 1640/agar mixture 
before solidification. All cultures contained 1% FBS. Inset: shows the effect of collagen type I on SP1 
colonies in medium supplemented with 1 % and 7% FBS. Colony growth was allowed to proceed for 14 days 
at 37°C. The colonies were fixed and stained as described in the Materials and Methods. The results are 
expressed as the mean + SD of quadruplicates. The experiment was repeated four times. The colony assay 
with collagen was performed a total of 7 times. An inhibition of colony growth with Coll I was observed in 
4 of the experiments (46%, 83%, 46% and 96%). 

Figure 8. Incorporation of FITC-labelled FN in SP1 colonies 
SP1 colonies were grown on RPMI/agar coated plates supplemented with 3 % FBS partially depleted 

of FN and 30 /xg/ml of FITC-conjugated FN. After 5 days, the colonies were fixed in 3.7% 
paraformaldehyde, dried on glass slides, and viewed with a Meridian confocal microscope. (A) Phase contrast 
illumination; (B) fluorescence illumination. Magnification 1000X. The control, containing 30 /*g/ml 
unlabelled FN, showed no immunofluorescence (data not shown). 

Figure 9. Effect of HGF and TGF-ß on SP1 colony growth 
The colony assay was performed as described in the Materials and Methods. The control group 

contained 1% FBS only, FN (10 jtg/ml), HGF (5 ng/ml) and TGF-ß (0.5 ng/ml) were added to the agar 
before solidification. The colonies were incubated for 14 days at 37°C. The colonies were fixed and stained 
as previously described. The experiment was performed in quadruplicate. The results are expressed as the 
mean + SD of quadruplicates. The experiment was repeated 2 times with similar results. 

Figure 10. Effect of TGF-ß on SP1 cell adhesion. 
SP1 cells were cultured under (A) adherent or (B) anchorage-independent conditions (in agar coated 

plates) in the presence of 2% FBS and in the absence or presence of 0.5 ng/ml TGF-ß for 24 h. SP1 cells 
were harvested and seeded (30,000/well) in 96-well plates precoated with BSA, FN, VN, LM, Coll I, and 
Coll IV at a concentration of 10 /*g/ml as described in the Material and Methods. After 45 min at 37°C, the 
non adherent cells were removed by washing with warm PBS and the remaining cells were fixed and stained 
as previously described. The results are expressed as mean + SD of triplicates. 
Panel A: Adhesion assay of SP1 cells treated with TGF-ß under adherent conditions 
Panel B: Adhesion assay of SP1 cells treated with TGF-ß under anchorage-independent conditions. 

Figure 11. Effect of FN. HGF and TGF-ß on SP1 cell survival 
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Panel A 
The survival assay was performed as described in the Materials and Methods. SP1 cells were seeded 

(20,000/plate) in 1.5 ml RPMI 1640 supplemented with 1% FBS in agar coated plates (35 x 10 mm) for 24 
h at 37°C. The control group contains 1% FBS only. The treatment groups contain FN, HGF or TGF-ß at 
the indicated concentrations in addition to 1 % FBS. The reagents were added at the start of the experiment. 
The cells were then harvested in eppendoff tubes, spun down at 8000 rpm for 2 min and resuspended in 50 
/til RPMI containing 4 /*g/ml acridine orange and 4 /xg/ml ethidium bromide. The cells were counted (at least 
100/group) under a Leitz fluorescence microscope using an I filter. The experiment was repeated twice with 
similar results. 

Panel B 
The survival assay was performed as described in the Materials and Methods. The control group (solid bar) 
contains 1 % FBS. The treatment groups contain 1 % FBS as well as FN, Coll I or LM at a concentration of 
10 /ig/ml. The results are expressed as the mean + SD of 3 experiments. # indicates a significant reduction 
in the percent survival compared to the control (p<0.05). 

Figure 12. SP1 cell survival in the presence of BMA5 antibody 
The survival assay was performed as described in the Materials and Methods. The control group 

contained 1 % FBS. The treatment groups contain 1 % FBS in addition to the indicated antibodies. BMA5 
(hybridoma conditioned medium) was added at 30% v/v (sup). Affinity purified BMA5 (cone) was added at 
10 jug/ml. Rabbit anti-mouse IgG (Rb ccM IgG) and a non-blocking rat anti-a5 mAb, 5H10 (anti-a5), were 
added at 30 /ng/ml at the start of the assay. The cells were stained as previously described. The results are 
expressed as the mean + SD of 3 experiments. # and ## indicates a significant reduction in the percent cell 
death as compared to the control (p<0.05). 

Figure 13. Effect of wortmannin on FN and HGF-mediated cell survival of SP1 cells 
SP1 cells were seeded (20,000/dish) in 1.5 ml RPMI 1640 with 1% FBS on agar coated plates (35 

x 10 mm) for 24 h at 37°C. The medium was supplemented with FN (10 jug/ml) or HGF (10 ng/ml) as 
indicated. Wortmannin (Wort) was added to some groups at a concentration of 100 nM at the start of the 
experiment. After 24 h the cells were then harvested and stained with 4 ^g/ml acridine orange and 4 /jg/ml 
ethidium bromide. The cells (at least 100/group) were counted under a fluorescence microscope using an I 
filter. The results are expressed as the mean ± SD of four experiments. # indicates a significant reduction 
in the percent cell death as compared to the 1 % FBS control (p < 0.05). ## indicates a significant reduction 
in the percent cell death as compared to the FN or HGF-treated groups (p<0.05). 

Figure 14. Effect of FN and HGF on cell survival on Ap85 transfectants 
Two SP1 cell clones transfected with Ap85, designated, C22 and C23, were seeded (20,000/dish) in 

1.5 ml RPMI 1640 with 1% FBS on agar coated plates (35 x 10 mm) for 24 h at 37°C. Treatment groups 
contained FN (10 ^g/ml) or HGF (10 ng/ml) or FN + HGF together. The cells were then harvested, stained 
and washed as described in the Materials and Methods. The results are expressed as the mean + SD of four 
experiments. # indicates a significant reduction in the percent cell death as compared to the 1 % FBS control 
(p<0.05). ## indicates a significant reduction in the percent cell death as compared to the FN or HGF- 
treated groups (p<0.05). 

Figure 15. HGF receptor tyrosine phosphorylation under adherent and anchorage-independent conditions 
Panel A 

SP1 cells were prestarved overnight in RPMI 1640 medium. Six h prior to harvesting some SP1 cells 
were harvested and plated on non-tissue culture plastic coated with BSA. Prior to harvest (30 min) some groups 
were treated with 20 ng/ml recombinant HGF. Cells were harvested using 5 mM EDTA and lysed in 1% NP40 
lysis buffer, immunoprecipitated with anti-c-Met, analyzed by 6.0% SDS-PAGE and transferred to nitrocellulose 
followed by western blotting. The blot was immunoblotted with anti-phosphotyrosine antibody and the bands 
visualized using ECL reagents. The experiment was repeated twice with similar results. 

Panel B. The same blot as in panel A was stripped (100 mM TRIS, 4% SDS, at 50°C for 30 min) and reprobed 
with anti-c-Met. The proteins were visualized using ECL reagents. 
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Figure 16. Western blot analysis of FAK phosphorylation under adherent and anchorage-independent conditions 
SP1 cells were prestarved in RPMI1640 for 24 h, harvested and replated on Poly-L-lysine (PLL) (1:10 

dilution) or FN-coated plates (10 fig/ml) for adherent groups (FN). One adherent group was also treated with 
HGF (20 ng/ml) (FN + HGF). The anchorage-independent (AI) groups were incubated in 10 ml tubes with FN 
(40 |ig/ml) or HGF (20 ng/ml) or a combination of both for 30 min at 37°C. The cells were lysed in 1% NP-40 
lysis buffer and the total protein concentration standardized in each group. FAK was immunoprecipitated with 
anti-FAK mAb. The immunoprecipitates were washed in lysis buffer and resolved by 8.0% SDS-PAGE. The 
proteins were transferred to nitrocellulose and blotted with anti-phosphotyrosine antibody then, visualized by 
ECL. 

Figure 17. Western blot analysis of PI 3-kinase phosphorylation under adherent and anchorage-independent 
conditions 

SP1 cells were prestarved for 24 h, harvested and replated on Poly-L-lysine( PLL) or FN-coated 
plates (FN). One adherent group on FN was treated with HGF at 20 ng/ml (FN + HGF) The anchorage- 
independent (AI) groups were incubated in 10 ml tubes in the presence of FN (40 jug/ml) or HGF (20 ng/ml) 
for 60 min at 37°C. The cells were lysed in 1 % NP-40 lysis buffer and PI 3-kinase was immunoprecipitated 
with anti-PI 3-kinase rabbit IgG. The immunoprecipitates were washed in lysis buffer and resolved by 8.0% 
SDS-PAGE under reducing conditions. The proteins were transferred to nitrocellulose and blotted with anti- 
phosphotyrosine antibody and visualized by ECL. The experiment was performed twice with similar results. 
Panel A: blotted with anti-phosphotyrosine antibody 
Panel B: blotted with anti PI 3-kinase 

Figure 18. PI 3-kinase activity in response to HGF and FN under adherent and anchorage-independent 
conditions 

SP1 cells were maintained anchorage-independently for 1 h at 37° C in the absence or presence of 
HGF (20 ng/ml) or FN (20 /xg/ml) or both (FN+HGF) or 7% FBS. The control group is a sham group, 
which contains no immunoprecipitated proteins The cells were lysed in 1 % NP40 lysis buffer and PI 3-kinase 
immunoprecipitated with anti-phosphotyrosine antibody. The immunoprecipitates were washed and incubated 
with the substrate phosphatidylinositol and 15 ^Ci gamma 32P-ATP. After 20 min, the reaction was stopped 
with 6 M HC1 and the lipids were extracted with chloroform/methanol and resolved by TLC. The plate was 
autoradiographed and the radioactive area corresponding to the radiolabelled phosphoinositol 3-phosphate (PI 
3-P) was removed and measured in a scintillation counter. 

Figure 19. Morphology of C1-12-H and C1-24-L on plastic 
C1-12-H and C1-24-L cells were seeded in 100 x 15 mm tissue culture plates in the presence of 7% FBS. 

After 8 h, the cells were photographed using a Leica DM EL inverted microscope using Kodak technical pan film 
(ESTAR-AH base). Magnification: 130 X 
A: C1-12-H 
B: C1-24-L 

Figure 20. Growth of SP1. C1-12-H and C1-24-L cells on plastic in serum-free conditions and 7% FBS 
SP1 (empty bars), C1-12-H (solid bars) and C1-24-L cells (hached bars) were seeded (10,000/well) in 

24 well tissue culture plates in the test medium (7% FBS or serum-free). After 24 h, 0.2 uCi 3H-thymidine was 
added to each well and incubated for another 24 h at 37°C. The cells were harvested with trypsin-EDTA and 
placed in 96-well microtiter plates then transferred to filters using a cell harvester. 3H-thymidine incorporation 
was measured (CPM/well) in a scintillation counter using Ecolume scintillation fluid. The results are expressed 
as the mean ± SD of four experiments; each experiment contained quadruplicate samples. # indicates a 
significant increase in growth compared to SP1 and C1-24-L cells grown under serum-free conditions (p<0.05). 

Figure 21. Adhesion of C1-12-H and C1-24-L cells to collagen 
Panel A 

The cell adhesion assay was performed as described in the Materials and Methods. Linbro 96-well 
tissue culture plates were precoated with collagen types I and IV coated at the concentrations indicated 
(obtained by two-fold serial dilution). After 45 min at 37°C the cells were fixed and stained as described in 
the Materials and Methods. The results are expressed as the mean of duplicate samples. The experiment was 
repeated twice with similar results. 
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Panel B and C. Photographs of C1-12-H and C1-24-L on collagen type I 
SP1 cells were harvested and seeded in Linbro 96-well tissue culture plates (30,000 cells/well coated 

with collagen type 1(10 |ig/ml). The cells were allowed to adhere for 30 min then photographed on a Lieca DM 
IL inverted microscope using technical pan film. Magnification: 120 X 
B: C1-12-H on collagen type I 
C: C1-24-L on collagen type I 

Figure 22. Collagen receptors on C1-12-H and C1-24-L cells 
Panel A 

C1-12-H and C1-24-L cells were harvested and labelled with a biotinylation reagent to biotinylate all cell 
surface proteins in PBS as described in the Materials and Methods. The cells were counted and the cell number 
normalized in each group then lysed in RIPA lysis buffer. The lysate were centrifuged and the protein 
concentration of the supernatant normalized and aliquoted into 4 groups. The integrins were 
immunoprecipitated with rabbit anti-mouse IgG (control), rabbit anti-ß1; anti-a2 and anti- a3 IgG and resolved 
by 7.5% SDS-PAGE under non-reducing conditions. The proteins were transferred to nitrocellulose and a 
western blot analysis performed using a streptavidin-horse radish peroxidase-conjugated antibody for detection. 
The proteins were visualized using ECL reagents. The vertical arrows 1 show the position of the a2 and a3 
subunits of C1-12-H cells. 

PanelB 
An aliquot of the same immunoprecipitate as in Figure 18A was run under reduced conditions (5% 2- 
mercaptoethanol) and resolved by 7.0% SDS-PAGE. The proteins were transferred to nitrocellulose and a 
western blot analysis performed using a streptavidin-horse radish peroxidase-conjugated antibody for detection. 
The proteins were visualized using ECL reagents. 

Figure 23. Colony growth of C1-12-H cells in the presence of exogenous ECM proteins 
Panel A 

The colony assay was performed as described in the Materials and Methods. The control group contains 
1% FBS. The treatment groups also contain ECM proteins indicated on the X axis at a final concentration of 
10 |ig/ml before solidification. After 14 days, the plates were fixed and stained as previously described. The 
results are expressed as the mean ± SD of quadruplicates. 

Panel B 
The colony assay was performed as described in the Materials and Methods. SP1, Cl-12-H and C1-24-L 

cells were seeded (2000/dish) in the presence of 7% FBS. Treatment groups also contained FN or collagen type 
I at 2.5, 5, or 10 ug/ml. 

Figure 24. Hypothetical model for the role of growth factors and ECM in a stepwise progression for colony 
growth. 

Adherent transformed cells progressively lose the requirement for adhesion. Once in an anchorage-independent 
state, soluble extracellular matrix proteins (ECM) bind to integrin receptors on the cell surface (f J ) and growth 
factors (GF) bind to their respective receptors ( Y ) on the cell surface. These interactions provide survival 
signals to the cell. The cell then can slowly start to proliferate and organize ECM on its cell surface. Once 
several cells have clustered together, there is formation of ECM fibrils and a change in cell shape which provides 
the adhesive signals required to proliferate more rapidly and form a three-dimensional spheroid. 
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Figure  6 
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Figure 24 
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APPENDIX   I 

EXPERIMENTAL CELL RESEARCH 222, 360-369 (1996) 
ARTICLE NO. 0045 

Fibronectin Fibrils and Growth Factors Stimulate Anchorage- 
Independent Growth of a Murine Mammary Carcinoma 

RON SAULNIER,* BHAVNA BHARDWAJ,*
1
 JENNIFER KLASSEN,* DORIS LEOPOLD,* NADER RAHIMI,* 

ERIC TREMBLAY,* DEANE MOSHER,| AND BRUCE ELLIOTT*-
2 

*Cancer Research Laboratories, Room 324, Botterell Hall, Queen's University, Kingston, Ontario, K7L 3N6 Canada; 
and ^Department of Medicine, University of Wisconsin, Madison, Wisconsin 53706 

Stromal cells are important regulators of mammary 
carcinoma growth and metastasis. We have previously 
shown that a 3T3-L1 adipocyte cell line secretes hepa- 
tocyte growth factor (HGF), which stimulates prolifer- 
ation of a murine mammary carcinoma (SP1) in mono- 
layer cultures (DNA Cell Biol. 13,1189-1897,1994). We 
now examine the role of growth factors and the extra- 
cellular matrix protein fibronectin in stimulation of 
anchorage-independent growth of SP1 cells. Purified 
transforming growth factor-/3 (TGF-/3) stimulated sig- 
nificant colony growth in soft agar cultures, whereas 
HGF had a lesser effect. Analysis by confocal micros- 
copy revealed that carcinoma cell colonies contained 
extracellular microfibrils composed of fibronectin. 
Partial depletion of fibronectin from 7% FBS/agar cul- 
tures reduced the number of colonies; colony growth 
could be recovered by adding back exogenous fibro- 
nectin. Addition of the 70-kDa N-terminal fragment of 
fibronectin, which inhibits fibronectin fibril forma- 
tion, reduced growth of SP1 cell colonies, but an 85- 
kDa fragment containing the cell binding domain did 
not inhibit colony growth. These findings indicate that 
deposition of extracellular fibronectin fibrils is neces- 
sary, but not sufficient, for anchorage-independent 
growth of SP1 mammary carcinoma cells; growth fac- 
tors are also required. SP1 cells had less fibronectin 
mRNA and secreted less fibronectin protein under an- 
chorage-independent conditions than under anchor- 
age-dependent conditions, as determined by Northern 
blotting and immunoprecipitation analysis. Thus, both 
growth factors (HGF and TGF-ß) and fibronectin may 
be important regulators of paracrine stimulation by 
stromal  cells   of anchorage-independent  growth  of 
mammary Carcinoma cells.     © 1996 Academic Press, Inc. 

1 Present address: Dept. of Gastroenterology, Hepatocyte and Nu- 
trition, University of Florida, College of Medicine, P.O..Box 100214, 
Gainesville, FL 32610-0214. 

2 To whom correspondence and reprint requests should be ad- 
dressed. 

INTRODUCTION 

The mammary stroma, made up primarily of adipo- 
cytes and fibroblasts, is an important regulator of 
growth and development of normal and malignant epi- 
thelial cells in the breast [1-6]. Stromal cells, espe- 
cially adipocytes, are in direct contact with epithelial 
stem cells in the terminal end buds of the mammary 
gland and are required for hormone responsiveness and 
tissue-specific differentiation of epithelial cells [re- 
viewed in 2]. At puberty, estrogen delivers signals via 
stromal cells to the end bud. These signals lead to in- 
creased expression of transforming growth factor-a 
peptide and of epidermal growth factor receptor in epi- 
thelial cells of the terminal end bud, followed by ductal 
growth and side-branching [7, 8]. In vitro, primary 
mammary adipose tissue fragments [9-11] and an adi- 
pocyte cell line 3T3-L1 [11-13] can stimulate growth 
of normal and malignant mammary epithelial cells. 
However, the signaling mechanisms involved in mam- 
mary stromal-epithelial interactions are not known. 

Two growth factors, keratinocyte-derived growth fac- 
tor [14, 15] and hepatocyte growth factor (HGF) [16], 
are produced by mammary stromal cells and can stimu- 
late ductal growth of mammary epithelial cells in vitro; 
HGF receptor is frequently up-regulated in breast can- 
cer [17]. In addition, the ECM basement membrane 
protein laminin has been shown to stimulate differenti- 
ation of normal breast epithelium without growth [18] 
and to stimulate growth of primary breast carcinoma 
cells without differentiation [19]. Fibronectin (FN), 
though not normally expressed in basement mem- 
brane, is up-regulated in some malignancies [20, 21] 
and can promote a growth response to certain growth 
factors [22, 23]. Thus, both growth factors and extracel- 
lular matrix (ECM) are considered to be important par- 
acrine regulators of mammary epithelial growth. 

Anchorage-independent growth is a common charac- 
teristic of transformed cells. Tumor spheroids have 
gained interest as a result of their resemblance to tu- 
mor nodules in vivo. Unlike their normal cell counter- 
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B 

FIG. 1. Effect of purified growth factors on SP1 colony growth. 
(A) SP1 cells (10'Vplate) were mixed with 0.36% agar and layered 
onto 0.6% agar in 1% FBS/RPMI medium. Cultures were supple- 
mented with control medium (no growth factors), HGF (20 ng/ml), 
or TGF-/3 (0.2 ng/ml). After 10-12 days, the colonies were fixed in 
methanol, stained with Giemsa stain, and counted manually. Results 
are expressed as the mean number of colonies per plate ± SD. (B) 
An example of SP1 cells. 

part, they do not require adhesion and spreading in 
order to proliferate. Although a flattened cell morphol- 
ogy is not required for growth, tumor spheroids have 
ECM proteins [24, 25] and respond to growth factors 
[26]. The functional significance of ECM and growth 
factors in cell cycle progression in anchorage-indepen- 
dent growth is not fully understood. 

We have developed a murine mammary carcinoma 
(SP1) model to examine mammary stromal interactions 
in tumor growth and invasiveness [5, 9]. We have 
shown that a 3T3-L1 adipocyte cell line secretes HGF, 
which is mitogenic for SP1 cells in monolayer cultures 
[27]. In addition, 3T3-L1 adipocytes secrete latent 
forms of transforming growth factor-/? 1 (TGF-/31), 
TGF-,92 [28], and ECM proteins [29]. These compo- 
nents may be important regulators of the stromal envi- 
ronment in breast cancer. In the study described in the 

present report, we examined the effects of HGF and 
TGF-/3 on anchorage-independent growth (i.e., without 
cell spreading) of SP1 cells in agar cultures, a pheno- 
type which is characteristic of malignant cells. TGF-/3 
stimulated significant colony growth, whereas HGF 
had a lesser effect. Since TGF-/? can stimulate expres- 
sion of ECM proteins which could affect cell growth 
[30], we examined the possible role of ECM in SP1 
colony growth. Colonies grew as tightly adhesive spher- 
oids with prominent extracellular FN fibrils. We there- 
fore examined the requirement for FN fibrils in the 
colony growth of SP1 cells and the possible source of FN 
in SP1 colonies. The results suggest that both growth 
factors (HGF and TGF-/3) and ECM (FN) may be im- 
portant paracrine regulators of anchorage-independent 
growth of SP1 cells. 

MATERIALS AND METHODS 

Media. Maintenance medium for SP1 tumor cell cultures was 
RPMI 1640 (GIBCO), with 20 mM L-glutamine (GIBCO) and 7% 
fetal bovine serum (FBS, Flow Laboratories). For some experiments, 
RPMI 1640 was supplemented with 10~5 M sodium selenite (Sigma), 
3 X 10~5 hydrocortisone (Sigma), and 15 /ig/ml transferrin (Sigma) 
(referred to as serum-free medium). 

Cell lines. SP1 is a mammary adenocarcinoma which arose spon- 
taneously in an 18-month-old CBA/J female retired breeder obtained 
from Jackson Laboratories. The histological and ultrastructural 
characterization of the original SP1 tumor as an infiltrating ductal 
carcinoma and its growth properties have been described previously 
[31]. A cell line was established in vitro and frozen down to maintain 

TABLE 1 

Detection of Extracellular Matrix Proteins by Indirect Im- 
munofiuorescence in SP1 Cells, 3T3-L1 Preadipocytes, and 
3T3-L1 Adipocytes in Monolayer Cultures, and SP1 Colonies 
in Agar 

SP1 cell SP1 3T3-L1 3T3-L1 
ECM" monolayer     colonies      preadipocytes      adipocytes 

+1 Fibronectin +6 

Vitronectin + 
Laminin Trace 
Collagen IV - 
Tenascin - 

" SP1 cells in monolayers, SP1 colonies, 3T3-L1 preadipocytes, and 
3T-3L1 adipocytes were prepared as described under Materials and 
Methods. ECM proteins were detected with the following primary 
antibodies: polyclonal rabbit anti-FN antiserum (1:100); goat anti- 
collagen type IV IgG (25 /ig/ml); rabbit anti-laminin antiserum 
(1:400); rabbit anti-vitronectin antiserum (1:50), and monoclonal rat 
anti-mouse tenascin IgG (0.25 /ig/ml). Primary antibodies were de- 
tected with appropriate FITC-conjugated secondary antibodies: goat 
anti-rabbit IgG (10 /ig/ml), goat anti-rat IgG (25 /ig/ml), and donkey 
anti-goat IgG (7 /ig/ml). "+" indicates the presence of ECM protein; 
"-" indicates the absence of ECM protein. 

h Staining was predominantly intracellular. 
1 Staining was predominantly extracellular. 
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FIG. 3. Effect of partial depletion and reconstitution of FN on 
SP1 colony growth in 7% FBS cultures. SP1 cells (103 cells per plate) 
were cultured in RPMI supplemented with standard FBS, or FBS 
partially depleted of FN, at concentrations of 1 and 7%. In some 
cultures with 7% FBS partially depleted of FN, bovine plasma FN 
(5 and 10 /ig/ml) was added back. Colonies were assayed after 10- 
12 days as described in the legend to Fig. 1. Results are expressed 
as the mean number of colonies of triplicate cultures ± SD. 

stock. Cells were kept in culture for no more than 3 months before 
fresh stocks were thawed. All tumor cell lines were tested periodically 
for mycoplasma [31]. 3T3-L1 preadipocyte and adipocyte cell lines 
were cultured as described previously [27]. 

Assay for colony-forming cells. A liquid solution of 1.2% Bac- 
toagar (Difco Laboratories) was mixed (1:1) with 2x RPMI 1640, 
supplemented to yield the final concentrations indicated of L-gluta- 
mine (20 mM) and FBS (1 or 7%), and layered onto 60 x 15-mm 
tissue culture plates. A 0.36% Bactoagar solution with RPMI 1640 
and FBS (as above) was similarly prepared, mixed with 1 x 103 SP1 
cells/2.5 ml, and layered on top of the 0.6% agar (1.5 ml/plate). Plates 
were incubated at 37°C and 5% C02 for 10-12 days. SP1 colonies 
were fixed with methanol, stained with Giemsa stain, and counted 
manually. In some experiments, FBS prescreened for reduced levels 
of FN (Sigma, Catalog No. F-2013), bovine plasma FN (GIBCO), the 
70-kDa N-terminal catheptic D fragment of FN [32], and the 85-kDa 
tryptic cell adhesion fragment of FN [33] were used at the concentra- 
tions indicated. 

Cell adhesion assay. The quantitation of cell adhesion has been 
described previously [23]. Briefly, a 96-well tissue culture plate (Lin- 

« 

FIG. 4. Formation of fibronectin fibrils in SP1 colonies in the 
presence of FITC-conjugated fibronectin. SP1 colonies were grown 
in RPMI/agar cultures supplemented with 3% FBS partially depleted 
of FN and 30 ^g/ml of FITC-conjugated FN. After 5 days, colonies 
were fixed, dried on glass slides, and viewed with a Meridian confocal 
microscope as described in the legend to Fig. 2. (A) Phase-contrast 
illumination; (B) fluorescence illumination. (Original magnification, 
lOOOx.) Controls with unlabeled FN showed colonies with no immu- 
nofluorescence (not shown). 

bro) was coated with ECM proteins for 48 h at 4°C. Remaining pro- 
tein-binding sites on the plate were blocked with 0.1% BSA. Plates 
were washed three times in PBS and cells (105/well) were added in 
DMEM with 0.1% BSA. Cells were incubated at 37°C for 45 min. 
The plates were washed and the adherent cells remaining were 
stained with Coomassie blue and quantitated by measuring optical 
density at a wavelength of 270 nm in an ELISA plate reader. 

FIG. 2. Immunofluorescence analysis of FN expression in SP1 colonies and monolayers. SP1 colonies or SP1 cells grown on glass 
coverslips were dried and fixed as described under Materials and Methods. Fixed cells were permeated with Triton-X 100 (0.03%), blocked 
with 1% BSA, and stained with rabbit anti-FN antiserum (1:100) and FITC-conjugated goat anti-rabbit IgG. (A) Phase-contrast photograph 
of cells on coverslips; (B) same field as (A) stained with rabbit anti-FN antiserum (arrow indicates region of punctate perinuclear staining); 
(C) SP1 cells in monolayer stained with anti-FN antiserum at higher magnification; (D) SP1 cells in monolayer stained with rat anti- 
tenascin IgG (0.25 //g/ml); (E) bright field of SP1 colony; (F) same field as (E) stained with anti-FN antiserum and viewed by confocal 
microscopy; (G) SP1 colony stained with anti-FN antiserum and viewed by confocal microscopy at higher magnification (arrow indicates 
extracellular FN fibril); and (H) SP1 colonies stained with anti-tenascin IgG. Bar indicates scale of 10 nm. 
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TABLE 2 

Inhibition of Fibronectin Fibril Formation in SP1 Mono- 
layer Cultures with the 70-kDa N-Terminal Fragment of Fi- 
bronectin 

Native 
fibronectin 

70-kDa fibronectin 
fragment 

Proportion (%) of 
cells with fibrils 

10 /jg/ml 
10 /jg/ml 
10 /jg/ml 

10 //g/ml 
20 pg/ml 

87.9 ± 4.7 
23.8 ± 1.5 
19.9 ± 4.5 

7Vo<e. SP1 cells (8 X 104) were subcultured in Nunc coverslip cul- 
ture dishes with 1 ml of 0.5% FBS/RPMI culture medium containing 
native FN and the 70-kDa FN fragment at the concentrations indi- 
cated. After 24 h, cells were washed with serum-free RPMI and fixed 
in a 1% paraformaldehyde/RPMI solution (20 min). Cells were then 
washed and stained with rabbit anti-FN IgG and FITC-conjugated 
goat anti-rabbit IgG as described under Materials and Methods. Fi- 
bril formation was visualized using a Meridian confocal microscope, 
and the proportion of total cells with fibrils was determined manually 
by counting 250-300 cells per group. Results are expressed as the 
average of two independent experiments ± range. 

lmmunofluorescen.ee staining. SP1 colonies were collected by pi- 
petting and then dried onto glass slides. For two-dimensional cul- 
tures, SP1 cells were cultured in serum-free medium on glass cov- 
erslips coated with 0.1% (w/v) poly-L-lysine (Sigma). Dried cells were 
fixed with paraformaldehyde (2%) and treated with Triton X-100 
(0.03%) to allow permeation of antibodies. Cells were blocked with 
1% BSA and stained with one of the following ECM-specific primary 
antibodies: polyclonal rabbit anti-mouse FN antiserum (1:100 dilu- 
tion, GIBCO), rabbit anti-mouse vitronectin antiserum (1:50 dilu- 
tion) (M. Pera, Oxford University, Oxford, England), goat anti-hu- 
man collagen type IV IgG (25 pg/ml) (Southern Biotechnologies), 
rabbit anti-mouse laminin B1/B2 chain antiserum (1:400) (UBI), and 
monoclonal rat anti-mouse tenascin IgG (0.25 /ig/ml) (provided by 
Dr. P. Ekblom, Uppsala University, Uppsala, Sweden). Primary anti- 
bodies were detected by the appropriate FITC-conjugated secondary 
antibodies: goat anti-rabbit IgG, rabbit anti-goat IgG, and sheep anti- 
rat IgG (Cappel Laboratories). Fluorescence was viewed with a Leitz 
Aristoplan microscope equipped with epi-illumination with a mer- 
cury 100-W lamp or with a Meridian confocal microscope equipped 
with an argon laser. T-MAX 400 Kodak film was used. 

mRNA extraction and Northern analysis. The Micro-Fast Track 
system (InVitrogen) was used to extract poly(A)+ RNA from cultured 
cells or tissues. mRNA was subjected to denaturing electrophoresis 
on a 1.4% agarose gel and then transferred to Zeta-Probe membranes 
(Bio-Rad). The hybridization method used was a modification ofthat 
of Sambrook et al. [34]: Blots were prehybridized for 4 h at 42°C 
in standard hybridization solution (50% formamide, 4x Denhardt's 
solution, 0.25X SSC, 0.1 mg/ml sheared herring testes DNA, 1% SDS, 
5 mM EDTA, 50 mAf NaH2P04). 32P-labeled probes were prepared 
by a nick translation method (nick translation kit, GIBCO) and hy- 
bridized with the membrane for 24 h at 42°C in standard hybridiza- 
tion solution. Membranes were washed for 15 min at room tempera- 
ture with each of the following: 2x SSC/0.1% SDS, 0.5x SSC/0.1% 
SDS, and O.lX SSC/0.1% SDS. Autoradiograms were scanned on a 
laser densitometer (Molecular Dynamics). Volume analysis for spe- 
cific bands was performed and normalized with values for GAPDH 
mRNA determined by the same methods in the same lane on the 
same membrane. A cDNA probe (821 bp) corresponding to two type 
III homology domains in the N-terminal region of the mature form 
of murine FN was obtained from Dr. P. Ekblom (unpublished), and 

a cDNA probe (1.1 kb) for the murine laminin ßl chain [35] was 
obtained from Dr. K. Rubin. 

Biosynthetic labeling and immunoprecipitation analysis. SP1 
cells, on plastic and on agar, were biosynthetically labeled with 100 
//Ci/ml [35S]methionine (ICN) in methionine-free RPMI medium 
(GIBCO) with 7% FBS dialyzed against PBS. After a 5-h incubation 
followed by a 2-h pulse with [35S]methionine, cells were lysed in lysis 
buffer (50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 2 mM EDTA, 1% 
Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 2 //g/ml leupep- 
tin, 2 jil/ml aprotinin, and 0.1 /ul/ml 4-amidinophenylmethanesulfo- 
ny] fluoride (APMSF) (Sigma)). Conditioned medium (CM, 10 ml) 
from each culture was concentrated in Centricon 30 microconcentrat- 
ing tubes (Amicon) in a Beckman Rotor 20.1 at 5000 rpm at 4°C. FN 
and laminin were sequentially immunoprecipitated from cell lysates 
and concentrated CM with the corresponding polyclonal rabbit anti- 
mouse antisera (2 fiVml) overnight at 4°C and then with protein A- 
Sepharose (Pharmacia) for 3 h. Samples were boiled for 5 min and 
subjected to 7% SDS-PAGE under reducing conditions. The gel was 
treated with Amplify (Amersham) for 30 min and dried, and the 
autoradiogram was developed after a 2-day exposure. 

RESULTS 

TGF-ß and HGF stimulate anchorage-independent 
growth of SP1 cells. Our preliminary results showed 
that 3T3-L1 adipocyte monolayers can stimulate an- 
chorage-independent growth of SP1 cells in soft agar 
cultures (data not shown). Previously, we have shown 
that adipocytes secrete HGF [27] and latent forms of 
TGF-/31 and TGF-/32 [28], which are activated by acid 
treatment [36]. Since both HGF [37] and TGF-/3 [30, 38] 
have been shown to stimulate colony growth of certain 
tumor cells, we tested the ability of HGF and TGF-/3 
to stimulate SP1 colony growth in soft agar cultures. 
The results show that TGF-/3 strongly stimulated col- 
ony growth, whereas HGF stimulated colony growth to 
a lesser extent (Fig. 1A). No additive effect was ob- 
served when both growth factors were added together 
to cultures (not shown). Thus, TGF-,0 and HGF pro- 
mote SP1 colony growth. 

Extracellular fibronectin fibrils are present in SP1 
colonies. SP1 colonies in agar grew as tight spheroids 
(Fig. IB). This morphology suggests the presence of 
adhesive proteins that promote close cell contact [39]. 
We therefore examined the presence of ECM proteins 
in SP1 colonies grown on adipocyte monolayers (not 
shown) and in 7% FBS/agar cultures (Table 1, Figs. 2F 
and 2G). Under both conditions, extracellular FN was 
detected in SP1 colonies, whereas very little cyto- 
plasmic FN was expressed, as determined by confocal 
microscopy. The presence of FN fibrils was evident, 
particularly in 7% FBS/agar cultures (Fig. 2G). In con- 
trast, SP1 cells in monolayer cultures revealed a peri- 
nuclear punctate pattern of cytoplasmic FN as well as 
some membrane-associated FN as determined by im- 
munofluorescence staining (Figs. 2B and 2C). Punctate 
and diffuse expression of vitronectin and, to a lesser 
extent, laminin were also observed in SP1 cells in both 
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FIG. 5. Effect of 70-kDa N-terminal fragment of fibronectin on the formation of fibronectin fibrils by SP1 cells in monolayer cultures. 
SP1 cells (8 X 10") were subcultured in Nunc coverslip culture dishes with 1 ml of 0.5% FBS/RPMI culture medium containing native FN 
(10 fig) without or with the 70-kDa N-terminal FN fragment (20 fig). After 24 h, cells were washed with serum-free medium, fixed in 1% 
paraformaldehyde/RPMI solution, and stained with rabbit anti-FN IgG and FITC-conjugated goat anti-rabbit IgG as described under 
Materials and Methods. Fibril formation was visualized using a Meridian confocal microscope. (A) Control cells under phase-contrast 
illumination; (B) control cells under fluorescence illumination; (C) cells with 70-kDa FN fragment under phase-contrast illumination; and 
(D) cells with 70-kDa FN fragment under fluorescence illumination. (Original magnification, lOOOx.) 

colonies and monolayers (Table 1). Tenascin (Figs. 2D 
and 2H) and collagen type IV (Table 1) were not de- 
tected in either monolayers or colonies of SP1 cells. FN 
is therefore a major ECM substrate in SP1 colonies. 

FN fibrils are required for SP1 colony growth. We 
have previously shown that FN can enhance the prolif- 
erative response of SP1 cells to some growth factors 
(e.g., basic fibroblast growth factor) in monolayer cul- 
tures [23]. To determine the role of FN in the growth 
of SP1 colonies, we examined the ability of SP1 cells to 
form colonies in cultures with 7% FBS partially de- 
pleted of FN in the absence of any feeder cells. Under 
these conditions, SP1 colony growth was reduced, but 
could be partially recovered by adding exogenous bo- 
vine plasma FN (5-10 ^g/ml) (Fig. 3). Addition of 
FITC-conjugated FN to the cultures resulted in a sig- 

nificant incorporation of exogenous FN into the FN fi- 
brils detected in SP1 colonies (Fig. 4). Addition of FN 
alone to cultures with 1% FBS only slightly stimulated 
cell growth (not shown); thus FN is necessary but not 
sufficient for optimal colony growth of SP1 cells. 

To examine the role of FN fibrils in the growth of SP1 
colonies, we tested the effect of the 70-kDa catheptic D 
N-terminal fragment of FN, which has been shown to 
inhibit FN fibril formation [32], on the growth of SP1 
colonies in 7% FBS/agar cultures. Addition of the 70- 
kDa N-terminal fragment of FN to adherent SP1 cells 
at concentrations of 10 and 20 fig/ml resulted in a 
marked inhibition of FN fibril formation (Table 2, Fig. 
5). Colony growth was inhibited by addition of increas- 
ing concentrations of the 70-kDa N-terminal FN frag- 
ment (Fig. 6A), but not of the 85-kDa tryptic fragment 
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TABLE 3 

Effect of the 70-kDa and 85-kDa Fibronectin Fragments on 
SP1 Cell Colony Growth 

Fibronectin fragments Number of colonies 

3% FBS (alone) 90 ±   6.5 
3% FBS + 70-kDa FN fragment (10 /ig/ml) 62 ±   4.1° 
3% FBS + 85-kDa FN fragment (10 ^,g/ml) 91 ± 11 

Note. SP1 cells (103) were plated in 0.75 ml of a 1:1 mixture of 
agar and RPMI 1640 medium in 35 x 10-mm dishes. The final con- 
centration of agar was 0.36%. The 70-kDa catheptic D N-terminal 
fragment [32] or the 85-kDa tryptic cell adhesion fragment [33] was 
added to the medium at 10 ^g/ml before solidification. The dishes 
were incubated at 37°C for 10 days. The colonies were then fixed 
with methanol, stained with Giemsa, and counted manually. Results 
are expressed as the mean of triplicates ± SD. 

" Significant reduction in number of colonies compared to control 
(3% FBS alone) (P = 0.006). 

oooo^rirjcNino 
<-     CM     IT) 

Protein   Concentration  (/ig/ml) 

FIG. 6. (A) Effect of 70-kDa N-terminal fragment of FN on SP1 
colony growth. SP1 cells were grown as colonies with 7% FBS/RPMI 
agar cultures in 60 x 15-mm dishes as described under Materials 
and Methods. The 70-kDa N-terminal fragment of FN was added at 
the concentrations indicated. Plates were incubated at 37°C for 10- 
12 days, fixed, and quantitated as described in the legend to Fig. 1. 
Results are expressed as the mean number of colonies per plate ± 
SD. (B) Comparison of adhesion of SP1 cells to native FN and to the 
70-kDa N-terminal FN fragment. Linbro 96-well nontissue culture 
plates were coated with BSA, FN, and the 70-kDa N-terminal FN 
fragment at 20 /ig/ml. The plates were incubated at 4°C for 48 h. 
The excess matrix was removed with PBS, and the wells were blocked 
with RPMI containing 2.5 mg/ml BSA for 2 h at 37°C. SP1 cells were 
added at a concentration of 3 x lO4 cells per well in RPMI containing 
2.5 mg/ml BSA. The cells were incubated at 37°C for 45 min. Unat- 
tached cells were removed with PBS and the remaining cells were 
fixed with 2% paraformaldehyde containing Coomassie brilliant blue 
for 24 h. Absorbency (270 nm) was measured in an ELISA plate 
reader. Results are expressed as the mean absorbency of 3 wells ± 
SD. 

of FN containing the cell binding domain (Table 3). SP1 
cells did not bind directly to substratum consisting of 
the 70-kDa FN fragment (Fig. 6B), nor did the 70-kDa 
FN fragment compete for binding of SP1 cells to native 
FN substratum (not shown). Thus the observed inhibi- 
tion of growth with the 70-kDa N-terminal fragment of 
FN occurred indirectly, most likely via inhibition of FN 
fibril formation. 

FN mRNA and protein are expressed in SP1 cells 
but are down-regulated under anchorage-independent 
conditions. The absence of cytoplasmic FN in SP1 
cells in colonies compared to SP1 cells in monolayers 
(Fig. 2) suggests that FN synthesis is reduced under 
nonadherent conditions. We therefore determined the 
steady state levels of FN, laminin mRNA, and secreted 
protein in SP1 cells in monolayers (anchorage-depen- 
dent) and in colonies (anchorage-independent) in 7% 
FBS cultures (Fig. 7). Both FN and laminin mRNA 
were abundantly expressed in SP1 cells on monolayers. 
In contrast, expression of FN mRNA was significantly 
reduced in SP1 colonies, whereas the level of laminin 
and GAPDH mRNA remained unchanged. Only trace 
levels of collagen types I and IV mRNA were detected 
in SP1 monolayers or colonies (data not shown). 

Both FN and laminin proteins were detected in im- 
munoblots of CM from monolayers of SP1 cells (data 
not shown). To examine the direct effect of cell adhesion 
on FN and laminin production, we assessed protein 
synthesis and secretion of FN and laminin by SP1 cells 
in short-term (5 h) suspension (nonadherent) and 
monolayer (adherent) cultures with 7% FBS. Synthesis 
of [35S]methionine-labeled FN in SP1 cells was reduced 
10-fold within 5 h following incubation of cells under 
nonadherent conditions compared to that under adher- 
ent conditions (Fig. 8A). Likewise, SP1 cells in suspen- 
sion secreted 13-fold less FN than SP1 cells in mono- 
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FIG. 7. Analysis of FN and laminin mRNA in SP1 cell colonies and monolayers. mRNA was prepared from SP1 cell monolayers or 
colonies and analyzed by Northern blotting as described under Materials and Methods. The blot was probed with cDNA for FN and laminin 
Bl chain. The upper bands correspond to each ECM mRNA: left, FN (8.0 kb); right, laminin Bl (9.5 kb). The lower band in all lanes is 
GAPDH mRNA (1.3 kb). The autoradiograms were scanned on a laser densitometer and the level of each mRNA was expressed relative to 
GAPDH mRNA. 

layers (Fig. 8B). Synthesis and secretion of laminin 
were also reduced under nonadherent conditions. 

DISCUSSION 

Growth factors and ECM proteins are important reg- 
ulators of stromal cell interactions that affect normal 
and malignant mammary epithelial growth. Using de- 
fined culture conditions with low serum, we have dem- 
onstrated a role of two growth factors, TGF-/3 and HGF, 
as well as the ECM protein FN in the anchorage-inde- 
pendent growth of SP1 cells. 

Both HGF and latent TGF-/3 are present in 3T3-L1 
adipocyte conditioned medium and have been shown 
previously to differentially affect SP1 cell growth in 
monolayer cultures [27, 28]. HGF stimulated growth 
[27], whereas TGF-/?, activated by acid treatment, in- 
hibited SP1 cell growth in monolayers. We now show 
that purified TGF-/3 strongly stimulated SP1 cell colony 
growth; HGF stimulated growth to a lesser extent. To- 
gether, these results suggest that TGF-/3 and HGF are 
important paracrine regulators of stromal interactions 
that affect carcinoma growth. However, interactions 
with other components secreted by stromal cells or SP1 
tumor cells (e.g., proteinases or ECM proteins) may 
also modulate colony growth. Earlier reports that TGF- 
ß, in combination with other growth factors (e.g., plate- 

let-derived growth factor and basic fibroblast growth 
factor), stimulates anchorage-independent growth of 
some tumor cells [37, 38] corroborate these findings. 
Other effects of TGF-/3 on tumor microenvironment, 
such as increased synthesis of extracellular matrix pro- 
teins [30] and corresponding integrin receptors [30, 40], 
may provide a growth advantage which can overcome 
any direct antiproliferative effects of TGF-/3 [28]. 

Partial depletion of FN in 7% FBS-supplemented cul- 
tures reduced the number of colonies, and colony 
growth could be recovered by addition of exogenous FN. 
We also showed that exogenous FITC-conjugated FN 
constituted a significant component of the FN fibrils in 
SP1 colonies. These findings suggest that under these 
conditions endogenous (cellular-derived) FN is insuffi- 
cient for SP1 colony growth and does not constitute a 
major component of FN fibrils in SP1 colonies. This 
contention is further supported by the observation that 
the FN mRNA level and FN synthesis and secretion 
were markedly down-regulated in SP1 cells under an- 
chorage-independent conditions compared to those in 
cells under anchorage-dependent conditions. Thus, col- 
ony growth and FN fibril formation by SP1 cells appear 
to be dependent primarily on paracrine sources of FN 
(i.e., from FBS or adipocyte feeder cells). 

The finding that laminin and GAPDH mRNA levels 
are the same in SP1 monolayers and colonies indicates 
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FIG. 8. Analysis of FN synthesis and secretion by SP1 cells under 
adherent and nonadherent conditions. SP1 cells were cultured under 
adhesive or nonadhesive conditions in methionine-free RPMI with 
T7c FBS (dialyzed against PBS) for 5 h at 37°C. During the final 2 
h, l3r'Slmethionine (100 //Ci/ml) was added to each culture. Cells were 
harvested, washed, lysed, and immunoprecipitated with rabbit anti- 
FN antiserum (A) or rabbit anti-laminin antiserum (B), as described 
under Materials and Methods. Immunoprecipitates were resus- 
pended in sample buffer and subjected to 7% SDS-PAGE under 
reducing conditions. The gel was amplified, dried, and exposed for 2 
days. Immunoprecipitates were from: lane 1, biosynthetically labeled 
adherent cells; lane 2, conditioned medium from cells in lane 1; lane 
3, biosynthetically labeled nonadherent cells; lane 4, conditioned me- 
dium from cells in lane 3. The autoradiograms were scanned on a 
laser densitometer and the level of each protein band relative to lane 
1 is indicated on the lower axes. 

that the reduction in FN mRNA is related not simply 
to differences in growth rate. These results also suggest 
that both transcriptional and translational regulatory- 
processes are involved in regulation of FN synthesis 
and secretion in SP1 cells. In contrast, Dalton et at. [41] 
have shown at least 50-fold reduction in FN secretion in 
nonadherent fibroblasts compared to that in adherent 
fibroblasts, while the level of mRNA and protein syn- 
thesis remained the same. In the latter system, post- 
translational mechanisms affecting FN assembly and 
secretion are likely to be involved. 

Extracellular FN fibrils were present in abundance 
in SP1 colonies and inhibition of FN fibril formation 
with the 70-kDa N-terminal fragment of FN reduced 
colony growth. The 70-kDa FN fragment did not bind 
directly to SP1 cells or inhibit binding of SP1 cells to 
FN substratum; this result is consistent with earlier 
reports [32, 42] that the 70-kDa N-terminal FN frag- 
ment contains the matrix assembly site but not the cell- 
attachment site [43]. The 70-kDa FN fragment likely 
suppressed colony growth by inhibiting the formation 
of FN fibrils which may serve as a structural support 
for the cells, thereby facilitating growth. In contrast, an 
85-kDa fragment of FN which contains the cell binding 
domain and does not inhibit fibril formation [33] did 
not reduce the number of SP1 colonies. These results 
suggest that the deposition of, and adhesion to, FN may 
be important events in anchorage-independent growth 
of SP1 cells. Extracellular FN fibrils detected in vitro 
(also called superfibronectin [44]) have greatly en- 
hanced adhesive properties compared to those of solu- 
ble FN [45] and are the predominant form of FN in 
tissues [32]. FN may therefore stimulate growth of SP1 
cells directly [46] or act synergistically with certain 
growth factors [19, 20]. 

The requirement for FN fibrils for SP1 colony growth 
suggests a partial anchorage dependence, i.e., attach- 
ment without cell spreading. Similarity, direct ligation 
of a5ßl integrin, a major FN receptor, with anti-a5 
antibody has been shown to stimulate growth of human 
melanoma cells in suspension [46]. Studies with K562 
cells have shown that RGD-containing peptides can 
stimulate cyclin A activity and anchorage-independent 
growth [47]. In NIH-3T3 fibroblasts, overexpression of 
cyclin A leads to complete loss of anchorage-depen- 
dence [48]. Thus cell adhesion is a type of "competence" 
signal, which may have different effects depending on 
cell type and ECM microenvironment; tumor cells may 
undergo a stepwise loss of the adhesion requirement for 
growth. SP1 cells appear to have lost the cell spreading 
requirement, but still require cell-substrate attach- 
ment and growth factor signals. 

In summary, our results show that, under defined 
culture conditions, purified TGF-/3 and HGF stimu- 
lated significant colony growth. FN fibrils were also 
necessary but not sufficient for SP1 colony growth. 
Thus, paracrine regulation of SP1 colony growth may 
occur via both growth factors (HGF and TGF-/3) and 
ECM (FN) components. TGF-/3 and HGF may affect 
expression/secretion of FN, thereby supporting colony 
growth, or these growth factors may induce signal 
transduction events, such as generation of cAMP [49], 
resulting in colony growth without any ECM require- 
ment. Activation of latent TGF-/3 secreted by adipo- 
cytes could occur via proteinases from tumor or stromal 
cells; this possibility is currently being investigated. 
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Similar paracrine mechanisms may affect growth fac- 
tor and ECM composition at the tumor site and thereby 
regulate tumor growth in vivo. Future work will in- 
volve identifying the growth factor receptor and ECM/ 
integrin signaling pathways involved. 
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Abstract - Anchorage-independent growth is a property of malignant cells. Extracellular matrix proteins are 
present in tumor spheroids but their function is not clearly defined. In this paper we show that a murine 
mammary carcinoma cell line, SP1, which expresses the fibronectin receptor a^ßi requires fibronectin for 
anchorage-independent growth in soft agar. Growth factors (hepatocyte growth factor and transforming growth 
factor-ß) also promote SP1 colony growth. In contrast, collagen types I and IV have an inhibitory effect on 
SP1 colony growth. A clone isolated from SP1 cells which expresses the collagen/laminin receptor O^ßi as well 
as the fibronectin receptor a$], demonstrates increased colony formation in the presence of fibronectin and 
collagen. These data suggest a role for both the (Xsßi and Ooßi integrin receptors in the regulation of anchorage- 
independent growth of mammary carcinoma cells. 

Key words: Fibronectin, collagen I, anchorage-independent growth, growth factors, breast cancer 

INTRODUCTION 

Tumor cells exhibit a number of different cha- 
racteristics compared to their normal cell coun- 
terparts. The more prominent of these 
phenotypic changes are unlimited cell division 
potential, rapid proliferation, and loss of adhe- 
sive requirement for survival and growth under 
anchorage-independent conditions. It is well 
known that millions of cells can disseminate 
from a primary lesion into the blood stream, 
however, few cells actually grow as metastatic 
nodules in other organs (Hart and Saini, 1992; 

Abbreviations. Coll I: collagen type I; ECM 
extracellular matrix; FBS: fetal bovine serum; FN 
fibronectin; HGF: hepatocyte growth factor; LM 
laminin; TGF-ß: transforming growth factor-ß; 
VN: vitronectin 

Poste and Fidler, 1980). Folkman and Moscona 
(1978) have shown that normal cells need to 
adhere and spread in order to grow in response to 
growth factors; however most transformed cells 
have lost the cell adhesion and spreading requi- 
rement. Thus tumor spheroids cultured in vitro 
are considered to resemble in vivo metastatic 
nodules and are more representative of the tumo- 
rigenic phenotype than cells in 2-dimensional 
culture (Freedman and Shin, 1974). Before the 
characterization of integrins, several reports 
demonstrated the presence of extracellular 
matrix (ECM) proteins in tumor spheroids (De 
Pauw-Gilletera/., 1988; Glimelius et ai, 1988); 
however, the role of integrins and interactions 
with growth factors in growth regulation under 
anchorage-independent conditions has not been 
thoroughly investigated. 
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ABSTRACT 

Anchorage-independent growth is a property of malignant cells, however little is 

known about how tumor cells are able to survive and grow anchorage-independently. We 

have previously shown that tumor spheroids growing in agar contain extracellular matrix 

(ECM) proteins, especially fibronectin (FN) (Saulnier etal., ECR. 222:360-369, 1996). 

In this thesis we investigate the role of ECM proteins and growth factors in anchorage- 

independent survival and growth of a murine mammary carcinoma-derived cell line, 

designated SP1. We demonstrate that SP1 cells adhere well to FN and vitronectin (VN) 

and express a number of integrins, including a5ß1( avß3, a6pi5 c^ßj and a2pi5 the latter 

being upregulated under anchorage-independent conditions. Transforming growth factor-ß 

(TGF-ß), but not hepatocyte growth factor (HGF), could increase the adhesive potential 

of SP1 cells to collagen type I (Coll I) when treated under anchorage-independent 

conditions. We also demonstrated by partially removing FN from 7% FBS (optimal 

conditions) or adding FN to 1 % FBS (limiting conditions) that FN is required for SP1 cell 

colony growth. A 70 kDa amino-terminal fragment of FN, which inhibits fibril formation, 

inhibited colony growth showing that FN fibril formation is also required. 

C1-12-H, an SP1 cell clone with efficient colony forming ability, was able to adhere 

more strongly to Coll I and expressed higher levels of a2ßi than SP1 cells or the clone Cl- 

24-L, derived from SP1 cells. FN and Coll I were both able to promote colony growth of 

C1-12-H cells, but had no effect on C1-24-L cells. 

We also demonstrated that soluble FN as well as HGF, and TGF-ß could all 

promote survival of SP1 cells under anchorage-independent conditions. FN and HGF 

together, acted in a additive fashion on cell survival. Using either wortmannin or C1-12-H 

II 



transfected with a dominant negative mutant p85 subunit of phosphatidylinositol 3-kinase 

(PI 3-kinase), we demonstrated that PI 3-kinase is only slightly involved in FN or HGF 

mediated survival. In contrast, the additive survival effect mediated by FN+HGF together 

was very dependent on PI 3-kinase. 

We initiated some studies investigating candidate signaling molecules involved in 

anchorage-independent survival and growth. HGF receptor phosphorylation was reduced 

under anchorage-independent conditions but showed increased tyrosine phosphorylation 

in response to exogenous HGF. In contrast, focal adhesion kinase (FAK) was not 

phosphorylated in response to FN or HGF under anchorage-independent conditions. PI 

3-kinase showed reduced phosphorylation under anchorage-independent conditions and this 

tyrosine phosphorylation was not increased in response to FN or HGF. In contrast, PI 3- 

kinase activity was increased in a stepwise manner in the presence of FN, HGF and FN 

+ HGF. Together these results demonstrate that ECM-integrin interactions and growth 

factors are involved in anchorage-independent survival and growth of SP1 cells. 
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INTRODUCTION 

Breast cancer is the most common cancer among North American women. It is the 

number two cause of death (after lung cancer) of women ages 35-54 and affects 

approximately 1 in 9 women in their lifetime; of these one third will die of metastases. 

Unlike lung and skin cancer, the causes of breast cancer are not well understood. Genetic 

factors contribute to approximately 5-10% of breast cancer cases (Cannon-Albright and 

Skolnick, 1996; Teixeira etal, 1996), however, the etiology of the majority of cases are 

not known. In addition of 50% of the women who die of metastases showed no signs of 

metastases (node-negative) at the time of diagnosis. 

Early detection is the preferred method of preventing metastatic spread, but not all 

tumors are caught at an early stage. Breast tumors metastasize frequently to the lungs, liver 

and bone. Once at distant sites, the tumor cells may grow as spherical nodules or more 

diffusely as in bone marrow and destroy the existing tissue. It is because of metastases that 

most breast cancer patients die. The most important issue in the management of primary 

breast cancer today is identification of individuals who harbor micrometastatic disease. 

Conventionally, the presence of tumor cells in axillary lymph nodes has been the best 

predictor of systemic micrometastases (Seidman, 1996). Conventional treatment modalities 

such as surgery, chemotherapy and radiation, whether used alone or in combination are not 

always effective at destroying all of the metastatic lesions. There has been little change in 

the mortality rate in the last 20 years despite many different treatment modalities (Parker et 

al., 1997).  A better understanding of metastatic cells and the ability of transformed cells 
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to grow in multicellular spheroids is required before effective treatments for breast cancer 

are developed. 

1.1 - EXTRACELLULAR MATRIX 

The extracellular matrix (ECM) is composed primarily of collagens, glycoproteins 

and proteoglycans. ECM is not just the glue between cells as previously thought, but 

provides the scaffolding, support and strength to tissues and organs. In addition, almost 

all cellular events occuring during embryonic development and organogenesis, tissue 

remodeling, wound healing or tumor growth and metastasis are in some way influenced 

by individual components of the ECM. Various ECM proteins have also been implicated 

in cellular processes including cell adhesion, survival, growth, differentiation, migration 

and invasion (von der Mark et al., 1992; Lester and McCarthy, 1992). 

Structurally, ECM proteins are composed of multiple domains. Many of these 

domains show identity with other domains in the same protein or with domains in other 

proteins. The fibronectin type I, II, and III domains, epidermal growth factor-like domain, 

Ca2+ -binding and cysteine-rich domains are examples of common domains found in many 

ECM proteins (reviewed in Engel et al., 1994). In addition to interactions with cells, ECM 

proteins commonly assemble into mutlimers in both homotypic and heterotypic fashion. 

Thus, they have binding sites for other extracellular matrix proteins (see Figure 1 for 

example) and growth factors (Taipale and Keski-Oja, 1997). Many of these matrix-matrix 

interactions form the basis for the complex ordered structure of ECM as found in basement 

membranes and other tissues. 

This thesis is concerned primarily with how the ECM can affect cell behavior and 



growth factor response. There are three mechanisms by which ECM can regulate cell 

behavior; (1) composition of ECM, (2) regulation of cell surface receptors that mediate 

adhesion to ECM, and (3) synergistic interactions between growth factors and ECM 

(Adams and Watt, 1990). These mechanisms are not mutually exclusive and all three can 

occur simultaneously. 

In the resting mammary gland, modifications of the ECM influence end bud 

development, epithelial cell proliferation and ductal branching. During pregnancy and 

lactation, an intact basement membrane is required for the emergence of a differentiated 

phenotype. More specifically, the E3 fragment of laminin can induce ß-casein expression 

in mammary epithelial cell (Streuli et al., 1995). Finally after weaning, degradation of the 

ECM by up-regulation of the metalloproteinases stomelysin and collagenase, and a 

decrease in the tissue inhibitor of metalloproteinase (TIMP) triggers the massive 

programmed cell death which occurs during involution, an event which brings the gland 

back to its original resting state (Howlett and Bissell, 1993; Talhouk et al., 1992). These 

results show that ECM influence mammary cell function in vivo. 

A) Changes in ECM during disease and neoplasia 

The production of ECM proteins is dynamic and influenced by a large number of 

factors including cytokines, growth factors and the ECM itself. Therefore during altered 

states such as wound healing and disease, including neoplasia, there is often deregulated 

synthesis and secretion of ECM proteins which will in turn affect the function of cells 

(Raghow,  1994; Alitalo and Vaheri,  1982).    Some diseases such as liver fibrosis, 



glomerulosclerosis and interstitial fibrosis have an increase in the secretion of ECM 

proteins (Bruijn and Heer, 1995) while other diseases such as malignant transformation are 

usually associated with a reduction in synthesis and secretion of ECM proteins (Alitalo and 

Vaheri, 1982). 

In the normal breast, the parenchyma of a functional mammary gland contains three 

epithelial compartments; luminal epithelium, alveolar epithelium and myoepithelium. The 

luminal epithelium lines milk-collecting ducts and the cells are separated from basement 

membrane and from stromal ECM by a layer of myoepithelium. The alveolar epithelium, 

which is responsible for milk production, interacts directly with myoepithelial processes 

that form a sparse network around alveoli, and also with laminin rich basement membrane 

that separates both of these cell types from the stroma (Pullan et al, 1996). The 

surrounding stroma is composed primarily of adipose cells, fibroblasts and connective 

tissue containing various ECM proteins of Coll I and FN. 

In the malignant breast, the cells grow continuously, are not polarized, and often 

fail to deposit the basement membrane proteins LM and Coll IV. In addition, there is 

typically an increase in Coll I, III and V, FN, thrombospondin, tenascin and VN (Lochter 

and Bissell, 1995). Christensen et al., (1988) have shown an increase in FN staining in 

the stroma of some invasive breast carcinomas. They observed that 27 of 31 women who 

died without evidence of metastatic spread had FN-positive invasive breast carcinoma as 

compared to 15 of 46 women which had metastatic disease at the time of diagnosis. These 

results suggest that FN distribution in breast carcinomas may be used as a prognostic factor 

(Christensen et al., 1988) 



B) The structure and function of fibronectin 

One of the most studied ECM proteins with respect to its distribution and function 

during both normal and pathological processes is fibronectin. Up to 20 different FN 

polypeptides can be generated by differential splicing of the mRNA transcribed from a 

single gene (Schwarzbauer et al., 1987). Fibronectin is an important multifunctional 

extracellular matrix glycoprotein (Mr 400,000) composed of 2 similar chains and linked 

together at the carboxyl terminus by disulfide bonds (Ruoslahti, 1988). FN can be present 

in soluble form in plasma and other body fluids or in insoluble form in the extracellular 

matrix (cellular) (Ruoslahti, 1984). Fibronectin is present in some basement membranes 

but has not been isolated in the EHS tumor extracellular matrix (Matrigel) or the 

glomerular basement membrane (Laurie et al, 1982; Kleinman et al, 1986). The FN 

molecule possesses several binding domains including two fibrin and heparin binding 

domains, a collagen and gelatin binding domain, and two cell binding domains (Figure 

1A). 

At the amino acid level, FN is composed of 3 different types of internal repeats 

designated I, II and III which contain approximately 40, 60 and 90 a.a. residues 

respectively (Patel et al., 1987). One of the type three repeats contains the cell binding 

region. Peptides cleavage of FN in this region demonstrated that the tri-peptide RGD 

could support adhesion of cells (Ruoslahti and Pierschbacher, 1987). Although the peptide 

RGD is sufficient to mediate adhesion, the flanking regions are also required for maximal 

adhesion. A synergy site in the 9th FN type III domain which facilitates RGD-dependent 

adhesion is also required for maximal adhesion to FN (Aota et al, 1994). The other cell 



binding site is found in an alternatively spliced region of the FN molecule and is called the 

IIICS domain (Guan and Hynes, 1990; Schwarzbauer et al., 1987). 

Fibronectin is involved in a number of normal biological functions such as cell 

migration (Lacovara et al., 1984), adhesion, cell invasion (Ruoslahti, 1984), 

morphogenesis and developmental regulation (Ruoslahti, 1988). Fibronectin expression, 

as well as that of other matrix proteins are spatially and temporally regulated during 

development and altered during processes such as wound healing. 

A number of factors regulate FN synthesis and secretion. Fibronectin synthesis can 

be increased by dexamethasone (a synthetic glucocorticoid) which stabilizes the mRNA. 

Forskolin (an activator of adenylate cyclase) and TGF-ß increase FN expression via 

increased gene transcription (Dean et al., 1988). 

The expression of FN is greatly inhibited by neoplastic transformation in most cases 

examined. For example, the loss of FN from the cell surface after transformation results 

in decreased cellular adhesion which has been correlated with increased metastasis of some 

tumor cell types (Roos, 1987; Akiyama et al., 1995). 

Fibronectin expression in the breast is located in the mesenchymal compartment 

where it can be detected during embryonic development and in the postnatal breast 

(Lochter and Bissell, 1995). In mammary tumors, FN accumulates in the stroma as a 

result of desmoplasia. FN synthesis in tumors is often characterized by expression of the 

alternatively spliced ED A and ED B regions (Mardon et al., 1993; Oyama et al., 1993). 



C) Fibronectin matrix assembly 

To become an insoluble matrix molecule, FN has to be recaptured onto the surface 

of a cell capable of promoting matrix assembly. The exact mechanism of matrix assembly 

is not fully understood but it is thought to involve binding of FN to an integrin and to a 

receptor named "matrix assembly receptor"(Ruoslahti, 1994). Transfection of CHO cells 

with the a5ßi integrin restored their ability to assemble FN fibrils while transfection with 

other integrins did not support fibril formation. Fibronectin matrix assembly is not 

completely dependent on aß1 integrin since some cells are still able to assemble a FN 

matrix in the absence of aß1 (Wu et al., 1993). Wu et al., (1995) have shown that o^ 

can also function in matrix assembly. 

In the extracellular matrix of embryonic and adult tissues, FN is usually present as 

fibrils. The arnino terminal domain of FN, comprising the first five type I modules is an 

absolute requirement for the incorporation of FN into fibrils. Other sites including the 

RGD site and the first type III module are also important but not essential for matrix 

assembly. Only dimeric FN is incorporated into fibrils, hence the carboxyl-terminal 

cysteine residues involved in subunit crosslinking are essential for matrix assembly 

(Schwarzbauer, 1991). 

Fibril formation in the Xenopus blastocoel was inhibited by RGD peptides, an 

amino-terminal fragment of FN and cytochalasin B. Unbranched FN fibrils grow only at 

one end at a rate of about 4.7 /im/min as determined by double-labelling experiments. 

Most fibrils grow for only a short time, and the increase in total fibril length per cell is 

driven by the repeated initiation of new fibrils.   Assembly of FN into fibrils precedes 



crosslinking of FN into multimers in this system (Winklbauer and Stoltz, 1995). 

The 70 kDa amino-terminus fragment of FN (see Figure 1) which contains the 

matrix assembly region can inhibit FN fibril formation by causing chain termination. The 

70 kDa fragment can bind to the cells (McKeown-Longo and Mosher, 1985) but the 

receptors have not yet been clearly identified, however candidate molecules of 66 and 48 

kDa have been isolated (Moon et al., 1994). It is thought that unfolding of the type III-l 

module on the cell surface may control matrix assembly site recognition and represent an 

important step in the initiation of cell dependent FN polymerization (Hocking et al., 1994). 

D) The structure and function of collagens 

Collagens comprise a large heterogenous class of molecules. Some collagens 

demonstrate structural properties classically attributed to Coll but others have additional 

properties. Vertebrates contain at least 19 different types of Coll. Collagens are distinct 

from other proteins in that the molecule is composed of three polypeptide chains (a chains) 

which form a unique triple-helical structure. The smallest amino acid, glycine is present 

at every third residue along each chain for the three chains to be able to wind into a triple 

helix. Each of the three chains therefore has the repeating structure Gly-Xaa-Yaa, in 

which Xaa and Yaa can be any amino acid but are usually proline and hydroxproline 

(Radiert al., 1996). 

The collagens are classified into several groups (1) the fibrillar collagens; types, 

I, II, III, V, and XI, (2) the fibrillar-associated collagens, types IX and XII, (3) the 



network forming collagens, type IV, (4) beaded filaments, type VI, (5) the short chain 

collagens, types VIII, and X, and (6) the long chain collagens, type VII. The shape and 

most of the structural properties of a native Coll molecule are determined by its triple- 

helical domain(s). In the classical fibril-forming collagens a single triple-helical domain 

comprises more than 95% of the molecule. Other collagens, however, have multiple 

triple-helical domains. 

Collagen type I [al(I)]2a2(I), is found throughout the body execpt in cartilaginous 

tissues. It is a major constituent of the extracellular matrix of bone and skin. Its synthesis 

is restricted to predominantly two cell types; osteoclasts and fibroblasts. Changes in 

synthesis of Coll I occur during embryonic development and in response to injury and in 

many pathological conditions such as liver and lung fibrosis and scleroderma (Kadler et 

al., 1996; Galera et al., 1994) and show an increase in the stroma of breast carcinomas 

(Lochter and Bissell, 1995). 

Collagen type IV is the predominant structural component of basement membranes 

and is ubiquitous to these structures. Similar to fibrillar collagens, it is also composed of 

three chains in an cc-helix [cd(IV)]2 a2(IV). An interesting feature of collagen IV is that 

four other a(IV) chain isoforms have been discovered and are often expressed during 

pathogenesis. In contrast to fibrillar collagens, the newly synthesized Coll IV molecules 

do not undergo extracellular processing before being incorporated into the matrix. 

Another distinct feature is that the molecules are linked together to form a flexible 

network-like structure onto which other basement membrane proteins are attached (Hudson 

etal, 1993). 



1.2-INTEGRIN RECEPTORS 

Cell adhesion and spreading are required by non-transformed cells to grow and 

proliferate. There is a direct relationship between the degree of spreading and proliferation 

rate in cultured fibroblasts (Folkman and Moscona, 1978). Cell adhesion can be mediated 

by a number of different classes of molecules including (1) Ig superfamily, (2) cadherins 

(3) integrins, and (4) selectins. 

A) Structure, classification and general function of integrins 

Interactions between cells and the extracellular matrix are mediated primarily by 

cell surface receptors which belong to a superfamily of adhesion receptors called integrins. 

Integrins are transmembrane glycoprotein heterodimers composed of an a and ß 

subunit noncovalently bound together which mediate cell-cell and cell-matrix interactions. 

Associations of the a and ß subunits are not random, although <xv associates with multiple 

ß subunits, most a subunits associate with only one ß subunit (Figure 2 and Table 1) 

(Hynes, 1987, Albelda and Buck, 1990). Both the a and ß subunits possess large 

extracellular domains, a single transmembrane domain and short cytoplasmic domains (25- 

50 amino acids), with the exception of the ß4 subunit which has a 118 kDa cytoplasmic 

domain (Hogervorst et al., 1990; Suzuki and Naitoh, 1990). All a subunits contain several 

cation binding domains in the extracellular region. The ß subunit extracellular domains 

contain a repetitive amino acid sequence which contains a high number of cysteine residues 

(Figure IB) 

Integrins were initially classified according to their ß subunits and formed three 
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major groups: ßls ß2, and ß3. The integrins sharing the ßt subunit are the largest group 

having nine different a subunits and bind primarily fibronectin, collagens and laminin 

(Table 1). The leucocyte adhesion molecules, aLß2, ocMß2 and axß2 are only found on 

lymphoid and myeloid cells and share a common ß2 subunit (Larson and Springer, 1990). 

The observations that the av subunit could associate with multiple ß subunits has forced 

a new classification for integrins where the ß3 family is replaced with the av family (Figure 

2). 

Integrins play a key role in a number of biological processes where such as 

embryogenesis, wound healing, cell differentiation, lymphocyte migration, survival, cell- 

cell interactions, cell migration and gene transcription (reviewed in Ruoslahti, 1991; 

Giancotti and Mainiero, 1994). Integrins are also involved in a number of pathological 

processes such as bacterial cell invasion (Isberg and Leong, 1990) and tumor cell migration 

and invasion (Dedhar, 1990; Dedhar and Saulnier, 1990; Ruoslahti and Pierschbacher, 

1987). 

Integrins are crucial for embryonic development. A number of integrin null mice 

embryos have been established recently. The ßj null mutant is the most lethal, showing 

peri-implantation lethality at day 5 (Stephens et al, 1995). An a5 null mutant showed 

failure to form a notochord and somites in the posterior region distal to somite 10. Null 

mutants of the a3, av and cc8 showed neonatal lethality while no phenotypic changes were 

observed during development or in adulthood in a: null mice (Fässler et al., 1996). 

Integrin function is regulated by a large number of different mechanisms which 

ultimately involve changes in the conformational state of the protein. The major difference 
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in integrin regulation is its activation state. The ßl and ß2 integrins on hematopoietic cells 

and platelets are not constitutively active i.e. unable to bind ligand until they are activated 

by other receptors. In platelets, activation by thrombin will activate the aIIbß3 and enable 

it to bind a number of different ligands. In contrast, on epithelial cells, integrin receptors 

are constitutively active. This is not a function of the integrin itself but a result of factors 

in the cytoplasm since transfected ocLß2 into epithelial cells will be constitutively active 

(Larson et al., 1990). The a5ßi receptor has multiple activation states in K562 cells where 

it can bind with low affinity (Kd > 1/xM) or be activated to bind with high affinity (Kd 54 

nM) (Faull et al., 1993). The c-Ras protein has been postulated as being an important 

regulator of integrin activation in myeloid cells (Zhang et al., 1996). 

Another important mechanism for regulating integrin activity is the presence of 

divalent cations. The a subunit contains 4-7 cation-binding sequences, similar to the EF- 

hands motif found in calcium-binding proteins such as calmodulin. The divalent cations 

Ca2+, Mg2+, and Mn2+ have been shown to be essential for integrin function and 

differentially regulate adhesion. Ca2+ tends to be a negative regulator while Mg2+ and 

Mn2+ increase integrin-mediated adhesion. It is thought that both Mg2* and Mn2+ support 

ligand binding because they shift the conformational equilibrium between active and 

inactive states in favor of the active state while Ca2+ causes changes which favor the 

inactive state (Mould, 1996). 

Phospholipid composition may be another mechanism by which integrin activity is 

regulated. The avß3 integrin inserted into liposomes bound to different ligands depending 

on the composition of the phospholipids in the plasma membrane. The avß3 integrin only 
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bound to VN in liposomes composed of phosphatidylcholine but was able to bind other 

substrates when the liposomes also contained phosphatidylethanolamine, 

phosphatidylserine, phosphatidylinositol and cholesterol (Conforti et al., 1990). 

A number of factors affect surface expression of integrins including a number of 

cytokines and growth factors such as TGF-ß (Heino et al., 1989; Roberts et al., 1992). 

Adhesion also increases transcription of integrin genes as well as their surface expression 

(Chen et al. 1992; Delcommenne and Streuli, 1995). Cell surface gangliosides may also 

be involved in integrin regulation. The GM3 ganglioside was shown to increase a5ßr 

mediated adhesion to FN in the mouse mammary carcinoma cell line FUA169 (Zheng et 

al., 1993). Proteolytic cleavage (Kishimoto et al., 1989) or variations in glycosylation of 

the a or ß subunits (Chammas et al., 1993; Kawano et al., 1993; Lampe et al., 1993) can 

also affect the function of integrins. In conclusion integrins form a large family of cell 

surface receptors whose ability to bind to its ligand is regulated by several mechanisms. 
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Figure 1. The structure of fibronectin and integrin subunits 

Panel A 

The modular structure of fibronectin, showing the position of FN1, FN2 and FN3 

modules. The position of the EDA, EDB and IIICS alternatively spliced regions are also 

shown. The RGD sequence is located in the 10th FN3 module. The location of the 70 and 

85 KDa fragments are also indicated (From Potts and Campbell, 1994). 

Panel B 

General structure of the integrin a and ß subunits. The a subunits are generally 

larger than the ß subunits The location of divalent cation binding sites and cysteine rich 

domains are indicated as well as the domain and protease cleavage site (found only in some 

integrins). 
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Figure 2. Integrin subunit association 

The association of integrin a and ß subunits (solid lines) is not random. There are 

approximately 21 integrin heterodimers which have been characterized to date. 

Note that the ßj and ß2 subunits bind to several a subunits and that most a subunits 

associate with only one ß subunit, with the exception of the av subunit which binds to 

several ß subunits. 
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TABLE 1 

Integrin superfamily of cell adhesion receptors 

integrin 
subunits 

molecular 
mass 

ligands 

«ißi 200/110 laminin (El), collagen 

a2ßi 160/110 laminin, collagen, tenascin 

«3ßi 150/110 laminin, (1,5) collagen (I, IV, VI), fibronectin, 
entactin 

a4ßi 140/110 cell-cell, fibronectin (CS-1), VCAM-1 

<x4ß7 140/100 fibronectin, VCAM-1, MadCAM-1 

«sßi 155/110 fibronectin, Ll 

«eßi 140/110 laminin (E8) 

«6ß4 140/210 laminin 1,5 

«7ßi 125/110 laminin (E8) fibronectin L-14 L-14 Lectin 

«sßi 160/110 fibronectin, tenascin, vitronectin 

a9ßi 140/110 tenascin 

«iA 170/90 ICAM-1, ICAM-2, ICAM-3 

aMß2 165/90 C3bi, fibrinogen 

ai50P2 145/90 

«vßl 160/110 fibrinogen, fibronectin, vitronectin, osteopontin 

«vß8 
160/110 fibronectin, collagen 

avß5 160/100 fibronectin, vitronectin, osteopontin 

«vße 160/105 fibronectin, vitronectin, tenascin 

«vß3 
160/105 laminin, Von Willebrand factor vitronectin, fibronectin, 

fibrinogen, osteopontin, thrombospondin, tenascin 
PCAM-1, (Ll)-CAM, 

ßubßs 140/105 fibrinogen, fibronectin, vitronectin, 
Von Willebrand factor, thrombospondin 
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B) Distribution of integrins on normal and transformed cells 

In general, integrins are found on almost all cell types, including fibroblasts, 

leukocytes, platelets, myocytes, endothelial cells and most epithelial cells. Each cell type 

expresses a unique pattern of integrins. Different integrins tend to be expressed depending 

on whether the cell is resting on a basement membrane or imbedded in connective tissue. 

For example, fibroblasts express higher levels of the FN receptor a5ßx while epithelial cells 

express higher levels of the LM receptor a^ (Tang and Honn, 1995). Similar to ECM 

expression, integrin expression is a dynamic process. It has been demonstrated that 

integrin expression is transiently altered during wound repair. Integrin expression is often 

reduced in transformed cells however there are few predictable changes based on the 

current understanding of integrin regulation. There are a few alterations in integrin 

expression which apply to many cells when undergoing transformation. A decrease in the 

expression of the a5^l receptor on fibroblasts and an increase in the avß3 are commonly 

observed on melanoma cells (Seftoe et al, 1992). 

Table 1 illustrates that most integrin receptors can bind to several ligands. Unlike 

many integrin receptors, the a5Pj integrin binds primarily one ligand (FN), however, it is 

not without important cellular functions such as adhesion, protease production in 

fibroblasts (Werb et al, 1989) matrix assembly (Wu et al, 1993; Fogerty et al, 1990), 

cytokine production in human chrondrocytes (Yonezawa et al, 1996), cell growth in colon 

carcinoma cell lines (Varner et al, 1995), cell survival in CHO cells (Zhang et al, 1995) 

proliferation (Mortarini et al, 1992) and differentiation (Giancotti and Ruoslahti, 1990; 

Adams and Watt, 1990). Expression of a5ßx in fibroblasts is regulated by adhesion. 

Fibroblasts in suspension quickly reduce surface expression of a5ß{ (Dalton et al, 1992). 
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In addition, it is lost from the surface of keratinocytes prior to terminal differentiation but 

does not appear to be involved in this process (Hotchin et al., 1993). 

The a2ß! integrin receptor binds primarily to Coll and LM. Its affinity for either 

substrate varies between cell lines. Endothelial cells use a2ßi primarily as a LM receptor 

(Languino et al., 1989). Platelets use a2^1 primarily as a Coll receptor (Kirchhofer et al., 

1990). Most other cell types bind to both Coll and LM. Zutter and Santoro (1990) have 

demonstrated that a2ßj was widely distributed using immunohistochemical techniques. It 

was expressed on fibroblasts, endothelial cells, and epithelial cells including skin, tonsil, 

breast, sweat gland, gastrointestinal tract, lung, bladder, cervix, prostate and Schwann 

cells. Zutter and Santoro (1990) also found a2px to be more abundant in rapidly 

proliferating epithelium suggesting that it may play a role in regulation of proliferation. 

In addition to promoting adhesion and migration, the a2ßj integrin has been well studied 

for its ability to cause Coll gel contraction by fibroblasts (Schiro et al., 1991; Klein et al., 

1991). 

TGF-ß can induce collagen gel contraction in the osteogenic lines MG63 and HOS- 

MNNG by increased a2ßi expression at the cell surface. The c^ßj is also reported to up- 

regulate collagenase and collagen al (I) gene expression in osteogenic lines (Riikonen et 

al., 1995a and b) and to be involved in accumulation of GTP-bound Ras after Ab ligation 

in Jurkat T cells (Kapron-Bras et al., 1993). These results show that the a^ and a2ß1 

integrin receptors influence a number of cellular processes. 

C) Integrin expression on normal and neoplastic mammary cells 

Breast epithelial cells, like many other epithelial cells, express a number of integrin 
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receptors at the cell surface. Normal mammary cells typically express the oc^, oc^, c^ßj, 

a6ß1; and cc6ß4 integrins. The c^ßj integrin is present on myoepithelial cells but weak on 

luminal cells (Gui et al., 1995b). As with other tumor cells, the integrin expression is 

reduced on transformed mammary cells (Restucci et al, 1995; Pignatelli et al., 1991; 

Zutter et al., 1990). The role of the a5ßi receptor on mammary carcinomas has not been 

as well studied as the a2ßj receptor. In fact, the FN receptor, a5ßl5 has not been 

investigated in several key studies examining the expression of integrins on mammary 

carcinomas using immunohistochemical techniques (Berdichevsky et al., 1994; Alford and 

Taylor-Papadimitriou, 1996). However, c^ßj is expressed on several mammary carcinoma 

cell lines but its role is unclear (Tawil et al., 1996; Song et al., 1995). The mammary 

carcinoma cell lines TA3/st and TA3/Ha used the c^ßj and a6ß4 integrins respectively to 

bind to hepatocytes suggesting a role for these receptors in metastasis (Kemperman et al., 

1994). 

Murine breast carcinoma cells showed increased expression of oc2ß, which is 

correlated with a decrease in the malignant phenotype and increased morphogenesis in 

collagen gels (Zutter et al., 1995; Berdichevsky et al., 1992). Transfection of human 

mammary luminal epithelial cells MTSUI-7, SKBr3 with c-ErbB2 show a reduced levels 

of a2ßi and Poor morphogenic ability (D'Souza et al., 1993). It was later found that c- 

ErbB2 downregulation of a2ßj occurs through regulation of the transcription factor Spl 

binding to the promoter region of the a2 gene (Ye et al., 1996). 

The ligand specificity of a2ßx integrin i.e. its function as a LM receptor, may be 

regulated during the malignant progression of breast cancer cells. A reduced contribution 

of a2ßj integrin to the cellular LM binding appears to be associated with an increased 
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malignant phenotype and with epithelial-mesenchymal transition (Maemura et al., 1995). 

D) Focal adhesions are complex structures 

Focal adhesions, also called adhesion plaques or focal contacts, are a localized 

concentration of proteins at points of adhesion in areas where the extracellular and 

intracellular environment are linked by transmembrane proteins. Integrins are the major 

transmembrane receptors found at focal adhesions. Many cell types including fibroblasts, 

epithelial cell, endothelial cells grown in tissue culture and platelets adhere tightly to the 

underlying substrate through discrete regions of the plasma membrane (reviewed in 

Jockusch et al., 1995). 

Focal adhesions are not static but highly dynamic structures that exist for a limited 

period of time and are tightly controlled by a finely balanced equilibrium of their 

components. There are 3 examples of structures in vivo which resemble focal adhesions 

(1) smooth muscle cells, (2) myotendinous junctions and (3) plasma membrane-ECM 

interaction of epithelial cells. 

There are now approximately 50 proteins which have been localized to focal 

adhesions. Experiments performed using antibodies or ligand coated beads demonstrated 

that some proteins are activated upon integrin clustering but not ligation and more proteins 

cluster to focal adhesions when integrins are both ligated and clustered (Miyamoto et al., 

1995 a and b). An interesting feature of focal adhesions is that they are enriched with a 

large number of proteins that are tyrosine phosphorylated. Furthermore, the assembly of 

focal adhesions is disrupted by inhibitors of protein tyrosine kinases and stimulated by 

inhibitors of protein tyrosine phosphatases (Craig and Johnson, 1996). Focal adhesions 
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are sites from which signal transduction pathways are generated. There are two 

components to the signaling mechanisms of focal adhesions; (1) mechanical components 

involving the cytoskeleton and changes in cell shape and (2) enzymatic components 

involving activation of protein tyrosine kinases. Integrin ligation and clustering to focal 

adhesions will cause a cascade of structural proteins to be assembled including talin, a- 

actinin, paxillin, tensin. The function of some proteins in focal adhesions are not yet 

clearly defined. However, two important tyrosine kinases at focal adhesion which are well 

characterized are c-Src and focal adhesion kinase (FAK). Focal adhesion kinase 

(ppl25FAK) is a 125 kDa cytoplasmic protein tyrosine kinase which co-localizes to focal 

adhesion after integrin activation. Structurally FAK contains a central catalytic domain. 

The amino-terminal domain contains a region capable of binding the membrane proximal 

13 amino acids of the ßl integrin and to c-Src. The carboxyl-terminal region of FAK is 

involved in targeting to focal adhesion and binding to a number of cytoskeletal proteins. 

Focal adhesion kinase was originally isolated as a substrate for c-Src. There are currently 

at least 9 FAK-binding proteins. Among these are cytoskeletal proteins such as paxillin 

and talin as well as proteins involved in signaling such as Grb2, Phosphatidylinositol 3- 

kinase (PI 3-kinase), c-Src and Cas (reviewed in Schaller, 1996). 

Focal adhesion kinase is expressed in most cell types and its expression was shown 

to be increased in a number of metastatic breast and colon carcinomas in vivo (Weiner et 

al., 1993) as well as in a number of tumor cell lines (Owens et al., 1995). 

E) Integrin signal transduction 

The field of integrin signal transduction has exploded in the last couple of years and 
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an in depth review is beyond the scope of this introduction. There are several excellent 

recent reviews on integrin signal transduction (Lafrenie and Yamada, 1996; Schwartz et 

al, 1995; Dedhar and Hannigan, 1996; Clark and Brugge, 1995; Guan and Chen, 1996; 

Yamada and Miyamoto, 1995). 

Integrin signal transduction pathways are involved in a number of biological 

processes including cell adhesion and spreading, proliferation, apoptosis, differentiation 

and gene transcription. As noted previously there are approximately 21 different integrins 

heterodimers each of which can bind several ligands and are important for a large number 

of biological processes and cellular functions. This situation obviously leads to a very 

complex system of signaling events which are only beginning to be illucidated. 

Integrins are involved in bidirectional signaling, meaning that there are both 

outside-in and inside-out signal transduction mechanisms. Inside-out signaling has been 

well studied in white blood cells and platelets. The gpllalllb receptor on platelets and the 

ßi and ß2 integrins on hematopoietic cells are usually unable to bind ligand until activated 

by other factors such as thrombin, therefore intracellular signaling is required to activate 

the integrin. Transfection of ß2 integrins in epithelial cells results in constitutive activation 

of the integrin suggesting that the constitutive activity of integrins on epithelial cells is 

mediated by cytoplasmic components and not the integrin receptor itself ( Larson et al., 

1990). The identity of this mechanism is unknown but may involve the Ras proteins which 

can activate integrin receptors (Zhang et al., 1996). 

Outside-in signaling is the better studied mechanism of signaling in fibroblasts and 

epithelial cells. It involves ligation of the integrin to its ligand which activates intracellular 

proteins. In culture, ligation of integrins also activates a number of signaling molecules 
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and events including activation of the Na/H+ antiporter which is activated via the a$r 

integrin regardless of cell shape (Schwartz et al., 1991), increases in intracellular calcium, 

increased activation of PKC and MAP kinase (Chen et al., 1994; Zhu et al., 1995). 

Several years ago it was thought that since integrins had very small cytoplasmic 

domains with no kinase region that they function mainly as receptors to the ECM 

generating mechanical tension and causing cell spreading. There is now plenty of evidence 

supporting the role of the cytoplasmic domain in outside-in signaling as well as in inside- 

out signaling in hematopoietic cells (see above) (O'Toole et al., 1994; Akiyama et al., 

1994). In addition, the cytoplasmic domain confers integrin specific signals. Experiments 

performed where the cytoplasmic domain of the a2 subunit is replaced with the cytoplasmic 

domain of a4 or oc5 resulted in differences in the cells' ability to mediate Coll gel 

contraction and migration (Chan et al., 1992). There is also a sequence in the cytoplasmic 

domain of the ßj subunit which is responsible for targeting to focal adhesions (Marcantonio 

et al., 1990). The cytoplasmic domain of the ß4 subunit is linked to pathways which are 

involved in cell cycle regulation since it could induce expression of p21 (WAF1) protein, 

an inhibitor of cyclin dependent kinases (Clarke et al., 1995). 

The integrin subunits a3, a6, a7, ßls ß3 and ß4 have alternately spliced variants in 

their cytoplasmic domain. The ßx subunit now has 4 different alternatively spliced 

isoforms in the cytoplasmic domain. The ß1D isoform is primarily located in the junctional 

structures in striated muscles (Belkin et al., 1996). The ßlc does not colocalize to focal 

adhesions and when transfected in fibroblasts markedly inhibits DNA synthesis and causes 

growth arrest at the late G{ phase of the cell cycle (Meredith et al., 1995). The a6 subunit 

contains 2 alternatively spliced isoforms. The a6A isoform was more efficient than the a6B 
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isoform in inducing tyrosine phosphorylation of several cytoplasmic protein in the P388D1 

macrophage cell line (Shaw et al., 1995). 

The integrin cytoplasmic domains contain no SH2 or SH3 domains and have no 

kinase activity and were thought not to be involved in signal transduction. However, there 

are a number of proteins which have been demonstrated to bind to the integrin cytoplasmic 

domain including cytoskeletal components such as a-actinin (Otey et al., 1990) and talin 

and enzymes such as ILK (integrin linked kinase) (Hannigan et al., 1996), FAK, 

calreticulin (Rojiani et al., 1991), ß3-endonexin (Shattil et al., 1995), She and Grb2 bind 

to the ß4 cytoplasmic domain (Mainiero et al., 1995). 

There have been a number of different proteins shown to be involved in integrin signaling, 

including kinases such as FAK, Src, Csk, PKC and MAP kinase, SH2-SH3 signaling 

proteins such as Crk, Grb2, PI 3-kinase, and PLC, small molecular weight GTPase such 

as ras, Rho C3G and phospholipid mediators such as PIP 5-kinase, cPLA2 and arachidonic 

acid (Clark and Brugge, 1995) have all been implicated in integrin signal transduction 

pathways. 

F) Cooperative interactions between different integrin receptors 

A new area in integrin research which has recently developed is the cooperative 

interactions between integrins. There are several reports of 2 integrins types working in 

a positive or negative manner in cooperative interactions. Huhtala et al., (1995) showed 

that a4ßi was required to downregulate MMP expression of rabbit synovial fibroblasts 

plated on 120 kDa fragments of FN. CHO cells required the FN receptor a5p! to work in 

cooperation with VN receptors for haptotactic response on VN since a5 deficient cells do 
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not migrate on VN (Bauer et al, 1992). Melanoma cells which express the VN and 

fibrinogen receptor a^ cooperate with a$x to mediate adhesion and spreading on 

fibronectin (Marshall et al, 1995). Blystone et al., (1994) found that ligation of ocvß3 

could inhibit a^ mediated phagocytosis in K562 cells but not cc^ mediated adhesion. 

This inhibition could be blocked using the serine/threonine kinase inhibitor H7. In 

addition Charo et al., (1990) showed that avß3 acted cooperatively with the a5ß, receptor 

to mediate adhesion and spreading in M21 melanoma cells. These results show that 

integrins can act together in a cooperative or negative manner and show another level of 

complexity in integrin regulation. 

1.3 - GROWTH FACTORS 

Growth factors are polypeptides which can stimulate processes such as growth, 

proliferation, differentiation, migration and survival of cells. They mediate their effects 

through high affinity interactions with transmembrane cell surface receptors that modify 

key regulatory proteins in the cytoplasm. In vivo, normal cells typically respond to growth 

factors in a paracrine manner. In contrast, transformed cells frequently become 

independent of exogenous growth factors and acquire an autocrine loop where they respond 

to growth factors to which they have secreted. 

A) Hepatocyte growth factor 

Hepatocyte growth factor (HGF) also called scatter factor belongs to the family of 

kringle proteins, characterized by triple disulfide loop structures (kringles) that mediate 

protein-protein and protein-cell interactions.   HGF is a mesenchymal-derived heparin- 
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binding glycoprotein that is secreted as a single-chain (pro-HGF), biologically inert 

precursor. proHGF can then be cleaved by enzymes such as urokinase plasminogen 

activator or by a protease homologous to factor XII. It then acts predominantly on cells 

of epithelial origin in an endocrine and/or paracrine fashion. Mature HGF is a 

heterodimer, consisting of a 60 kDa a and 30 kDa ß chain linked by a single disulfide 

bond. 

HGF is also involved in a number of normal developmental pathways such as 

proliferation, migration, liver regeneration, mammary gland morphogenesis, invasion and 

tumor progression (Rosen et al., 1994). HGF regulates growth and motility of a number 

of epithelial cell lines (Jiang et al., 1993) as well as anchorage-independent growth of 

MDCK cells (Uehara and Kitamura, 1992). Growth, morphogenesis, branching and 

during development of mammary cells are also dependent on HGF (Niranjan et al., 1995; 

Soriano et al., 1995). Transfections of HGF into immortalized liver cells transformed 

them into tumorigenic cells (Kanda et al, 1993). HGF can also promote survival of 

adherent rat pheochromocytoma PC 12 cells in low serum condition (Matsumoto et al, 

1995a). 

HGF and c-Met are expressed and regulated temporally during mouse mammary 

development and differentiation. It is both mitogenic and morphogenic for mammary 

epithelial cells in collagen gels (Niranjan et al., 1995; Soriano et al., 1995) and also causes 

branching of MDCK cells in collagen gels. The presence of other ECM proteins such as 

LM, entactin, and FN facilitated the branching and morphogenesis while others like type 

IV collagen, heparan sulfate proteoglycan and VN inhibited HGF-mediated morphogenesis 

(Santos and Nigam, 1993).   In another study Clark (1994) showed that MDCK cells 
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scattered in response to HGF only on FN coated surfaces and not on VN coated surfaces, 

however, they observed no difference in the mitogenic response on the two substrates. 

HGF could also promote scatter activity of several colon carcinoma cell lines but inhibited 

their growth over a period of several days (Jiang et al, 1993). In relation to HGF 

mediated motility, HGF could induce tyrosine phosphorylation of FAK in oral squamous 

carcinoma cells (Matsumoto et al., 1994). HGF could induce anchorage-independent 

growth of MvlLu cells in agar while 10% FBS alone or with TGF-ß could not (Taipale 

and Keski-Oja, 1996). Transfection of HGF in MDCK cells caused an increase in colony 

growth (Uehara and Kitamura, 1992). Addition of exogenous HGF could increase 

anchorage-independent growth of small cell lung cancer cells (Seckl et al., 1994). 

TGF-ß inhibited branching and tubulogenesis of MDCK cells in collagen type I gels 

(Santos and Nigam, 1993). HGF could also partially inhibit TGF-ß mediated growth 

arrest of MvlLu cells (Taipale and Keski-Oja, 1996). 

B) HGF receptor (c-Mef) 

The c-Met receptor is a 190 kDa glycoprotein consisting of a 145 kDa membrane 

spanning ß-chain and a 50 kDa oc-chain. The extracellular binding domain and tyrosine 

kinase domain are located in the ß-chain. Two other receptors, c-Sea and c-Ron are 

members of this family however their ligands remain unknown. The c-Met receptor 

possesses a multifunctional binding site involving two YV(H/N)V motifs which mediate 

binding to PI 3-kinase, protein tyrosine phosphatase 2, PLC-y, c-Src, and Grb2/Sos via 

tyrosine residues (Ponzetto et al., 1994). 

C-Met is expressed in normal epithelium of almost every tissue, however, other cell 
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types such as melanocytes, endothelial cells, microglial cells, neurons and hematopoietic 

cells also express c-Met. In addition, c-Met is expressed in most carcinoma cells in 

culture and is expressed at very low levels in human fibroblasts. The demonstration of co- 

expression of HGF and c-Met in human bronchial epithelial cells suggested that an 

autocrine loop may play a regulatory role during the development and growth of human 

bronchi (Byers et al., 1994). 

All of the biological effects of HGF/SF are transduced through its cellular receptor, 

the product of the c-Met proto-oncogene, by the activation of its tyrosine kinase domain 

and the phosphorylation of a multifunctional docking site, which is responsible for the 

engagement of downstream mediators. Since tumor malignancy depends on events such 

as the ability of cancer cells to undergo uncontrolled cell proliferation, loss of 

differentiation, acquisition of a motile and invasive phenotype and induction of 

neovascularization, the untimely activation of the c-Met receptor might give a strong 

contribution to the metastatic phenotype. 

Q Transforming Growth Factor-ß and its receptors 

TGF-ß's are potent regulators of cellular differentiation, morphogenesis, 

proliferation and growth. TGF-ß interacts primarily with the protein core of 

proteoglycans. In addition to being bound by ECM, TGF-ß 1 modulates many aspects of 

matrix biochemistry (Yamagouchi et al., 1990). TGF-ß regulates the composition of ECM 

by stimulating the synthesis of Coll, FN, tenascin, proteoglycans, and integrins, acting to 

inhibit ECM degradation in some cells through down-regulation of proteinases such as 

plasminogen activators, collagenase, and stromelysin; and by up-regulating proteinase 
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inhibitors such as the tissue inhibitor of metalloproteinase 1 and PAI-1 (Sehgal et al, 

1996). TGF-ß also induces the expression of specific matrix proteoglycans such as decorin 

and biglycan. This stimulation is of particular significance because these proteoglycans 

bind TGF-ß 1 and appear to inhibit its activity. The significance of the binding of TGF-ß 

binding to FN, thrombospondin, Coll IV or decorin is less apparent (Yamagouchi et al., 

1990). 

TGF-ß is a 25 kDa disulfide linked homodimer which belongs to a family of 

structurally related polypeptides that regulate cell growth and differentiation. TGF-ß 's are 

ususally synthesized and secreted in a latent form. They can be activated by a number of 

mechanisms including pH extremes, proteases, thrombospondin, irradiation, 

glucocorticoids and retinoids (Koli and Keski-Oja, 1996). 

TGF-ß is a heat- and acid-stable peptide composed of two identical chains held 

together by disulfide bonds. Activated TGF-ß 1 has multiple reported biological effects. 

It is a potent regulator of cell proliferation, acting to stimulate the growth of mesenchymal 

cells and inhibit the growth of other cell types by inducing a block in Gl. Meth A sarcoma 

cells, which overproduced TGF-ß 1 demonstrated growth inhibition in vitro, but were more 

tumorigenic in vivo as assayed by increased tumor size and number. Studies in rat prostate 

cancer cells have also shown that transfection with a TGF-ß 1 expression vector resulted 

in TGF-ß 1 overproduction and led to transient growth inhibition in vitro, but resulted in 

larger tumors with a greater number of metastases after either i.v. or local deposition in 

vivo (Sehgal et al., 1996). 

TGF-ß is also involved in the development of the mammary gland. Mammary 

epithelial cells in culture, as well as several breast carcinoma cell lines, express TGF-ß and 
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are responsive to its growth inhibitory effects. In the later stages of tumor development, 

cells acquire hormone independence following progression towards estrogen independence 

there is a large increase in TGF-ß production and change in cellular responses towards this 

growth factor. TGF-ß mRNA is usually upregulated in breast cancer (Walker et al., 1994; 

Welcher al., 1990). 

TGF-ß receptors initiate signaling pathway with serine/threonine kinase activity. 

The cellular growth response to TGF-ß is also dependent on the differentiation and 

activation state of cells and on the presence of other extracellular growth regulatory 

molecules (Koli and Keski-Oja, 1996). One of the three species of cell-surface receptors 

with which TGF-ß associates is a 250-350 kDa heparin and chondroitin sulfate 

proteoglycan called betaglycan which is present as soluble and matrix bound species. 

TGF-ß 1 binds to three types of cell surface receptors. Type I TGF-ß receptors 

contain a serine-threonine kinase domain and have been reported to transduce signals 

which promote the synthesis of matrix proteins; the type II receptor, also a serine-threonine 

kinase, is reported to mediate antiproliferative effects, and the type III receptor or ß-glycan 

is a proteoglycan which binds TGF-ß 1 but does not transduce growth factor signals. 

Heterodimerization of type I and type II receptors is required for TGF-ß 1 signaling 

through either receptor, although the type II receptor can directly bind TGF-ß ligands 

(Sehgal et al., 1996). 

D) Receptor tyrosine kinase signal transduction and PI 3-kinase 

Growth factor receptor tyrosine kinases (RTK) possess an extracellular ligand- 

binding domain, a single transmembrane domain and a cytoplasmic region with inducible 
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protein tyrosine kinase activity. Receptor ligation results in activation and association of 

the receptor with a number of cytoplasmic signaling proteins, that in turn stimulate 

intracellular signal transduction pathways and induce changes in cellular gene expression, 

cytoskeletal architecture, proliferation, migration and metabolism. 

Receptor-ligand interactions cause dimerization of the receptors tyrosine kinase 

which physically associate with and phosphorylate a set of cytoplasmic proteins implicated 

in cellular signal transduction pathways. These include phospholipase C-y (PLC-y), 

phosphatidylinositol 3-kinase (PI 3-kinase), p21 Ras GTPase activating protein (GAP) and 

members of the Src tyrosine kinase family. A detailed review of RTK signaling is beyond 

the scope of this introduction, I will focus on PI 3-kinase signaling. 

PI 3-kinase is a dual specificity enzyme involved in a number of cellular functions 

including mitogenesis, apoptosis, vesicle trafficking and cytoskeletal assembly. PI 3- 

kinase can affect cell growth in three ways (1) through the production of phosphoinositides 

(2) through phosphorylation of proteins on serine residues via the endogenous protein 

kinase activity, or (3) by acting as an adaptor protein, not requiring enzymatic activity 

(Carpenter and Cantley, 1996). Yao and Cooper, (1995) have shown that PI 3-kinase is 

required for nerve growth factor (NGF) mediated survival of PC12 cells and rat fibroblasts 

(Yao and Cooper, 1996). In addition PI 3-kinase activity was required for FAK activation 

by PDGF in human umbilical vein smooth muscle cells. Mutant PDGF receptors unable 

to bind PI 3-kinase were unable to increase FAK phosphorylation in response to PDGF 

(Varticovski et al., 1994). 

Phosphatidylinositol 3-kinase (PI 3-kinase) is composed of an 85 kDa (p85) 

regulatory subunit and a 100 kDa (pi 10) catalytic subunit.   The p85 subunit has two 
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isoforms (a and ß) which have extensive amino acid homology. The p85cc isoform is 

ubiquitously distributed, whereas the p85ß isoform is primarily found in bovine brain and 

lymphoid tissues. The primary sequence of p85 consists of several domains including one 

SH3(mediates protein-protein interactions via proline rich regions), two SH2 (mediates 

association with both receptors and non-receptor tyrosine kinases via phosphorylated 

tyrosine residues) and a BCR-like domain who's function in PI 3-kinase is unknown but 

in other proteins mediates GTPase activity for small GTP binding proteins. 

PI 3-kinase associates with a number of proteins via both its SH2 and SH3 domains. 

In addition to growth factor receptors, the SH2 domain of p85 binds to src, rasGAP, PLC- 

Y, Crk, Grb2, She and FAK. The two SH2 domains bind tyrosine phosphorylated 

receptors and in this manner recruit the p85-l 10 complex to activated receptors. The two 

SH2 domains are separated by an inter-SH2 region which mediates the interaction of p85- 

110. This interaction is required for the enzymatic activity of pi 10. The catalytic pi 10 

subunit is homologous to other protein kinases and, itself, has protein serine/thronine 

kinase activity, as well as phophoinositide kinase activity (Carpenter and Cantley, 1996). 

In addition the SH3domain of c-Abl, Lck, Fyn, Lyn, Blk, and Src can bind to the proline 

rich region of PI 3-kinase. The principal reaction catalyzed by PI 3-kinase is the 

phosphorylation of PI, PI 4-P and PI 4,5-P2 to form PI 3-P, PI 3,4-P2 and PI 3,4,5-P3 

respectively (Varticovski et al., 1994). 

E) Cooperative signaling between integrins and growth factors 

There is overlap between receptor tyrosine kinase and integrin signal transduction 

pathways.  It appears that there may be additional, adhesion specific events involved in 
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mitogenesis, because high concentrations of growth factors are not sufficient to override 

the adhesion requirement (Kang and Krauss, 1996). However, the molecular mechanisms 

which join integrin and growth factor signaling pathways are not well understood. There 

are a number of ways in which ECM and growth factors act co-operatively. (1) The ECM 

presents bound growth factors to cells in a functional manner (2) the ECM may change the 

cell shape through adhesive interactions and render it responsive to growth factors (3) 

ECM proteins may bind to integrins and generate signals that interact with those generated 

by growth factors (Schubert, 1992). One function of the ECM which is important for 

growth factor signaling is the activation of PIP 5-kinase catalyzed PIP2 formation by 

adhesion to FN which is ready to be used in growth factor signaling pathways (McNamee 

etal, 1993). 

There are a number of signaling molecules which are well established in the growth 

factor signaling pathways which are now being demonstrated to be involved in integrin 

signaling pathways. For example Ras, Grb2, Src and FAK have been implicated in such 

signaling pathways. These results suggest cooperative or synergistic interactions between 

growth factors and integrin signal transduction pathways. 

Until recently the effect of adhesion via integrins and the effects of growth factor 

on cellular proliferation and other functions were studied independently. Most studies 

performed on the cooperative effect between integrins and growth factors have been done 

in fibroblasts and platelets. Little information is available in this area on epithelial cells. 

Src, an established member of growth factor signal transduction, is also colocalized 

at focal adhesions during the initial stages of adhesion. Src'" fibroblasts demonstrated 

slower adhesion kinetics to FN than wildtype cells.  The kinase activity of Src was not 
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required for cell spreading (Kaplan et al., 1995). 

FAK, a key player in integrin signal transduction is also phosphorylated in response 

to growth factor stimulation (Matsumoto et al., 1994). FAK phosphrylation after growth 

factor activation may be one of the mechanisms by which growth factors regulate cell 

adhesion. Another protein which may be invovlved in altering adhesion via growth factors 

signaling is the small GTP-binding protein rho, which regulates focal adhesion assembly 

and stress fibres (Ridley and Hall, 1992). 

1,4 - ANCHORAGE-INDEPENDENT GROWTH 

Anchorage-independent growth is defined as growth without adhesion and 

spreading and is considered a characteristic of most tumor cells. The term anchorage- 

independent growth refers to growth and proliferation in the absence of adhesion and 

spreading. The classical assay to determine the anchorage-independent potential of cells 

is growth in soft agar. Cells which are able to grow in soft agar generally are more 

tumorigenic in mice (Shin et al., 1975). These properties suggest a relationship between 

the degree of transformation and the anchorage-independent growth potential. The term 

anchorage-independence was coined many years ago before the understanding of cell 

adhesion and integrins. We, in this thesis, and others (Glimelius et al., 1988; Nederman 

et al., 1984) have shown the involvement of integrins and ECM in cells which are not 

adherent or spread, which conflicts with the original term anchorage-independence. From 

herein, the term "anchorage-independence" will refer to spreading independence or growth 

in a three dimensional matrix. In our survival assay the cells are maintained in suspension 
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in media while they are inbedded in a three-dimensional agar matrix in the colony assays. 

Non-transformed cells must be adherent and spread in order to proliferate. As the cells 

progressively become transformed there is a progressive loss of anchorage requirement and 

response to exogenous growth factors via paracrine stimulation. 

The most common method used to determine anchorage-independent growth is 

growth in soft agar. Tumor nodules have been shown to be more resistant to 

chemotherapy and radiation therapy than adherent cells. A tumor spheroid typically shows 

several layers of cells with a necrotic center, several layers of cells undergoing apoptosis, 

few layers of quiescent cells and an outer layer of rapidly proliferating cells. It is likely 

the layer of quiescent cells which are resistant to conventional treatments (Olive and 

Durand, 1994). As the spheroids enlarge, the external well-nourished cells continue to 

divide but the internal cells, lacking nutrients and 02 often exit the cell cycle and enter G0 

It is these cells which have exited the cell cycle which are likely to be resistant to 

chemotherapy and radiotherapy since these treatments are designed for rapidly dividing 

cells. 

No correlation was found in a survey of the anchorage-independent growth of 

epidermal keratinocyte and human squamous cell carcinoma cell lines and oncogene 

expression (Kim et al., 1991). In addition transformation of rat embryo fibroblasts with 

v-Src transformed 95% of the cells but only 25% were anchorage-independent (Tavoloni 

et al, 1994). Despite these studies, oncogenic transformation can render some cells 

anchorage-independent (Masuda et al., 1992; Rak et al., 1995). 

Another common three-dimensional culture model used is collagen gels where cells 

are embedded in a Coll I matrix. This system has been used primarily to study the role of 
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Coll receptors and Coll gel contraction. 

A) ECM and integrins in anchorage-independent growth 

There is limited information on the role of ECM proteins and integrins in 

anchorage-independent growth of either normal or transformed cells. The presence of 

ECM protein such as FN, LM, collagen and proteoglycans in tumor spheroids has been 

demonstrated many years ago in glioma cell lines (Glimelius et al., 1988; Nederman et al., 

1984; De Pauw-Gillet et al., 1988). More recently, bovine granuloma cells cultured in 

agar produced FN and Coll IV (Rodgers et al., 1995). 

There were several studies performed on the expression of integrins in tumor 

spheroids. The a6 and ßj subunits were decreased in tumor spheroids of squamous cells 

A431, while there were no changes in the a2, a5, ß4 (Waleh et al., 1994). Hauptmann et 

al, (1995) investigated the expression of integrins on colorectal cells growing either as 

monolayers or spheroids in vitro, or as tumors and in vivo tumors in nude mice. They 

showed that different integrins were either decreased or increased in the different culture 

conditions and concluded that the different microenvironments regulated integrin 

expression. In addition, fibroblasts typically downregulated both FN and cc^ expression 

when maintained in suspension (Dalton et al., 1992). 

R^ Growth factors and anchorage-independent growth 

Growth factors are capable of driving adherent cells through the cell cycle. 

However, normal cells such as 3T3 LI or NRK fibroblasts will not progress through the 

cell cycle, in the presence of growth factors, if maintained in suspension.  Transformed 
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cells have acquired growth factor independence through autocrine secretion of growth 

factors, mutations or unregulated expression in growth factor receptors or proteins 

involved in signal transduction, both of which cause constitutive activation. The role of 

several growth factors in anchorage-independent growth has been investigated. Growth 

factors such as EGF, FGF and PDGF can increase anchorage-independent growth of some 

cells in the presence of 10% serum (Rizzino et al., 1986). TGF-ß is well documented in 

the literature as being able to increase anchorage-independent growth of a number of cell 

lines. Interestingly TGF-ß is usually a growth inhibitor when cells are adherent to ECM. 

It is clear that TGF-ß affects the expression of both ECM proteins such as FN, as well as 

their corresponding integrin receptors. It is not known what effect TGF-ß has on ECM 

and integrin expression on anchorage-independent cells. 

C) The cell cycle and anchorage-independent growth 

Untransformed cells, with the exception of hematopoietic cells, typically require 

stimulation from both adhesion and growth factors to progress through the cell cycle 

(Guadagno et al, 1993; Han et al, 1993). Adherent cells irreversibly commit to cell 

cycle progression at a point in late Gx known as the restriction point (Pardee, 1989; 

Guadagno et al., 1991). Expression of cyclin Dl is induced by serum growth factors and 

is required through early Gv In late Gls cyclin E is synthesized and is required for entry 

into S phase in fibroblasts. Cyclin A gene expression starts at the G^S transition and is 

required for S and G2 phases (Figure 3). When cultured in suspension, fibroblasts and 

normal NRK cells exit G0 upon serum stimulation. They express Gl cyclins but fail to 

express cyclin A which is required for S phase entry. In suspended cells, the transcription 
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factor E2F remains bound to the cyclin A promoter. Phosphorylation of pRb and pl07 by 

cyclin D- and cyclin E-dependent kinases appears to be crucial to the regulation of E2F 

activity (Schulze et al, 1996; Zhu et al, 1996). Expression of cyclin A was also 

anchorage-dependent in human primary forskin fibroblasts. Constitutive expression of 

cyclin A is not sufficient to bypass the earlier growth factor dependent events that now 

seem to coorelate with the expression of cyclin D and E. However cyclin E-cdk2 activity 

is also anchorage-dependent (Fang et al., 1996). 

Cyclin Dl deregulation is found in many different tumor types including mammary 

carcinomas (Zwijsen et al, 1996). Overexpression of cyclin Dl in MCF-7 accelerates 

growth under conditions in which growth factors are limiting but cannot render the cells 

completely growth factor independent. 

In addition Symington (1992 and 1995) demonstrated that activation of the a5^1 

receptor on K562 cells via an RGD peptide stimulated cyclin A/cdc2 activity and increased 

anchorage-independent of these cells. 
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Figure 3. Cell cycle regulation 

This Figure demonstrates the stages of the cell cycle (G1,S,G2, and M), and the 

location in the cell cycle where specific cyclin dependent kinases (CDK) and cyclins are 

active. The figure also illustrates where growth factors such as HGF and adhesion are 

required for progression through the cycle and where TGF-ß inhibits the cell cycle. 
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D) Adhesion and cell survival 

A recent development is that integrin-mediated adhesion and signaling is required 

for survival. Detachment from a substrate causes the cells to undergo apoptosis. This 

mechanism for apoptosis has been termed anoikis (Frisch and Francis, 1994). Only 

integrin-mediated attachment circumvents anoikis; attachment to antibodies directed to 

MHC proteins or plated on a polylysine substrate, failed to rescue the cells from apoptotic 

death. 

It has been shown that anchorage-dependent cells when denied attachment, not only 

stop proliferating but also undergo apoptosis (Meredith et al., 1993; Frisch and Francis, 

1994). How anchorage-independance relates to integrin signaling and what role oc^ might 

play in anchorage-independent growth is yet to be resolved. CHO cells transfected with 

the a5ßi integrin were able to inhibit serum deprived apoptosis on immobilized fibronectin 

by upregulating Bcl-2 but those transfected with avßi could not inhibit apoptosis (Zhang 

et al., 1995). It was also found that the a5 cytoplasmic domain was required for survival 

on fibronectin. Montgomery et al., (1994) have shown that ligation of the VN receptor 

avß3 within a three-dimensional dermal collagen matrix, suppresses apoptosis and promotes 

melanoma (M21) cell growth. CHO and osteosarcoma cells cultured in serum-free 

conditions, survived only if they attached through the a$x integrin. Whereas some other 

integrins, while supporting cell attachment, could not rescue the cells from apoptosis 

(Zhang et al., 1995). FAK has also been implicated in the maintenance of survival since 

FAK knockouts in cell lines were undergoing apoptosis (Frisch et al., 1996). 

In conclusion ECM-integrin interactions and cooperative signaling with growth 

factors play an essential role in both normal and transformed cell behaviour.    The 
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interactions have been well studied in adherent cells but are not well understood in three- 

dimensional spheroids, which is an intermediate model between cells in culture and in vivo 

tumor nodules. 

44 



CHAPTER 2 

HYPOTHESIS AND OBJECTIVES 

The incidence of cancer is continually on the rise (Parker et al., 1997). An 

unfortunate circumstance of an untreated tumor is that it can metastasize to other organs 

via local invasion or systemically through the blood stream or lymphatic vessels. Were 

it not for these many metastatic nodules, the primary tumor could be surgically removed 

and the patient cured of his/her tumor. Once a tumor has metastasized, treatment is more 

difficult and almost always leads to the eventual death of the patient. These facts stress the 

need for better treatments and preventative methods. Before these can be accomplished, 

a better understanding of how tumor cells grow and interact with their microenvironment 

is needed. 

There are several phenotypic characteristics which are common in tumor cells, 

including rapid proliferation, loss of differentiation, oncogene activation or tumor 

suppressor gene inactivation and genetic instability. In vivo, the tissue microenvironment 

is very dynamic, continually changing to meet the needs of the cell. During 

transformation, there is often an altered synthesis and secretion of ECM proteins as well 

as changes in the corresponding cell surface receptors. Extracellular factors such as ECM 

and growth factors have been shown to influence tumor cell growth and differentiation. 

In fact, Lochter and Bissell (1995) state "The ECM constitutes a structure impinging on 

most, if not all, master switches associated with cancer progression from a benign lesion 

to an aggressive invasive and thus life-threatening phenotype." 
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Tumor model 

Tumor spheroids have been used as a tumor model for a number of years. They 

were shown to histologically resemble in vivo tumors and are more physiologically similar 

to in vivo tumors than cells cultured in monolayers. Tumor spheroids are an intermediate 

system between tissue culture and in vivo tumors. Roskelley and Bissell (1995) found that 

mammary cells not only required basement membrane proteins to differentiate but also 

required a rounded morphology. Howlett et al. (1995) have shown that normal mammary 

cells differentiate into well-organized acinar structures whereas tumor cells form large, 

disorganized colonies when plated in the basement membrane matrix, Matrigel. 

Acquiring a better understanding of how extracellular factors such as ECM and 

growth factors affect metastatic cell growth in an anchorage-independent manner as found 

in tumor spheroids may provide the basis for developing better therapies to treat metastatic 

lesions. 

The mammary gland is a good system to investigate epithelial cell proliferation, 

differentiation and tumorigenesis. Unlike other organs, the mammary gland develops to 

maturity in the adult animal, reaching its fully functional status only during late stages of 

pregnancy and lactation. Pregnancy induces a massive proliferation of the epithelial cells, 

which leads to a branching morphogenesis which is accompanied by the production and 

secretion of milk proteins by the epithelial cells. After the lactation period, the epithelium 

is dismantled during involution by a process that involves degradation of the ECM prior 

to apoptosis, suggesting that the ECM is required for survival of mammary epithelial cells 

(Pullanera/., 1996). 

The ECM has been shown to profoundly influence mammary cell function during 
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development, morphogenesis during pregnancy and during involution, and tumorigenesis 

(discussed in introduction). In addition, tumor cells frequently have altered integrin 

expression on the cell surface. The last couple of years has shown an explosion in the field 

of integrin signal transduction giving this family of molecules new life in the role of tumor 

cell adhesion, migration, differentiation and invasion. The integrins a2$i and a3px are 

important in mammary cell morphogenesis (Howlett et al, 1995). However the role of 

a5Pj and FN are not well understood. 

In addition to ECM proteins and integrins, growth factors can play an essential role 

in mammary cell development and transformation. A number of growth factors, including 

EGF and TGF-a are important regulators of both proliferation and differentiation of 

mammary cells in vivo. After transformation, a change in the balance of growth factors 

such as FGF, IGF, PDGF and HGF may stimulate tumor cell proliferation. TGF-ß, a 

potent regulator of ECM and integrin expression, is particularly interesting since this 

growth factor can be both inhibitory or stimulatory for cells. TGF-ß is often expressed 

in invasive mammary carcinomas (Oda et al., 1992, Travers et al, 1988) and therefore 

may also play a role in growth of breast cancer cells (Welch et al., 1990). Another 

important stromally derived growth factor potentially involved in mammary carcinogenesis 

is HGF. It is a pleiotrophic growth factor involved in morphogenesis as well as 

proliferation and migration of a number of cell types. 

We have previously demonstrated that mammary fat tissue or 3T3-L1 preadipocyte 

conditioned media can stimulate the growth of a murine mammary carcinoma cell line, SP1 

(Elliott et al, 1988, 1992; Rahimi et al., 1996a). These cells grown in soft agar contain 

abundant extracellular FN in the form of fibrils. Much of what is known about the effects 
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of ECM on mammary cells is based on differentiation and not growth. Much of what is 

known about cell growth under anchorage-independent conditions is based on growth 

factors and normal fibroblasts and concentrates on the cell cycle. There are few studies 

on the role of ECM in anchorage-independent survival and growth of tumor cells. This 

thesis will look primarily at the effects of ECM on anchorage-independent growth but also 

considers growth factors. We now want to show how extracellular matrix and growth 

factors participate in anchorage-independent survival and growth of SP1 cells. Our 

hypothesis is that extracellular matrix proteins and growth factors stimulate their 

respective cell surface receptors under anchorage-independent conditions and generate 

intracellular signals which permit survival and colony growth of SP1 cells. 

Overall Objectives 

1. To determine the adhesive properties and integrin profiles of SP1 cells. 

2. To determine the effect of ECM proteins and growth factors on anchorage-independent 

growth of SP1 cells. 

3. To isolate SP1 cell clones with high and low colony forming efficiency and to 

determine whether specific ECM-integrin interactions are associated with anchorage- 

independent growth. 

4. To establish whether ECM and growth factors are involved in survival of SP1 cells 

under anchorage-independent conditions. 
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 Materials 

Iodine 125I and 3H-thymidine were purchased from Amersham. [y-32P] ATP was 

purchased from NEN. Western blot chemiluminesence reagents were purchased from 

Dupont. The Micro BCA protein Assay Reagent Kit was purchased from Pierce. Bacto- 

agar was purchased from Difco. 

3.2 Matrix proteins, growth factors and antibodies 

Bovine plasma fibronectin, rat tail collagen types I and IV, bovine vitronectin, and 

mouse laminin were purchased from Gibco. BSA was obtained from Sigma. All 

extracellular matrix proteins received lyophilized were reconstituted according to the 

manufacturer's specification and kept frozen at -70°C in 100 /d aliquots at a concentration 

of 1 mg/ml. FITC-labelled FN, and the 70 and 85 kDa fragments of FN were gifts from 

Dr. D. Mosher. The anti-bovine FN antibody was purchased from Telios. 

The anti-a3 and anti-a5 polyclonal antibodies, used in the immunoprecipitation of 

integrins, directed to the integrin cytoplasmic domain are gifts from Martin Hemler. The 

cc5 antibody (5H10) was obtained from Pharmingen and is directed to the extracellular 

domain of the a5 subunit. TGF-ß was purchased from Sigma. HGF is from Genentech 

(gift from Dr. Ralph Schwall). The anti-phosphotyrosine antibody was obtained from Signal 

Transduction Laboratories. The polyclonal anti-ß! antibody was a gift from Dr. K. Rubin. 

The secondary anti-mouse and anti-rabbit horseradish peroxidase conjugated antibodies were 

purchased from Amersham. The anti-PI 3-kinase and anti-FAK antibodies were purchased 

from Upstate Biotechnology Incorporated. The a2 antibody and the BMA5 (directed to the 
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mouse a5 subunit) was obtained from Dr. Bosco Chan. The BMA5 antibody is a rat 

monoclonal antibody produced from a rat-mouse hybridoma fusion. BMA5 is directed to 

the extracellular portion of the a5 integrin subunit and interferes with integrin-ligand 

binding; hence it is a blocking antibody (Fehlner-Gardiner et al, 1996). It was initially 

provided to us as a hybridoma supernatent containing 10% FBS. The antibody 

concentration was calculated by B. Chan to be approximately 1 /*g/ml. It is referred to in 

this thesis as "hybridoma conditioned medium" or (sup). This antibody was later provided 

to us in a concentrated form after being purified by ammonium sulfate precipitation and 

protein G-sepharose affinity column. The antibody concentration was calculated by B. Chan 

to be approximately 500 jug/ml. This antibody is referred to in this thesis as "affinity 

purified" or (cone). 

3.3 Cell lines 

The SP1 tumor is a spontaneous non-metastatic murine mammary intraductal 

adenocarcinoma isolated in 1982 from an 18 month old CBA/J female retired breeder in the 

mouse colony at Queen's University. Subsequently, the SP1 tumor cell line was established, 

and characterized (Elliott et al.,1988). The established SP1 cell line was frozen at -70°C 

to maintain stocks. 

SP1 cells and SP1 cell clones, C1-12-H and C1-24-L, were maintained in RPMI1640 

supplemented with 7% FBS, subcultured every two days, and were kept in culture for no 

longer than 3 months before thawing a fresh stock. 

3.4 Cloning of SP1 cells 
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SP1 cells were plated at a very low dilution in 100 x 15 mm tissue culture plates in 

RPMI1640 supplemented with 7% FBS. The location of single cells were marked and once 

small islands had grown, the cells were loosened with 5.0 mM EDTA and transferred to 24- 

well tissue culture plate. Once the cells were confluent they were transferred to a 100 X 15 

mm plate and cultured for several passages before being assayed. Stocks were frozen in 

liquid nitrogen. 

3.5 Cell adhesion assay 

Linbro 96 well-tissue culture plates were precoated with a two-fold serial dilution 

of ECM proteins starting at 20 pg/wl of FN, LM, VN, Coll I, and Coll IV at 4°C 

overnight. In some experiments the plates were coated with 10 /xg/ml of the specified ECM 

protein. The following day the wells were washed 3 times with PBS and blocked with 0.5 

mg/ml BSA in RPMI 1640 for 2 h at 37°C. Cells were harvested and resuspended in RPMI 

1640 containing 0.5 mg/ml BSA. SP1 cells (30,000/well) were plated and incubated at 

37 °C for 45 min. This number of cells is sufficient to cover the entire surface of the well 

without an excess of cells. Unattached cells were removed by washing 3 times with warm 

PBS. The remaining cells were fixed in 3.7% paraformaldehyde and stained with 0.1% 

toluidine blue in 1% Na Borate. The plates were washed gently with water and the 

absorbance measured at 570 nM in an ELISA plate reader. In some experiments the cells 

were photographed using Kodak technical pan film (ESTAR AH base) on an Leica DM IL 

inverted microscope. The data was graphed using SigmaPlot 5.0. 

3.6 Colony Assay 

Tissue culture dishes (60 x 15 mm) were coated with 1.5 ml of a 1:1 solution of 2X 
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RPMI 1640 and 1.2% agar resulting in a final concentration of IX RPMI 1640 and 0.6% 

Agar. Once solidified, this layer was overlayed with a 1:1 mixture of 2X RPMI 1640 and 

0.72% agar resulting in final concentration of IX RPMI 1640 and 0.36% agar. In some 

experiments ECM proteins were added, to the mixture before solidification. The cells were 

also added to the mixture before solidification but after the solution was below 37°C. The 

top layer was a total of 2.5 ml and contained 1 % penicillin/streptomycin. The colonies were 

incubated at 37°C for 10-14 days. Once the colonies were clearly visible they were fixed 

by adding 7 ml methanol to the plates for 30-45 min with occasional stirring. The methanol 

was then discarded and the plates allowed to air dry for several minutes. PBS containing 

Geimsa (25:1) was added to the plates and allowed to stain for 45-60 min. The stain was 

then discarded and the plates were rinsed with a 5 min wash using PBS. If the colonies were 

not counted immediately the plates were stored at 4°C. The colonies were counted manually 

by placing the dish over a light box. All visible colonies were counted. The data was 

graphed using SigmaPlot 5.0. 

3.7 Surface labelling with iodine and Biotin for integrin analysis 

a) Iodine 

Cells were detached from tissue culture flasks with 5 mM EDTA in PBS, washed 

twice in PBS, the number of cells normalized in each group, and surface labelled with 0.05 

mCi 125I in small glass vials in the presence of Iodogen (Pierce) for 30 min at room 

temperature. The cells were then washed 3 times in PBS to remove free label and lysed in 

500 [A Radioimmunoprecipitation assay (RIPA) lysis buffer containing 2.0 mM 

phenylmethylsulfonyl fluoride (PMSF) for 30 min on ice with agitation. RIPA lysis buffer 

is a strong detergent which contains 3 different detergents to maximize the solubility of 
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proteins  embedded in the plasma membrane.     The  lysate  was  centrifuged  in a 

microcentrifuge (12,000 rpm) for 10 min and the pellet discarded. The number of cpm in 

the supernatant was determined by counting a 5 /d aliquot in a Beckman Gamma 7000 

gamma counter.   The lysate was then aliquoted such that 6xl06 cpm were used in each 

reaction. 

b) Biotin labeling 

Adherent cells were washed with PBS and harvested using 5 mM EDTA. The cell 

numbers were normalized in each group and incubated with a final concentration of 100 

/xg/ml D-Biotin-N-hydroxy succinimide ester (ICN) (reconstitued in DMSO) in RPMI1640 

medium for 40 min at 4°C. The cells were then washed 3 times with PBS and harvested in 

PBS. The cells were counted and the cell number normalized between cell lines. The cells 

were lysed in RIPA lysis buffer containing 2.0 mM PMSF directly on the tissue culture 

plate. Immunoprecipitations were conducted as described in section 3.8 after normalizing 

the protein concentration in each group. 

3.8 Tmmunoprecipitation for analysis of integrin 

Anti-integrin antibodies were added to the lysate aliquots and incubated overnight at 

4°C on a tube rotator. The primary antibodies of mouse origin required the addition of a 

rabbit anti-mouse secondary antibody which was added several hours after the primary 

antibody. The following day, 50 /d protein A Sepharose in PBS was added to the lysate and 

incubated at 4°C on a tube rotator for at least 2 h. The immunoprecipitates were washed 

twice with RIPA containing 0.5 M NaCl and twice with RIPA (no NaCl) both containing 

1.0 mM PMSF. The protein A Sepharose beads containing the antibody-integrin complexes 

were resuspended in 60 /xl Laemmli sample buffer (62.5mM Tris, 10% glycerol, 2.3% SDS 
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and bromophenol blue) and boiled for 3 min. The samples were then resolved on a 7.5% 

SDS-polyacrylamide gel under nonreducing conditions. Once the dye front had migrated 

off the gel, the gel was fixed in gel fixative (10% glacial acetic acid, 37.5% methanol in 

dH20, and bromophenol blue) for at least 3 h with agitation. The gel was then rinsed in gel 

fixative without bromophenol blue for several minutes, then rinsed with dH20 and placed 

on Whatman filter backing paper and covered with saran wrap. The gel was then dried in 

a Bio-Rad model 583 Gel Dryer for 1.5 h at 80°C and subjected to autoradiography using 

Kodak Diagnostic X-OMAT AR Film. 

3.9 Immunoprecipitation of HGF receptor. FAK and PI 3-kinase 

Cells were grown to sub-confluency in large 150 x 20 mm tissue culture plates and 

serum-starved for 24 h. The cells were harvested using 5.0 mM EDTA and pooled in one 

tube in RPMI1640 supplemented with 0.5 mg/ml BSA. The cells were then resuspended 

in RPMI 1640 supplemented with 0.5 mg/ml BSA and equal volumes aliquoted in each 

group. The adherent cells were incubated in the incubator at 37°C while the non-adherent 

groups were kept in 10 ml tubes in a 37°C waterbath. After lh (30 min for HGF studies 

alone), the cells were rinsed with cold PBS buffer and lysed in a buffer containing 50 mM 

Tris (pH 7.5), 150 mM NaCl, and 1 % NP-40, 1 mM sodium orthovanadate, 50 mM NaF, 

2 /xg/ml aprotinin, 2 |Lig/ml leupeptin, 1 mM PMSF. A strong detergent such as RIPA is not 

required for solubilization of cytoplasmic proteins. In addition the milder detergent will 

help preserve protein-protein interactions so that co-precipitation studies can be performed. 

The lysates were incubated on a rotator at 4°C for 30 min then centrifuged for 10 min at 

14,000 rpm in an IEC/Micromax centrifuge at 4°C. The lysates were precleared with rabbit 

anti-mouse IgG and protein A sepharose. After preclearing with rabbit anti-mouse IgG and 
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protein A sepharose a 50 /xl aliquot was removed and the protein content determined using 

the BCA protein assay kit. The lysates were then incubated with the indicated antibodies 

at 4°C for 1 h or overnight. Immunoprecipitates were collected on protein-A sepharose, 

washed three times with lysis buffer, separated on 8.0 or 10% SDS-PAGE under reducing 

conditions (5% 2-mercaptoethanol). 

3.10 Cell Survival assay 

Corning non-tissue culture dishes were coated with a 1:1 mixture of 1.2% agar/2X 

RPMI 1640 and allowed to solidify. The mixture was added to the plate and removed 

immediately, leaving only a thin layer. SP1 cells were harvested and washed once in RPMI 

1640 supplemented with 0.5 mg/ml BSA. Cells were added (20,000/dish) in a total of 1.5 

ml volume. In some groups FN, Coll I or LM was added at a concentration of 10 /-ig/ml or 

HGF at 5 /xg/ml unless indicated otherwise. The plates were incubated at 37°C for 24 h. 

The cells were harvested and stained with 4 /ig/ml acridine orange and 4 /xg/ml ethidium 

bromide then examined under fluorescence using an I filter. The nuclei of viable cells will 

stain green with acridine orange and cytoplasmic RNA will stain red/orange with ethidium 

bromide. The nuclei of non-viable cells will stain red/orange nuclei with the ethidium 

bromide. At least 100 cells were counted and scored as dead or alive based on the nuclear 

staining. To avoid bias in the results the experiment was prepared by one individual and 

counted by another. The groups were given number or letter designations so that the person 

counting was unaware of the condition in each group. The data was graphed using SigmaPlot 

5.0. 

3.11 Western Blotting 
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After the proteins were run on SDS-PAGE they were transferred to nitrocellulose in 

a Biorad transfer apparatus using Towbin transfer buffer (25 mM TRIS, 192 mM Glycine, 

20% Methanol). The nitrocellulose was then dried at 4°C and blocked with 5.0% skim 

milk powder in TBST (10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1% Tween 20) for lh. 

The blot was then washed 3 times (10 min each) and incubated with the primary antibody 

(1:1000) at room temperature for 1 h. The blot was washed again 3 times with TBST and 

incubated for 1 h at room temp with the horse-radish peroxidase secondary antibody 

(1:5000). The blot was then washed 4 times with TBST and treated with ECL reagents and 

developed on Dupont reflection film. The films were then scanned on a Hewlett Packard 

(HP) ScanJet 3c and saved as a tif file. The file was then imported into Corel Draw 3.0 and 

the labels added to the figure. The finished figure was printed on an HP LaserJet 5MP at 

600 DPI. 

3.12 Cell proliferation assay: 

SP1 cells were seeded (20,000/well) in 24 well plates under the various conditions 

indicated in 1 ml of medium. DNA synthesis was measured at 48 h by adding 0.2 fid 3H- 

thymidine at 24 h. After an additional 24 h, cells were harvested with trypsin/EDTA. 

Aliquots of cells were placed in 96-well microtitre plates and transferred to filters using a 

Titertek cell harvester (Flow Laboratories), and 3H-thymidine incorporation was measured 

in a scintillation counter (Beckman). 

3.13 PT 3-kinase Assay: 

The cells were prepared and PI 3-kinase was immunoprecipitated from SP1 cell lysates with 

anti-PY IgG, as described above.    PI 3-kinase activity was measured by incubating 
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immunoprecipitates with PI (20 /ig), 100 mM MgCl2, 0.88 mM ATP, [y-32P]-ATP (30 /iCi) 

and a buffer containing 10 mM Tris (pH 7.4), 150 mM NaCl, 5 mM EDTA, for 20 min 

with constant agitation at room temperature. Reactions were terminated by the addition of 

20 /d of 6 N HC1 and lipids were extracted by the addition of 160 /*1 of CHC13:CH30H (1:1) 

and were separated in CH3C13:CH30H:H20: NH4OH (60:47:11.3:2) by thin layer 

chromatography (TLC). The TLC plate was dried and autoradiographed, and the radio 

labeled PI 3-P spots were scraped from the plate and counted by liquid scintillation. 

3.14 Cell Transfection: 

The cDNA encoding the mutant bovine p85 (Ap85) subunit of PI 3-kinase which 

lacks a binding site for the pi 10 catalytic subunit of PI 3-kinase was ligated into the SRa 

plasmid as described (Hara et al., 1994). Expression of this mutant results in the deletion 

of 35 amino acids from residues 475-513 of p85a and contains an insertion of two other 

amino acids (Ser-Arg) at this deleted position. SP1 cells expressing the mutant Ap85 were 

established using the stable transfection lipofectamine method according to the 

manufacturer's instructions. The transfections were performed and selected by the 

technician in our laboratory. Briefly, SP1 cells were grown to 80% confluency. The DNA 

(1 jug) mixed with lipofectamine reagent (1 /d) in 200 fx\ serum-free medium and incubated 

for 15 min at room temperature. Before transfection, cells were washed once with 2 ml of 

serum-free medium. For each transfection, the mixed DNA and lipofectamine is combined 

with 0.8 ml of serum-free RPMI medium and the cells were incubated with this solution. 

After 5 hr of incubation, one ml of 14% FBS was added, without removing the transfection 

medium for additional 24 hr. Subsequently, twenty-four clones were selected in G418 (250 

jug/ml) and expression of Ap85 was assessed by western blot analysis with anti-bovine p85 
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IgG. 

Statistical analysis 

There are four types of assays presented in this thesis as bar or line graphs :(1) 

adhesion assays,(2) colony assays, (3) growth assays, and (4) survival assays. For adhesion 

assay and colony assays we have chosen to present one representative experiment as opposed 

to the mean of several experiments. The data in these assays show a lot of variability 

between experiments and although treatment groups respond similarly compared to controls, 

a large number of experiments would be required to obtain statistical significance in each 

case. The groups were performed in triplicate and I have stated the number of times the 

experiment was performed in the figure legend and/or text. Another method of presenting 

these data would be to present the data from several experiments combined into one figure. 

We did not present the data in this form since it would complicate the figure considerably 

and not all treatment groups were done in all experiments due to reagent availability and 

cost. 

We have used ANOVA on the growth assay and all survival assays using the MGLH 

module of the Systat package for DOS. The null hypothesis that all groups were equal was 

tested at the 0.05 level of significance. We then performed a post hoc analysis of pairwise 

comparisons using the Bonferoni adjustment for multiple comparisons. 
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CHAPTER 4 

EXTRACELLULAR MATRTX - TNTEGRTN INTERACTIONS IN SP1 CELLS 

UNDER ADHERENT AND ANCHORAGE-INDEPENDENT CONDITIONS 

4.1 Rationale and Objectives 

Adhesion to the extracellular matrix can affect many cellular properties including 

cell shape, growth, migration, survival, differentiation, invasion and gene expression (von 

der Mark et al., 1992). The two primary mechanisms by which cells alter adhesion to the 

extracellular matrix are (1) through changes in the expression of cell surface receptors and 

(2) through changes in secretion of ECM proteins. Expression and distribution of ECM 

proteins is a dynamic process especially during development and pathogenesis. For 

example, changes in ECM expression occur during normal development of the breast 

tissue, during lactation and involution (Howlett and Bissell, 1993). In contrast, an increase 

in proteases and ECM proteolysis precedes apoptosis of mammary cells during involution, 

hence the ECM acts as a survival factor (Pullan et al, 1996). 

Integrals also play a key role in both normal and tumor cell function. Transformed 

cells are generally less adherent than their normal cell counterparts but maintain a broad 

expression of integrins. It is not known whether a disorganized pattern of integrin 

expression in carcinomas is caused by the disruption of the ECM or whether the reverse 

is true, i.e. changes in integrin expression affect ECM expression. The search for 

predictable patterns of integrins which correlate with the transformed phenotype has been 

confusing and unsuccessful. There are, however, a few emerging trends in the expression 

of integrins during malignancy. For example, a decrease in the fibronectin receptor, a5ßl5 

and an increase in the laminin receptor, a6ßls are common in more malignant epithelial 
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tumors (Tang and Honn, 1995). An increase in avß3 expression is common in malignant 

melanomas and correlates with the invasive phenotype (Seftor et al., 1992). Similar 

examples are common but such increases or decreases do not occur in all transformed 

cells. In addition, other integrins do not appear to follow any predictable patterns of 

expression during transformation, making the role of such receptors difficult to assess. 

Growth factors and cytokines also affect ECM interactions with both normal and 

transformed cells. Numerous reports have shown that growth factors such as PDGF, EGF, 

FGF, HGF and TGF-ß can affect cell adhesion, spreading and migration and can increase 

anchorage-independent growth of a number of cell lines (Rizzino et al., 1986; Newman 

et al, 1986; Kanda et al, 1993). Rizzino et al (1986) also showed that TGF-ß could 

modulate colony growth of NRK cells depending on which other growth factors were 

present. 

Both primary and metastatic solid tumors tend to grow in spheroid-like structures 

in vivo. These spheroids contain extracellular matrix proteins such as fibronectin, 

collagen, laminin and proteoglycans (Glimelius et al, 1988). However, their function in 

tumor spheroids is not known. In a more defined system, a greater proportion of 

mammary cells will maintain ß-casein expression in a three-dimensional matrix as 

compared to cells cultured on plastic (Roskelley et al, 1994). The mechanisms which 

regulate these differences are not known but it is suggested that cell shape is an important 

factor in determining the response to ECM (Watt, 1986). These responses activate a 

number of intracellular signaling pathways. For example, Roskelley and Bissell (1995) 

have shown that the tyrosine kinase inhibitors genistein and staurospaurine inhibited milk 

production in mammary cells maintained on the basement membrane matrix, Matrigel. In 
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conclusion, ECM, integrins and growth factor expression play a crucial role in modulating 

growth and differentiation of both normal and transformed mammary cells (Petersen et al., 

1992). 

We have previously investigated the presence of ECM proteins in SP1 colonies 

by immunofluorescence (Appendix I). Fibronectin is the most abundant ECM protein and 

was present in the form of fibrils. Vitronectin and LM were also present but in lesser 

amounts. Collagen type IV and tenascin were not detected in SP1 colonies. Collagen type 

I distribution in SP1 colonies remains to be examined. These observations suggest a role 

for FN in colony growth. In addition, we have shown that HGF is strongly mitogenic for 

SP1 cells (Rahimi et al, 1994). However, the role of ECM proteins and more specifically 

FN on anchorage-independent growth of mammary cells is not well understood. The 

adhesive and integrin profiles of the murine mammary carcinoma cell line, SP1 have not 

been previously investigated, thus we must first carefully determine the adhesive and 

integrin profile of SP1 cells before determining what role ECM-integrin interactions will 

have on anchorage-independent growth. 

In this chapter, our specific objectives are: 

1. To establish the adhesive and integrin profiles of SP1 cells. 

2. To determine the primary integrin receptors for fibronectin. 

3. To determine whether growth factors such as HGF and TGF-ß can affect SP1 cell 

adhesion to ECM proteins. 

4. To determine the role of ECM proteins (fibronectin and collagen type I) and growth 

factors (HGF and TGF-ß) in SP1 colony growth. 
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RESULTS 

4.2 SP1 cells adhere to fibronectin and express the integrin a?ß1 

SP1 cells are an adherent murine mammary carcinoma cell line. They adhered and 

spread extensively to fibronectin and vitronectin over a wide range of concentrations (0.16- 

20 Mg/ml). They adhered moderately well to collagen type I, and show a concentration 

dependent requirement of approximately 1.5 jug/ml to collagen type IV. SP1 cells attached 

poorly to laminin and few cells remained on BSA coated plates after washing with PBS 

(Figure 4). Although SP1 cells adhere poorly to LM, we show that at concentrations 

greater than 2.5 fig/ml we see more SP1 cells adhering to LM as compared to the BSA 

control (Figure 4). We observed a positive correlation between the degree of spreading 

and the strength of adhesion of SP1 cells. SP1 cells adherent on FN and VN show a more 

flattened morphology as compared to Coll I and LM, onto which they spread poorly and 

show a spindle-shaped morphology (Figure 5). 

Cell adhesion to the ECM can regulate integrin expression (Chen et al, 1992; 

Dalton et al., 1992), therefore we determined the integrin profiles of SP1 cells cultured on 

plastic or anchorage-independently for 24 h in the presence of 7% FBS. In Figure 6 we 

have used a number of different antibodies to immunoprecipitate 125I-labelled integrins 

from the cell surface of SP1 cells. Integrin a subunits are typically 120-150 kDa, with the 

exception of oq subunit which is 180 kDa. The ßj subunit is 110 kDa and the ß3 subunit 

is 97 kDa. Immunoprecipitations using antibodies directed to one subunit will often co- 

precipitate the associated subunit(s). For example in the anti-ßj immunoprecipitation in 

Figure 6, the antibody is directed to the ßi subunit and will co-precipitate all associated a 

subunits. Therefore the upper band, which is difficult to distinguish from the lower band 
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in this exposure, is composed of numerous a subunits, and the lower band of the ßt 

subunit. In the immunoprecipitation using antibodies specific for a2, oc3, oc5, a6, or av 

subunits, co-precipitation of the corresponding ß subunit is also observed. The association 

between some a and ß subunits is not strong, and may be lost when using a strong lysis 

buffer such as RIPA. For example, there is only a weak ß band associated with the av, a2 

and oc6 subunit. A weaker detergent such as NP40 or Triton X-100 can be used to 

preserve the association between the a and ß subunits. 

We have precleared the cell lysates with rabbit anti-mouse IgG before 

immunoprecipitation with the anti-integrin antibodies to help reduce non-specific binding 

to the IgG. Figure 6 illustrates that the integrin expression under adherent and anchorage- 

independent conditions is very similar. SP1 cells express a number of integrins on the cell 

surface including the FN receptor, a5ß1; the VN receptor, avß3, the LM receptor, o^ and 

the Coll, LM and FN receptor, aßv The collagen/LM receptor, a2ßl5 was weakly 

expressed on SP1 cells cultured on plastic but was upregulated on SP1 cells which were 

maintained under anchorage-independent conditions for 24 h (Figure 6). A similar gel 

was repeated 4 times with SP1 cells under adherent conditions or with a metastatic variant 

of SP1 cells. In the first two integrin profiles performed using 125I-labelled cells, an IgG 

control was added and no non-specific bands were observed. Flow cytometry revealed 

very low expression of the FN receptor aßr (data not shown). These data show that SP1 

cells adhere to a number of ECM proteins and express a number of different integrins on 

the cell surface. 

Integrin receptors require divalent cations such as Ca2+, Mg2+, or Mn2+ for 

adhesion.  To provide further evidence that integrin receptors are the primary receptors 
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for extracellular matrix proteins on SP1 cells we investigated the role of divalent cations 

on SP1 cell adhesion to fibronectin. We removed the divalent cations from the cell surface 

by incubating the cells in divalent cation-free PBS containing 5 mM EDTA then 

resuspending them in divalent cation-free PBS supplemented with 0.5 mg/ml BSA. 

In the absence of divalent cations, SP1 cells did not adhere to FN. Addition of 

Ca2+, and Mn2+ at low concentrations (0.1-1.0 mM) promoted adhesion of SP1 cells to 

FN, while concentrations greater than 1.0 mM were inhibitory and formed a precipitate. 

Mg2+ did not form a precipitate and was effective at promoting SP1 cell adhesion to FN 

over a wide range of concentrations (0.1-50 mM) (Figure 7). Other divalent cations such 

as Zn2+ or Cu2+ did not support SP1 cell adhesion to fibronectin (data not shown). 

In conclusion, the results in this section show that SP1 cells can adhere to several 

ECM proteins and express a number ofintegrin receptors which require divalent cations 

to mediate cell adhesion to fibronectin. 
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Figure 4. Adhesion of SP1 cells to purified ECM proteins 

Linbro 96-well tissue culture plates were coated for 18 h at 4°C with BSA, FN, 

LM, VN, Coll I and Coll IV at concentrations ranging from 0.15 to 20 /xg/ml (obtained 

by a two-fold serial dilution). The wells were washed with PBS and blocked with RPMI 

supplemented with 0.5 mg/ml BSA. SP1 cells in RPMI 1640 supplemented with 0.5 

mg/ml BSA were added to each well (30,000 cells /well) in a 100 /x\ volume. After 45 min 

at 37°C, the unattached cells were removed by washing with warm PBS. The remaining 

cells were fixed with 3.7% paraformaldehyde and stained with a solution of 1% toluidine 

blue in a 1 % solution of sodium borate. The absorbance was measured with an ELISA 

plate reader at a wavelength of 570 nm. Each point is expressed as the mean + SD of 

triplicates. The experiment was repeated three times with similar results. The symbol 

designating each ECM protein is indicated in the figure legend at the top left hand corner 

of the graph. 
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Figure 5. Morphology of SP1 cells on ECM proteins 

SP1 cells were harvested and washed once in RPMI1640 supplemented with 0.5 

mg/ml BSA. They were then seeded (50,000 cells/well) in Costar 24-well tissue culture 

plates (coated with the indicated ECM proteins at 10 jug/ml) and allowed to adhere. 

Nonadherent cells were not removed. After 45 min the cells were photographed using a 

Leica DM IL inverted microscope using technical pan film (ESTAR-AH-base). 

Magnification: 66X 

SP1 cells on   (A) Fibronectin 

(B) Vitronectin 

(C) Collagen type I 

(D) Laminin 
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Figure 6. Analysis of SP1 integrin profile cultured on plastic and agar. 

SP1 cells were cultured on tissue culture plastic or as colonies on agar coated plates 

in PvPMI 1640 medium supplemented with 7% FBS for 24 h. The cells were harvested and 

the number of cells normalized in each group, then surface labelled with 1.0 mCi 125I . 

The cell pellets were lysed in RIPA buffer at 4°C for 30 min and the supernatants were 

precleared with rabbit anti-mouse IgG and protein A sepharose. The supernatents were 

aliquoted and incubated with anti-integrin antibodies and protein A sepharose. 

Immunoprecipitates were washed 4 times in lysis buffer and run on a 7.5% SDS-PAGE 

under non-reducing conditions. Antibodies used were; from left to right, polyclonal anti- 

ßt; polyclonal anti-human-a2 (cytoplasmic); polyclonal anti-human-a3 (cytoplasmic); 

polyclonal anti-human-a5 (cytoplasmic); mouse monoclonal anti-a6 (GoH3) and polyclonal 

anti-human-av (cytoplasmic). The gel was fixed in gel fixative (10% acetic acid, 40% 

methanol, 50% dH20) and dried at 80°C for 1.5 h and autoradiographed. A similar gel 

was repeated 4 times with similar results. 

Legend: 

"P"- cells grown on tissue culture plastic (adherent) 

"A" - cells grown on agar (non-adherent) 

NOTE: cytoplasmic indicates that the antibody is directed to the cytoplasmic domain of the 

integrin subunit. 
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Figure 7. Effect of divalent cations on SP1 cell adhesion 

SP1 cells were harvested with 5 mM EDTA and washed once in PBS supplemented 

with 0.5 mg/ml BSA. The cells were resuspended in divalent cation-free PBS 

supplemented with 0.5 mg/ml BSA and seeded (30,000 cells/well) in Linbro 96-well tissue 

culture plates coated with BSA or FN (10 /ig/ml) as described in the Materials and 

Methods. The medium was supplemented with Ca2+, Mg2+, or Mn2+ at the indicated 

concentrations. After 45 minutes, the non-adherent cells were removed by washing 4 

times with warm PBS. The remaining cells were fixed with 3.7% paraformaldehyde and 

stained with 1 % toluidine blue in 1 % sodium borate. The absorbance was measured using 

an ELISA plate reader at 570 nm. The results are expressed as the mean ± SD of 

quadruplicates. The experiment was repeated twice with similar results. 
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4.3 BMA5 antibody inhibits SP1 cell adhesion to fibronectin 

SP1 cells express several integrin receptors with potential to bind fibronectin (a5pi; 

a3Pi and ocvß3). These integrins bind to their ligand via the RGD sequence. We therefore 

tested a GRGDSPK peptide and a control peptide GRGESPK to inhibit adhesion to FN. 

In our system, the GRGDSPK peptide was unable to reproducibly inhibit adhesion 

to fibronectin even at concentrations up to 1.0 mg/ml. However it was very efficient at 

inhibiting adhesion to vitronectin (data not shown). Blocking antibodies to many murine 

integrins are not available commercially, however, we obtained a blocking antibody to the 

murine a^ integrin (gift from B. Chan). Preliminary experiments using FACS analysis 

with BMA5 as hybridoma conditioned medium and affinity purified IgG demonstrated that 

the antibody reached binding saturation to SP1 cells at 25-30% v/v for the hybridoma 

conditioned medium and at 5 /xg/ml for the affinity purified BMA5 antibody (data not 

shown). Based on these results we used the BMA5 (hybridoma conditioned medium) at 

a concentration of 30% v/v and in affinity purified form at 10 /xg/ml. BMA5 (hybridoma 

conditioned medium) was effective at inhibiting adhesion of SP1 cells to FN while the 

antibody in affinity purified form was also able to inhibit adhesion but was less efficient 

(Figure 8). The decrease in efficiency is likely a result of denaturation resulting from the 

purification process. A rabbit anti-mouse IgG control or the blocking antibody GoH3 

(hybridoma conditioned medium) which recognizes the laminin binding integrin, a6ß1; did 

not inhibit adhesion to FN. The GoH3 antibody was used as a control for the hybridoma 

conditioned medium (Figure 8). 

The results in this section demonstrate that a5ßj is the primary integrin receptor 

forFNonSPl cells. 
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Figure 8. Adhesion assay in the presence of BMA5 antibody 

Panel A 

Linbro 96 well tissue culture plates were precoated with fibronectin (10 /*g/ml) or 

BSA (10/ig/ml) overnight at 4°C. The wells were washed with PBS and blocked with 

RPMI1640 supplemented with 0.5 mg/ml BSA for 2 h at 37°C. SP1 cells were seeded 

(30,000 cells/well) in the presence of no antibody (NT), GoH3 (hybridoma conditioned 

medium) (30% v/v), BMA5 antibody (hybridoma conditioned medium, 30% v/v) (BMA5 

(sup)) and affinity purified BMA5 (10 /ag/ml) (BMA5(conc)), or rabbit anti-mouse IgG (30 

iug/ml) (IgG), After 30 min at 37°C the nonadherent cells were removed by washing with 

warm PBS. The remaining cells were fixed in 3.7% paraformaldehyde. The cells were 

stained in 1 % toluidine blue and the absorbance measured in an ELISA plate reader at 570 

nm. The results are expressed as the mean + SD of triplicates. The experiment was 

repeated twice with similar results. 

74 



o o o 

o 
IT) 

o 
D 
.a 
i_ 

o 
CO 

< 

350 

300 

250 

200 

150 

100 

50 

1 1 T 
- 

BSA 

-       --N       •*■>>       to o 
'        S-       £       ^ CD z          c-          o 

N^-. <o 
^        «o 

■^       .? 
03          ^ 

03 

Fibronectin 

75 



4.4 TGF-ß increases adhesion of SP1 cells to the ECM 

Transforming growth factor-ß (TGF-ß) is well recognized in the literature for its 

ability to increase both extracellular matrix secretion and integrin expression (Heino et al., 

1989; Roberts et al., 1992). We investigated whether TGF-ß could promote adhesion of 

SP1 cells. SP1 cells were treated with TGF-ß in the presence of 2% FBS under both 

adherent and anchorage-independent conditions. The serum concentration was reduced to 

2% to minimize the effects of the serum but maintain viability of the cells in suspension 

cultures. When cells were treated with TGF-ß under adherent conditions there was an 

increase in adhesiveness to FN, VN and Coll I and IV as determined by an adhesion assay 

(Figure 9A). SP1 cells did not adhere significantly to laminin with or without TGF-ß 

treatment. When SP1 cells were treated with TGF-ß under anchorage-independent 

conditions there was an increase in adhesiveness to Coll I and IV but the adhesiveness to 

FN, VN or LM remained unchanged (Figure 9B). In both cases the increase in 

adhesiveness to Coll I was greater than that to Coll IV. We are currently investigating the 

ability of TGF-ß to alter ECM expression by Northern analysis and integrin expression by 

cell-surface labelling in SP1 cells under adherent and anchorage-independent conditions. 

We also investigated whether HGF could alter the adhesive potential of SP1 cells. 

Our results showed that HGF does not alter the adhesive potential of SP1 cells on FN or 

VN but does stimulate cell spreading (data not shown). In addition, others have reported 

that HGF does not alter integrin expression (Matsumoto et al., 1994). 

The results in this section show that TGF-ß but not HGF can alter the adhesive 

potential of SP1 cells to extracellular matrix under both adhesive and anchorage- 

independent conditions. 
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Figure 9. Effect of TGF-ß on SP1 cell adhesion. 

SP1 cells were cultured under (A) adherent or (B) anchorage-independent 

conditions (in agar coated plates) in the presence of 2% FBS and in the absence or presence 

of 0.5 ng/ml TGF-ß for 24 h. SP1 cells were harvested and seeded (30,000/well) in 96- 

well plates precoated with BSA, FN, VN, LM, Coll I, and Coll IV at a concentarion of 10 

/ig/ml as described in the Material and Methods. After 45 min at 37°C, the non adherent 

cells were removed by washing with warm PBS and the remaining cells were fixed and 

stained as previously described. The results are expressed as mean + SD of triplicates. 

Panel A: Adhesion assay of SP1 cells treated with TGF-ß under adherent conditions 

Panel B: Adhesion assay of SP1 cells treated with TGF-ß under anchorage-independent 

conditions. 
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4.5 Exogenous fibronectin is required for adequate colony formation 

We have just shown that SP1 cells adhere well to FN via the a5ßi integrin and we 

have previously demonstrated that FN is abundant in SP1 colonies (Appendix I). Thus, 

the next step in investigating the role of extracellular matrix proteins, especially FN, in 

anchorage-independent growth was to remove the primary source of FN from the colonies. 

Fibronectin was partially removed from FBS by immunoprecipitation with anti-bovine FN 

antibodies (Telios). Partial removal of FN from serum reduced colony growth efficiency 

of SP1 cells by approximately 50% whereas endogenous IgG depletion with protein A 

Sepharose alone or preclearing of the serum with rabbit anti-mouse IgG did not remove 

any factors required for growth in soft agar (Figure 10).  Addition of exogenous bovine 

plasma FN at 10 /ig/ml to the FN reduced-serum partially reconstituted the colony growth. 

We have observed a reduction in colony growth in 4 of 6 experiments with a range of 26- 

89% inhibition. We have also analysed the immunoprecipitates of FN from serum on 6.0% 

SDS-PAGE under reduced conditions. Silver staining the gel demonstrated that we were 

able to remove some FN from the serum (data not shown). A positive control of 10 /ig of 

purified bovine plasma FN in an adjacent lane. Although FN was likely not completely 

removed from the serum, our results show that we have removed sufficient FN from the 

serum to affect colony growth. Further experiments are required to determine the extent 

of the FN removed from the serum in our system by western blot analysis of the serum 

with FN removed by immunoprecipitation. It is possible that further depletion of FN will 

result in a greater and more consistant reduction in colony growth. 

Another common method of removing FN is using gelatin sepharose beads to which 

FN has a strong affinity.   In our system, this method is not practical since it requires 
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dilution of the solution containing FN in a buffer which would affect the serum and inhibit 

use in tissue culture. Since removal of FN from serum was incomplete, we attempted 

another approach by adding FN to low serum conditions. 

We next investigated whether addition of purified bovine plasma FN as well as 

other ECM proteins to limiting culture conditions (1 % FBS) would enhance colony 

growth. When SP1 cells are cultured in agar containing 1 % FBS, very few colonies grow 

and remain small in size as compared to those obtained in the presence of 7% FBS. In the 

complete absence of serum, SP1 cells do not form any colonies in soft agar.  We used 

these limiting conditions (1 % FBS) to determine which ECM proteins affect anchorage- 

independent growth of SP1 cells.   The addition of FN and LM was shown to increase 

colony growth marginally in 1 % FBS, but likely lacked the needed mitogenic components 

present in 7% FBS to generate large colonies (Figure 11). The increase in colony growth 

observed with FN, although small, was reproducible in 4 of 4 experiments and the range 

of increase was from 29-63% increase compared to 1% FBS control. In contrast, both 

Coll I and IV inhibited colony growth of SP1 cells with the former being more effective. 

Collagen type I could inhibit colony growth in the presence of both 1 % or 7 % FBS (Figure 

11, inset). Addition of Coll I or TV with FN or LM, respectively, also causes a reduction 

in colony growth demonstrating a dominant effect of Coll. We have observed a decrease 

in colony formation in the presence of Coll I in 4 of 7 experiments. In the 4 experiments 

where a decrease was observed, the range was from 46-96%. 

We have previously shown that FN in SP1 colonies is present in the form of fibrils 

(Appendix I). We now show that the 70 ammo-terminus kDa fragment of FN (see Figure 

1), which inhibits FN fibril formation by causing chain termination, reduces colony growth 
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of SP1 cells. We have shown that addition of the 70 kDa fragment reduces colony growth 

by approximately 30% at a concentration of 10 /ig/ml in agar as compared to a control 85 

kDa peptide which does not inhibit FN fibril formation (Table 2). The 70 kDa fragment 

of FN does not inhibit SP1 cell adhesion to FN therefore its effect on colony growth is 

mediated through inhibition of fibril formation and not through interference of FN-integrin 

binding. We also incubated SP1 cells under anchorage-independent conditions with FITC- 

labelled FN for 5 days. These results show that exogenous FITC-labelled FN at 30 /ig/ml 

was incorporated in SP1 colonies especially at the early stages, since FITC-labelled FN 

appears to be primarily in the central region of the colony (Figure 12). 

The results in this section show that an exogenous source ofFNand assembly into 

fibrils is required for adequate colony formation ofSPl cells and that collagen inhibits SP1 

colony formation. 
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Figure 10. Effect of FN depletion on SP1 colony growth 

Serum was either untreated (UT) or incubated with protein A sepharose (-PAS) to 

remove endogenous IgG. After PAS treatment the serum was precleared with rabbit anti- 

mouse IgG (-IgG) and PAS. After preclearing the serum, fibronectin was removed by 

immunoprecipitation with a polyclonal anti-FN antibody (5ptl/ml serum)(-FN). In one 

group bovine plasma fibronectin was added to the culture medium at a concentration of 

10 /ig/ml (-FN+FN). The colony assay was performed as described in the Materials and 

Methods in the presence of 7% FBS. The cells were incubated for 14 days then fixed in 

methanol and stained with Geimsa. The colonies were counted manually. The results are 

expressed as the mean + SD of quadruplicates. The experiment was done 6 times and we 

observed an inhibition in 4 of the experiments (76%, 89%, 75% and 26%). 
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Figure 11.  Effect of purified ECM proteins on SP1 colony growth 

The colony assay was performed as described in the Material and Methods. The 

purified matrix proteins indicated in the X axis were added at a concentration of 10 /ig/ml 

to the RPMI 1640/agar mixture before solidification. All cultures contained 1% FBS. 

Inset: shows the effect of collagen type I on SP1 colonies in medium supplemented with 

1% and 7% FBS. Colony growth was allowed to proceed for 14 days at 37°C. The 

colonies were fixed and stained as described in the Materials and Methods. The results are 

expressed as the mean + SD of quadruplicates. The experiment was repeated four times. 

The colony assay with collagen was performed a total of 7 times. An inhibition of colony 

growth with Coll I was observed in 4 of the experiments (46%, 83%, 46% and 96%). 
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Table 2 

Effect of the 70 kDa and 85 kDa fragments of fibronectin on SP1 cell colony growth 

Fibronectin fragments Number of colonies 

3% FBS 90 + 6.5 

3% FBS + 70 kDa FN Fragment 62 + 4.1 

3% FBS + 85 kDa FN Fragment 91 ± 11 

Legend: 

SP1 were seeded (30,000/well) in 0.75 ml of a 1:1 mixture of agar and RPMI 1640 

medium in 35 x 10 mm dishes. The final concentration of agar was 0.36%. The 70 kDa 

N-terminal fragment or the 85 kDa fragment were added to the mixture at 10 /ig/ml before 

solidification. The dishes were incubated at 37°C for 10 days. The colonies were then 

fixed in methanol, stained with Giemsa and counted manually. The results are expressed 

as the mean + SD of quadruplicates. 

86 



Figure 12. Incorporation of FITC-labelled FN in SP1 colonies 

SP1 colonies were grown on RPMI/agar coated plates supplemented with 3 % FBS 

partially depleted of FN and 30 /ig/ml of FITC-conjugated FN. After 5 days, the colonies 

were fixed in 3.7% paraformaldehyde, dried on glass slides, and viewed with a Meridian 

confocal microscope. (A) Phase contrast illumination; (B) fluorescence illumination. 

Magnification 1000X. The control, containing 30 /tig/ml unlabelled FN, showed no 

immunofluorescence (data not shown). 
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4.6 TGF-ß and HGF promote SP1 colony growth in 1 % serum 

We have shown that ECM proteins are required but not sufficient to maintain 

colony growth of SP1 cells. It is likely that growth factors are also required for adequate 

colony growth. SP1 cells respond to a number of growth factors including bFGF, PDGF, 

IGF, HGF, and TGF-ß. Although most of these factors have been shown to promote 

anchorage-independent growth of various cell lines, TGF-ß is well established in the 

literature to promote anchorage-independent growth and modulate both ECM and integrin 

expression (Heino et al., 1987). In addition, SP1 cells express high levels of the HGF 

receptor, c-Met, and secrete HGF therefore it is an important autocrine mitogenic factor 

for SP1 cells (Rahimi etal., 1996b). 

Thus, we investigated the ability of these two growth factors to promote anchorage- 

independent growth of SP1 cells. HGF at 5 ng/ml and TGF-ß at 0.5 ng/ml both promoted 

anchorage-independent growth of SP1 cells in soft agar. However, TGF-ß was 

considerably more efficient than HGF or FN in promoting colony growth in 1% FBS. 

When added in combination with FN, HGF or TGF-ß showed a marginal additive effect 

compared to either growth factor alone (Figure 13). Concentrations of HGF greater than 

10 jug/ml had a negative effect on SP1 colony growth (data not shown). 

The results in this section show that both HGF and TGF-ß can increase colony 

growth ofSPl cells whereas FN showed only a marginal effect. 
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Figure 13. Effect of HGF and TGF-ß on SP1 colony growth 

The colony assay was performed as described in the Materials and Methods. The 

control group contained 1% FBS only, FN (10 pg/ml), HGF (5 ng/ml) and TGF-ß (0.5 

ng/ml) were added to the agar before solidification. The colonies were incubated for 14 

days at 37°C. The colonies were fixed and stained as previously described. The 

experiment was performed in quadruplicate. The results are expressed as the mean + SD 

of quadruplicates. The experiment was repeated 2 times with similar results. 
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4.7 Discussion 

The results in this chapter show that SP1 cells, like many epithelial-derived tumors, 

adhere to a number of ECM proteins and express several integrin receptors. 

We have shown that: 

1. SP1 cells adhere to fibronectin, vitronectin, collagen type I and IV and express a2ßj 

a3ß!, a5ßi, agßj and avß3 integrin receptors. 

2. SP1 cells adhere to fibronectin primarily via the a5^: integrin receptor. 

3. TGF-ß, increases adhesion potential of SP1 cells to fibronectin, vitronectin and collagen 

when traeted under adherent conditions and only to collagen under anchorage-independent 

conditions. 

4. Fibronectin and fibronectin fibril assembly are required for optimal colony growth. 

5. HGF and TGF-ß promote anchorage-independent growth of SP1 cells in 1% FBS. 

In general, mammary tumor cells often down-regulate integrin expression (Restucci 

et al., 1995). However, there is conflicting evidence as to the expression of a^ in 

mammary cells. In normal mammary cells a5ßx is not detected or expressed at very low 

amounts using immunohistochemical techniques. However, oc^ expression is increased 

on some transformed cell lines but appears to be down-regulated in other studies 

(Koukoulis et ah, 1991; D'ardenne et al, 1991). Another study showed positive staining 

in many normal, benign and malignant canine mammary tumors but was unable to show 

a relationship between a5ß: expression and the degree of malignancy (Pena et al., 1994). 

Interestingly, a5ßj appears to be increased in malignant, undifferentiated bladder 

carcinomas as compared to normal and benign cells (Saito et al., 1996). In this chapter 

92 



we have shown that SP1 cells adhere well to FN and express c^ß,, which is different from 

mammary cells examined in vivo, which reduce the expression of FN after transformation. 

During this study, several clones of SP1 cells were selected (discussed in chapter 5) and 

tested for their ability to adhere to FN, VN, LM, Coll types I and IV. We observed that 

all clones adhered and spread well to FN and VN. In contrast, there was considerable 

variability in adhesion to LM and Coll types I and IV. This phenomenon is the result of 

clonal selection in tissue culture. These cells are continually subcultured in medium 

supplemented with serum. The most prominent adhesive components in serum are FN and 

VN, whereas only trace amounts of other adhesive proteins are present. During the first 

few passages after removal of the tumor from the mammary tissue, any cell which does not 

express receptors for FN or VN would not attach to the tissue culture plastic and would 

either die or be lost during subsequent tissue culture. SP1 cells are therefore selected for 

their adhesive potential to serum components. 

Most studies of integrin expression in humans or animal tumors have relied upon 

immunohistochemical techniques. In normal epithelia, integrins that bind Coll, LM, and 

other basement membrane components tend to be expressed mainly at the basolateral 

surface, in proximity to the basement membrane. For example c^ß^ ocgßj and a6ß4 show 

this type of organization. By contrast, in carcinomas, the spatial arrangement of these 

integrins becomes quite disordered, with a diffuse and apparently less abundant 

intracellular distribution. In addition to changes in the spatial pattern of integrin 

expression, some authors report a reduced level of expression of some integrin subunits 

in carcinomas, especially a2, a3 and a5. However, as most of these studies relied on 

immunohistochemistry, it is not clear whether this actually represents a quantitative 
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difference in the total amount of integrin subunit protein, as opposed to a more diffuse 

distribution of the same amount of protein (Juliano and Varner, 1993). In addition, these 

studies are performed on tumor cells with a different microenvionment than those in 

culture. Dalton et al (1992) demonstrated a reduction in a5pt expression in both 

transformed and non-transformed fibroblasts maintained in suspension suggesting that loss 

of the FN adhesion system is not sufficient to induce anchorage-independent growth. In 

conclusion, caution must be taken in assessing an up-regulation or down-regulation of 

integrin receptors when using immunohistochemistry or when comparing different staining 

techniques or different cell types. 

Several integrins are known to bind to the RGD sequence with varying affinity 

including the a^ and avß3 integrin receptors and numerous commercially available 

peptides can inhibit this adhesion with varying efficiency. In our system, the linear 

GRGSPK peptide was not efficient for the murine a5pt integrin, but did produce almost 

100% inhibition of adhesion to VN which is mediated through the avß3 receptor (data not 

shown). This result excludes the role of the avß3 in adhesion of SP1 cells to FN. It is 

expected that a longer peptide would have been required for inhibition of a5ßrFN 

interaction in our system because the conformation of the peptide as well as the flanking 

regions which contain the synergy region are required for adequate inhibition (Hocking et 

al., 1994). It is also possible that the o^ is involved in adhesion to FN. We did not 

assess the role of the a$1 integrin in adhesion to FN because we do not have the required 

blocking antibody. However, our results demonstrating that the BMA5 almost completely 

inhibits adhesion to FN shows a5ßi is the primary receptor for FN on SP1 cells. 

We have shown that the a2ßi integrin is upregulated under anchorage-independent 
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conditions. Integrin expression is regulated by a number of factors including ECM and 

growth factors. Expression of a^ can also change when cells are maintained under 

anchorage-independent conditions as seen with A431 human epidermoid cells (Waleh et 

al., 1994). Loss of adhesion or changes in cell shape may alter transcription of integrin 

genes directly or indirectly through up-regulation or down-regulation of growth factors. 

The role of the a2^x receptor is further explored in Chapter 5. 

There is conflicting evidence on the role of FN in tumor cell growth. Some studies 

have shown that FN is reduced from the cell surface of transformed cells and that adhesion 

to FN is reduced on transformed fibroblasts (Dalton et al., 1992). In contrast, Coucke et 

al (1992) have shown that pretreatment of melanoma cells with FN, increased their ability 

to colonize lung tissue in mice. These differences may be a result of differences between 

fibroblasts and epithelial cells, the number of receptors on the cell surface or the degree 

of malignancy of the cells. Our results demonstrating that partial removal of FN from 

serum reduces colony growth suggests that FN is a limiting factor in colony growth. 

These results suggest that FN adhesion (but not spreading) may be required for growth of 

SP1 colonies. Thus SP1 cells may represent an intermediate stage in anchorage- 

independent growth. 

Some colonies are able to grow in reduced serum conditions. SP1 under 

anchorage-independent conditions can produce their own FN. We have previously shown 

that adherent SP1 cells produce FN, but synthesis and secretion are considerably 

downregulated when the cells are cultured under anchorage-independent conditions 

(Appendix I). Fibronectin may not have been completely removed from the serum, and 

cells which require low amounts of FN may be able to form colonies.   Cells under 
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anchorage-independent conditions do not proliferate as rapidly as adherent cells. Thus 

although SP1 cells downregulate FN synthesis and secretion, the remaining production may 

be sufficient to maintain colony growth. Addition of purified bovine plasma FN added to 

FN partially depleted serum only partially reconstitutes colony growth, suggesting that 

other components required for colony growth may be attached to the FN and co- 

precipitated from the serum. Growth factors such as TGF-ß and HGF have been shown 

to bind ECM (Lamszus et al., 1996) and may be incorporated onto the FN. TGF-ß, a 

likely candidate, is effective at extremely low concentrations (0.1 ng/ml) and may be 

difficult to detect by conventional methods. Further investigation is required to determine 

whether any growth factors are present on exogenous or endogenous ECM proteins. 

The inhibitory effect of collagen on SP1 colony growth is likely the result of two 

possible mechanisms: The action may be indirect, by interfering with binding of FN to 

integrins on the cell surface. SP1 cells have few collagen receptors therefore no signals 

are generated by having collagen at the cell surface, where it may interfere with positive 

signal generated from FN. Alternatively, the action could be direct, as a result of collagen 

binding to specific integrin receptors which generate a negative growth signal such as that 

during cell differentiation. Further investigation is required to determine the mechanisms 

by which collagen inhibits SP1 colony growth. However results obtained in chapter 5 

support the former possibility. We have noted some variation in the ability of collagen to 

inhibit SP1 colony growth. SP1 cells are a heterogenous population of cells and show 

heterogeneity in their adhesiveness to Coll I. It is possible that some cells respond 

positively to collagen while others are unaffected or negatively affected. The phenotype 

of SP1 cells may change slightly after being in culture for several weeks, hence a freshly 
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thawed stalk may respond differently to Coll I than an older culture of cells. 

We have also noted considerable variation in the total number of colonies obtained 

between colony assays. Possible sources of variation are errors in pipetting a small 

number of cells (2000/plate). Colony growth is sensitive to agar concentrations. 

Concentrations above 0.36% are inhibitory to colony growth, especially at early stages. 

Evaporation of water from the agar during the 10-14 day incubation results in a 

concentration of the agar and salts in the medium and reduces colony growth. Addition 

of medium to the top of the agar frequently inhibits the top layer from sticking to the 

bottom layer and to the plate and there is risk of the top layer being lost or damaged during 

fixation and staining of the colonies. To obtain more consistent results between 

experiments, these technical difficulties must be addressed. 

We demonstrated that SP1 cells adhere poorly to LM but we also show that LM 

marginally increases colony growth of SP1 cells. There are at least two possibilities for 

this observation. First, we have shown that cells under anchorage-independent conditions 

increase surface expression of the a2px receptor which is a laminin and collagen receptor. 

It is possible that this increase is sufficient for anchorage-independent cells in agar to 

respond to LM and promote colony growth. In support of this observation, Lin and 

Bertics (1995) demonstrated that clones of mouse B83L fibroblasts which adhered to 

laminin showed increased colony forming ability when compared to clones which did not 

bind to laminin. In addition, laminin and some of its peptides have been associated with 

increased tumor cell growth and to increase migration and invasion of cells (reviewed in 

Fields, 1993). Second, it is possible that SP1 cells secrete proteases which cleave laminin 

and generate peptides which promote growth more efficiently than the native protein. 
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We have shown that both TGF-ß and HGF could enhance colony formation of SP1 

cells. TGF-ß was shown to be more efficient than HGF. Interestingly, many of the 

studies performed with growth factors which increase anchorage-independent growth are 

performed in the presence of 10% FBS. We have seen this effect in low serum conditions 

(1% FBS). In support of our results, two reports have shown that HGF can increase 

colony growth of MDCK cells and small cell lung carcinoma (Uehara and Kitamura, 1992; 

Seckl et al., 1994). Both of these reports have used 10% FBS in the assay. 

In conclusion, the results in this chapter suggest a positive regulatory role for FN, 

a5p!, o^ßi and TGF-ß in SP1 colony growth. These data further suggest that changes in 

the transformed phenotype mediated by HGF are likely to be in the proliferation or 

mitogenic pathway, while those mediated by TGF-ß may be through proliferation or 

modulation of ECM-integrin interactions. In addition, our results have shown that a 

number of extracellular factors including ECM proteins and growth factors can affect 

anchorage-independent growth in both a positive and negative manner. 
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CHAPTER 5 

ADHESIVE AND GROWTH PROPERTIES OF SP1 

CELL CLONES CL-12-H AND CL-24-L 

5.1 Rationale and Objectives 

We have provided evidence in chapter 4 that integrin-ECM interactions play a role 

in anchorage-independent growth of SP1 cells. However, SP1 cells are a heterogenous 

population of tumor cells, therefore individual clones may have different adhesive and 

growth properties. The unstable genotype of tumor cells may cause some drift in the 

phenotypes in a rapidly growing population of cells. It is difficult to properly assess the 

adhesive and integrin properties in a heterogenous population of cells. 

Cells able to grow in agar show a correlation with tumorigenicity in mice (Freedman 

and Shin, 1975). Several of the mechanisms which allow proliferation under anchorage- 

independent conditions are discussed in this thesis but there still remain many questions 

about ECM-integin interactions under anchorage-independent conditions. Transformed cells 

become less adhesive and less dependent on exogenous factors for growth and often show 

an autocrine stimulation. However growth factor autonomy alone is not sufficient for 

anchorage-independent growth (Stackpole et al, 1995). The matrix and adhesive 

requirements are also important but not well understood in transformed cells. For example, 

the collagen receptor, a2ßl5 is expressed on both normal and transformed mammary cells. 

Expression of oc2ßi is generally reduced on transformed mammary cells but low levels remain 

on the cell surface. Over-expression of oc2ß, in transformed mammary cells is associated 

with a reversion of the malignant phenotype (Zutter et al, 1995). These results suggests that 

the presence of collagen receptors on the cell surface may play a physiological role in 
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regulating metastasizing cells. For example, in vivo tumors often degrade their basement 

membrane and invade into the local stroma which is rich in ECM proteins such as Coll I. 

In addition, Howlett et al. (1995) have shown that a2ß, is required for morphogenesis of 

normal mammary cells in collagen gels. 

In the previous chapter, we have shown that SP1 cells maintained under anchorage- 

independent conditions express higher levels of the a2ßj than those maintained on plastic. 

We have also shown that SP1 cells show heterogeneity in their adhesive potential to collagen 

type I. These findings raise the possibility that collagen binding capacity and ctjß, integrin 

expression may be differentially expressed in SP1 subpopulations. 

To further investigate the role of ECM proteins in anchorage-independent growth, 

we must first obtain a population of cells with uniform adhesive properties and integrin 

profile. As seen in chapter 4, ECM proteins have both positive and negative influences on 

colony growth of SP1 cells. It is possible that some of the cells within the heterogenous 

population of SP1 cells respond positively to ECM proteins while others respond negatively. 

Such a situation may result in a null effect of the ECM or inconsistant results between 

experiments. It should also be possible to isolate a population of SP1 cells which grow 

efficiently in agar and another population which does not grow in agar. 

In this chapter our objectives are: 

1. To establish SP1 clones with high and low colony forming ability in agar. 

2. To investigate the integrin expression, adhesive and growth properties of the clones. 

3. To determine whether any differences in ECM or integrins profiles are associated with 

the ability to form colonies in agar. 
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RESULTS 

5.2 Selection of SP1 clones with variable adhesive and anchorage-independent growth 

properties. 

SP1 cells are a heterogenous population of cells with differences in adhesive and 

anchorage-independent growth properties. There is variation in their morphological 

appearance in culture and when plated in agar, only a small percentage of SP1 cells form 

colonies in agar. There is also heterogeneity in the size of the colonies. We diluted SP1 cells 

at low concentrations and allowed single cells to grow in small islands on plastics. These 

islands were isolated and cultured for several passages before being assayed. Approximately 

35 clones were tested for their adhesiveness to various ECM proteins and for colony growth 

in soft agar. Some of the results of the adhesive profile of clones are in Appendix II. The 

results showed little variability in adhesion to FN or VN between different clones but a high 

degree of variability in adhesion to LM, Coll I, and Coll IV. The SP1 clones also 

demonstrated a wide spectrum in their ability to grow in agar supplemented with 7% FBS. 

We selected two clones at opposing ends of the spectrum; C1-12-H which grows very well 

in agar (approximately 40%) and forms large colonies with less variability in size and Cl-24- 

L which does not grow well in agar (approximately 2%) as compared to the parent cell line, 

SP1 (approximately 10%) (Figure 14). There is considerable variation among colony 

experiments (discussed in Chapter 4). These two clones were sub-cultured 30 times and 

assayed again. The anchorage-independent phenotype was very stable as determined by 

periodic agar assays. 

The results in this section show that there is clonal heterogeneity in the potential for 

SP1 cells to grow anchor age-independently and that this phenotype is stable. 
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Figure 14. Growth of SP1 - C1-12-H and C1-24-L cells in aear 

The colony assay was performed as described in the Material and Methods. SP1, Cl- 

12-H and C1-24-L cells were harvested and assayed in agar supplemented with 7% FBS as 

previously described. All three cell lines were seeded at 2000 cells/plate. After 14 days, the 

plates were fixed as previously described and the colonies counted manually. The results 

below are expressed as the mean ± SD of quadruplicates. Figure 14 is a photograph of one 

of the plates. 

A: SP1: 151 ±15 

B: C1-24-L:    47 ± 8 

C: C1-12-H:    535 ±31 
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5 3 r,1-12-H cells prow efficiently in agar and in serum-free medium. 

Our objective was to focus on differences in the adhesive properties of C1-12-H and 

C1-24-L and determine whether any observed differences correlated with their phenotypic 

differences in anchorage-independent growth. The morphology of C1-12-H and C1-24-L cells 

cultured on plastic in the presence of 7% FBS were very similar. The C1-24-L cells show a 

more spread phenotype while C1-12-H cells are more spindle shaped (Figure 15). 

We compared the growth potential of the two clones with the parent population of 

SP1 cells. SP1 cells, C1-12-H and C1-24-L had similar growth rates when cultured in 7% 

FBS on tissue culture plastic as determined by 3H-thymidine incorporation. However, in 

serum free conditions, the C1-12-H clone incorporated significantly more 3H-thymidine than 

either SP1 or the C1-24-L cells (Figure 16). 

Rahimi et al. (1996) have previously shown that HGF is produced by SP1 cells and 

that they express the c-Met receptor. To determine whether the increased growth of C1-12-H 

was a result of increased HGF-c-Met interaction, we used suramin (a non-specific inhibitor 

of growth factor receptor-ligand interactions). The growth, as measured by 3H-thymidine 

incorporation, of all three cell lines was inhibited by suramin (500 |ag/ml) in serum-free 

medium (data not shown) (discussed further in discussion). We examined the HGF receptor 

status on SP1 cells and the two clones by immunoprecipitation and western blot analysis. 

We did not observe any difference in HGF receptor expression and tyrosine phosphorylation 

on SP1, C1-12-H and C1-24-L cells (data not shown). 

The results in this section show that Cl-12-Hare morphologically different than Cl- 

24-L cells and grow better in serum free conditions when adherent. 
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Figure 15. Morphology of C1-12-H and C1-24-L on plastic 

C1-12-H and C1-24-L cells were seeded in 100 x 15 mm tissue culture plates in the 

presence of 7% FBS. After 8 h, the cells were photographed using a Leica DM IL inverted 

microscope using Kodak technical pan film (ESTAR-AH base). Magnification: 130 X 

A: C1-12-H 

B: C1-24-L 
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Figure 16. Growth of SP1. C1-12-H and C1-24-L cells on plastic in serum-free conditions and 

7% FBS 

SP1 (empty bars), C1-12-H (solid bars) and C1-24-L cells (hached bars) were seeded 

(10,000/well) in 24 well tissue culture plates in the test medium (7% FBS or serum-free). 

After 24 h, 0.2 uCi 3H-thymidine was added to each well and incubated for another 24 h at 

37°C. The cells were harvested with trypsin-EDTA and placed in 96-well microtiter plates 

then transferred to filters using a cell harvester. 3H-thymidine incorporation was measured 

(CPM/well) in a scintillation counter using Ecolume scintillation fluid. The results are 

expressed as the mean ± SD of four experiments; each experiment contained quadruplicate 

samples. * indicates a significant increase in growth compared to SP1 and C1-24-L cells 

grown under serum-free conditions (p<0.05). 
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5.4 C1-12-H cells adhere to collagen type I and express K;ß, 

We investigated the adhesion profile of C1-12-H and C1-24-L cells. C1-12-H and Cl- 

24-L cells adhere to a similar extent on FN and VN (data not shown). In contrast, C1-12-H 

was able to adhere and spread on Coll I much more efficiently than C1-24-L (Figure 17A and 

B). C1-12-H cells were also able to adhere better to LM than SP1 or C1-24-L cells (data not 

shown). Interestingly, both clones were able to adhere relatively well and to the same extent 

to Coll IV. As with SP1 cells, we tested the dependence of C1-12-H and C1-24-L adhesion 

on divalent cations. Both cell lines required either Ca2+, Mg2+, or Mn2+ to adhere to FN. Cl- 

12-H also required divalent cations to adhere to Coll (data not shown). None of the divalent 

cations could promote C1-24-L cells to adhere to Coll I above baseline levels (data not 

shown). 

We have shown that C1-12-H cells adhere well to Coll I while C1-24-L cells do not, 

therefore we investigated the expression of Coll receptors on the cell surface of the two 

clones. The primary integrin receptors for Coll are ctjß,, a2ßl5 and a3ß,. 

Immunoprecipitation of the integrin receptors for Coll using anti-a2, a3 and ßj antibodies 

showed that C1-12-H cells expressed higher levels of the a2ßi integrin than C1-24-L cells. 

Both cell lines expressed similar levels of the ß, and the a3 integrin (Figure 18A). In the a2 

immunoprecipitation we observed a band at approximately 110 kDa which co-migrates with 

the ß; subunit but disappeared upon reduction of the samples (Figure 18B). We also 

observed a third band at approximately 100 kDa which is also present in the IgG control. 

This band was also lost after treatment with 2-mercaptoethanol. We do not have any 

antibodies which recognize the murine a, integrin subunit. However the a, subunit is 180 

kDa in size compared to the other a subunits which are 120-130 kDa in size. Based on this 
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difference, the a, subunit can be distinguished from the other a subunits in the ßj 

immunoprecipite. We did not observe any a, integrin subunit in the ßi immunoprecipite. 

We have not determined whether a^ is the primary receptor for collagen or what is the 

contribution of other Coll receptors such as c^ßj and cxvß3 since we do not have any specific 

blocking antibodies or peptides to these mouse integrin receptors. 

The results in this section show that CI-12-H cells express higher levels of the 

collagen/laminin receptor a2ß, and adhere well to collagen type I and laminin as compared 

to SP1 and CI-24-L cells. 
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Figure 17. Adhesion of C1-12-H and C1-24-L cells to collagen 

Panel A 

The cell adhesion assay was performed as described in the Materials and Methods. 

Linbro 96-well tissue culture plates were precoated with collagen types I and IV coated at 

the concentrations indicated (obtained by two-fold serial dilution). After 45 min at 37°C 

the cells were fixed and stained as described in the Materials and Methods. The results are 

expressed as the mean of duplicate samples. The experiment was repeated twice with similar 

results. 

Panel B and C. Photographs of C1-12-H and C1-24-L on collagen type I 

SP1 cells were harvested and seeded in Linbro 96-well tissue culture plates (30,000 

cells/well coated with collagen type I (10 ug/ml). The cells were allowed to adhere for 30 

min then photographed on a Lieca DM IL inverted microscope using technical pan film. 

Magnification: 120 X 

B: C1-12-H on collagen type I 

C: C1-24-L on collagen type I 
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Figure 18. Collagen receptors on C1-12-H and C1-24-L cells 

Panel A 

C1-12-H and C1-24-L cells were harvested and labelled with a biotinylation reagent 

to biotinylate all cell surface proteins in PBS as described in the Materials and Methods. The 

cells were counted and the cell number normalized in each group then lysed in RIPA lysis 

buffer. The lysate were centrifuged and the protein concentration of the supernatant 

normalized and aliquoted into 4 groups. The integrins were immunoprecipitated with rabbit 

anti-mouse IgG (control), rabbit anti-ßl5 anti-oc2 and anti- a3 IgG and resolved by 7.5% SDS- 

PAGE under non-reducing conditions. The proteins were transferred to nitrocellulose and 

a western blot analysis performed using a streptavidin-horse radish peroxidase-conjugated 

antibody for detection. The proteins were visualized using ECL reagents. The vertical 

arrows I show the position of the a2 and a3 subunits of C1-12-H cells. 

Panel B 

An aliquot of the same immunoprecipitate as in Figure 18A was run under reduced 

conditions (5% 2-mercaptoethanol) and resolved by 7.0% SDS-PAGE. The proteins were 

transferred to nitrocellulose and a western blot analysis performed using a streptavidin-horse 

radish peroxidase-conjugated antibody for detection. The proteins were visualized using 

ECL reagents. 
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5.5 Fibronectin and collagen type I promote anchorage-independent growth of C1-12-H cells 

We have previously shown that FN can marginally increase colony growth of SP1 

cells in soft agar in the presence of 1% FBS, while Coll I inhibits this growth. We tested the 

effect of FN, LM, VN and Coll I on colony growth in agar of C1-12-H and C1-24-L cells. 

Similar to the results observed with SP1 cells, FN and LM were found to promote colony 

growth of C1-12-H cells. When added in combination, FN + LM or FN + Coll I showed an 

additive increase in colony growth (Figure 19A). Interestingly, collagen type I which inhibits 

colony growth of SP1 cells promotes that of C1-12-H cells and could also increase colony 

growth in the presence of 7% FBS in a concentration dependent manner (Figure 19B). 

Neither FN or Coll I could affect growth of C1-24-L cells in agar (Figure 19B). 

In conclusion, we have isolated an SP1 clone which is very efficient at anchorage- 

independent growth, as well as growth in serum-free conditions. C1-12-H cells also adhered 

to Coll I and expresses a2ß] integrin. A summary of the properties of C1-12-H, C1-24-L and 

SP1 cells are presented in Table 3. 

The results in this section show that both fibronectin and collagen type I increase 

colony growth of Cl-12-H cells. 
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Figure 19. Colony growth of C1-12-H cells in the presence of exogenous ECM proteins 

Panel A 

The colony assay was performed as described in the Materials and Methods. The 

control group contains 1% FBS. The treatment groups also contain ECM proteins indicated 

on the X axis at a final concentration of 10 fxg/ml before solidification. After 14 days, the 

plates were fixed and stained as previously described. The results are expressed as the mean 

± SD of quadruplicates. 

Panel B 

The colony assay was performed as described in the Materials and Methods. SP1, 

C1-12-H and C1-24-L cells were seeded (2000/dish) in the presence of 7% FBS. Treatment 

groups also contained FN or collagen type I at 2.5, 5, or 10 ug/ml. 
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Table 3. Growth and adhesive properties of SP1. C1-12-H and C1-24-L cells 

SP1 C1-12-H C1-24-L 

Growth in 7% (plastic) +++ +++ +++ 

Growth in serum-free medium + ++ + 

Adhesion to collagen type I + +++ - 

Adhesion to fibronectin +++ +++ +++ 

Adhesion to laminin + +++ + 

Expression of oc2ß, + ++ - 

Colony growth (7%) ++ +++ + 

Legend: 

Table 3 illustrates the properties of the parent SP1 cells and the SP1 cell clones, C1-12-H and 

C1-24-L in growth, colony and adhesion assays. 

not detectable 

+ marginal growth or adhesion 

++        moderate growth or adhesion 

+++      Maximal growth or adhesion 
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5.6 Discussion 

In this chapter we have shown that 

1. SP1 cell clones with both high (C1-12-H) and low (C1-24-L) colony efficiency in agar can 

be isolated from the parent population, and agar colony forming ability is a stable phenotype 

in these cells. 

2. The C1-12-H clone adheres to collagen type I, expresses a2ß, and grows better in serum 

free medium than SP1 cells or the C1-24-L clone. 

3. Fibronectin and collagen type I both increase colony growth of C1-12-H cells. 

We have demonstrated a correlation between the expression of a2ß, integrin and SP1 

colony growth. Our results, show that a2ß, is increased in expression on the C1-12-H clone. 

However, colony growth is associated with an increase in the transformed phenotype. Zutter 

et al. (1995) have shown that an increase in a2ß, correlates with a decrease in the malignant 

phenotype. In untransformed cells a2$x is required for mammary gland morphogenesis and 

is involved in collagen gel contraction. 

Cells receive many extracellular signals from the environment which affect their 

responses to signals from the a^ integrin. It is possible that o2ß,-Coll interaction will cause 

growth inhibition and stimulate differentiation in one cell line but stimulate growth in 

another cell type. As previously mentioned with the subunit a5, the level of expression, the 

degree of malignancy, and the tissue microenvironment are likely to contribute to the 

difference between our results and those obtained by others (discussed further in main 

discussion). 

C1-24-L clone does not increase colony growth in response to FN, suggesting that 
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ECM proteins may play a minor role in colony growth. We have shown that matrix assembly 

is also required for optimal colony formation, therefore it is possible that C1-24-L cells lack 

non-integrin receptors involved in matrix organization, and that this property limits colony 

forming ability. It is also possible that Coll matrix assembly could promote anchorage- 

independent growth of C1-24-L cells if they expressed the collagen receptor a2ß, as does Cl- 

12-H cells. To test this hypothesis we are transfecting the C1-24-L clone with the a2 

construct in collaboration with B. Chan. We will then test the ability of a2 expressing cells 

to form colonies in soft agar in the presence of Coll. There is also the possibility that the a2 

and the a5 integrin subunits may be acting together to mediate colony growth. Dzamba et 

al (1993) have shown that Coll I binding to FN promotes FN fibril assembly by an unknown 

mechanism. It is possible that FN is sufficient for matrix assembly or that collagen may 

increase matrix assembly in a cooperative way with FN. 

There are other factors which we have not investigated that may participate in the 

anchorage-independent growth of C1-12-H cells. It was shown that the proteoglycan 

syndecan I can regulate anchorage-independent growth. Mammary carcinoma cells 

transfected with syndecan I show a reduced ability to form spheroids in agar (Leppä et 

al., 1992; Numa et al, 1995). Down-regulation of syndecan I by antisense resulted in an 

increased ability of NMuMg cells to form colonies in agar (Kato et al, 1995). Experiments 

are underway to determine the level of syndecan I expression on the surface of SP1, Cl-12-H 

and C1-24-L cells. 

Our results demonstrated that C1-12-H cells grows more efficiently in serum-free 

conditions. This finding suggests that C1-12-H cells may secrete autocrine factors such as 

growth factors which may promote its growth under anchorage-independent conditions.  We 
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used suramin which is thought to be a general inhibitor of growth factor-receptor interaction 

(Larsen, 1993; Coffey et al, 1987). Suramin, which has been reported to inhibit growth of 

breast carcinoma cells (Vignon et al, 1992; Foekens et al, 1993), was able to inhibit the 

enhanced growth of C1-12-H cells in serum-free conditions. However suramin is also an 

inhibitor of several enzymes such as DNA and RNA polymerases, protein kinase C, and 

DNA topoisomerase II (Bojanowski et al, 1992; Ono et al, 1988). It is not known whether 

suramin inhibits these enzymes by inhibiting receptor-ligand interactions or by other 

mechanisms, therefore caution is required in interpreting the results. 

HGF is secreted by SP1 cells and is a likely candidate to be involved in C1-12-H 

proliferation. We did not find any difference in HGF receptor expression or tyrosine- 

phosphorylation between the C1-12-H and C1-24-L cells. These results do not exclude the 

possibility that HGF and c-Met are involved in the increased growth of C1-12-H in serum- 

free conditions. We have not yet investigated the amount of HGF secreted in conditioned 

medium due to the absence of a good antibody to murine HGF. We have also not 

investigated the rate of synthesis and endocytosis of c-Met or HGF in these cells nor the 

activation of several downstream signaling molecules. To determine whether c-Met is 

involved in the increased growth rate of C1-12-H, we would use soluble Met-IgG fusion 

preotein which binds to soluble HGF making it inaccessible to the receptor on the cell 

surface. We are also investigating the possibility of an HGF intracrine loop. Further 

experiments are required to determine whether C1-12-H cells secrete more HGF or whether 

activation of HGF receptor on the C1-12-H and C1-24-L is differentially affected under 

anchorage-independent conditions. 

In conclusion, isolation of C1-12-H and C1-24-L clones enables us to study a number 
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of positive and negative regulators of anchorage-independent growth. We can study factors 

and conditions which inhibit anchorage-independent growth with the C1-12-H clone and 

factors and conditions which promote anchorage-independent growth of the C1-24-L clone. 

Our interests lie in the role of ECM-integrin interactions. These cells could also be used in 

other areas of study such as oncogene expression and cell cycle analysis. These clones may 

provide valuable information about the mechanisms which regulate anchorage-independent 

growth of transformed cells. 

We have shown that ECM and growth factors affect anchorage-independent growth 

of SP1 cells but we do not know if these factors play a role in the initial cell survival required 

before colony growth. In the following chapter we will investigate the role of ECM protein 

and growth factors in SP1 cell survival. 
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CHAPTER 6 

SURVIVAL OF SP1 CELLS UNDER ANCHORAGE-INDEPENDENT 

CONDITIONS. A ROLE FOR PI 3-KINASE 

6.1 Rationale and Objectives 

In order for tumor cells to metastasize they must detach from the primary tumor, 

enter the circulation where they are under anchorage-independent conditions for some time 

before they extravasate and grow at a distant site. One of the first obstacles the tumor cell 

encounters under anchorage-independent conditions is the need for survival. Most tumor 

cells injected in the blood stream of animals do not survive (Weiss et al., 1982). It is 

thought that most die as a result of the loss in adhesiveness. The tumor cells must survive 

before they can grow, proliferate and form a metastatic lesion. Extracellular matrix 

proteins and growth factors are key regulators of cell survival and growth under adherent 

conditions. Cells deprived of serum or maintained under anchorage-independent 

conditions often undergo cell death via apoptosis (Frisch and Francis, 1994). Adhesion 

to ECM proteins via integrins has been shown to mediate survival of adherent cells 

(Ruoslahti and Reeg, 1994; Zhang etal., 1995). Basement membrane proteins, provided 

by Matrigel, were required for suppression of apoptosis in mammary epithelial cells 

(Boudreau et al, 1995, 1996). Adhesion to FN via a5ßi was required for survival of CHO 

cells in serum free-conditions (Zhang et al, 1995). Ligation of ccvß3 was required for 

survival of human melanoma cells in a three-dimensional collagen gel (Montgomery et al, 

1994). These results provide evidence that occupancy of integrin receptors provides a cell 

survival signal. 

A number of growth factors, including EGF, PDGF, and NGF can also promote 

cell survival by a PI 3-kinase-dependent pathway (Yao and Cooper, 1995, 1996).   In 
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addition, we have previously shown that PI 3-kinase is required for the HGF-mediated 

mitogenic response on adherent SP1 cells (Rahimi et al., 1996b). 

Very little is known about the role of ECM proteins and growth factors in tumor 

cell survival under anchorage-independent conditions. It is known that soluble FN can 

bind to the surface of fibroblasts and hepatocytes in suspension (Akiyama and Yamada, 

1985; Johannson, 1985). Soluble VN was not sufficient to inhibit apoptosis in normal 

endothelial cells (Re et al., 1994). Although some tumor cells have bypassed the 

requirement for adhesion, it is not known whether ECM proteins still function in providing 

a growth or survival signal when under anchorage-independent conditions. 

In order to determine some of the factors which promote survival of SP1 cells we 

developed a survival assay using SP1 cells maintained under anchorage-independent 

conditions. In the previous chapters we have shown that SP1 cells require both ECM 

proteins and growth factors for adequate colony formation. We now investigate whether 

ECM proteins and growth factors are required for survival of SP1 cells under anchorage- 

independent conditions. 

In this chapter, our objectives are: 

1. To determine whether FN can promote survival of SP1 cells via ligation of a5P] receptor 

under anchorage-independent conditions. 

2. To determine whether growth factors such as HGF and TGF-ß are able to promote 

survival of SP1 cells. 

3. To establish whether PI 3-kinase is involved in ECM and HGF mediated survival. 

4. To determine whether FN and HGF can mediate protein-tyrosine phosphorylation of PI 

3-kinase and FAK under anchorage-independent conditions. 
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RESULTS 

6.2 HGF. TGF-ß. and FN promote survival of SP1 cells 

We have shown in chapter 4 that FN, HGF, and TGF-ß can increase colony 

formation of SP1 cells in agar. We now investigate whether FN, HGF and TGF-ß can also 

promote survival of SP1 cells in suspension. 

Preliminary experiments were performed to determine the optimal concentration 

of cells, volume of medium and serum concentations in the survival assay. We chose to 

perform the assay in small plates (35 x 10 mm) to reduce the volume and to save on 

reagents. We needed a sufficient number of cells to count, however if too many cells are 

added to the plate they condition the medium within the experimental time and cell survival 

is increased. In addition, if too many cells are used they tend to aggregate and cluster, 

which also increases cell survival. We needed to maintain the cells in single cell 

suspension as much as possible. We chose 1 % FBS because it maintained a reasonable 

survival rate in the tested time period. Under serum free conditions, approximately 95% 

of the cells died after 24 h and we could only observe increases in cell survival. In the 

presence of 7% FBS, approximately 95% of the cells survived after 24 h and we could 

only observe decreases in cell survival. Using 1% FBS yielded a cell survival of 70-80% 

and permitted us to observe both increases in cell survival and death. We chose a 24 h 

time point to avoid effects resulting from the cells conditioning the medium. 

We have shown that HGF at concentrations between 5-30 ng/ml can promote cell 

survival and that TGF-ß at concentrations between 0.1-0.5 ng/ml is sufficient to promote 

survival of SP1 cells maintained in suspension. Concentrations of HGF higher than 30 

ng/ml and TGF-ß higher than 0.5 ng/ml resulted in a decrease in cell survival. Fibronectin 
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could promote survival at concentrations greater than 1.0 /ig/ml. Concentrations of FN 

greater than 10 /xg/ml did not improve or reduce survival beyond the maximal effect of a 

50% increase in survival (Figure 20A). In contrast to FN, Coll I and LM did not promote 

survival of SP1 cells under anchorage-independent conditions (Figure 20B). The 70 kDa 

fragment of FN which inhibits fibril formation but does not interfere with cell adhesion, 

could not promote survival and had no effect on survival mediated by FN (data not shown). 

This result suggests that fibril formation is not required for survival under anchorage- 

independent conditions. 

The results in this section show that fibronectin, HGF and TGF-ß can promote 

survival ofSPl cells under anchorage-independent conditions in a concentration-dependent 

manner. 
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Figure 20. Effect of FN. HGF and TGF-ß on SP1 cell survival 

Panel A 

The survival assay was performed as described in the Materials and Methods. SP1 cells 

were seeded (20,000/plate) in 1.5 ml RPMI 1640 supplemented with 1% FBS in agar 

coated plates (35 x 10 mm) for 24 h at 37°C. The control group contains 1 % FBS only. 

The treatment groups contain FN, HGF or TGF-ß at the indicated concentrations in 

addition to 1 % FBS. The reagents were added at the start of the experiment. The cells 

were then harvested in eppendoff tubes, spun down at 8000 rpm for 2 min and resuspended 

in 50 fi\ RPMI containing 4 /zg/ml acridine orange and 4 /xg/ml ethidium bromide. The 

cells were counted (at least 100/group) under a Leitz fluorescence microscope using an I 

filter. The experiment was repeated twice with similar results. 

Panel B 

The survival assay was performed as described in the Materials and Methods. The control 

group (solid bar) contains 1 % FBS. The treatment groups contain 1 % FBS as well as FN, 

Coll I or LM at a concentration of 10 /xg/ml. The results are expressed as the mean + SD 

of 3 experiments. # indicates a significant reduction in the percent survival compared to 

the control (p< 0.05). 
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6.3 Ligation of a5^{ promotes survival of SP1 cells 

To determine whether the effect of FN on SP1 survival was mediated through the 

a5ß! receptor, we tested the effect of BMA5 (anti-a5 integrin blocking antibody) in our 

survival assay. The BMA5 antibody blocks adhesion by interfering with the a^ integrin- 

ligand binding. However, a number of antibodies which bind to integrin subunits can 

cause conformational changes in the integrins which cause the generation of intracellular 

signals (activating antibodies), BMA5 is a newly developed antibody and inhibits a5^1 

mediated adhesion to FN (Fehlner-Grdiner et al., 1996), but no data is yet available on 

whether it possess activating properties. The BMA5 antibody (hybridoma conditioned 

medium) could significantly promote survival of SP1 cells in a 24 h assay as compared to 

the 1 % FBS control. The increase in survival observed with BMA5 was similar to that 

observed with FN. Addition of the affinity purified BMA5 antibody at a concentration of 

10 /xg/ml could also significantly promote survival of SP1 cells under anchorage- 

independent conditions, but was less efficient than BMA5 added as hybridoma conditioned 

medium (Figure 21). In contrast, a rabbit anti mouse IgG control or a non-blocking anti-a5 

antibody (5H10) which recognizes the extracellular domain of the oc5 integrin subunit but 

does not interfere with ligand binding did not affect survival (Figure 21). Interestingly, 

addition of a secondary rabbit anti-mouse IgG which promote capping and internalization 

of the primary BMA5 antibody, resulted in an increase in cell death. 

The results in this section show that fibronectin mediated survival of SP1 cells under 

anchorage-independent conditions, occurs via the a5ß} integrin. 
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6.4 PI 3-kinase is required for FN + HGF-dependent cell survival 

PI 3-kinase activity was shown to be required in HGF-mediated proliferation of 

adherent SP1 cells (Rahimi et al., 1996) and is involved in nerve growth factor (NGF) 

mediated survival of adherent cells (Yao and Cooper, 1995 and 1996). We now 

investigated whether PI 3-kinase is involved in HGF and FN-mediated cell survival. 

Individually, HGF and FN could promote cell survival by approximately 50% of 

the control (1% FBS), however when added in combination, HGF + FN resulted in an 

additive effect which was comparable to the survival observed with 7% FBS and 

significantly greater than FN or HGF alone (Figure 22). We used two approaches to 

determine whether PI 3-kinase is involved in survival of SP1 cells under anchorage- 

independent conditions. 

First, wortmannin, an inhibitor of PI 3-kinase, increased cell death in all groups 

including 7% FBS. However, the additive effect of both FN + HGF on cell survival was 

strongly inhibited by wortmannin, resulting in a survival similar to HGF or FN alone, 

which were only slightly reduced as compared to untreated controls (Figure 22). TGF-ß 

could also reduce cell death by approximately 50% and acted in an additive fashion with 

FN (data not shown). Secondly, we used C1-12-H cells transfected with a dominant 

negative mutant of the p85 subunit of PI 3-kinase, designated Ap85 (obtained from M. 

Kasuga). The Ap85 protein lacks the binding site for the pi 10 catalytic subunit of PI 3- 

kinase. A plasmid containing the Ap85 cDNA was transfected into C1-12-H using 

lipofectamine by Eric Tremblay and the transfected cells were characterized by Nader 

Rahimi. One of the clones isolated, designated C23, expresses high levels of Ap85, and 

shows reduced PI 3-kinase activity (Rahimi et al., 1996).  C23 cells showed no additive 
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effect on survival when HGF and FN were added together. The increased cell survival in 

response to HGF or FN alone was only slightly affected. In contrast, another transfected 

clone, designated C22, which does not express high levels of Ap85 and maintains PI3- 

kinase activity, retained an additive effect of HGF + FN on SP1 cell survival (Figure 23). 

We tested the ability of the Ap85 mutants to form colonies in soft agar. Colony 

formation correlated with the level of expression of the mutant p85 subunit. The clone 

C23, expressing high levels of Ap85 was less efficient than the control C1-12-H cells and 

the control transfectant C22 cells in forming colonies (Figure 24). Further experiments 

are required to ensure that the results observed with colony growth are not a result of 

clonal selection. 

The results in this section suggest that PI 3-kinase is required for the additive effect 

ofFN + HGF on SP1 cell survival and growth under anchorage-independent conditions. 
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Figure 21. SP1 cell survival in the presence of BMA5 antibody 

The survival assay was performed as described in the Materials and Methods. The 

control group contained 1 % FBS. The treatment groups contain 1 % FBS in addition to the 

indicated antibodies. BMA5 (hybridoma conditioned medium) was added at 30% v/v 

(sup). Affinity purified BMA5 (cone) was added at 10 /ig/ml. Rabbit anti-mouse IgG (Rb 

ocM IgG) and a non-blocking rat anti-a5 mAb, 5H10 (anti-oc5), were added at 30 /Ag/ml at 

the start of the assay. The cells were stained as previously described. The results are 

expressed as the mean + SD of 3 experiments. # and #* indicates a significant reduction 

in the percent cell death as compared to the control (p < 0.05). 
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Figure 22. Effect of wortmannin on FN and HGF-mediated cell survival of SP1 cells 

SP1 cells were seeded (20,000/dish) in 1.5 ml RPMI 1640 with 1% FBS on agar 

coated plates (35 x 10 mm) for 24 h at 37°C. The medium was supplemented with FN (10 

jig/ml) or HGF (10 ng/ml) as indicated. Wortmannin (Wort) was added to some groups 

at a concentration of 100 nM at the start of the experiment. After 24 h the cells were then 

harvested and stained with 4 /xg/ml acridine orange and 4 /ig/ml ethidium bromide. The 

cells (at least 100/group) were counted under a fluorescence microscope using an I filter. 

The results are expressed as the mean + SD of four experiments. * indicates a significant 

reduction in the percent cell death as compared to the 1 % FBS control (p<0.05). *# 

indicates a significant reduction in the percent cell death as compared to the FN or HGF- 

treated groups (p<0.05). 
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Figure 23. Effect of FN and HGF on cell survival on Ap85 transfectants 

Two SP1 cell clones transfected with Ap85, designated, C22 and C23, were seeded 

(20,000/dish) in 1.5 ml RPMI1640 with 1 % FBS on agar coated plates (35 x 10 mm) for 

24 h at 37°C. Treatment groups contained FN (10 /xg/ml) or HGF (10 ng/ml) or FN + 

HGF together. The cells were then harvested, stained and washed as described in the 

Materials and Methods. The results are expressed as the mean + SD of four experiments. 

* indicates a significant reduction in the percent cell death as compared to the 1 % FBS 

control (p<0.05). ** indicates a significant reduction in the percent cell death as 

compared to the FN or HGF-treated groups (p<0.05). 
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Figure 24. Colony efficiency of Ap85 transfectants 

The agar assay was performed as described in the Materials and Methods. The Cl- 

12-H, C22 and C22 Ap85 mutants were all seeded at 2000 cells/dish in 7% FBS. After 

14 days, the plates were fixed and stained as described in the Materials and Methods. The 

results are expressed as the mean ± SD of quadruplicates. The experiment was repeated 

3 time with similar results. 
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6.5 Tyrosine phosphorylation of the HGF receptor is reduced under anchorage- 

independent conditions 

We have previously demonstrated that HGF is a strong mitogen for SP1 cells under 

adherent conditions and that HGF and HGF receptor are co-expressed on SP1 cells 

(Rahimi et al., 1996). We have also shown that HGF can increases colony growth of SP1 

cells in agar (Chapter 4). SP1 cells show continuous growth in serum-free medium 

consistent with an autocrine loop. We investigated the tyrosine phosphorylation of the 

HGF receptor under both adherent and anchorage-independent conditions. HGF receptor 

was consititutively phosphorylated on tyrosine residues in adherent SP1 cells. We 

observed only a slight increase in tyrosine phosphorylation upon addition of exogenous 

HGF at a concentration of 20 ng/ml. Tyrosine phosphorylation of HGF receptor was 

reduced under anchorage-independent conditions, but was restored in the presence of 20 

ng/ml exogenous recombinant HGF (Figure 25A). The decrease in tyrosine 

phosphorylation was not a result of protein loading since both lanes contained equal 

amounts of HGF receptor (Figure 25B) When the blot was probed with anti-c-Met both the 

pl45 c-Met protein and the pl90 precursor were detected (Figure 25B), however only the 

pl45 protein was tyrosine phosphorylated (Figure 25A). 

6.6 FAK is poorly tyrosine phosphorylated under anchorage-independent conditions 

Adhesion of many cell lines to ECM proteins results in the tyrosine phosphorylation 

of FAK, which is an important component in focal adhesion assembly and signal 

transduction pathways (Plopper at al., 1995). We also observed that adhesion of SP1 cells 

to FN caused tyrosine phosphorylation of FAK which is increased in the presence of HGF, 
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as reported by others (Matsumoto et al., 1994). In contrast, soluble FN, HGF or FN + 

HGF together were unable to induce FAK phosphorylation above that observed in 

untreated SP1 cells maintained in suspension (Figure 26). We attempted to reprobe the 

blot with anti-FAK to check the FAK content in each lane, however our anti-FAK antibody 

was unable to detect the protein by western blotting analysis. However, we did normalize 

the number of cells and the protein concentration in the lysate before immunoprecipitation. 

The results in these two sections show that tyrosine phosphorylation of the HGF 

receptor and FAK are reduced under anchorage-independent conditions. 
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Figure 25. HGF receptor tyrosine phosphorylation under adherent and anchorage- 

independent conditions 

Panel A 

SP1 cells were prestarved overnight in RPMI 1640 medium. Six h prior to 

harvesting some SP1 cells were harvested and plated on non-tissue culture plastic coated 

with BSA. Prior to harvest (30 min) some groups were treated with 20 ng/ml recombinant 

HGF. Cells were harvested using 5 mM EDTA and lysed in 1 % NP40 lysis buffer, 

immunoprecipitated with anti-c-Met, analyzed by 6.0% SDS-PAGE and transferred to 

nitrocellulose followed by western blotting. The blot was immunoblotted with anti- 

phosphotyrosine antibody and the bands visualized using ECL reagents. The experiment 

was repeated twice with similar results. 

Panel B. The same blot as in panel A was stripped (100 mM TRIS, 4% SDS, at 50°C for 

30 min) and reprobed with anti-c-Met. The proteins were visualized using ECL reagents. 
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Figure 26. Western blot analysis of FAK phosphorylation under adherent and anchorage- 

independent conditions 

SP1 cells were prestarved in RPMI1640 for 24 h, harvested and replated on Poly- 

L-lysine (PLL) (1:10 dilution) or FN-coated plates (10 /ig/ml) for adherent groups (FN). 

One adherent group was also treated with HGF (20 ng/ml) (FN + HGF). The anchorage- 

independent (AI) groups were incubated in 10 ml tubes with FN (40 /ig/ml) or HGF (20 

ng/ml) or a combination of both for 30 min at 37°C. The cells were lysed in 1 % NP-40 

lysis buffer and the total protein concentration standardized in each group. FAK was 

immunoprecipitated with anti-FAK mAb. The immunoprecipitates were washed in lysis 

buffer and resolved by 8.0% SDS-PAGE. The proteins were transferred to nitrocellulose 

and blotted with anti-phosphotyrosine antibody then, visualized by ECL. 
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6.7 Tyrosine phosphorylation and activity of PI 3-kinase 

The biological effect (colony growth and survival) of FN and HGF on SP1 cells 

under anchorage-independent conditions implies that intracellular signals are transduced 

from these interactions. We investigated the tyrosine phosphorylation states of several 

candidate signaling molecules. PI 3-kinase is constitutively phosphorylated in SP1 cells 

adherent to poly-L-lysine and on FN, and showed little change in the level of tyrosine 

phosphorylation in response to HGF (Figure 27). Under anchorage-independent conditions 

PI 3-kinase showed a low level of tyrosine phosphorylation. We did not observe any 

consistent increase in PI 3-kinase phosphorylation in response to FN, HGF, or FN + HGF 

under anchorage-independent conditions. Preliminary results of SP1 cells grown under 

anchorage-independent conditions demonstrated that PI 3-kinase activity was increased in 

a step wise manner in cell ly sates of cells treated with FN, HGF, and FN + HGF compared 

to untreated cells (Figure 28). 

In conclusion, the results in this chapter demonstrate a role for PI 3-kinase in the 

additive effect ofFNand HGF under anchorage-independent conditions. 
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Figure 27. Western blot analysis of PI 3-kinase phosphorylation under adherent and 

anchorage-independent conditions 

SP1 cells were prestarved for 24 h, harvested and replated on Poly-L-lysine( PLL) 

or FN-coated plates (FN). One adherent group on FN was treated with HGF at 20 ng/ml 

(FN + HGF) The anchorage-independent (AI) groups were incubated in 10 ml tubes in the 

presence of FN (40 /xg/ml) or HGF (20 ng/ml) for 60 min at 37°C. The cells were lysed 

in 1 % NP-40 lysis buffer and PI 3-kinase was immunoprecipitated with anti-PI 3-kinase 

rabbit IgG. The immunoprecipitates were washed in lysis buffer and resolved by 8.0% 

SDS-PAGE under reducing conditions. The proteins were transferred to nitrocellulose and 

blotted with anti-phosphotyrosine antibody and visualized by ECL. The experiment was 

performed twice with similar results. 

Panel A: blotted with anti-phosphotyrosine antibody 

Panel B: blotted with anti PI 3-kinase 
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Figure 28. PI 3-kinase activity in response to HGF and FN under adherent and anchorage- 

independent conditions 

SP1 cells were maintained anchorage-independently for 1 h at 37°C in the absence 

or presence of HGF (20 ng/ml) or FN (20 /ig/ml) or both (FN+HGF) or 7% FBS. The 

control group is a sham group, which contains no immunoprecipitated proteins The cells 

were lysed in 1% NP40 lysis buffer and PI 3-kinase immunoprecipitated with anti- 

phosphotyrosine antibody. The immunoprecipitates were washed and incubated with the 

substrate phosphatidylinositol and 15 /xCi gamma 32P-ATP. After 20 min, the reaction was 

stopped with 6 M HC1 and the lipids were extracted with chloroform/methanol and 

resolved by TLC. The plate was autoradiographed and the radioactive area corresponding 

to the radiolabelled phosphoinositol 3-phosphate (PI 3-P) was removed and measured in 

a scintillation counter. 
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6.8 DISCUSSION 

In this chapter we have shown that: 

1. Fibronectin, HGF and TGF-ß can promote survival of SP1 cells under anchorage- 

independent conditions. 

2. Fibronectin and HGF act cooperatively to promote cell survival. 

3. PI 3-kinase is a key component in the fibronectin- and HGF-mediated additive effect on 

survival. 

In this chapter, we have shown that both FN, and HGF can enhance survival of SP1 

cells under anchorage-independent conditions. The BMA5 antibody could also promote 

cell survival suggesting that FN-dependent survival is mediated through the o^ßj integrin. 

In support of our results, adhesion to FN via a^ was required for survival of CHO cells 

(Zhang et al., 1995). In contrast, FN or Coll could not promote survival of CID-9 

mammary epithelial cells in serum free conditions. However a basement membrane matrix 

was able to suppress apoptosis, provided that a three-dimensional alveolar structure was 

present (Boudreau et al., 1996). In addition, Montgomery et al. (1994) demonstrated that 

the avß3 integrin could promote survival of melanoma cells in a three-dimensional collagen 

matrix. They showed that the a2pt integrin mediated initial cell adhesion in the collagen 

gel but did not promote survival. The melanoma cells secreted proteases which digested 

the collagen, revealing a cryptic RGD site which can bind to the avß3 receptor. Further 

experiments are required to determine the role of the a^ and ccvß3 in our system. 

Addition of the secondary antibody rabbit anti-rat IgG should cause capping and 

endocytosis of the receptor and generate a signal through the a5ßi integrin. Our results 

show that addition of the rabbit anti-rat IgG with BMA5 causes an increase in cell death 
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as opposed to the expected increase in survival which is seen with BMA5 alone. There are 

at least 2 possible explanations for this result. (1) The addition of the primary and 

secondary antibody may cause rapid capping and endocytosis of the receptor resulting in 

continuous depletion of the receptor from the cell surface; thus no signal would occur. 

Varner et al. (1995) have shown that unligated a5px generates a negative signal while 

ligated receptor generates a positive signal. Thus, in our experiment, continuous depletion 

of the receptor from the cell surface may mimic an unligated receptor. (2) Addition of 

BMA5 alone may cause a slow process of capping and endocytosis and thus a moderate 

signal is generated resulting in increased survival but the addition of the secondary 

antibody causes a greatly enhanced capping and endocytosis which results in a proliferation 

signal which the cell can not properly interpret in a spherical morphology and therefore 

may triggers apoptosis. 

We have shown that the concentration of HGF required for survival is crucial. 

Concentrations of HGF which are mitogenic for SP1 cells under adherent conditions (30-60 

ng/ml) cause rapid cell death under anchorage-independent conditions. We are currently 

determining the mechanism of cell death of SP1 cells treated with high concentrations of 

HGF under anchorage-independent conditions. These results suggest that adhesive 

interactions are required for proper transmission of the HGF signal. Higher concentrations 

of TGF-ß also have a negative effect on cell survival. 

PI 3-kinase is required for growth factor-mediated inhibition of apoptosis in 

adherent cells. In this chapter, we have shown that it is also required for survival in the 

presence of both FN + HGF. Most previous studies performed on growth factor mediated 

survival are on adherent cells, therefore both adhesion and growth factor signals are 
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present. In our system, we needed to add the adhesion signal in the form of soluble 

matrix, hence we see a phenomenon similar to adhesive conditions. In conclusion, for 

optimal HGF mediated survival, SP1 cells require the adhesion signal, as do adherent cells, 

and survival is dependent on PI 3-kinase. These results show that non-adherent SP1 cells 

can respond to environmental cues from soluble ECM and growth factors in a similar 

manner as adherent cells. 

It has been shown that FAK is required for adhesion-dependent cell survival (Frisch 

et dl., 1996), and that PI 3-kinase is required for platelet-derived growth factor stimulated 

phosphorylation of FAK (Rankin et dl., 1996; Saito,Y. et al., 1996). Hence FAK is 

involved in both integrin and growth factor mediated pathways. In our system, we did 

not observe an increase in FAK phosphorylation in response to FN or HGF under 

anchorage-independent conditions. These results suggest that survival is mediated by 

FAK-independent pathways or that FAK has a dual function in both cell spreading and 

signaling. It is also possible that signaling via FAK actually results as a consequence of 

cell spreading. Roskelley and Bissell (1995) demonstrated that FAK was phosphorylated 

in mammary cells in response to basement membrane proteins in a three-dimensional ECM 

overlay assay. It may be that Matrigel provides more structure to mammary cells than 

soluble FN and HGF, or that additional components are required for FAK 

phosphorylation. It is possible that a low level of activity is still present under anchorage- 

independent conditions, but is not apparent using western blotting techniques. 

In conclusion, we have demonstrated using wortmannin and a dominant negative 

form ofp85 subunit of PI 3-kinase, that PI 3-kinase is involved in FN + HGF mediated 

survival ofSPl cells under anchorage-independent conditions. 
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CHAPTER 7 

GENERAL DISCUSSION 

7.1 Impact on field 

The results presented in this thesis have made 2 main novel contributions to the 

understanding of tumor cell growth under anchorage-independent conditions. 

1. A number of reports have shown the presence of ECM proteins in tumor 

spheroids. However this is the first report where individual ECM proteins in spheroids 

were investigated directly. We show by partially removing FN from tissue culture medium 

with optimal growing conditions (7% FBS), and by adding FN to tissue culture medium 

with limiting growth conditions (1% FBS), that FN is required for anchorage-independent 

survival and growth of SP1 cells. In contrast, Coll I inhibited colony growth of SP1 cells 

which express very low levels of the Coll receptor a2ßv The SP1 cell clone, C1-12-H, 

which expresses higher levels of a2pt showed increased colony growth in response to Coll 

I. Thus, different ECM proteins are capable of promoting growth, providing the 

appropriate cell surface receptors are present and in sufficient numbers. Our results also 

show that ECM-integrin interactions alone can not induce anchorage-independent growth 

of SP1 cells. They can only modulate anchorage-independent growth in cells with the 

potential to grow under these conditions. 

2. Previous work performed on the role of ECM proteins and growth factors in 

cell survival has been performed in adherent normal or transformed cells. This is the first 

report investigating the role of ECM protein and growth factors in tumor cells under 

anchorage-independent conditions. We have demonstrated a cooperative role for FN and 

HGF in cell survival under anchorage-independent conditions. In addition, we have shown 
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that PI 3-kinase is required in FN + HGF mediated survival under anchorage-independent 

conditions as demonstrated by using wortmannin, a PI 3-kinase inhibitor and cells 

transfected with a dominant negative p85 subunit of PI 3-kinase. 

7.2 Perspective to discussion 

In an attempt to investigate why some tumor cells do not require adhesion to the 

ECM to grow and proliferate, one quickly realizes that a large number of factors play a 

role. First, many cells do not survive when removed from their substratum and undergo 

apoptosis; therefore the issue of cell survival under anchorage-independent conditions 

arises. Secondly, the concept of proliferation brings in the question of regulation and 

progression through the cell cycle. Thirdly, one cannot investigate the role of ECM in 

anchorage-independent growth without an in depth understanding of integrins and their 

signaling mechanisms since they are the primary cell surface receptors for ECM proteins. 

Fourthly, cell adhesion to ECM proteins modulates the response of cells to growth factors 

and vice-versa. Finally, to add to the complexity, cell shape, degree of differentiation and 

the cell type are all determining factors in the ability of the cell to respond to ECM 

proteins and growth factors. 

The following discussion will bring out some key concepts in the role of ECM and 

integrins in tumor cell adherent and anchorage-independent growth with emphasis on the 

mammary gland. I will also discuss some relevant work from others and bring the work 

presented in this thesis into context. 

As previously discussed, tumor spheroids are an intermediate model between 

monolayer cultures and in vivo tumor nodules. In light of this model, Paulus et al. (1994) 
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investigated glioblastomas in biopsy specimens, spheroids, and early monolayer cultures 

and observed changes in both integrin and ECM expression under different culture 

conditions. These results suggest that different culture systems are characterized by 

distinct expression of ECM proteins and their receptors. These results show that it is 

difficult to extrapolate results from one culture system to another and that cell shape is an 

important parameter in the cell's ability to respond to the ECM (Watt, 1986). I will 

therefore attempt to keep most of my references from the literature in this discussion to 

those studies which are done under anchorage-independent conditions. 

7.3 ECM in colony growth 

Adhesion to ECM appears (at least superficially) to be the only parameter different 

between adherent and anchorage-independent cells. It is conceivable that some tumor cells 

may be able to grow in the complete absence of ECM, however, the cells' ability to 

respond to ECM proteins and its particular response to ECM may be a key regulator of 

anchorage-independent growth. Our work, as well as that of others, has shown the 

presence of ECM proteins in tumor spheroids. Here we provide evidence that ECM 

proteins are required for growth under anchorage-independent conditions. We have shown 

that FN is required for SP1 colony growth. Although FN is not sufficient to stimulate 

colony formation, it appears to play an important role in regulating growth. In support of 

these results, Coucke et al (1992) have shown that preincubation of B16 melanoma cells 

with FN can increase the formation of lung metastases when injected into mice. In 

addition, expression of FN is often increased in the stroma of mammary carcinomas 

(Christensen, 1992). Thus ECM-integrin interactions do play a role in colony formation 
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in our system and may play a role in vivo. 

We have also investigated the role of FN fibrils in SP1 colony growth. Inhibition 

of FN fibril formation with a 70 kDa fragment had no effect on FN-dependent survival but 

did reduce colony growth. It appears that FN (or collagen) fibril assembly may provide 

a physical structure for cells, which permit changes in shape and result in different 

responses to growth factors. In support of this statement, Re et al (1994) observed that 

integrin ligation was not sufficient to inhibit apoptosis of human endothelial cells. Soluble 

VN could not inhibit apoptosis of these cells, they required to undergo a minimal degree 

of shape change in order to survive. Tumor cells may have escaped the requirements for 

cell shape to survive but still require some shape changes to proliferate. These changes 

are provided by the matrix fibrils or interactions with other cells in the tumor spheroid. 

We have shown that Coll I can support anchorage-independent growth of C1-12-H cells. 

We have yet to investigate whether collagen type I is assembled in fibrils in SP1 colonies. 

Collagen type I fibril assembly is an entropic process, while FN fibril assembly requires 

cell surface receptors. Thus the mechanisms by which FN or Coll I fibrils support survival 

and growth may differ. 

An exogenous source of ECM proteins may be most critical at the early stages of 

colony formation. We have shown that FITC-labelled FN appears to be predominantly 

located in the central region of the colony. Once the colony has started and matrix fibrils 

are established, the cells may change their environment by secreting their own ECM 

proteins and growth factors such as TGF-ß which may, in turn, affect ECM production of 

surrounding cells. The cells would then be less dependent on exogenous factors. Further 

experiments are required to determine the kinetics for matrix requirements. Removal of 
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exogenous ECM protein at various time points and following the kinetics of colony growth 

would establish whether exogenous ECM proteins are required in the early stages of 

colony formation. 

In conclusion, tumor cells can respond to ECM proteins under anchorage- 

independent conditions; they simply do not spread. SP1 cells can synthesize their own 

ECM and growth factors under adherent conditions but still require exogenous factors 

under anchorage-independent conditions, suggesting a shift from autocrine to paracrine 

mechanisms under anchorage-independent conditions. Once the colony is established, and 

FN fibril interactions occur, there may be another shift back from paracrine to autocrine 

growth factor requirements. These data suggest that tumor cells are vulnerable as single 

cells since they have a high dependence on exogenous factors for survival. In support of 

this statement, few cells which disseminate from the primary tumor actually go on to form 

secondary metastases (Weiss et al., 1982). Figure 29 displays a scenario of how ECM and 

growth factors are involved when an adherent cell becomes anchorage-independent and 

forms a tumor spheroid. 
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Figure 29. Hypothetical model for the role of growth factors and ECM in a stepwise 

progression for colony growth. 

Adherent transformed cells progressively lose the requirement for adhesion. Once in an 

anchorage-independent state, soluble extracellular matrix proteins (ECM) bind to integrin 

receptors on the cell surface ( f } ) and growth factors (GF) bind to their respective 

receptors (y ) on the cell surface. These interactions provide survival signals to the cell. 

The cell then can slowly start to proliferate and organize ECM on its cell surface. Once 

several cells have clustered together, there is formation of ECM fibrils and a change in cell 

shape which provides the adhesive signals required to proliferate more rapidly and form 

a three-dimensional spheroid. 
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7.4 Integrins in anchorage-independent growth 

Howlett et al. (1995) have suggested that in mammary carcinomas, the interactions 

between ECM and integrins are disturbed. The right integrins are expressed on the cell 

surface but the correct differentiation signals are not generated from them. Howlett et al. 

(1995) have shown that Matrigel promoted acinar structure formation by normal mammary 

cells could be inhibited with anti-ßj integrin antibodies, while mammary carcinoma cells 

formed disorganized spheroids in Matrigel which could not be inhibited by anti^ 

antibodies. They suggested that growth of mammary tumor spheroids was integrin- 

independent. In contrast, Matrigel increased the metastatic ability of mammary carcinoma 

cell lines when co-injected with carcinoma cells subcutaneously into nude mice (Mullen 

et al., 1996). These two results appear to be in conflict with each other. One suggests that 

tumor cell colony growth is independent of the ECM-integrin interactions while the other 

suggests that ECM promotes metastasis hence the metastatic process is ECM-dependent. 

Close analysis of the results by Howlett et al. (1995) shows that addition of the anti-Bx 

antibodies caused a slight increase in growth of the tumor cells instead of inhibition as seen 

in normal cells. It is possible that the anti^ antibody is inhibitory in normal cells because 

they do not recognize the antibody as their natural ligand. In contrast the integrins in 

transformed cells may not need the specificity provided by the natural ligand and are 

stimulated by the anti-ßj antibody as a result of changes in the activation state of the 

integrin. These changes in activation state (discussed in the Introduction) are likely caused 

by changes in the activity of cytoplasmic signaling proteins, membrane proteins which alter 

integrin function or changes in phospholipid composition of the plasma membrane. This 

is further supported by Werb et al. (1989) who demonstrated that synovial fibroblasts 
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adherent to anti-ßj antibodies or fragments of FN secreted the proteases stromelysin and 

collagenase while they did not on intact FN. In some cases an intact ECM molecule may 

ligate several integrin molecules simultaneously while ECM fragments ligate only one, 

thereby generating a different signal. These results suggest that parts of the ECM protein 

are activating while other parts may be suppressive. It was later found that signaling 

through the a^ receptor which recognizes the 120 kDa fragment of FN, increased 

metalloproteinase expression, while signaling through the o^ receptor, which recognizes 

a different part of FN (CS-1 region) suppressed expression (Huhtala et al., 1995). In 

addition, proteolytic cleavage of Coll I exposes a cryptic RGD sequence to the avß3 

integrin which is not available on native Coll (Montgomery et al., 1994). It is also known 

that the ability of integrins to recognize their ligands is regulated by delicate alterations in 

the conformation of the molecule regulated by divalent cations and intracellular proteins 

(reviewed in Mould, 1996). In addition, the response of an integrin to an ECM protein 

may be a result of other factors such as ECM proteins or growth factors which are present 

in the environment. Together, these results support Howlett et al (1995) theory that 

integrins on transformed cells do not properly recognize their ligands as they showed with 

human mammary cells. 

Although our interest was in the a5ßr fibronectin system on SP1 colony growth, 

we obtained several results which suggested a role of the a2ßr collagen receptor system 

in colony growth. (1) The a2ßt integrin expression was increased on the cell surface 

under anchorage-independent conditions. (2) SP1 cells under anchorage-independent 

conditions treated with TGF-ß only increase their adhesion to collagen (3) SP1 cells which 

are selected for their anchorage-independent growth properties expressed increased a2ßj 
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expression and collagen could promote their growth in agar. 

Tumor cells typically maintain the normal integrin profile but show a reduced or 

disorganized expression of integrins (Alford and Taylor-Papadimitriou, 1996; 

Berdichevsky et al., 1994). De novo expression or complete loss of integrin expression 

are seen occasionally in transformed cells. Integrin expression is important for mammary 

cell function. For example, the o^ßj integrin is required for mammary cell morphogenesis 

in a collagen gel, while the aß{ integrin is required for morphogenesis in a laminin rich 

matrix (Howlett et al., 1995). These data show that different integrins are capable of 

mediating mammary cell morphogenesis depending on the ECM protein present in the 

extracellular environment. Saelman et al (1995) have demonstrated that loss of a2pt 

integrin reduces the ability of MDCK cells to survive and form cysts in three-dimensional 

collagen gels. The cells lacking a^ also demonstrated reduced tubulogenesis and 

branching morphogenesis in response to HGF. This result also shows a cooperative effect 

between integrins and growth factors under anchorage-independent conditions. 

These results of Howlett et al (1995) suggest that it is not a particular integrin 

receptor which is responsible for increased anchorage-independent growth, but likely 

several receptors are capable of supporting growth providing that the appropriate ligand 

is present. Our results support the idea that multiple integrins are involved, since both aß1 

or a2ß! could support anchorage-independent growth in C1-12-H cells. C1-12-H cells 

which express higher levels of a2ßj can respond to Coll I while SP1 and C1-24-L cells 

which express lower levels of this receptor do not increase colony growth in response to 

Coll. Again it appears that the level of receptor expression is an important parameter in 

determimng its function.    In support of this observation, overexpression of a2ß1 in 

163 



mammary cells tends to restore the normal phenotype. However it is difficult to asses 

exactly how many receptors are required especially considering that other factors in the 

environment and proteins on the cell surface may contribute to the response. 

7.5 Growth factors and anchorage-independent growth 

TGF-ß can increase ECM and integrin expression in a number of cell lines and can 

negatively regulate growth by stimulating cyclin dependent kinase inhibitors (Polyak et al., 

1994; Reynisdöttir et al, 1995). TGF-ß often has an opposing effect on growth in 

transformed cells (Welch et al., 1990). It is possible that TGF-ß regulates anchorage- 

independent growth by one of three mechanisms (1) by altering the ECM and integrin 

expression (2) direct signaling through the receptor affecting cyclins and cdk's or (3) a 

combination of both. TGF-ß can inhibit cell growth of adherent SP1 cells but promotes 

anchorage-independent growth of these cells in agar. More than just signaling from 

integrins and TGF-ß receptors is required for TGF-ß-mediated anchorage-independent 

growth since FN cannot replace the adhesive signal in suspension. A combination of FN 

and TGF-ß show an additive effect on SP1 colony growth. Cell shape and other 

parameters mediated by cell adhesion may also contribute to the effects of TGF-ß on cell 

growth (Sutton et al., 1991). Roskelley et al (1994) have shown that ECM proteins 

(Matrigel) are required for milk production in mammary epithelial cells maintained in a 

rounded morphology on polyHEMA. Adherent cells were much less efficient at 

expressing ß-casein. The effects of individual matrix components or the use of 

transformed cells were not determined in this model. It is also unclear to what extent a 

single matrix protein can contribute compared to several components as seen in 
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experiments with Matrigel. 

HGF is a pleiotropic factor reported to affect many cellular functions (see 

Introduction). It is reported not to affect ECM or integrin expression, however the cellular 

response to HGF is different depending of the ECM present (Taipale and Keski-Oja, 

1996). HGF is also an important regulator of mammary cell growth and morphogenesis. 

Taking into consideration the last two points, a change in ECM may lead to a change in 

HGF response and cause a change from HGF-mediated mammary cell morphogenesis to 

HGF-mediated cell growth. Mammary tumors often express elevated levels of FN and 

Coll I in the stroma, hence these changes may be accompanied by changes in HGF- 

mediated signaling. It remains to be determined exactly what parameters are required to 

regulate HGF-mediated morphogenesis versus growth in mammary cell culture models. 

Normal cells in suspension fail to undergo DNA synthesis in the presence of growth 

factors but show increased expression of c-Myc (Barrett et al., 1995). It was shown that 

cyclin A production is required for progression through the cell cycle and that fibroblasts 

in suspension fail to increase cyclin A expression, therefore cyclin A is adhesion 

dependent. In contrast, Cyclin D and E are more growth factor dependent. Interestingly, 

TGF-ß can override the adhesion requirements in some fibroblasts (Han et al, 1993). 

One can see a cooperative effect between growth factors and cell adhesion at the level of 

the cyclins. We have also seen that c-Src, FAK, Ras and PI 3-kinase can function in both 

integrin and growth factor signaling pathways, however there still remain many 

unanswered questions regarding the mechanisms by which growth factor and integrin 

signaling pathways interact. 
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7.6 Signaling in anchorage-independent growth 

One issue which remains to be determined is the specificity of protein-protein 

interactions after integrin-dependent activation of signal transduction pathways.    For 

example FAK can bind to more than 9 substrates including PI 3-kinase, Src, Csk, HGF 

receptor, talin, paxillin, pl30cas, Grb2 and ßj integrin. It is likely that FAK does not bind 

to all these substrates every time it is activated. It may also have different affinities for each 

substrate. Therefore which substrate is activated will depend on the abundance of FAK, its 

ligand and its affinity to the particular substrate.  When this protein is over-expressed by 

transfection or naturally through transcriptional regulation, there is a sufficient amount of 

FAK for both high and low affinity substrates to interact with FAK.   This may activate 

signaling pathways which may not usually be activated under these conditions.   Such a 

mechanism is more clearly seen with integrin expression, where upregulation and 

downregulation of integrins at the cell surface change the function of the cell.    The 

observation that transfection of the a5 integrin in CHO cells reduces the transformed 

phenotype suggests two possible mechanisms: (1) The number of receptors on the cell 

surface may play an important role in which signals are generated and (2) the signals 

generated from the integrins are dependent on other signals, hence opposing signals can be 

generated from the same receptor depending on which other signaling pathways or molecules 

are active.   In support of this evidence, Varner et al (1995) demonstrated that unligated 

receptor generated negative signals for growth while ligated receptor generated positive 

signals for growth. There is also increasing evidence that there are cooperative interactions 

between different integrin receptors and between growth factors and integrin signaling 

pathways.   In contrast we show that high expression of a5^x promotes colony growth. 

166 



However it may be that other parameters are also involved or the level of expression of cc^ 

in our cells is still not as high as compared to transfected cells. The absolute number of 

receptors per cell would have to be calculated. It would be interesting to compare various 

integrin signaling mechanisms based on the level of integrin expression on the cell surface. 

This could be achieved by using the tetracycline inducible promoter in which expression can 

be regulated by the concentration of tetracycline added. 

7.7 In conclusion 

The normal differentiated phenotype is maintained by a complex balance of ECM and 

growth factors with the appropriate kind and number of cell surface receptors. Once a cell 

becomes transformed a change in any one of the components may cause a chain reaction of 

events which, with time, permit a progressive fully transformed cell. ECM and adhesion 

can modulate growth factor expression and vice-versa. In vivo, the balance can not restore 

itself but there are several experimental models where transformed cells are forced to show 

a differentiated phenotype by modulating their environment or restoring the balance of cell 

surface receptors. 

Transformation is a stepwise process which occurs after many mutations. Cells are 

therefore becoming gradually transformed. At early stages, ECM-integrin interactions may 

promote differentiation while at later stages, promote migration and invasion during 

progression to the transformed and metastatic phenotype. 

In conclusion, normal and transformed cells respond to the ECM under non-adherent 

conditions but it is the interpretation of the cellular signals generated as a result of ECM- 

integrin interactions which decides whether the cell will differentiate or proliferate. These 

signals depend on a number of factors (1) degree of differentiation of the cells, (2) the 
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quality and quantity of cell surface receptors, (3) the presence and type of growth factors, 

(4) cell type and (5) cell shape. With a full understanding of all the parameters it would 

seem possible that transformed cells with different degrees of malignancy can be stimulated 

to redifferentiate providing the correct environment is provided. 

7.8 The big picture 

One has to be cautious in extrapolating results obtained in vitro to an in vivo situation 

since there are many other factors present in vivo which affect tumor cell function and 

phenotype. Here I describe an in vivo metastatic cascade and describe at what stages the 

findings of this thesis may contribute. 

Tumor cells grow at the site of origin until the tumor becomes vascularized, then the 

tumor cells escape into the circulation. Once in the circulation, the cells must survive under 

anchorage-independent conditions and extravasate at a distant site and grow into a secondary 

tumor or metastasis. The properties of metastatic cells are therefore different from the 

primary tumor cells. 

This thesis makes several contributions on the understanding of this process. Once 

cells escape from the primary tumor, and enter the circulation, factors in the serum such as 

ECM proteins or growth factors act as survival factors for some tumor cells (i.e. few cells 

can respond to these factors). We have shown that FN, HGF and TGF-ß support survival 

of SP1 cells, however, other serum factors are likely also support this function in vivo 

depending on the specific phenotype of the tumor cell. The increase in the a2ß1 integrin 

(laminin and collagen receptor) would be useful in adhesion to the basement membrane at 

a distant site which is primary composed of collagen type IV and laminin. Once it has 

extravasated at a distant site, the tumor may grow slowly at first, but will become 

vascularized. Since new blood vessels tend to be very leaky, they would provide plenty of 
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plasma proteins such as FN for tumor growth. For tumor cells which do not express 

sufficient fibronectin receptors , expression of collagen receptors could substitute and 

exogenous source of collagen could be provided by the newly formed endothelial cells or 

surrounding stromal fibroblasts. Our results also demonstrate that survival and anchorage- 

independent growth are separate steps and that fibril formation is not required for cell 

survival but is required for colony growth. 

This thesis has made some contributions to the understanding of the role of ECM 

protein in anchorage-independent growth of a murine mammary carcinoma cell line. An 

understanding of the growth requirements of tumor cells in spheroids will improve our 

ability to treat metastatic disease, the primary cause of cancer mortality. 
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K-ras modulates the cell cycle via both positive and negative regulatory 
pathways 

Jianguo Fan and Joseph R Bertino 
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The effect of activated human K-ras on cell cycle 
proteins was studied by use of a stable MCF-7 
transfectant expressing inducible activated K-ras under 
the control of a tetracycline (Tet)-responsive promoter. 
Induction of activated K-ras by Tet withdrawal 
accelerated cell growth and entry into S-phase. To 
understand the mechanism(s) by which activated K-ras 
exerts its effect on the cell cycle, expression of both cell 
cycle stimulatory proteins as well as cell cycle inhibitors 
was examined. Upon induction of activated K-ras, 
several cell cycle stimulators were up-regulated, including 
cyclins A, D3, and E, and the E2F family of 
transcription factors, which was accompanied by in- 
creased cyclin A-associated kinase activity and E2F 
transcriptional activity, respectively. Up-regulation of 
cyclin A occurred at the transcriptional level and in a 
serum-dependent manner. Furthermore, induction of 
activated K-ras down-regulated p27Kipl and up-regulated 
p53. Up-regulation of p53 was correlated with enhanced 
p53 transactivation and accompanied by up-regulation of 
p2jw.fi an(j Qadd 45_ tvvo p53 effectors and negative cell 
cycle regulators. In addition, activated K-ras up- 
regulates bcl-2 but has no effect on bax or bcl-x 
expression. Taken together, these data indicate that 
activated K-ras affects the cell cycle by modulating both 
positive and negative cell cycle regulatory pathways. 

Keywords: ras; cell evele: sene reaulation 

Introduction 

The cell cycle of mammalian cells is regulated by a very 
complex machinery, of which cyclins and cyclin 
dependent protein kinases (CDKs) play essential roles 
(reviewed in Pines, 1995: Nigg, 1995). Multiple cyclin- 
CDK complexes undergo changes in the kinase and 
cyclin moieties which are believed to drive the cell cycle 
from one stage to another. An important element of 
this cyclin regulated cell cycle is the rapid induction of 
cell cycle phase specific cyclin expression and facile 
destruction of these cyclins as cells progress through 
the next phase of the cell cycle. In mammalian cells, the 
D-type cyclins (reviewed in Sherr. 1995), in association 
with the cyclin-dependent kinases cdk4 or cdk6. 
regulate the progression of the G, phase of the cell 
cycle mainly by participating in the phosphorylation of 
the retinoblastoma gene product pRb (reviewed in 
Weinberg. 1995). As a result of phosphorylation of 
pRb.  free  E2F,  of which  five  family  members  have 
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been identified to date (Sardet et a/., 1995; Hijmans et 
ed.. 1995). is released from complexes containing E2F 
and the hypophosphorylated form of pRb. The 'free' 
E2F. which is present as a heterodimer with its binding 
partner DP-1 or DP-2 (Wu et al.. 1995), is the active 
transcription factor that promotes the transcription of 
E2F target genes such as dihydrofolate reductase 
(DHFR) (Blake and Azizkhan. 1989). thymidylate 
synthase (TS) (Johnson, 1994) and other genes 
necessary for entry into and progression through the 
S phase of the cell cycle (Adams and Kaelin, 1995; 
DeGregori et al.. 1995). Cyclin A and the B-type 
cyciins (cyclins Bl and B2). in complexes with CDK2 
and CDC2, respectively, are essential for S-phase 
progression and for G:/M phase transition (reviewed 
in Pines and Hunter, 1992). 

The mammalian cell cycle is negatively regulated 
mostly through action of cyclin dependent kinase 
inhibitors (CDKIs) (reviewed in Sherr and Roberts. 
1995). many of which have been identified recently. 
The most important CDKIs include p21W;"\ a universal 
CDK inhibitor (Xiong et al.. 1993) whose expression is 
regulated by the p53 tumor suppressor protein (el- 
Deiry et al.. 1993): pl6INKJ. a specific inhibitor of cyclin 
D/CDK4/6 that is identified recently as a tumor 
suppressor gene product (Marx. 1994); and p27K'?l, 
which is involved in cellular response to cAMP and 
other antiproliferative signals (Polyak et al., 1994: 
Kato et al.. 1994). p2FVa!'' plays a pivotal role in p53- 
mediated cell cycle arrest upon stress such as DNA 
damage (Brugarolas et al.. 1995; Macleod et a/.. 1995). 

The ras oncogenes (including H-, K- and K-ras), 
which are activated by point mutations, are implicated 
in carcinogenesis (reviewed in Barbacid. 1990: 
Rodenhuis. 1992). About 30% of all human tumors 
are associated with ras mutations and up to 95% of 
human pancreatic cancers contain K-ras mutations 
(Mangues and Pellicer. 1992; Rodenhuis, 1992). 
Ras proteins play central roles in receptor-mediated 
signal transduction pathways that control cell prolif- 
eration and differentiation (Khosravi-Far and Der. 
1994: Medema and Bos. 1993). Increasing evidence 
supports the notion that one of the ultimate targets of 
the ras signaling pathway is the nuclear trans- 
cription machinery including the transcription factors 
c-Jun and Ets. whose activity has been shown to be 
regulated by oncogenic ras (Westwick et al.. 1994: 
Yang et al.. 1996). Therefore, reis plays an essential role 
in transducing external signals (such as growth factors 
or other mitogens) to the nucleus. 

Earlier work demonstrated that microinjection 
of Ras protein into quiescent cells induces DNA 
synthesis (Stacey and Kung. 1984). suggesting that 
the rax signaling pathway is directly linked to the 
G,/S     transition     of    the     cell     evcle.     The     link 
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between ras and the cell cycle has been strengthened by 
more recent reports showing that activated ras induces 
cyclin D, in NIH3T3 cells (Winston et ai. 1996; Filmus 
et a/.. 1994) and that the ra/kinase, a putative down- 
stream target of ras, interacts with and regulates the 
activity of cdc25 (Galaktionov et al.. 1995). a 
phosphatase involved in regulation of cdc2. an 
essential G:/M kinase. However, the direct roles of 
ras in regulation of the very complex cell cycle 
machinery is yet to be elucidated. The current study 
was undertaken to study the effect of activated ras on 
the cell cycle and on the expression of cell cycle related 
genes and to understand the functional roles of ras in 
relationship to cell cycle control. Ultimately, the 
information obtained in this study should help to 
identify the molecular target(s) of activated ras and 
provide guidance for chemotherapy of tumors contain- 
ing activated ras. 

Results 

Tet 

-K-ras2 

Figure 1 Inducible expression of activated K-ras in MCF-7 cells 
transfected with activated K-ras cDNA. Cells from a clone 
(M2TK4) of a single clone-derived MCF-7 cells stably transfected 
with the activated K-ras cDNA contained in a tetracycline 
inducible expression system (see the Materials and methods 
section for details), maintained in RPMI 1640 medium containing 
1 /ig: ml of Tet. were grown to mid-log phase in the presence of 
Tet and split (by trypsinization) into two parts. Cells from one 
part were grown in the absence of Tet while those from the other 
part were grown in the presence of 1 /ig ml of Tet. After a 48 h 
incubation, cells (mid-log phase) were collected and proteins from 
the total cellular extracts were subjected to polyacrylamide gel 
electrophoresis in the presence of SDS (SDS-PAGE). followed 
by Western blotting using an anti-K-rasJ antibody (see the 
Materials and methods section for details). Arrow indicates the 
position of the K-ras protein. The figure is a representative of 
three different experiments 

Inducible expression of an activated K-ras in MCF-7 
cells 

In order to minimize the likelihood of artifacts caused 
by clonal variation (which is reduced, if not eliminated, 
by use of an inducible expression system), a common 
problem associated with stable transfections using non- 
inducible expression vectors. MCF-7 cells were cloned 
and cells from a single clone (#2) (which harbors 
normal ras genes as determined by sequencing analysis 
(data not shown)) were used to obtain stable 
transfectants expressing inducible human activated K- 
ras under the control of a tetracycline-responsive 
promoter. After selection with G418, one clone 
designated as M2TK4 was obtained which contained 
the activated K-ras gene, as shown by PCR using a 
primer specific for the CMV promoter and another 
specific for exon 1 of the K-ras gene (data not shown). 
This PCR step was necessary because the plasmid in 
which the K-ras gene resides does not have a selectable 
marker. Western blotting analysis using a K-ras 
specific antibody revealed that expression of the 
activated K-ras was induced by Tet withdrawal (lane 
1, Figure 1) as compared to the level of expression in 
the presence of Tet (lane 2). The latter most likely 
represented the endogenous level of K-ras expression 
rather than the 'leakiness' of the system as the level of 
K-ras expression in M2TK4 cells in the presence of Tet 
was comparable to that in non-transfected MCF-7 cells 
(data not shown). These data indicate that K-ras 
expression can be effectively regulated (turned on or 
off) by Tet. 

Effect of activated K-vas expression on cell growth and 
the cell cycle distribution 

Although induction of K-ras expression in M2TK4 
cells had no effect on cell morphology (data not 
shown), induction of activated K-ras did lead to 
accelerated cell growth as shown in Figure 2a. The 
doubling times of M2TK4 cells grown in media 
containing 10% Fetal Bovine Serum (FBS) (Figure 
2a. left panel) and in the presence or absence of Tet 
were   29   and   24 h.   respectively.   When   these   cells 

were grown in a low serum (0.1%) medium, there 
was a clear acceleration of cell growth when 
activated K-ras was induced by Tet withdrawal 
(Figure 2a, right panel), although the overall cell 
growth was much slower under these conditions 
compared to normal growth conditions (i.e. 10% 
serum). The effect of activated K-ras on cell cycle 
(i.e. % of cells in S phase) was measured by use of 
pulse-chase labeling with BrdU followed by flow 
cytometric analysis. As shown in Figure 2b, 
induction of activated K-ras in M2TK4 cells led to 
an increased percentage of cells in S phase (from 
26% to 35%). These data indicated that activated 
K-ras can accelerate both cell growth and cell cycle 
(i.e. G,-S transition). Careful examination of Figure 
2b indicated that there appeared to be a sub-fraction 
of cells (indicated by the arrow) which were in G, 
phase but BrdU-positive. This sub-population of 
cells was not evident in M2TK4 cells growing in 
the presence of Tet. One possible explanation for 
this observation is that the BrdU-positive G, cells 
were those that were in very late S-phase- and were 
about to enter G2/M, that had progressed through 
G2/M and then returned to G, phase of the cell 
cycle. These data raise the possibility that in 
addition to acceleration of G,/S transition, activated 
K-ras may play a role in acceleration of G2/M 
transition as well. 

Effect of activated K-ras on expression of certain S- 
phase enzymes 

Since induction of activated K-ras in M2TK4 cells 
stimulated cell growth and accelerated the cell cycle 
(Figure 2). Western blotting analysis was performed to 
determine whether the increased growth rate and 
accelerated cell cycle are accompanied by increased 
levels of enzymes such as dihydrofolate reductase and 
thymidylate synthase which are essential for DNA 
replication and cell growth. When activated K-ras was 
induced by tetracycline withdrawal in cells grown i; 
10% FBS. there was a slight increase in the level of 
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Figure 2    Eftect of activated K-ras on cell growth and the cell cycle, (a) Cell growth measurement. ,VPTK4 cells (mid-lo* phase) 
that have been maintained ,n RPMI 1640 medium containing or lacking Tet (1 u* ml) were plated in a series o   % well plates 
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TS protein (compare lanes 1 and 2. Figure 3b): the 
level of DHFR expression was not changed (lanes 1 
and 2, Figure 3a). When M2TK4 cells growing in the 
presence or absence of Tet were exposed to a low 
serum (0.1% FBS) medium for 24 h. however, there 
was a significant increase in the levels of both DHFR 
and TS expression upon Tet withdrawal (compare 
lanes 3 and 4 in Figure 3a and b). It was reported 
previously (Graham et a!.. 1986) that MCF-7 cells 
may contain high levels of endogenous (normal) ras. 
which can be activated by serum factors presumably 
through growth factor receptor pathways. Therefore, 
when cells are grown in media containing a high 
concentration (10%) of serum, the effect of the 
activated K-ras transgene (i.e. the transfected acti- 
vated K-ras) may not be apparent unless the cells 
were subjected to treatment with media containing a 
low concentration (0.1%) of serum, a condition in 
which the effect of endogenous ras is greatly reduced 
if not eliminated. For these reasons, in the subsequent 
studies (see below), the effect of activated K-ras will 
be studied both in cells grown in regular media 
(containing 10% serum) and in cells that have been 
subjected to an additional serum deprivation treat- 
ment (with media containing 0.1% serum). 

Differential regulation of the D-type cyclins by the 
activated K-v&s 

Since D-type cyclins. which are composed of three 
members (Dl, D2, D3). are known to play essential 
roles in G, to S transition in the cell cycle (Sherr. 
1995), it was of interest to determine whether 
activated  K-ras mediates  this cell  cycle acceleration 

through regulation of any or all of these D-type 
cyclins. This was accomplished by Western blotting 
analysis, using antibodies specific for each member of 
the D-cyclin family, of protein extracts from M2TK4 
cells grown in the presence or absence of Tet. As 
shown in Figure 4. when activated K-ras was induced 
by Tet withdrawal and cells were grown in medium 
containing 10% serum, there was a slight increase in 
the level of cyclin D3 expression compared to cells 
grown in the presence of Tet (lanes 1 and 2, Figure 
4a). However, the level of cyclin D3 expression was 
significantly upregulated upon induction of the 
activated K-ras by Tet withdrawal when cells were 
subjected to a 24 h serum deprivation with medium 
containing 0.1% serum before being collected for 
protein extraction. The up-regulation of cyclin D3 by 
activated K-ras correlated with cyclin D3-associated 
kinase activity in an experiment in which an anti- 
cyclin D3 antibody was used to immunoprecipitate the 
kinase(s) complexed with cyclin D3 and Histone HI 
was used as the substrate (data not shown). The effect 
of activated K-ras on the levels of cyclin Dl and 
cyclin D2 expression was analysed in a similar 
manner. As shown in Figure 4b and c. no obvious 
difference in the level of either cyclin Dl or cyclin D2 
expression was observed when cells were grown either 
in the presence or in the absence of Tet. with or 
without the serum deprivation step described above. 
These data show that induction of activated K-ras 
upregulated only one member of the D-type cyclin 
family - cyclin D3 - while having no effect on 
cyclins Dl and D2. 
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Figure 3 Effect of activated K-ras on expression of two S-phase 
enzymes. M2TK4 cells (mid-log), maintained in the presence of 
Tet, were grown to mid-log phase (a 48 h incubation) in media 
containing or lacking Tet (2 /<g,;ml). using multiple tissue culture 
flasks. Cells from one half of these flasks (growing in the presence 
or absence of Tet) were subjected to an additional 24 h serum 
deprivation by incubating cells with media containing 0.1% FBS. 
with or without Tet added, respectively. Cells were collected by 
trypsinization and proteins from the total cellular extract were 
subjected to SDS-PAGE followed by Western blotting with a 
polyclonal anti-DHFR antibody (a) or anti-TS antibody (b). 
Positions of DHFR and TS are indicated by arrows. The figure 
represents one of three to five independent experiments 
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Figure 4 Differential regulation of the D-type cyclins by 
activated K-ras. M2TK4 cells were grown to mid-log phase, in 
the presence or absence of Tet. with or without a serum 
deprivation step, as described in the legend for Figure 3. Cells 
were collected by trypsinization and proteins from the total 
cellular extract were subjected to SDS-PAGE followed. by 
Western blotting with a polyclonal anti-cyclin D3 antibody (a), 
a monoclonal anti-cyclin Dl antibody (b) or a polyclonal anti- 
cyclin D2 antibody (c). Positions of cyclins Dl, D2 and D3 are 
indicated by arrows. The figure represents one of three different 
experiments 



Cell cycle regulation by K-ras 
J Fan and JR Bertino 

Induction of activated K-ms leads to upregulation of the 
E2F family of transcription factors 

Since the E2F family of transcription factors play a 
pivotal role in progression through the G, phase of the 
cell cycle and entry into S phase (Johnson et al.. 1993), 
it was of interest to determine whether activated K-ras 
mediates cell cycle acceleration through regulation of 
any or all of the E2F family of transcription factors, of 
which five members have been identified to date. Of 
these five members, E2F-1, 2, and 3 preferentially bind 
to pRb while E2F-4 and E2F-5 preferentially bind the 
pRb-related proteins pi07 and pi30, respectively 
(Beijersbergen et al, 1994; Hijmans et al, 1995). 
Western blotting analysis, using an antibody specific 
for E2F-1 showed that induction of activated K-ras by 
Tet withdrawal resulted in a significant increase in the 
level of E2F-1 expression (Figure 5a, compare lanes 1 
and 2). This induction of E2F-1 by the activated K-ras 
appeared to be more profound when cells growing in 
the presence or absence of Tet were subjected to a 24 h 
serum deprivation (as described above) (Figure 5a, 
compare lanes 3 and 4). Although serum starvation led 
to a decrease in overall E2F-1 expression in cells 
exposed or not exposed to Tet, significant expression of 
E2F-1 was evident when activated K-ras was induced 
in serum-starved cells while E2F-1 expression was 
almost non-detectable in these cells under non-induced 
conditions. Effect of induction of activated K-ras on 
expression  of E2F-4 and  E2F-5,  other two  distinct 

members of the E2F family of transcription factors, 
was studied in the same manner using antibodies 
specific for E2F-4 and E2F-5. respectively. As shown in 
Figure 5b and c. induction of activated K-ras by Tet 
withdrawal resulted in a significant increase in the 
levels of E2F-4 and E2F-5 either with or without serum 
deprivation. Interestingly, serum deprivation did not 
appear to have much effect on the overall expression of 
these E2F species as compared to E2F-1. These data 
clearly indicate that induction of activated K-ras leads 
to upregulation of all major forms of the E2F 
transcription factors. 

Induction of the E2F transcription factors by activated 
K-ras, is consistent with increased E2F transcriptional 
activity 

The transcriptional activity of members of the E2F 
family of transcription factors is regulated by multiple 
cell cycle-related events, such as increased expression 
(transcriptionally or post-transcriptionally) (Slanskv et 
al.. 1993), phosphorylation (for E2F-1.'2 and 3)'by 
cyclin A,cdk2 complexes (Xu et al.. 1994) and complex 
formation with pRb or pRb-related proteins pi07 and 
pi30. Therefore, increased expression of the E2F 
protein may not necessarily lead to increased transcrip- 
tional activity. The E2F transcriptional activity was 
measured by transient transfection of M2TK4 cells with 
a plasmid containing the CAT reporter gene driven by a 
E2F-responsive   promoter.   As   shown   in   Fiaure   6, 
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Figure 5 Effect of activated K-ras on expression of members of 
the E2F family of transcription factors. M2TK4 cells were grown 
to mid-log phase, in the presence or absence of Tet, with or 
without a serum deprivation step, as described in the legend for 
Figure 3. Cells were collected by trypsinization and proteins from 
the total cellular extract were subjected to SDS-PAGE followed 
by Western blotting with specific monoclonal antibodv against 
E2F-1 (a), E2F-4 (b) or E2F-5 (c). Positions of E2F-I. -2 and -5 
are indicated by arrows. The figure represents one of at least three 
different experiments 
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Figure 6 Effect of activated YL-ras on E2F transcriptional 
activity. M2TK4 cells were grown to ca. 40-50% confluency. 
in the presence or absence of Tet. in multiple tissue culture dishes. 
After 24 h growth, cells were co-transfected, using lipofection. 
with pE2FCAT (which contains an E2F responsive minimal TK 
promoter driving the expression of the CAT reporter gene) and 
pSV21uc (which contains the luciferase gene driven by the SV40 
promoter). After an additional 72 h growth, cells from one half of 
these dishes (growing in the presence or absence of Tet) were 
subjected to 24 h serum deprivation by incubating cells with 
media containing 0.1% FBS. with or without Tet added, 
respectively. Cells were collected and assayed for both CAT and 
luciferase actr. ities. The results represent the means+ s.e. of 
relative CAT activities (after correction for transfection efficiency 
using luciferase activities) from three experiments. For details, see 
the Materials and methods section 
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when activated K-ras was induced by Tet withdrawal, 
there was a fourfold increase in overall E2F transcrip- 
tional activity (as indicated by relative CAT activity 
after correction for transfection efficiency using a 
separate reporter plasmid containing the luciferase 
gene) as compared to the result obtained from cells 
grown in the presence of Tet. Similar results were 
obtained when transfected cells growing in the presence 
or absence of Tet were subjected to serum deprivation 
(0.1% serum, 24 h) before being collected for the CAT 
assay. These results indicated that induction of the 
activated K-ras leads to increased E2F transcriptional 
activity. 

Up-regulation of cyclins A and E by activated A^-ras 

Although cyclin A. initially characterized as a 'mitotic 
cyclin' (Walker and Mailer. 1991), is considered to 
function as an S-phase cyclin (Zindy et al., 1992; 
Pagano et ai, 1992), recent work (Carbonaro-Hall et 
al., 1993; Rosenberg et al., 1995) suggests that cyclin A 
activity may also be essential for G./S progression. 
Therefore, the effect of activated K-ras on expression 
of both cyclin A and cyclin E (a G, cyclin; Ohtsubo et 
al., 1995), was studied. Western blotting analysis using 
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Figure 7 Regulation of cyclins A and E by activated K-ras. (a 
and c) M2TK4 cells were grown to mid-log phase, in the presence 
or absence of Tet, with or without a serum deprivation step, as 
described in the legend for Figure 3. Cells were collected by 
trypsinization and proteins from the total cellular extract were 
subjected to SDS-PAGE followed by Western blotting with 
specific monoclonal antibody against cyclin A (a) or cyclin E (c). 
Positions of cyclins A and E are indicated by arrows. The figure 
represents one of three similar experiments, (b) Histone H l kinase 
assay. M2TK4 cells (mid-log), maintained in the presence of Tet. 
were grown to mid-log phase (a 48 h incubation) in media 
containing or lacking Tet (2 ^g/ml). Cells were collected by 
trypsinization and the total cellular extract (containing 200 /<g 
protein) were subjected to immunoprecipitation with anti-cyclin A 
antibody-agarose conjugates followed by Histone HI assay as 
described in the Materials and methods section. The position of 
the phosphorylated Histone HI was indicated by the arrow. This 
represents one of two similar experiments 

a specific antibody against cyclin A (Figure 7a) 
indicated that induction of activated K-ras by Tet 
withdrawal in M2TK4 cells led to a significant increase 
in cyclin A protein when cells were grown in media 
containing 10% serum (with or without Tet) (lanes 1 
and 2). However, when cells growing in the presence or 
absence of Tet were subjected to a 24 h serum 
deprivation, cyclin A expression became undetectable 
and induction of K-ras failed to upregulate cyclin A. 

Cyclin A, like other cyclins, forms active complexes 
with its corresponding CDKs (i.e. CKD2) to drive cell 
cycle progression (Devoto et al., 1992). To determine 
whether upregulation of cyclin A by activated K-ras 
plays a role in cell cycle regulation, cyclin A-associated 
kinase activity was determined by measuring the ability 
of the cyclin A immunoprecipitate from total cellular 
extract to phosphorylate Histone HI protein. As shown 
in Figure 7b. when activated K-ras was induced by Tet 
withdrawal and cells were grown in medium containing 
10% serum, there was a significant increase in cyclin A- 
associated kinase activity compared to cells grown in the 
presence of Tet (lanes 1 and 2). 

The effect of activated K-ras on expression of cyclin 
E, a G, cyclin, was studied in a similar manner. As 
shown in Figure 7c. activated K-ras also induces cyclin 
E in cells grown with regular medium (lanes 1 and 2) 
but not in cells which were serum starved (lanes 3 and 
4). These data suggest that activated K-ras regulates 
both cyclin A and cyclin E, and most likely by a 
different mechanism from that for cyclin D3 in that up- 
regulation of cyclin A and cyclin E by activated K-ras 
may require the presence of certain serum factors while 
up-regulation of cyclin D3 does not. 

Regulation of cyclin A by activated K-vas occurs at the 
transcriptional level 

Transient transfection of M2TK4 cells with a plasmid 
containing the cyclin A promoter which drives the 
expression of the reporter gene luciferase was performed 
to measure the effect of induction of activated K-ras on 
the promter activity of cyclin A. As shown in Figure 8. 
induction of activated K-ras by Tet withdrawal leads to a 
significant increase in the promoter activity of cyclin A 
(as indicated by relative luciferase activity after 
correction for transfection efficiency using a separate 
reporter plasmid containing the CAT gene). Similar 
results were obtained when transfected cells growing in 
the presence or absence of Tet were subjected to serum 
deprivation (0.1% serum. 24 h) before being collected 
for the luciferase assay. These results indicate that the 
activated K-ras regulates cyclin A expression at the 
transcriptional level. 

Induction of activated K-ms leads to down-regulation of 
p27Kir, 

While the E2F family of transcription factors are 
known to be positive regulators of the cell cycle, 
inhibitors of cyclins and cyclin dependent kinases such 
as p2~K,pl are negative regulators of the cell cycle. The 
earlier observations that overexpression of activated 
ras. in some special cases, resulted in cell cycle arrest 
(Pan et al., 1994; Hirakawa and Ruley, 1988) prompted 
us to examine whether activated K-ras, shown '-1 

regulate several positive regulators of the cell cycle, can 



regulate some of the "negative" cell cycle regulators. 
Therefore, the effect of activated K-ras expression on 
p27K,!" was examined by Western blotting using specific 
antibodies against this protein. As shown in Figure 9. 
induction of activated K-ras by Tet withdrawal 
resulted in a significant decrease in the level of p27Kirl 

expression (compare lanes 1 and 2). This effect (i.e. 
repression of p27Kipl expression by activated K-ras) was 
retained in cells growing in the presence or absence of 
Tet followed by a 24 h serum deprivation (compare 
lanes 3 and 4). These data suggest that induction of 
activated  K-ras decreases  the  expression  of p27K,pl. 
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Figure 8 Effect of activated K-ras on the transcriptional activity 
of the cyclin A promoter. The effect of activated K-ras on the 
cyclin A promoter activity was measured as described in the 
legend for Figure 6 except that, instead of using pE2FCAT and 
pSVluc in the co-transfection experiments, cells were co- 
transfected with pAluc (which contains the cyclin A promoter 
driving the expression of the luciferase reporter gene) and 
pSV2CAT (which contains the CAT gene driven by" an SV40 
promoter), the results represent the means+ s.e. of relative 
luciferase activities (after correction for transfection efficiency 
using CAT activities) from three experiments 
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which   could   contribute,   at   least   in   part,   to   an 
accelerated cell cycle. 

Induction of activated K-ras leads to upregidation of p53 
and its effectors p21""" and Gadd 45 

A previous study by Hicks et al. (1991) showed that 
overexpression of an activated ras gene in the rat 
embryo fibroblast cell line REF52 results in growth 
arrest which may be released by expression of 
dominant negative mutants of p53, indicating that 
wild type p53 activity may be essential for ras-mediated 
growth arrest. Therefore, it was of interest to test 
whether activated K-ras directly regulates the expres- 
sion of the tumor suppressor protein p53. Western 
blotting analysis using a specific antibody against p53 
showed that induction of activated K-ras by Tet 
withdrawal resulted in a significant increase in the 
level of p53 expression (compare lanes 1 and 2. Figure 
10a). This induction of p53 by the activated K-ras 
appeared to be more profound when cells growing in 
the presence or absence of Tet were subjected to a 24 h 
serum deprivation (compare lanes 3 and 4). In order to 
test whether the up-regulated p53 is functionally linked 
to the ras-mediated negative regulation of the cell 
cycle, we examined the effect of activated K-ras on two 
p53 effector proteins, the universal CDK inhibitor 
p21Ha". which plays an important role in p53-mediated 
cell cycle arrest in response to DNA damage (Macleod 
et al.. 1995). and Gadd 45. which has also been shown 
to inhibit entry of cells into S phase (Carrier et al., 
1994) in addition to stimulation of DNA excision 
repair (Smith et al., 1994). Western blotting analysis 
showed  that  induction  of activated  K-ras led  to  a 
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Figure 9 Effect of activated K-ras on p27 expression. M2TK4 
cells were grown to mid-log phase, in the presence or absence of 
Tet, with or without a serum deprivation step, as described in the 
legend for Figure 3. Cells were collected by trypsinization and 
proteins from the total cellular extract were subjected to SDS- 
PAGE followed by Western blotting with a polyclonal anti- 
p27Klpl antibody. The position of p27 is indicated by the arrow. 
The figure represents one of three similar experiments 

Figure 10    Effect of activated K-ras on expression of p53 and its 
effectors p21ui" and gadd 45. M2TK4 cells were grown to mid- 
log phase, in :he presence or absence of Tet. with or without a 
serum deprivation step, as described in the legend for Figure 3. 
Cells were collected by trypsinization and proteins from the total 
cellular extra;: were subjected to SDS-PAGE followed by 
Western blotting with a monoclonal antibody against p53 (a), 
or polyclonal antibodies against p2Pvi,n (b) or~Gadd 45 (c). 
Positions of these proteins are indicated by arrows. The figure 
represents one of two to four independent experiments 
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significant increase in the level of p21 expression 
(compare lanes 1 and 2. Figure 10b). However, when 
cells (growing in the presence or absence of Tet) were 
subjected to a 24 h serum deprivation, p21 expression 
was dramatically reduced and induction of K-ras failed 
to upregulate p21 (lanes 3 and 4, Figure 10b) despite 
that, as shown above (lanes 3 and 4 of Figure 10a), p53 
was induced under these conditions. As shown in 
Figure 10c, induced expression of activated K-ras led 
to a significant increase in Gadd 45 (compare lanes 1 
and 2). These data suggest that (1) Induction of 
activated K-ras increases expression of several negative 
regulators of the cell cycle such as p53 and its effectors 
p21"an and Gadd 45; (2) regulation of p21 by activated 
K-ras may require the presence of certain serum 
factors, which is similar to the regulation of cyclins 
A and E by K-ras; and (3) Regulation of p21"a" 
appears to be partially p53-dependent and partially 
independent. 

Upregulation of p53 by activated >v-ras correlates with 
increased p53-dependent transactivation 

Previous studies provided evidence that activity of p53 
as a transcription factor is regulated by additional 
mechanisms besides transcriptional regulation of the 
p53 gene. These additional mechanisms include 
stability of the protein (Bae et a!., 1995). sequestration 
in the cytoplasm (Moll et ed., 1995), tetramer formation 
(Friedman et al., 1993) and phosphorylation (Meek 
and Eckhart, 1988). Therefore, it was necessary to 
determine if the induced p53 protein correlated with 
p53-mediated transactivation. This was accomplished 
by transient transfection of M2TK4 cells with a 
plasmid containing a p53-responsive promoter which 
controls the expression of the CAT gene (Yamato et 
al., 1995). As shown in Figure 11, when the activated 
K-ras was induced by Tet withdrawal, there was a 
fourfold increase in overall p53 transactivation activity 
(as indicated by relative CAT activity after correction 
for transfection efficiency using a separate reporter 
plasmid containing the luciferase gene) as compared to 
the result obtained from cells grown in the presence of 
Tet. An increase of p53 transactivation activity by 
activated K-r<75 was also observed when transfected 
cells growing in the presence or absence of Tet were 
subjected to serum deprivation (0.1% serum, 24 h) 
before being collected for the CAT assay. 

Induction of activated K-ras up-regulates bcl-2 but has 
no effect on bax and bcl-x 

The studies described above showed that activated K- 
ras regulates both positive and negative modulators of 
the cell cycle such as the tumor suppressor gene 
product p53 and the E2F family of transcription 
factors. The net result of the seemingly opposing 
effects of activated K-ras induction was an increase in 
growth rate and acceleration of the cell cycle. Over- 
expression of both wild type p53 and E2F induces 
apoptosis, at least in some cell types (Wu and Levine. 
1994). Preliminary studies in this laboratory indicated 
that induction of activated H-ras in MCF-7 cells 
renders cells more resistant to apoptotic cell death 
induced by treatment with DNA damaging agents such 
as cisplatinum (data not shown). Activated K-ras may 
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Figure 11 Effect of activated K-ras on transactivation activity of 
p53. The effect of activated K-ras on the p53 transactivation 
activity was measured as described in the legend for Figure 6 
except that, instead of using pE2FCAT and pSVluc in the co- 
transfection experiments, cells were co-transfected with 
p53CONTKCAT (which contains the p53-responsive tk promo- 
ter driving the expression of the CAT reporter gene) and pSV21uc. 
The results represent the means+ s.e. of relative CAT activities 
(after correction for transfection efficiency using luciferase 
activities) from three experiments 

regulate certain negative modulators of apoptosis to 
compensate for the positive effect of p53 and E2F on 
apoptosis. Therefore, the effect of activated K-ras 
expression on bcl-2, bax and bcl-x, three well known 
regulators of apoptosis (Craig, 1995), was measured by 
Western blotting using specific antibodies against these 
proteins. As shown in Figure 12a, induction of 
activated K-ras by Tet withdrawal resulted in a 
significant increase in the level of bcl-2 expression 
(compare lanes 1 and 2). Induction of bcl-2 by 
activated K-ras was more profound when cells 
growing in the presence or absence of Tet were 
subjected to a 24 h serum deprivation (as described 
above) (compare lanes 3 and 4). As shown in Figure 
12b and c, no obvious difference in the level of either 
bax or bcl-x expression was observed when cells were 
grown either in the presence or in the absence of Tet. 
with or without the serum deprivation step as described 
above. The up-regulation of bcl-2 may override the 
effect of increased expression of p53 and E2F on 
apoptosis, resulting in cells that are actually more 
resistant to apoptosis. 

Discussion 

A major objective of the current study was to examine 
the effect of activated K-ras on the cell cycle and to 
delineate the mechanism by which activated K-ra- 
exerts this effect. A human breast carcinoma cell Iin*' 
MCF-7 was chosen as the model system for the current 
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Figure 12 Effect of activated K-ras on expression of the bcl-2 
family members. M2TK4 cells were grown to mid-log phase, in 
the presence or absence of Tet, with or withom a serum 
deprivation step, as described in the legend for Figure 3. Cells 
were collected by trypsinization and proteins from the total 
cellular extract were subjected to SDS-PAGE followed bv 
Western blotting with specific polyclonal antibodies against bci- 
2 (a), bax (b) or bcl-x (c). Positions of these proteins are indicated 
by arrows. The figure represents one of two to four independent 
experiments 

study for two major reasons: (1) it contains normal 
(wild type) ras genes and it has been widely used as a 
model   (after   transfection   with   activated   ras)   for 
studying the function of ras and (2) the cell line has 
been well characterized and it expresses wild type p53 
(Negrini et al., 1994) and pRb (Gottardis et al'., 1995). 

It was shown in this paper that activated K-ras up- 
regulates cyclin D3 but not the other two members of 
the D-cyclin family (cyclins Dl and D2). To the best of 
our knowledge this is  the first report showing that 
members of the D-type cyclin family are differentially 
regulated by activated ras. It is of interest to note that 
expression of cyclin Dl, the only member of the D-type 
cyclin family considered to be an oncogene (Bates and 
Peters. 1995), is not affected by activated K-ras in this 
particular cell type. Our results suggest that cyclin D3, 
identified as a specific target for the activated K-ras in 
the   current   study,   might   also   be  classified   as   an 
oncogene. These data also suggest that each member 
of the  D-type  cyclin   family  may  be  independently 
regulated and may play, perhaps in a tissue specific 
manner, a distinct role in cell cycle regulation. A more 
detailed study on the mechanism by which cyclin D3 is 
regulated by activated K-ras awaits the availability of 
the cyclin D3 promoter sequences. 

Three distinct members of the E2F family of 
transcription factors (E2F-1. E2F-4 and E2F-5), 
which display preferential binding to either pRb or 
the pRb-like proteins pi07 and" pi30, respectively 
(Weinberg. 1996), were found to be up-regulated by 
activated K-ras, resulting in an overall increase in E2F 
transcriptional activity. In addition to up-regulating 
cyclins (e.g. A and E) and cyclin-associated" kinase 
activities (e.g. CDK2 or CKD4) which would result in 
higher levels of 'free' E2F due to phosphorylation of 
the pRb family proteins, it is likely that activated K- 
ras regulates the transcription of E2Fs (i.e. the total 
E2F) by an unknown mechanism. Since this up- 
regulation by activated K-ras was found in all E2F 
forms, activated K-ras may regulate a common 
transcription factor essential for transcription for all 
E2F genes. 

Several studies indicate that stabilization of the p53 
protein    might    be   a   major   mechanism   for   p53 
accumulation in response to DNA damaee (Canman 
et al.. 1994: Di Leonardo et al., 1994). Although most 
studies show that MCF-7 cells contain wild tvpe p53 
(Takahashi et al., 1992: Balcer-Kubiczek et al'., 1995), 
there have been some questions as to the functional 
status   of  the   p53   tumor   suppressor   gene   product 
present in MCF-7 cells (Casey et a!., 1991), the model 
cell line used in this study. Our data, obtained by use 
of a p53-responsive promoter construct suggests that 
the  p53  protein  up-regulated  by activated"K-ray in 
M2TK4 cells is transcriptionally active. In addition, 
activated K-ras induced both p21"" and Gadd 45. two 
well characterized p53  effectors whose expression is 
known to be controlled by p53 at the transcriptional 
level   (Carrier  et  al.,   1994;   Macleod   et  al..   1995). 
Therefore MCF-7 cells used in this study most likely 
contain wild-type p53. Studies in this laboratory (Fan 
and Bertino, 1997) and elsewhere (Hiebert et al., 1995) 
show that E2F-1  positively regulates p53 expression. 
As activated K-ras up-regulated three major forms of 
E2F, it is very likely that activated K-ras up-regulates 
p53 via a transcriptional mechanism, most probably 
via   up-regulated   E2F   activity.   A   previous   study 
(Negrini   et   al.,   1994)   showed   that   MCF-7   cells, 
despite containing wild type p53, lack wild type p53 
activity due to nuclear exclusion of p53. This suggests 
that activated K-ras may also regulate the activity of 
p53 by mechanisms other than gene regulation, such as 
post-translational modification. 

The observation that p27Kif was down-regulated and 
p21Wafl was up-regulated by activated K-ras represents 
the first instance in which two CDK inhibitors are 
differentially regulated. Since expression of either 
p27Ki"' or p21Wan can result in cell cycle arrest 
(Toyoshima and Hunter, 1994; Wu et al.. 1996). their 
different regulation by activated K-ras cannot be 
perceived as a simple cell cycle effect. The same logic 
would be applicable to p53 and Gadd 45. Exactly how 
these CDK inhibitors are regulated by activated 'K-ras 
remains to be investigated. 

Since both p53 and Gadd 45 have been implicated in 
DNA repair (Smith et al.. 1994: Götz and Montenarh, 
1996) and both of these molecules were up-regulated 
by activated K-ras. it is conceivable that cells contain- 
ing activated K-ras would have a higher capacity for 
DNA repair. This would provide an explanation for 
activated ras mediated drug and radiation resistance 
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from previous studies in this laboratory (Fan et ed.. 
1997) and elsewhere (Levy et ed., 1994; Sklar. 1988). 
Up-regulation of bcl-2. but not ba.x or bcl-x. important 
regulators of apoptosis. by activated K-ras may explain 
why cells containing activated ras are generally more 
resistant to drug- or radiation-induced apoptosis, 
despite the up-regulation of both p53 and E2F by 
activated K-ras, shown previously to cooperate to 
induce apoptosis in Rat fibroblast cells (Wu and 
Levine, 1994). Up-regulation of bcl-2 by K-ras also 
suggests that activated K-ras can overcome the 
inhibitory effect of p53 on bcl-2 expression (Haldar et 
ed., 1994). 

Although ras activation is generally believed to 
have a positive effect on cell cycle progression, several 
reports indicate that activated ras can induce cell cycle 
arrest in certain cell types (Pan et al. 1994: Hirakawa 
and Ruley, 1988). Data presented in this paper 
provide strong evidence that activated K-ras exerts 
its effect on the cell cycle by modulating the 
expression of a diverse spectrum of cell cycle 
regulators such as the tumor suppressor protein p53 
and the E2F family of transcription factors. The effect 
of activated ras on the cell cycle is characterized by 
two opposing functions: one is the negative regulatory 
function which is fulfilled by up-regulated p53 
(accompanied by increased expression of p21"a" and 
Gadd45) and the other is the positive regulatory 
function accomplished by increased expression of 
E2Fs and cyclins (A. E, and D3) and decreased 
expression of p27Kipl. The net effect of activated K-ras 
on the cell cycle will be determined by a balance of 
these two opposing functions. When the negative cell 
cycle regulatory function of activated K-ras predomi- 
nates over the positive effect, induction of activated 
K-ras may lead to slower cell growth or cell cycle 
arrest, and vice versa. Other factors such as the 
environment (such as growth factors) and cell types 
may also affect whether or not activated ras will have 
a positive or a negative effect on the cell cycle. Some 
investigators suggested that expression of activated ras 
at a level above certain threshold can result in growth 
arrest (Ricketts and Levinson, 1988). 

Induction of wild type p53 activity (and subsequent 
induction of p21wafl and Gadd 45) may be a major 
component of the negative cell cycle regulatory 
function of activated K-ras. This notion is supported 
by two previous studies showing that both dominant 
negative mutants of p53 (Hicks et al., 1991) and the 
SV40 large T antigen (which binds to and inactivates 
p53) (Hirakawa and Ruley, 1988) were able to release 
raj-induced cell cycle arrest in a rat fibroblast cell line 
(REF52). The expected selective inhibition by mdm2 
(believed to be an inhibitor of p53 (Finlay, 1993; Wu et 
al., 1993)) of the negative regulatory function would 
explain the finding by Finlay (1993) that mdm2 
together with activated ras can transform cells. Data 
presented in this paper also suggest that ras activation, 
as shown in this study, combined with findings from 
others regarding p53 loss, could lead to accelerated 
growth rates. 

For chemotherapeutic purposes, targeting (and 
inhibition of) the positive cell cycle regulatory 
function of activated ras while leaving the other 
(negative regulatory) function intact may be a more 
effective   and   specific   way   to   inhibit   ras-mediated 

tumorigenesis than targeting ras directly (Abrams et 
al.. 1996; Blume. 1993), especially if the tumor 
contains functional p53. Targeting ras directly may 
be complicated by the fact that ras is central to many 
cellular processes. It is reasonable to assume that in 
tumors containing both mutant p53 and activated ras. 
gene therapy with wild type p53 may not be an 
effective approach since the effects of p53 (which is 
inducible by ras) on the cell cycle and apoptosis may 
be offset by other effects of activated ras such as up- 
regulation of E2F and bcl-2. 

Materials and methods 

Chemicals and reagents 

Tetracycline. bromodeo.xyuridine (BrdU). propidium io- 
dide, histone HI. bovine serum albumin (BSA), and acetyl 
CoA were obtained from Sigma. Geneticin (G418) was 
obtained from Life Technologies (Gaithersburg, MD). 
[;---':P]ATP (6000 Ci mmole). Econofluor-2. and~ [acetyl- 
l-IJC]-acetyl Coenzyme A were purchased from Dupont 
NE\. Media and sera for cell culture were purchased from 
Grand Island Biological Co.. Grand Island. NY. Protein 
A Protein G Plus Agarose was obtained from Oncogene 
Science. Liposomes (DOTAP/DOPE) used for transient 
transfections were either purchased from Boehringer 
Mannheim (Indianapolis. IN) or made available by the 
Liposome Facility. Department of Medicine, Cornell 
University Medical College. NY. All other chemicals were 
reagent grade and from standard commercial sources. 

Antibodies 

Antibodies against K-ras. cyclin Dl. evelin D3. evelin A. 
E2F-1. E2F-4, E2F-5. bcl-2. bax, bcl-x. p53. p21, p27. 
Gadd 45 and anti-cyclin A-agarose conjugates were 
purchased from Santa Cruz Biotechnology (Santa Cruz. 
CA). Anti-cyclin D2 antibody was obtained from 
NeoMarkers (Fremont. CA). Fluorescein isothiocyanate 
(FITC)-conjugated Anti-BrdU antibody was purchased 
from Becton Dickinson Immunocytometry Systems 
(Mountain View. CA). Polyclonal antibodies against 
human dihydrofolate reductase (DHFR) and thymidylate 
synthase (TS) were generous gifts from Dr Bruce Dolnick 
and Dr Frank Maley. respectively. 

Cell line 

The MCF-7 breast adenocarcinoma cell line was obtained 
from American Type Culture Collection and was main- 
tained as monolayer cultures at 37=C in a 5% CO:/95% air 
incubator in RPMI 1640 medium supplemented with 10% 
fetal bovine serum. 

PI asm ids 

The tetracycline inducible system plasmids pUHD10-3 and 
pUHD15-l (Gossen and Bujard, 1992) were generous gifts 
from Dr Herman Bujard (Heidelberg. Germany). pAluc. 
which contains the cyclin A promoter linked to the firefly 
luciferase cDNA (Henglein et al.. 1994). was provided by 
Dr Berthold Henglein (Paris. France). pE2FCAT which 
contains the E2F-responsive promoter linked to the 
chloramphenicol transferase (CAT) cDNA (Buck et al.. 
1995) was provided by Dr Rene Bernards (Amsterdam, The 
Netherlands). p53CONTKCAT which contains the p53- 
responsive tk promoter linked to the CAT cDNA (Yamatc 
et al.. 1995) was obtained from Dr Nobuo Tsuchida 
(Tokyo. Japan). All plasmid DNAs were prepared from E. 
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coli strain DH5^ and purified by ion exchange chromato- 
graphy using the Plasmid Midi'Kit from Qiagen (Chats- 
worth. CA). 

Construction of an inducible vector system for an activated 
human Af-ras 

The tetracycline (Tet) responsive system (Gossen and 
Bujard. 1992), which is composed of two plasmids 
(pUHD10-3 and pUHD15-l). was used to construct the 
inducible vectors for controlled expression of activated K- 
ras. First. pUHD15-l was modified to contain the 
selectable marker neo. This was accomplished bv clonins 
the 1.1 kb tTA fragment from pUHD15-l into the multiple 
cloning site of the plasmid pcDNA3 (Invitrogene. CA); the 
resulting plasmid is designated as pcdtTA. Then pUHDlO- 
3 was modified to contain the cDNA sequences for human 
K-ras with a Gly,2->Vall: mutation (obtained from ATCC). 
The resulting plasmid is designated as pUHDkras2. 

Cloning of MCF-7 cells 

MCF-7 cells were cloned using the dilution method with a 
96-well plate. Four different single clones were obtained 
and expanded into cell lines. One clone (#2) was used for 
transfection studies. DNA sequencing analysis showed that 
cells from all of these clones of MCF-7 contain a normal 
K-ras gene. 

Stable transfection of the inducible activated AT-ras construct 
into MCF-7 cells 

The transfection of a single clone of MCF-7 cells with the 
Tet responsive system for the activated K-ras was 
accomplished by use of a two plasmid co-transfection 
protocol and a lipofection procedure (Stamatatos et a/.. 
1988). Cells were allowed to grow to ca. 50% confluency in 
a 100 mm petri dish in a medium containing 1 fig ml tet. 
A total of 20 fig of the two plasmids (pUHDkras2 and 
pcdtTA) at a molar ratio of 10: 5 were mixed with 70 /d of 
the lipofectant DOTAP in a total of 0.5 ml HBS (20 m.M 
HEPES. pH 7.4 and 150 mM NaCl) and incubated at room 
temperature for 10 min. Fourteen ml of fresh growth 
medium containing Tet at 1 fie ml were added and. after 
removal of old medium from cells, the mixture was then 
added to cells and incubation continued for 24 h. Cells 
were split 1 : 5 and grown in a medium containing 1 /(g/ml 
Tet. G418 selection began 24 h later at a concentration'just 
high enough to kill 100% of the parental (untransfected) 
cells (800 /(g/ml). About 2-5 weeks later, colonies were 
picked by the cloning cylinder technique and expanded into 
cell lines. Incorporation into these transfected cell lines of 
the inserted inducible activated K-ras cDNA was verified 
by use of PCR amplification using a CMV promoter- 
specific primer and a K-ras cDNA-specific primer. 

inhibitors (20/(g ml leupeptin. 30/ig ml aprotinin. 10 fig 
ml pepstatin A. 20 /<g,ml soybean trypsin inhibitor. 1 mM 
PMSF and 1 m.M sodium orthovanadate). The extract was 
centrifuged at 60 000 g for 30 min to remove any insoluble 
cellular debris and the protein concentration was deter- 
mined by the Bicinchoninic Acid (BCA) assay according to 
the manufacturer's instructions (Pierce). The cell extract 
(containing 150 fig of total protein) was mixed with equal 
volume of 2 x SDS sample buffer (20% (v v) alycerol. 
125 m.M Tris-HCl. pH 6.8. 1% (v v) /i-mercaptomethanol 
and 0.05% (w/v) bromophenol blue) and loaded onto a 
12.5% polyacrylamide gel containing SDS (Laemmli. 
1970). After electrophoresis. the proteins were electro- 
transferred to a nitrocellulose membrane and the latter was 
probed with an antibody (either a mouse monoclonal or a 
rabbit polyclonal). followed by a second antibody (either 
anti-mouse IgG or anti rabbit IgG) conjugated with 
peroxidase. The protein of interest was then visualized by 
treatment of the membrane with the Enhanced Chemilu- 
minescence (ECL) reagents (Amersham) followed by 
exposure to a X-ray film. 

Cell cycle analvsis 

Cells (5-10x10") growing exponentially at ca. 70% 
confluency in the presence or absence of Tet (1 //g/ml) 
were pulse-chase labeled with 10 /(M BrdU for 3 h at~37;C 
in a CO; incubator. Cells were washed twice with PBS/BSA 
(137 mvi NaCl. 2.7 m.M KC1. 4.3 mM Na:HPO.,. 1.4 mM 
KH;P04 and 1% (w/v) BSA) and detached from the flask 
by trypsinization. After centrifugation at 500 g for 15 min 
at 4:C and resuspension in 100 /d of normal saline (0.9% 
(w v) NaCl) on ice. the cells were slowly added drop-wise 
to 5 ml pre-chilled (-20:C) 70% ethanol while maintain- 
ing a vortex. After incubation on ice for 30 min. the cell 
pellet was obtained by centrifugation. washed once with 
cold PBS. and resuspended by vortexing in 1 ml of 2N HC1 
containing 0.5% (v/v) Triton X-100. After another 
incubation for 30 min at room temperature, the cells were 
centrifuged at 500 g for 10 min and the pellet was 
resuspended in 1 ml of 0.1 M Na:B40, (pH 8.5). Cells 
(1 x 10") were centrifuged and the pellet was resuspended in 
50/d PBS containing 0.5% (v'v) Tween-20 and 1% (w/v) 
BSA. After addition of 20 /il of FITC conjugated anti- 
BrdU antibody and incubation for 30 min at room 
temperature, the cells were pelleted by centrifugation and 
resuspended in 1 ml PBS containing 5 /(g/ml of propidium 
iodide (PI). The cell suspension was stored at 4=C 
overnight before analysis with a Becton Dickinson FACS 
flow cytometer. BrdU staining (FITC fluorescence) was 
plotted as a function of DNA content (PI fluorescence). 
Cells which were not labeled with BrdU but stained with 
FITC-BrdU antibody served as the control for background 
or non-specific anti-BrdU fluorescence so that percent of 
BrdU-positive (i.e. S phase) cells could be calculated. 
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Western blot analysis 

MCF-7-K-ra.s cells were grown to mid-log phase in the 
presence of 1 /(g/ml of Tet. After being washed extensively 
to remove extraneous Tet, the cells were collected by 
trypsinization and split equally into two culture flasks 
containing or lacking 1 /(g/ml tet. respectively. After 24 h 
incubation, the medium in each flask was changed with 
fresh media containing or lacking 1 /(g'ml Tet. After an 
additional 48 h incubation, cells were harvested by 
trypsinization. washed with phosphate buffered saline 
(PBS), and solubilized with a buffer (50 mM NaCl. 20 mM 
Tris-HCl. pH 7.4) containing 2% (v v) Nonidet P-40 (NP- 
40). 0.5% (w v) sodium deoxycholate and 0.2% (w v) 
sodium dodecyl sulfate (SDS). plus a mixture of protease 

Histone HI kinase assays 

The following was based on the procedures of Bonner and 
Rosenberg (1995), with modifications. Cells (lxlO7) 
growing exponentially at ca. 70% confluency in the 
presence or absence of Tet (1 /(g,ml) were collected and 
the cell pellet was resuspended" in 0.2 ml lysis buffer 
(100 mM Tris-HCl (pH 7.5) containing 300 mMNaCl, 2% 
(v/v) NP-40. 0.5% sodium deoxycholate. 0.2% (w v) SDS. 
20 fig ml leupeptin. 30 /(g ml aprotinin. 10 fig ml pepstatin 
A. 20 fig ml soybean trypsin inhibitor. 1 m.M PMSF and 

1 m.M sodium orthovanadate). After incubation for 30 min 
on ice. the cell lysate was centrifuged at 15 000 r.p.m. 
(Eppendorf) for 15 min at 4~C. The protein concentration 
of the supernatant was determined by the BCA assay as 
described  above.   The  cell   extract  containing  200 /<g  of 



Cell cycle regulation by K-ras 
J Fan and JR Bertino 

2606 
protein was treated with 50 /il of protein A protein G plus 
agarose on a rotator for 30 min at 4C and the agarose 
beads were pelleted by centrifugation for 5 min at 1500 g 
(Eppendorf). The supernatant was then mixed with 16 ul of 
anti-cyclin A-agarose or with 3 /ig of anti-cyclin D3 
antibody plus 50 /il protein A protein G plus-agarose. 
The mixture was rotated at 4:C for 16 h and the agarose 
beads were recovered by centrifugation. washed 4 x with 
lysis buffer, and once with kinase buffer (50 niM HEPES 
(pH 7.5) containing 150 m.M NaCl. 10 mM MgCk 1 m\l 
dithiothreitol (DTT) and 2 mM ethylene glycosyl-bis(/?- 
aminoethyl ether) N.N.N'.N'-tetraacetic acid (EGTA)). and 
resuspended in 20 ul (for cyclin A) or 30 /il (for cyclin D3) 
of kinase buffer containing 100/igml Histone HI. 10/<M 
ATP and 300 /<Ci ml [y-!:P]ATP. The kinase reaction was 
allowed to proceed for 1 h at 30C and was stopped by 
addition of equal volume of 2 x SDS sample buffer. After 
being boiled for 3 min, the mixture was loaded onto a 
12.5% polyacrylamide gel containing SDS and electro- 
phoresis was performed at 10 mA at 4C until the dye front 
reached 2 cm from the bottom of the gel. The gel was then 
dried and exposed to an X-ray film. 

Transient transfections 

MCF-7-K.-ras cells were grown to mid-log phase in the 
presence of 1 /ig, ml of Tet. After being washed extensively 
to remove extraneous Tet. the cells were collected by 
trypsinization and seeded at 1 x 10'' cells per plate into two 
separate sets of 100 cm culture dishes both of which 
contain 10 ml of RPMI 1640 medium supplemented with 
10% serum: one group had 1 /(g/ml of Tet added and the 
other had no Tet. After 24 h incubation at 37 C. the 
medium in each set of dishes was changed with fresh 
respective media containing or lacking 1 /ig ml Tet and 
incubation continued for 5 h. Ten /ig of total plasmid 
DNA consisting of the reporter plasmid and control 
plasmid were mixed with 0.5 ml serum-free RPMI 1640 
medium and the resulting DNA mixture was incubated for 
1 h at room temperature. Fifty /ig of the lipofectant 
DOTAP'DOPE (1:1) were mixed with 0.5 ml serum-free 
RPMI 1640 medium and the resulting liposome mixture 
was incubated for 1 h at room temperature. The DNA 
mixture and the liposome mixture were combined and 
incubated for another 30 min at room temperature. The 
DNA/liposome mixture, after being diluted by addition of 
6.5 ml of RPMI-1640 medium supplemented with 0.1% 
serum, with or without 1 /ig ml of Tet. was added to cells 
in the culture plates whose medium had been removed. 
After incubation at 37=C for 5 h. 7.5 ml of RPMI   1640 

medium supplemented with 20% serum, with or without 
Tet. was added to each dish and incubation was continued 
at 37:C for 16 h. Medium from each dish was replaced 
with fresh medium supplemented with 10% serum, with or 
without 1 /ig. ml of Tet. respectively and incubation was 
continued further at 37'C 48 h. After being washed twice 
with PBS. the transfected cells from each dish were 
recovered by use of 0.6 ml of the Reporter Lysis Buffer 
(Promega) and by scraping with a rubber policeman. The 
cell lysate was transferred to an Eppendorf tube and 
centrifuged to pellet large cell debris. The supernatant was 
stored at —70 C or used immediately for CAT and 
luciferase assays. 

CA T anil luciferase activity assays 

The CAT activity of the cell lysate prepared from the 
transfected cells (see above) was measured by use of l4C- 
labeled acetyl Coenzyme A and chloramphenicol as 
substrates and a radio diffusion procedure according to 
manufacturer's instructions. Briefly. 50 /il of cell lysate was 
mixed with 0.2 ml 1.25 mM Chloramphenicol in 100 m.M 
Tris buffer (pH 7.8) in a 7 ml glass scintillation vial. The 
reaction was initiated by adding 0.1 /iCi [UC] Acetyl CoA 
and 22.5 /d 1 m.M cold acetyl CoA. Five ml of Econofluor-2 
was gently overlaid and the vials were incubated at room 
temperature. At timed intervals, the vials were counted 
using a Beckman Liquid Scintillation Counter. Relative 
CAT activity was calculated by comparison of the increase 
in counts over time. The luciferase activity was measured 
by use of the Luciferase Assay Reagent (Promega) 
according to the manufacturer's instructions. Briefly. 
20/d of cell lysate and 100/il of the Luciferase Assay 
Reagent, both of which were pre-warmed to room 
temperature, were mixed and the relative light units 
produced for a period of 20 s were measured immediately 
on a luminometer (Monolight 2010. Analytical Lumines- 
cence Laboratory). 
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The tetracycline-controlled gene expression system 
utilizes the control elements of the tetracycline resis- 
tance operon encoded in TnlO of Escherichia coli to 
control gene expression in eukaryotic cells. Here we 
demonstrate the quantitative control of the expression 
of the luciferase gene, dihydrofolate reductase gene, 
and bcl-2 gene in HeLa S3 or Chinese hamster ovary 
AA8 cells using the tetracycline-controlled gene ex- 
pression system. Regardless of the host cell lines or 
the genes being expressed, there is a common range 
of tetracycline concentration within which the expres- 
sion of genes is most sensitively regulated. In addition, 
the maximal gene expression level of the tetracycline- 
controlled gene expression system is higher than that 
of the wild-type CMV promoter/enhancer-driven sys- 
tem. Nonetheless, careful selection of stably trans- 
fected clones is necessary to achieve the optimally 
regulated gene expression using this system. © 1996 
Academic Press, Inc. 

The tetracycline-controlled gene expression system 
has gained increasing popularity since its invention (1, 
2). To employ this system to stably express any gene of 
interest, the host cell lines expressing the tetracycline- 
controlled transactivator (tTA)1 must first be gener- 
ated. The tTA is composed of the C terminal 127 amino 
acids of the herpes simplex virus VP16 fused with the 
prokaryotic tet repressor protein (tetR). Therefore, the 
first step is to stably transfect the plasmid pUHD15- 
1, which contains the tTA gene, into the desired host 

■jell lines. Next, the cDNA encoding the gene of interest 
is inserted into the plasmid pUHD10-3 at a position 

1 Abbreviations used: tTA, tetracycline-controlled transactivator; 
tetR, tet repressor protein; DHFR, dihydrofolate reductase. 
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downstream of the promoter PhCMV*-l, which is com- 
posed of seven repeats of the tetR binding sequence 
(tet02) followed by the hCMV minimal promoter. After 
this plasmid is stably transfected into the tTA-express- 
ing host cells, tTA can bind to the tet02 sequences, 
bringing VP16 to the proximity of the hCMV minimal 
promoter, thus activating transcription. However, if 
tetracycline is added to the cell culture media, tetracy- 
cline binds to tTA, causing it to dissociate from 
PhCMV*-l, thus inhibiting transcription. 

The tetracycline-controlled gene expression system 
has been successfully employed in a number of studies 
(3-5). Nonetheless, some researchers experienced diffi- 
culty when trying to express their genes of interest in 
their favorite cell fines. Here we share some of our expe- 
rience of using the tetracycline-controlled gene expres- 
sion system, focusing on four aspects: (i) Careful selec- 
tion of the clones expressing tTA and the subsequent 
selection of clones expressing the target gene are neces- 
sary to achieve the desired control of target gene expres- 
sion, (ii) The level of target gene expression can be quan- 
titatively controlled by controlling the concentration of 
tetracycline. The range of tetracycline concentration 
that can achieve the most sensitive control of gene ex- 
pression remains constant for different cell lines and 
different genes. This system will be an invaluable tool 
for "quantitative intracellular biochemistry" research, 
(iii) The maximal expression level and the basal expres- 
sion level that can be achieved with this system may be 
different for different cell types. However, we were able 
to achieve tetracycline-regulated gene expression in all 
four cell types that we used, (iv) When optimally selected 
stable tTA-expressing cell lines were used, the maximal 
expression level obtained in the tetracycline-controlled 
gene expression system is higher than that of the CMV 
promoter/enhancer-driven system. Therefore, the tetra- 
cycline-controlled gene expression system can replace 

195 
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the traditional CMV promoter/enhancer-driven systems 
in most applications. 

iMATERIAL AND METHODS 

Plasmids 

pUHD15-l contains the tTA coding sequence driven 
by the hCMV promoter/enhancer. pUHD10-3 contains 
the PhCMV*-l followed by a multiple cloning sequence. 
pUHC13-3 has a luciferase cDNA driven by PhCMV* 
-1 (1). All three plasmids were generous gifts from H. 
Bujard. 

To generate pDHFRUHD, the Hhal to Bglll fragment 
of the dihydrofolate reductase (DHFR) cDNA clone 
DHFR11 (6) was inserted into the BamRI and Smal re- 
striction sites of pUC18 to generate DHFR/pUC18. Then 
the EcoRl to Xbal fragment of DHFR/pUCl8 was cloned 
into the .EcoRI and Xbal restriction sites of pUHD10-3 
to produce pDHFRUHD. To generate pBcl2UHD, the 
845-bp EcoRl to Xhol fragment, which contains the full 
coding sequence of bcl-2 cDNA, was excised from 
pBluebcl-2 and cloned into the EcoRl and Xbal sites of 
pUHD10-3 (5). The noncohesive ends were made blunt 
with T4 DNA polymerase prior to ligation. 

To generate pCMV-Luc, the 1118-bp Pvul to Sail 
fragment of pUHCl3-3 was replaced with the 1524- 
bp Pvul to Xhol fragment from pcDNA3 (Invitrogen). 
The resulting pCMV-Luc is identical to pUHC13-3 ex- 
cept that the promoter PhCMV*-1 is replaced by the 
wild-type CMV promoter in pcDNA3. 

Construction of Cell Lines and Luciferase Assays 

Human epithelioid carcinoma cell HeLa S3, Chinese 
hamster ovary cell AA8, human breast adenocarcinoma 
cell MCF-7, and mouse embryo cell NIH3T3 that stably 
express tTA were produced as follows. Forty micro- 
grams of pHUD15-l was linearized with Seal and co- 
transfected with 2 ßg pSV2neo into the target cells. All 
transfections described in this report were performed 
by electroporation using a Bio-Rad gene pulser at 220 
V, 950 fiF in 0.4-cm cuvettes in a-MEM or DMEM plus 
10% fetal bovine serum (GIBCO-BRL). Cells resistant 
to 400 fig/ml G418 were cloned and tested for tTA ex- 
pression by an assay for the transient expression of 
the luciferase gene in pUHC13-3. In this assay, 10 yjg 
pUHCl3-3 was electroporated into 1 X 106 cells. Cells 
were split into two 10- or 6-cm dishes, and tetracycline 
was added into one dish to 2 //g/ml. Luciferase assays 
were performed 48 h after transfection with Promega 
luciferase assay system using 10 fil cell lysate and 50 
ß\ luciferase substrate and measured with a Monolight 
2010 luminometer (Analytical Luminescence Labora- 
tory) (Figs. 1 and 2) or a Turner TD-20e luminometer 
(Figs. 3 and 4). Protein concentration was determined 
with the Bio-Rad protein assay kit using 5 /y.l cell lysate, 

150 fjl protein assay solution, and 600 ßl water. The 
luminometer readings in the luciferase assays divided 
by the optical density readings at 600 nm in the protein 
assay were plotted as the luciferase activity. 

The stable transfection of pUHC13-3, pDHFRUHD, 
or pBc!2UHD into tTA-expressing HeLa S3 or AA8 cells' 
was performed by electroporation using the same con- 
ditions described above. Forty micrograms of Scal-lin- 
earized pDHFRUHD or pBc!2UHD was electroporated 
into the appropriate host cells. Two micrograms of the 
BamRI and CZal fragment of pDR2, which contains 
the hygromycin-resistant gene driven by the HSV TK 
promoter, was also included in the electroporation to 
provide the hygromycin selection marker (5). Cells 
were selected with 200 /xg/ml hygromycin B (Calbio- 
chem). The resulting colonies were cloned and further 
analyzed. 

Northern and Western Analysis 

For Northern analysis, 20 ßg total RNA was loaded 
per lane on a 1% denaturing agarose/formaldehyde gel. 
After electrophoresis, the gel was blotted and hybridized 
using standard procedures (7). Western blot analysis was 
performed as described (5, 8), using both a human Bcl-2 
specific mAb (DAKO, 1:1000 dilution) and a human cy- 
cline Bl-specific mAb (PharMingen, 1:1000 dilution) 
mixed together to detect both proteins simultaneously. 

RESULTS AND DISCUSSIONS 

Careful Selection of the tTA-Expressing Clones Is 
Necessary for Optimal Results 

After transfection with pUHD15-l,  independent 
G418-resistant clones were analyzed using the tran- 
sient luciferase expression assay. A wide range of 
clonal variation of the efficacy of tetracycline-controlled 
gene expression among different tTA-expressing clones 
was observed. For example, of the 12 tTA-expressing 
Hela S3 cell clones that we analyzed in one electropora- 
tion experiment, the effectiveness of tetracycline regu- 
lation of luciferase gene expression varied from 20- to 
1100-fold (Fig. 1A). This variation is mainly due to 
clonal difference of the maximal expression level. The 
maximal expression level (the expression level in the 
absence of tetracycline) of these clones varied by 455- 
fold, whereas the basal expression level (the expression 
level in 2 ßg/ml tetracycline) varied by less than 9-fold 
(data not shown). This clonal variance is most likely 
caused by the difference of tTA concentration in each 
clone, as will be discussed later. Therefore, many clones 
need to be analyzed to identify the optimal tTA-ex- 
pressing clone for subsequent transfection of the target 
gene. This is one reason we do not recommend cotrans- 
fecting pUHD15-l and the target gene. Clone 7 (also 
named H7 or HeTe7; Fig. 1A) was selected as our opti- 
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FIG. 1. (A) Different clones of tTA-expressing HeLa S3 cells achieved different levels of tetracycline-regulated gene expression. H7 cells 
were transiently transfected with 10 fig pUHC13-3. The luciferase activity in the absence of tetracycline divided by that in 2 fig/ml 
tetracycline is plotted as fold increase. (B) Luciferase activities of tTA-expressing AA8 cells (clone A17) stably transfected with pUHC13- 
3. Different clones can have either high background and high maximal expression (clones 1, 6, and 17) or low background and low maximal 
expression (clones 5, 19, and 20). All cell lines were grown for 2 days in the absence of tetracycline (no tet) or in 2 ßg /ml tetracycline (tet) 
before being assayed. 

mal tTA-expressing Hela S3 clone. This clone had the 
highest maximal luciferase expression and a low basal 
luciferase expression in the transient luciferase assay. 

We have not been successful in directly quantifying 
tTA concentration by simple techniques, such as Western 
blot analysis. However, we have obtained one subclone 
of H7 which amplified the tTA gene by more than 10- 
fold (Yin et al., manuscript in preparation). In the absence 
of tetracycline, the expression of the transiently 
transfected PhCMV*-l-driven luciferase gene (pUHC13- 
3) or stably transfected PhCMV*-l-driven dihydrofolate 
reductase gene (pDHFRUHD) was up to 100-fold higher 
in this subclone than in the parental H7 cells. The basal 
expression level (in 2 ^g/ml tetracycline) is not signifi- 
cantly different between this subclone and H7 (Yin et al., 
manuscript in preparation). This observation provides in- 
direct evidence that tTA concentration is critical for the 
effectiveness of the tetracycline-controlled gene expres- 
sion system. This also provides an explanation why the 
expression efficiency of this system, in selected tTA-ex- 
pressing clones, is higher than that of the wild-type CMV 
promoter/enhancer-driven system. 

Clones Expressing the Target Genes Also Need to Be 
Carefully Selected for the Desired Results 

After the PhCMV*-l-driven target gene is inte- 
grated into a tTA-expressing cell line, different 
clones also behave quite differently. For example, we 

cotransfected pUHC13-3 and a hygromycin-resis- 
tant gene into a tTA-expressing AA8 cell line (clone 
A17) and found that the 37 hygromycin-resistant 
clones tested fell into three distinct categories: 4 
clones did not express the luciferase gene; 14 clones 
expressed the luciferase gene with an extremely low 
background in the presence of 2 jiglral tetracycline 
and > 10,000-fold higher in the absence of tetracy- 
cline (represented by clones 5, 19, and 20 in Fig. IB), 
and the other 19 clones had approximately 100-fold 
higher maximal luciferase expression than the previ- 
ous 14 clones, but the basal expression level was 
about 1,000-fold higher (represented by clones 1, 16, 
and 17 in Fig. IB). Similar results were obtained 
when pDHFRUHD was transfected into AA8 cells 
(data not shown). We speculate that such differences 
result from the pattern of integration of the PhCMV* 
-1-driven target gene. Since PhCMV*-l only lacks an 
enhancer element to activate transcription, if the tar- 
get gene integrates near an endogenous enhancer ele- 
ment in the genome, this enhancer can activate the 
target gene transcription even in the presence of tet- 
racycline, resulting in a high basal expression level. 
When there is no tetracycline, tTA will act synergisti- 
cally with the endogenous enhancer to induce a ex- 
tremely high expression of the target gene. However, 
if the target gene integrates into a "silent" stretch 
of the genome that is not under the influence of an 
enhancer, the basal expression level will be very low. 
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Therefore, it is necessary to carefully select clones 
that best suit the intended purpose, whether it is 
high expression or low background. 

We speculate that since different cell lines have a 
different composition of transcription activator pro- 
teins, and probably a different restraint for plasmid 
integration, they will behave differently when used as 
hosts for the tetracycline-controlled expression system. 
For example, in cell lines that have many transcription 
activator proteins, a larger fraction of endogenous en- 
hancer elements are active. Therefore, the integration 
site of the target gene is more likely to be under the 
influence of an active enhancer, and more clones need 
to be screened to identify one which has low basal ex- 
pression. For cell lines that have fewer transcription 
activator proteins, more clones may have low back- 
ground expression but also relatively low maximal ex- 
pression. 

Since cotransfection tends to produce tandem cointe- 
gration, we do not recommend the strategy of cotrans- 
fecting pUHD15-l and the plasmid carrying the 
PhCMV*-l-driven target gene, although this strategy 
may be useful if the intended effect is to generate cell 
lines with high background and superhigh maximal 
expression. With this strategy, the CMV enhancer on 
pUHD15-l is very likely to be placed near PhCMV* 
-1. Therefore, most of the clones will have high back- 
ground and superhigh maximal expression. Low-back- 
ground clones only occur very rarely, when two inde- 
pendent integrations happen and the target gene is 
integrated in a region of the genome not influenced by 
endogenous enhancers. For the same reason, we believe 
that the drug selection markers generally should not 
be cloned onto pUHD10-3, and the promoter for the 
drug selection marker should have a low enhancer ac- 
tivity, such as the TK promoter. Bujard et al. have 
independently reached the same conclusion (H. Bujard 
and M. Gossen, personal communication). 

Theoretically, the copy number of the integrated 
PhCMV*-1-driven target gene could be another factor 
that influences the target gene expression pattern. 
However, Southern blot analysis revealed that our ex- 
perimental procedure only resulted in single-copy or 
occasionally two-copy integration. There seems to be 
no apparent correlation between the copy number of 
the target gene and the expression pattern in our ex- 
periment (data not shown). However, we cannot rule 
out copy number as an influence of gene expression 
pattern if other methods are used to generate stable 
transfectants that produce multiple-copy integration. 

Tetracycline Quantitatively Controls Gene Expression 

We have stably expressed luciferase, Bcl-2, and 
DHFR genes with the tetracycline-controlled expres- 
sion system in tTA-expressing CHO AA8 cells (clone 

A17) and HeLa S3 cells (clone H7). Figure 2A shows 
the expression of the luciferase gene in A17 cells at 
different tetracycline concentrations. The two clones 
shown are clones 17 and 19 of Fig. IB. The result of 
clone 19 is very similar to that of Gossen and Bujard's 
original result using HeLa cells (clone XI) (1). Although 
clone 17 had a higher background and higher maximal 
expression level, the range of tetracycline concentra- 
tion that achieved the most sensitive control of gene 
expression remained between 0.0001 and 0.1 ^g/ml. 
This observation is consistent with the interpretation 
that the luciferase gene in clone 17 is under the influ- 
ence of an endogenous enhancer which functions inde- 
pendently to but synergistically with tTA. Figure 2B 
shows a Northern blot of the mRNA for the mouse 
DHFR gene in pDHFRUHD stably expressed in the 
A17 cells. Figure 2C shows a Western blot of the Bcl- 
2 protein expressed from stably integrated pBcl2UHD 
in the H7 cells (5). It is evident that the regulation 
of gene expression by tetracycline with this system is 
quantitative, and the same range of tetracycline con- 
centration (0.0001-0.1 /zg/ml) achieves the most sensi- 
tive control of gene expression. This system offers the 
opportunity to perform intracellularly the quantitative 
biochemical analysis similar to the classical enzymol- 
ogy assays. It also allows the analysis of the same cells 
expressing different amounts of a particular protein, 
eliminating the possibility of clone heterogeneity which 
can complicate the interpretation of experimental re- 
sults. These two benefits have allowed researchers to 
reach conclusions that could not be reached with cer- 
tainty by traditional gene expression strategies (5). Of 
course, the tetracycline-controlled gene expression sys- 
tem also allows the stable expression of toxic genes 
because of its ability to tightly repress the expression 
of the target gene in transfected clones (Fig. 2, Ref. 3). 

Different Cell Types Have Somewhat Different 
Behavior with the Tetracycline-Controlled 
Expression System 

We have expressed tTA in four different cell lines. 
Figure 3 shows the efficacy of the tetracycline-con- 
trolled expression system in these cell lines, as mea- 
sured by the transient luciferase assay. The HeLa S3, 
AA8, MCF-7, and NIH3T3 cells shown were selected 
from 12, 23, 16, and 95 tTA-expressing clones, respec- 
tively, because they showed the highest maximal lucif- 
erase expression when pUHC13-3 was transfected in 
the transient transfection assay. Although it was fairly 
easy to find HeLa and MCF-7 cells with high-level in- 
duced and low-level background expression, it was 
more difficult to do so with NIH3T3 cells. We do not 
have a explanation for such a phenomenon. Neverthe- 
less, this observation may be valuable information for 
researcher interested in applying this system in differ- 
ent cell lines. 
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FIG. 2. Tetracycline quantitatively regulates gene expression. In each experiment, cells were cultured 48 h in the indicated concentration 
of tetracycline before being assayed. (A) PhCMVM-driven luciferase gene expression in tTA-expressmg AA8 cells (clones 17 and 19 of Fig. 
IB) (B) Northern blot of PhCMVM-driven mouse DHFR gene expression in tTA-expressing AA8 cells (clones 13, 18 and 26) . No RNA 
was loaded in the 0.002 ^g/ml lane for clone 13. Equal loading was confirmed by ethidium bromide staining of the gel (data not shown). 
(C) Western blot staining of PhCMV*-l-driven bcl-2 gene expression in HeLa S3 cells. 
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FIG. 3. Tetracycline-controlled gene expression system functions 
in AA8, HeLa S3, NIH 3T3, and MCF7 cells. The tTA-expressing cell 
clones shown are A17 (AA8), H7 (HeLa S3), 92 (NIH 3T3), and 51 
(MCF7). Error bars are SD for two experiments. 

The Maximally Induced Expression Level of the 
Tetracycline-Controlled Expression System 
Is Very High 

In the assays shown in Fig. 4, the luciferase activity 
of H7 cells transfected with 10 fig of pCMV-Luc or 
pUHCl3-3 was compared. The maximal expression 
level of the tetracycline-controlled gene expression sys- 
tem is approximately 35 times stronger than that of 
the CMV promoter/enhancer-driven system. We pro- 
pose two speculations to explain this high transcription 
efficiency. First, the tetR-tet02 binding is a very 
strong protein-DNA interaction (9). Second, the H7 
cells, and the other tTA-expressing cells that we used 
to transfect the target genes, were selected from many 
tTA-expressing clones for maximal tTA activity. Based 
on the results in Fig. 4, and the fact that in the absence 
of tetracycline, clone H7 expressed the PhCMV*-l- 
driven luciferase gene 455 times stronger than the least 
active tTA-expressing HeLa S3 clone among the 12 
clones analyzed, we can infer that PhCMV*-l is ap- 
proximately 7% to 35 times as active as the wild-type 
CMV promoter in various tTA-expressing HeLa S3 
clones. Therefore, selection of the optimal tTA-express- 
ing clones is very important for achieving the high ex- 
pression activity of the tetracycline-controlled gene ex- 
pression system. Gossen observed that when pUHD15- 
1 and pUHC13-3 were cotransfected into HeLa cells, 
the resulting luciferase activity was about twice that 
of pCMV-Luc, indicating that PhCMV*-l is slightly 
stronger than the CMV promoter/enhancer even when 
tTA concentration is not optimized (10). 

Although the repressed expression level of the tetra- 
cycline-controlled gene expression system in Fig. 4 ap- 

pears to be only about 10-fold lower than that of pCMV- 
Luc, such a basal expression is an artifact of the tran- 
sient transfection assay. For example, with this tran- 
sient expression assay, the A17 cells have 6.0 ± 1.5 x 
103 basal and 6.1 ± 3.5 X 105 maximal luciferase activ- 
ity (mean ± SD for three experiments) when measured 
at the scale of Figs. IB and 2A. The basal and maximal 
expressions of the best stable clones (clones 5, 19, and 
20) were approximately 20 and >106, respectively 
(Figs. IB and 2A). Therefore, the tetracycline-con- 
trolled gene expression system tends to show much 
higher background and much lower maximal expres- 
sion in transient assays than in stable clones. 

Our results indicate that tTA concentration probably 
has  a strong effect on the maximal expression of 
PhCMV*-l-driven genes, but does not affect the basal 
expression level significantly. The background expres- 
sion of the target gene can be reduced by analyzing 
a large number of stable transfectants. The maximal 
expression of the target is very high in carefully se- 
lected tTA-expressing host cells. These observations 
theoretically have some implication on the recently 
published strategy of the "autoregulatory" system (11). 
In this system, the tTA gene is also under the control 
of PhCMV*-l, generating an autoregulatory loop. Such 
a system puts tTA under the control of PhCMV*-l, 
which is a stronger promoter than the CMV promoter 
when and only when there is a sufficient amount of 
tTA. Therefore, tTA expression theoretically could be 
higher in this system, but only if the autoregulation 
reaches equilibrium at a high tTA concentration. With 
tTA concentration itself being a variable, and with no 
knowledge of what actually determines the equilibrium 
status in this autoregulatory system, it is impossible 
to predict the reproducibility of this autoregulatory 
strategy for different cell lines or even for different 

No Tet 

Tet 

.01 4 

pCMV-Luc PUHC13-3 

FIG. 4. H7 cells transiently transfected with 10 tig pUHC13-3 
have a stronger luciferase activity than H7 cells transfected with 10 
tig pCMV-Luc. 
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experiments in the same cell line. In addition, it is not 
known whether the autoregulatory system can achieve 
consistent quantitative control of gene expression. Fur- 
thermore, because tTA concentration does not affect 
the basal expression level significantly, the autoregula- 
tory strategy in theory will not reduce the background 
expression. The effectiveness of the autoregulatory 
strategy can only be evaluated after sufficient amounts 
of data are collected. Nonetheless, we feel that the im- 
provement of the autoregulatory strategy, even if 
proven to be consistent, is incremental and not neces- 
sary for most research involving cultured mammalian 
cells. With carefully chosen tTA expression cells, the 
original Gossen and Bujard system achieves much 
higher expression than the CMV promoter/enhancer 
system, which is sufficient for almost all applications. 

We predict that when tTA-expressing cell lines be- 
come common laboratory cell lines, the tetracycline- 
controlled gene expression system can replace the CMV 
promoter/enhancer-driven expression system and 
many other unregulated gene expression systems in 
many applications. The tetracycline-controlled expres- 
sion system expresses genes at high levels in normal 
media without tetracycline, but has the additional ca- 
pability of quantitatively suppressing the expression 
by the addition of tetracycline. With a collection of tTA- 
expressing cell lines, it is as easy to express genes with 
the tetracycline-controlled system as it is with any 
other current system. 
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Abstract - Anchorage-independent growth is a property of malignant cells. Extracellular matrix proteins are 
present in tumor spheroids but their function is not clearly defined. In this paper we show that a murine 
mammary carcinoma cell line, SP1, which expresses the fibronectin receptor oc5ßi requires fibronectin for 
anchorage-independent growth in soft agar. Growth factors (hepatocyte growth factor and transforming growth 
factor-ß) also promote SP1 colony growth. In contrast, collagen types I and IV have an inhibitory effect on 
SP1 colony growth. A clone isolated from SP1 cells which expresses the collagen/laminin receptor a2ßi as well 
as the fibronectin receptor cxsßi, demonstrates increased colony formation in the presence of fibronectin and 
collagen. These data suggest a role for both the a5ßi and a2ßi integrin receptors in the regulation of anchorage- 
independent growth of mammary carcinoma cells. 

Key words: Fibronectin, collagen I, anchorage-independent growth, growth factors, breast cancer 

INTRODUCTION 

Tumor cells exhibit a number of different cha- 
racteristics compared to their normal cell coun- 
terparts. The more prominent of these 
phenotypic changes are unlimited cell division 
potential, rapid proliferation, and loss of adhe- 
sive requirement for survival and growth under 
anchorage-independent conditions. It is well 
known that millions of cells can disseminate 
from a primary lesion into the blood stream, 
however, few cells actually grow as metastatic 
nodules in other organs (Hart and Saini, 1992; 

Abbreviations: Coll I: collagen type I; ECM 
extracellular matrix; FBS: fetal bovine serum; FN 
fibronectin; HGF: hepatocyte growth factor; LM 
laminin; TGF-ß: transforming growth factor-ß; 
VN: vitronectin 

Poste and Fidler, 1980). Folkman and Moscona 
(1978) have shown that normal cells need to 
adhere and spread in order to grow in response to 
growth factors; however most transformed cells 
have lost the cell adhesion and spreading requi- 
rement. Thus tumor spheroids cultured in vitro 
are considered to resemble in vivo metastatic 
nodules and are more representative of the tumo- 
rigenic phenotype than cells in 2-dimensional 
culture (Freedman and Shin, 1974). Before the 
characterization of integrins, several reports 
demonstrated the presence of extracellular 
matrix (ECM) proteins in tumor spheroids (De 
Pauw-Gillet et al., 1988; Glimelius et al, 1988); 
however, the role of integrins and interactions 
with growth factors in growth regulation under 
anchorage-independent conditions has not been 
thoroughly investigated. 
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Integrins are transmembrane heterodimers consis- 
ting of an a and ß chain that mediate adhesion to 
the ECM and some cell-cell interactions (Albelda 
and Buck, 1990; Giancotti and Mainiero, 1994; 
Hynes, 1992). Following integrin ligation, both 
mechanical and biochemical signals are transmit- 
ted to the nucleus, and thereby regulate such func- 
tions as cell adhesion and spreading, migration, 
invasion and matrix remodelling (Akiyama et al., 
1989; Wu et al, 1993). Although there is a general 
reduction of integrin receptors on transformed 
cells, the pattern of expression is variable in each 
tumor and may vary considerably within a single 
tumor (Miettinen et al, 1993). 

A reduction of a2ßi integrin expression on some 
human mammary carcinomas was reported by 
Pignatelli et al. (1991), although D'Ardenne et al. 
(1991) found a uniform positive staining for a2ßi 
in both benign and malignant breast epithelium. 
Recently, Zutter et al. (1995) found that ectopic 
expression of the a2ßi collagen receptor in a 
murine mammary carcinoma cell line, results in 
increased differentiation and abrogates the mali- 
gnant phenotype of these cells. Furthermore, 
Hangan et al. (1996) showed that expression of a 
transfected a2 gene in a rhabdomyosarcoma inhi- 
bits the ability of these cells to migrate through 
liver tissue, most likely due to increased adhesion 
to basement membrane, and abrogates metastasis 
formation. Together, these findings raise the possi- 
bility that ot2ßi may play a negative regulatory role 
in tumor progression of some cancer cells. 

Some non-metastatic mammary tumors express 
asßi integrin, while expression on metastatic 
tumors was generally reduced (Pena et al, 1994). 
Additionally, over-expression of a transfected as 
integrin gene in CHO cells inhibits anchorage- 
independent growth and tumorigenicity (Giancotti 
and Ruoslahti, 1990). However, other cells require 
low levels of a5ßi integrin for proliferation in res- 
ponse to growth factors (Symington, 1995). Thus 
the amount of as integrin expressed is critical in 
determining the affect of fibronectin adhesion via 
this receptor on tumor cell function. This apparent 

paradox may be resolved with the recent finding 
that expression of asßi without ligation induces 
pathways leading to decreased cellular prolifera- 
tion, while integrin ligation reverses this signal and 
induces cell proliferation (Varner et al, 1995). 
Recent findings have also shown that ligation of 
asßi integrin can also promote cell survival by 
inhibiting apoptosis (Frisch and Francis, 1994; 
Varner et al, 1995). Together, these data show that 
there is variability in asßi expression on tumor 
cells and that its function in malignancy still 
remains unknown, but may depend on the tumor 
type and stage of progression. 

We have developed a murine mammary carcinoma 
model, SP1, to study stromal cell interactions that 
affect tumor growth and metastasis. We have 
shown that adipocytes, a dominant cell type in 
mammary stroma, secrete hepatocyte growth factor 
(HGF) which is mitogenic for SP1 cells. Under 
anchorage-independent conditions SP1 cells grow 
as tight spheroids which contain an abundance of 
fibronectin fibrils, and only low amounts of other 
ECM proteins (Saulnier et al, 1996). We therefore 
hypothesized that fibronectin and growth factors 
are required for growth of SP1 cells under ancho- 
rage-independent conditions. In this report, we exa- 
mine the adhesive properties of SP1 cells and the 
effects of various extracellular matrix proteins and 
growth factors on anchorage-independent growth. 

MATERIALS AND METHODS 

Cell Lines 
The SP1 tumour is a spontaneous non-metastatic murine 
mammary intraductal adenocarcinoma isolated in 1982 from 
an 18 month old CBA/J female retired breeder in the mouse 
colony at Queen's University. Subsequently, the SP1 carci- 
noma cell line was established, and characterized (Elliott et 
al., 1992). The established SP1 cell line was frozen at -70°C 
to maintain stocks. Cells were kept in culture for no more 
than 3 months before thawing a fresh stock. All cell lines 
were tested for mycoplasma (Elliott et al., 1992). In some 
experiments, clones of SP1 cells were isolated from single 
cells by limiting dilution. 

Antibodies and Peptides 
Rabbit antibody against the ccv integrin cytoplasmic domain 
was obtained from E. Ruoslahti (Burnham Institute, La 
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Jolla, CA). Rabbit anti-a3 and anti-a5 antibodies directed to 
the corresponding integrin cytoplasmic domain were a 
generous gift from R. Hynes (Howard Hughes Medical 
Institute, Cambridge, MA). Monoclonal antibody (GoH3) 
to the 0C6 integrin subunit was obtained from A. Sonnenberg 
(Netherlands Cancer Institute, Amsterdam, Netherlands). A 
hybridoma cell line producing monoclonal anti-cc4 integrin 
antibody (Rl-2) was obtained from American Tissue Type 
Culture collection (Rockville, MD). Monoclonal anti-a2 

integrin antibody (Fehlner-Gardiner et al, 1996a) and bloc- 
king anti-mouse a5 integrin antibody (BMA5) (Fehlner- 
Gardiner et al., 1996b) were prepared as described 
previously. TGF-ß was purchased from Sigma, Oakville, 
Ont., Canada). HGF was a gift from R. Schwall 
(Genentech, South San Francisco, CA). Rabbit anti-ßi inte- 
grin antibody was obtained from K. Rubin (Biomedical 
Center, Univ. of Uppsala, Sweden). FN, laminin, collagen 
types I and IV and vitronectin were from Gibco BRL 
(Burlington, Ont.). 

Colony Assay 
Petri dishes (60 x 10 ml) were layered with 1.5 ml of a 1:1 mix 
of a 1.2% agar solution in ddH20 and 2x RPMI (final concen- 
tration 0.6% agar and lx RPMI) and the appropriate concen- 
tration of FBS. SP1 cells were then added (2500 cells/plate) in 
a 1:1 mixture of 0.72% agar and 2x RPMI (final concentration 
0.36% and lx RPMI). An aliquot (2.5 ml) of the mixture was 
added to each plate. After solidification, the plates were incu- 
bated at 37°C for 10 days. The colonies were fixed in 100% 
methanol, stained with Giemsa for 30 min. and counted 
manually. 

Cell Surface Labelling and Immunoprecipitation 
SP1 cells were grown in monolayers on tissue plastic or as 
colonies on agar-coated plates in RPMI 1640 supplemented 
with 7% FBS. The cells were harvested with 5 mM EDTA in 
PBS, washed once in PBS, resuspended in 1 ml and placed 
in a glass vial containing 100 u.g iodogen (Pierce, Rockford, 
IL). The cells were surface labelled with 1.0 mCi ,25I for 20 
min. at room temperature on a planar rotator. Unbound label 
was removed by washing 2 times with PBS. The cell pellets 
were lysed in RIPA lysis buffer containing 1.0 mM PMSF for 
30 min. at 4°C. The cell lysates were spun to remove solid 
debris. Supernatants were precleared with rabbit anti-mouse 
IgG and protein A sepharose, aliquoted and incubated with the 
corresponding anti-integrin antibodies. Immunoprecipitates 
were washed 4 times in RIPA wash buffer, boiled for 3 min. in 
sample buffer and run on a 7.5% SDS-PAGE under non-redu- 
cing conditions. 

C1-12-H and C1-24-L cells were labelled with a biotinylation 
reagent (40 pg/ml) (Amersham, Oakville, Ont., Canada) for 
20 min. at room temperature to biotinylate all cell surface 
proteins. The cells were washed in PBS and lysed in RIPA 
lysis buffer. The integrins were immunoprecipitated with the 
corresponding antibodies and resolved by 7.0% SDS-PAGE. 
The proteins were transferred to nitrocellulose and a western 
blot performed using a Streptavidin-HRP conjugate for 
detection. The proteins were visualized using ECL reagents. 

Cell Adhesion Assay 
Linbro tissue culture plates (96 wells) were precoated with 
a two-fold serial dilution of ECM proteins starting at 20 
Hg/ml of FN, laminin, vitronectin, collagen type I, and col- 
lagen type IV at 4°C overnight. The following day the wells 
were washed with PBS, and blocked with 2.0 mg/ml BSA in 
RPMI for 2 hrs. at 37°C. Cells were harvested and resus- 
pended in RPMI containing 0.5 mg/ml BSA. Cells 
(30,000/well) were plated in 100 jo.1 and incubated at 37°C 
for 45 min. Unattached cells were removed by washing with 
PBS and the remaining cells were fixed in 3.7% parafor- 
maldehyde and stained with 0.1% toluidine blue in a 1% 
NaB04 solution. The plates were washed gently with run- 
ning water to remove excess dye and the absorbance mea- 
sured at a wavelength of 570 nM in an ELISA plate reader. 

Proliferation Assay 
Cells (1 x 104) were plated in 24-well tissue culture plates in 
the test media. After 24 hrs., 0.2 u€i 3H-thymidine 
(Amersham, Oakville Ont., Canada) were added to each 
well and incubated for another 24 hrs. at 37°C. The cells 
were harvested with trypsin-EDTA, placed in 96-well 
microtiter plates, then transferred to filters using a cell har- 
vester (ICN Pharmceuticals, Costa Mesa, CA). 3H-thymi- 
dine incorporation was measured (cpm/well) in a 
scintillation counter using Ecolume scintillation fluid. 

RESULTS 

TGF-ß, HGF and Fibronectin stimulate 
Anchorage-independent Growth ofSPl Cells 
Previously, we have shown that both HGF (Rahimi 
et al, 1994) and TGF-ß (Rahimi et al, 1996) are 
secreted by adipocytes and that both HGF and 
TGF-ß stimulate growth of SP1 colonies in agar 
(Saulnier et al, 1996). We now show that exoge- 
nous fibronectin added to SP1 agar colonies par- 
tially supports growth, but when added in 
combination with HGF or TGF-ß shows little or no 
additive effect (Fig. 1). These results imply that 
fibronectin may be a contributing component in 
TGF-ß- and HGF-induced colony growth. 

Exogenous Fibronectin is required for Anchorage- 
independent Growth ofSPl Cells 
The first step in investigating the role of extracel- 
lular matrix proteins, especially fibronectin, in 
colony growth was to remove the primary source 
of exogenous FN from the culture medium. The 
FBS was therefore subjected to immunoprecipita- 
tion with anti-bovine FN antibodies to remove FN. 
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Fig. 1 Effect    of    growth   factors    and 
fibronectin on anchorage-independent growth of 
SP1 cells. The colony assay was performed in agar 
as described in the Materials and Methods. The 
control group contained 1% FBS/RPMI alone. For 
groups containing FN (10 u.g/ml), HGF (5 ng/ml) 
and TGF-ß (0.5 ng/ml), components were added at 
the concentrations indicated to the RPMI/agar 
mixture before solidification. The cultures were 
incubated for 14 days at 37°C, and colonies were 
fixed and stained as previously described (Saulnier 
et al, 1996). The experiment was performed in 
quadruplicate. The results are expressed as the 
mean ± SD of quadruplicates. The experiment was 
repeated 2 times with similar results. 

Fig. 2 demonstrates that immunoprecipitation of FN 
from serum reduced colony efficiency of SP1 cells, 
while endogenous IgG depletion with protein A 
sepharose alone, or preclearing with rabbit anti- 
mouse IgG, did not remove any factors required for 
growth in soft agar. Addition of exogenous bovine 
plasma FN to serum immunoprecipitated with anti- 
FN IgG, reconstituted more than half the colony 
growth. We also analysed the immunoprecipitates 
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Fig. 2 Effect of depleting fibronectin from 
serum on colony growth of SP1 cells. Serum was 
either untreated (UT) or incubated with protein A 
sepharose (PAS) to remove endogenous IgG. After 
PAS treatment the serum was precleared with 
rabbit anti-mouse IgG and PAS (IgG). After 
preclearing the serum, FN was removed by 
immunoprecipitation with polyclonal rabbit anti- 
FN IgG (5 uJ/ml serum) and PAS (anti-FN IgG). In 
one group bovine plasma FN was added to the 
culture medium at a concentration of 10 ng/ml 
(anti-FN IgG + FN). The colony assay was 
performed as described in the Materials and 
Methods in the presence of 7% FBS (untreated or 
treated as above). The cells were incubated for 14 
days, then fixed in methanol and stained with 
Geimsa. The colonies were counted manually. The 
results are expressed as the mean colony number ± 
SD of quadruplicates. The results of four 
experiments showed a mean inhibition of 66.5% 
with a range of 26-89%, in the FN-reduced group 
compared to the 7% FBS control. 

of FN from serum on 6.0% SDS-PAGE under redu- 
ced conditions and demonstrated using silver stai- 
ning that we were able to remove some FN from the 
serum (data not shown). These results show that 
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fibronectin plays an important role in SP1 colony 
growth. 

Fibronectin promotes, and Collagen inhibits, Colony 
Growth ofSPl Cells 
Having demonstrated that FN is required for colony 
growth in ideal culture conditions (7% FBS), we 
investigated whether addition of purified extracellu- 
lar matrix to limiting culture conditions (1% FBS) 
will enhance colony growth. When SP1 cells are 
cultured in agar containing 1% FBS, very few colo- 
nies grow and colonies that do grow remain small in 
size. We used these limiting conditions to establish 
which ECM proteins affect anchorage-independent 
growth of SP1 cells. Addition of FN and laminin 

marginally increased colony growth in 1% FBS, but 
these ECM proteins failed to generate large colonies 
as in 7 % FBS (Fig. 3). The increase in colony 
growth with fibronectin, although small, was repro- 
ducible in 4 of 4 experiments and the range of 
increase was from 29%-63% as compared to the 1% 
FBS control group. In contrast, both collagen types 
I and IV inhibited colony growth (by a range of 
46%-96% in 4 experiments) in both 1% and 7% 
FBS (Fig. 3 inset). The concentration of collagen 
type I required to cause an inhibitory effect was 5 
jig/ml or greater (data not shown). In addition, when 
collagen type I was combined with fibronectin there 
was still an inhibitory effect on colony growth. 
These data show that fibronectin alone is not suffi- 
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Fig. 3 Effect of purified ECM proteins on SP1 colony growth. The colony assay was performed as described in 
the Materials and Methods. The purified matrix proteins indicated in the X axis were added at a concentration of 10 
Ug/ml to the RPMI/agar mixture before solidification. All cultures contained 1 % FBS. Inset) shows the effect of collagen 
type I on SP1 colonies in medium supplemented with 1% and 7% FBS. Colony growth was allowed to proceed for 14 
days at 37°C. The colonies were fixed and stained as described in the Materials and Methods. The results are expressed 
as the mean ± SD of quadruplicates. In four experiments with FN an increase in colony growth ranging from 26% to 
63%, compared to the 1% FBS control group was observed. In four experiments with collagen, a 67% mean inhibition 
of colony growth was observed ranging from 46%-96%, compared to the 1% FBS control group. 
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cient to promote optimal colony growth, and that 
collagen inhibits colony formation in a dominant 
manner. 

SP1 Cells adhere to Fibronectin via a5ßj Integrin 
To determine whether other matrix proteins are 
likely to interact within the colonies, we determi- 
ned the adhesive characteristics and integrin pro- 
file of SP1 cells. SP1 cells adhered and spread 
extensively to fibronectin and vitronectin over a 
wide range of concentrations (0.16-20 (J-g/ml). 
They adhered moderately well to collagen type I, 
and showed a concentration dependent require- 
ment of approximately 1.5 (Xg/ml for adhesion to 
collagen type IV. SP1 cells attached poorly to 
laminin and few cells remained on BSA coated 
plates after washing with PBS (Fig. 4A). We next 
determined the integrin profile of SP1 cells under 
both adherent and anchorage-independent condi- 
tions, using cell surface labelling with 125I. We pre- 
cleared the cell lysates with rabbit anti-mouse IgG 
before immunoprecipitation with the anti-integrin 
antibodies to help reduce non-specific binding to 
the IgG. Fig. 4B illustrates that the integrin expres- 
sion under adherent and anchorage-independent 
conditions for 24 hrs. in the presence of 7% FBS is 
very similar. SP1 cells express a number of inte- 
grins on the cell surface including the FN receptor, 
oc5ßi, the vitronectin receptor, avß3, the laminin 
receptor, <x$\ and the collagen, laminin and fibro- 
nectin receptor, a3ßi. The collagen/laminin recep- 
tor, 0C2ßi, was weakly expressed on SP1 cells 
cultured on plastic but showed increased expres- 

sion on SP1 cells maintained under anchorage- 
independent conditions for 24 hrs. (Fig. 4B). A 
similar gel was repeated 4 times with SP1 cells 
under adherent conditions or with a metastatic 
variant of SP1 cells. In the first two integrin profiles 
performed using 125I-labelled cells, an IgG control 
was added and no non-specific bands were obser- 
ved. Flow cytometry revealed very low expression 
of the FN receptor rxjßi (data not shown). Adhesion 
to FN was almost completely blocked with anti-a5 

antibody, BMA5, a blocking antibody to the murine 
a5 integrin subunit (Fig. 5). These data demonstrate 
that adhesion of SP1 cells to fibronectin occurs pri- 
marily via a5ßi integrin, and that expression of the 
oc2ßi integrin is increased under anchorage-inde- 
pendent conditions. 

An SP1 Cell Clone, CI-12-H, grows efficiently in 
Agar in Serum-free Medium and expresses a,2ßi 
Since SP1 cells are clonally heterogenous, we iso- 
lated clones from SP1 cells and tested their ability 
to grow under anchorage-dependent and ancho- 
rage-independent conditions, and correlated the 
growth phenotype with cell adhesion and integrin 
expression profiles. From 35 clones isolated and 
tested, we selected two clones; C1-12-H cells 
which form large colonies in agar and C1-24-L 
cells which do not grow well in agar (Fig. 8A). The 
parent SP1 cells and the two clones had similar 
growth rates when cultured in 7% FBS on tissue 
culture plastic. However, in serum free conditions, 
the C1-12-H clone grew much better than either 
SP1 or the C1-24-L clone (Table 1). The adhesive 

Table 1 Proliferation ofSPl cells and clones CI-12-H and CI-24-L in two dimensional cultures 

7% FBS Serum-free 

SP1 
C1-12-H 
C1-24-L 

84,321 ±26,593 cpm 
85,544 ± 9,589 cpm 
87,847 ± 10,879 cpm 

14,467 ±   6,939 cpm 
27,638 ±11,204 cpm* 
13,819 ±    8115 cpm 

SP1, C1-12-H and C1-24-L cells were seeded (10,000/well) in 24 well tissue culture plates in the test medium (7% 
FBS or serum-free). After 24 hrs., 0.2 tiCi 3H-thymidine was added to each well and incubated for another 24 hrs. 
at 37°C. The cells were harvested with trypsin-EDTA and placed in 96-well microtiter plates then transferred to 
filters using a cell harvester. 3H-thymidine incorporation was measured (cpm/well) in a scintillation counter using 
Ecolume scintillation fluid. The results are expressed as the mean ± SD of four experiments; each experiment 
contained quadruplicate samples, indicates a significant increase in growth compared to SP1 and C1-24-L cells 
grown under serum-free conditions (p<0.05). 
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Fig. 4 Adhesion ofSPl cells to purified ECM proteins. Panel A) The cell adhesion assay was carried out as 
described in the Materials and Methods. Linbro 96-well tissue culture plates were coated for 18 hrs. at 4°C with 
BSA, FN, laminin (LM), vitronectin (VN), collagen type I (Coll I) and collagen type IV (Coll IV) at concentrations 
of two-fold dilution ranging from 0.15 to 20 \lglm\. SP1 cells in RPMI 1640 supplemented with 0.5 mg/ml BSA 
were added to each well (30,000 cells /well) in a 100 pi vol. After 45 min. at 37°C, the unattached cells were 
removed by washing with warm PBS. The remaining cells were fixed and stained in a solution of 1% toluidine blue 
and 1% NaB04. The absorbance was measured with an ELISA plate reader at a wavelength of 570 nm. Each point 
is expressed as the mean ± SD of triplicates. The experiment was repeated three times with similar results. Panel B) 
SP1 cells were cultured on tissue culture plastic or as colonies on agar coated plates in RPMI 1640 medium 
supplemented with 7% FBS for 24 hrs. The cells were harvested and the number of cells normalized in each group, 
then surface labelled with 1.0 mCi 125I. The cell pellets were lysed in RIPA buffer at 4°C for 30 min. and the 
supernatants were precleared with rabbit anti-mouse IgG and protein A sepharose. The supernatents were aliquoted 
and incubated with anti-integrin antibodies and protein A sepharose. Immunoprecipitates were washed 4 times in 
lysis buffer and run on a 7.5% SDS-PAGE under non-reducing conditions. Antibodies used were; from left to right, 
polyclonal anti-ßf, polyclonal anti-human-a2 (cytoplasmic); polyclonal anti-human-a.-? (cytoplasmic); polyclonal 
anti-human-a5 (cytoplasmic); mouse monoclonal anti-a6 (GoH3) and polyclonal anti-human-ocv (cytoplasmic). The 
gel was fixed, dried and autoradiographed. A similar gel was repeated 4 times with similar results. "P"-cells grown 
on tissue culture plastic (adherent). "A"-cells grown on agar (non-adherent). 



462 R. Saulnier et al. 

profiles of the C1-12-H and C1-24-L clones were 
very similar on fibronectin, laminin, vitronectin and 
osteopontin (data not shown). However the C1-12-H 
clone adhered and spread on collagen, but the Cl- 
24-L clone did not (Fig. 6). The primary integrin 
receptors for collagen are ocißi, 0t2ßi and <&$\. 
Immunoprecipitation of the integrin receptors for 
collagen using anti-a2, -a3 and -ßi antibodies sho- 
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Fig. 5 Effect of blocking and-as antibody, 
BMA5, on adhesion ofSPl cells to fibronectin. The 
cell adhesion assay was performed as described in 
Materials and Methods. Linbro 96 well tissue 
culture plates were precoated with fibronectin (10 
Ug/ml) or BSA (10 Ug/ml) overnight at 4°C. SP1 
cells were seeded (30,000 cells/well) in the 
presence of no antibody (NT), anti-a5 (BMA5) or 
anti-a6 (GoH3) antibodies (hybridoma conditioned 
media, 30% v/v), or rabbit anti-mouse IgG (30 
Ug/ml) (IgG). After 30 min. at 37°C the 
nonadherent cells were removed by washing with 
warm PBS. The remaining cells were fixed, stained 
and the absorbance measured in an ELISA plate 
reader at 570 nm. The results are expressed as the 
mean ± SD of triplicates. The experiment was 
repeated twice with similar results. 

wed that C1-12-H cells expressed higher levels of 
the o^ßi integrin than C1-24-L cells. Both cell lines 
expressed similar levels of the ßi and the CC3 integrin 
(Fig. 7A). In the 0,2 immunoprecipitation we obser- 
ved a band at approximately 110 kDa which co- 
migrated with the ßi subunit but disappeared upon 
reduction of the samples (Fig. 7B). We also obser- 
ved a third band at approximately 100 kDa which is 
also present in the IgG control. This band was also 
lost after treatment with 2-mercaptoethanol. Both 
C1-12-H and C1-24-L cells expressed similar levels 
of the (X5ßi receptor (data not shown). 

To determine whether adhesion to collagen contri- 
butes to the colony forming ability of C1-12-H cells, 
we compared the ability of fibronectin and collagen 
to promote or inhibit colony growth of the two 
clones. Collagen type I inhibited colony growth of 
SP1 cells in 7% FBS medium, promoted C1-12-H 
colony growth in agar, and had no effect on colony 
growth of C1-24-L cells (Fig. 8B). Fibronectin also 
promoted colony growth of C1-12-H cells, but had 
no effect on C1-24-L cells (Fig. 8B). These results 
suggest a role for the o^ßi receptor in anchorage- 
independent growth of SP1 cells. 

DISCUSSION 

The role of extracellular matrix in cell adhesion, 
growth and differentiation has been well demons- 
trated in 2-dimensional cultures. However the role 
of ECM in 3-dimensional spheroids is not well 
understood. It has been shown that tumor spheroids 
contain ECM proteins in vitro (Nederman et al, 
1984) and that ECM proteins such as fibronectin 
can enhance lung colonization of B16 melanoma 
cells in lungs (Coucke et al, 1992). These results 
suggest a role for ECM proteins in anchorage-inde- 
pendent growth, however no direct correlation has 
been demonstrated between the presence of ECM 
and anchorage-independent growth potential. Our 
objective in this report was to demonstrate that 
soluble ECM proteins, in this case, fibronectin and 
collagen, can interact with cells under anchorage- 
independent conditions and can modulate colony 
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Fig 6 Comparison of collagen types I and IV binding properties of CI-12-H clone and CI-24-L clone. Panel 
A) The cell adhesion assay was performed as described in Materials and Methods, with plates coated with collagen 
types I or IV at the indicated concentrations. Panels B) and C) Morphology of C1-12-H and C1-24-L cells after 
plating for 45 min. on dishes coated with collagen type I is shown. Non-adherent cells were not removed. 
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Fig. 7 Comparison of integrin profile of CI-12-H clone and CI-24-L clone. Panel A) C1-12-H and C1-24-L 
cells were harvested and labelled with a biotinylation reagent to biotinylate all cell surface proteins as described in 
the Materials and Methods. The cells were counted and the cell number normalized in each group then lysed in RIPA 
lysis buffer. The Iysates were centrifuged and the protein concentration of the supernatant normalized and aliquoted 
into 4 groups. The Iysates were immunoprecipitated with rabbit anti-mouse IgG (control), rabbit anti-ßi, anti-O^ and 
anti-0t3 IgG and resolved by 7.5% SDS-PAGE under non-reducing conditions. The proteins were transferred to 
nitrocellulose and a western blot analysis was performed using a streptavidin-horse radish peroxidase-conjugated 
antibody for detection. The proteins were visualized using ECL reagents. The vertical arrows I show the position of 
the a2 and 0:3 subunits of C1-12-H cells. Panel B) An aliquot of the same immunoprecipitate as in Panel A was run 
under reduced conditions (5% 2-mercaptoethanol) and resolved by 7.0% SDS-PAGE. The proteins were transferred 
to nitrocellulose and a Western blot analysis performed using a streptavidin-horse radish peroxidase-conjugated 
antibody for detection. The proteins were visualized using ECL reagents. 

growth. SP1 cells can survive and grow well 
anchorage-independently in the presence 7% FBS. 
By reducing the serum concentration to 1%, we 
have created conditions which limit growth in agar. 
Under these conditions, we can easily test what 
ECM proteins or growth factors positively or nega- 
tively affect anchorage-independent growth. 

We have previously demonstrated that FN secretion 
from SP1 cells is dependent on cell spreading 
(Saulnier et al., 1996). SP1 cells grown in suspen- 

sion showed reduced FN synthesis and secretion 
within 5 hrs., suggesting that endogenous FN 
becomes limiting for growth of SP1 cells under 
anchorage-independent conditions. These results, 
along with others presented here, suggest that an 
exogenous source of fibronectin is required for SP1 
colony growth. However, our results have further 
demonstrated that fibronectin is not sufficient for 
anchorage-independent growth of SP1 cells, since 
addition of FN alone to 1% FBS cultures only mar- 
ginally increased colony growth. Growth factors 
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Fig. 8 Effect offibronectin and collagen on SP1, CI-12-H and CI-24-L colony growth. The colony assay was 
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(HGF and TGF-ß) and other undefined components 
are also required for optimal colony growth. We are 
currently investigating whether TGF-ß and HGF, 
which promote SP1 colony growth, induce synthe- 
sis of FN and 065 ßi and thereby regulate fibronectin 
adhesion under anchorage-independent conditions. 

In contrast to the results obtained with FN, collagen 
inhibits SP1 colony growth. The inhibitory effect of 
collagen on SP1 anchorage-independent growth is 
either indirect (i.e. due to interference with binding to 
fibronectin which generates a positive growth signal), 
or direct (i.e. due to binding of collagen to specific 
integrin receptors which generate a negative growth 
signal). Since SP1 cells express few receptors for col- 
lagen and the inhibition of growth maintains a linear 
relationship with increasing concentrations, we spe- 
culate that the mechanism is indirect but further 
investigation is required to confirm this hypothesis. 
Increased adhesiveness to collagen via the a2ßi 
receptor may play a role in colony growth. In support 
of this possibility, we have isolated a clone (CL-12- 
H) of SP1 cells which grows efficiently in an ancho- 
rage-independent manner, expresses higher surface 
expression of the collagen receptor o^ßi, and grows 
in response to collagen under anchorage-independent 
conditions. In contrast, the parent SP1 cells under 
anchorage-independent conditions express more 
a2ßi than adherent cells (Fig. 4), but show inhibition 
of growth in response to collagen. This apparent dis- 
crepancy may be explained by selection processes. 
SP1 cells are a heterogenous population of cells, 
some of which express the a2ßi receptor, and others 
which do not. When SP1 cells are cultured in soft 
agar in the presence of collagen there is a net reduc- 
tion in the number of colonies, however, a few colo- 
nies grow well under these conditions. C1-12-H cells 
are most likely a clone of this cell phenotype. These 
results also suggest that a significant level of cc2ßi 
expression may be required on the cell surface in 
order to obtain a positive growth signal. 

The observation that C1-24-L cells do not form colo- 
nies in the presence of fibronectin suggests that 
other components in addition to ECM-integrin 
interactions are important for permitting anchorage- 

independent growth. For example, autocrine pro- 
duction of growth factors (e.g. HGF or TGF-ß) or 
activation of certain oncogenes may be required. 

In addition to cooperating with growth factors in 
promoting cell growth, adhesion to fibronectin has 
been shown to facilitate cell survival by inhibiting 
apoptosis (Frish et al, 1994; Varner et al, 1995). In 
these systems, the apoptopic inhibitor Bcl-2 is 
downregulated upon loss of adhesion resulting in 
increased activation of interleukin-lß converting 
enzyme (Boudreau et al, 1995). We have found that 
fibronectin can promote survival of SP1 cells under 
anchorage-independent conditions and are investi- 
gating the role of Bcl-2 in integrin-dependent cell 
survival of SP1 cells (data unpublished). 

In summary, our findings in this report and elsew- 
here (Saulnier et al, 1996) show that both growth 
factors and ECM proteins affect growth and survi- 
val of SP1 carcinoma cells under anchorage-inde- 
pendent conditions. These observations support the 
concept that loss of the anchorage-dependency 
requirement in malignancy is a stepwise process 
(Fig. 9). SP1 cells represent an intermediate stage in 
which integrin ligation and activation of growth fac- 
tor receptors are still required, however cell sprea- 
ding is not. Similarly, direct ligation of the fisßi 
integrin receptor with anti-a5 antibody was shown 
to stimulate growth and survival of human mela- 
noma cells (Mortarini etal, 1992) and RGD-contai- 
ning peptides were shown to stimulate anchorage- 
independent growth of K562 cells (Symington, 
1995). Over-expression of cyclin A, required for 
Gl-S phase transition (Guadagno et al, 1993), or of 
Bcl-2 which inhibits apoptosis (Frisch et al, 1995), 
are two possible mechanisms by which integrin 
ligation might affect cell growth. Further studies are 
underway to better understand the mechanisms 
which regulate anchorage-independent growth and 
the contribution of ECM and growth factors. 
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Fig. 9 Proposed model for stepwise progression of colony formation. Based on our results, we propose the 
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independent state, soluble extracellular matrix proteins (ECM) bind to integrin receptors (fl), and growth factors 
(GF) bind to their respective receptors (Y) on the cell surface. These interactions provide survival signals to the cell. 
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