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ABSTRACT. 

Phcnotypic transformation is induced in non-neoplastic NRK cells by treatment with 

vanadium, a phosphotyrosyl-protein phosphatase inhibitor, to investigate the transformation

scnsitivity of a major 69 kDa phosphoprotein (p69) secreted by nonnal cells. p69 is secreted in 

phosphorylatcd (pp69; pl 3.8) and nonphosphorylated (np69; pl 4.5) forms by untreated NRK 

eclls and it is sccrcted only in its np form by RSV-transformed RRI022 cells. In vanadium

trcatcd ccII s, whcreas secretion of pp69 is dccreased, the o\-erall secretion of p69 in an np form is 

incrcascd ln a dosc-dependent manner. Howevcr, secretion of a related, transformation

associatcd phosphoprotcin, pp62, is not induced. This study indicatcs that p69 could be an 

cxtraccllular matrix adhcsion protcin undcr phosphorylation control; a) np69 co

immunoprccipitatcs with fibroncctin undcr nondcnaturing conditions; b) by means of ccII surface 

radioiodination and immunoprccipitation, pp69 is detected on the cell surface; and c) p69 is 

idcntified hcrc as 2ar/ostcopontin which is a mouse/rat adhesive protein containing a 

functional ccII recognition RGD sequence. 
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RÉSUMÉ. 

La transformation phénotypic est indiute dans les cellules non-néoplastiques NRK par 

traitment au vanadium, inhibiteur des phosphatascs agissant sur les protéines contenant 

phosphotyrosine, pour investiguer la sensibilité à la transformation d'une protéine de poids 

moléculaire 69 kOa (p69). p69 est sécrétée sous forme phosphorylée (pp69 pl 3.8) et sous forme 

non-phosphoryléc (np69, pl 4.5) par les cellules NRK, ct sous la forme np69 seulement par les 

cellules transformées par rétrovirus RSV, RR1022. Dans les cellules traitées au vanadium, la 

sécrétion de 1'69 sous forme pp69 est réduite et sous forme np69 est élevée. Cependant, la 

sécrétion d'une protéine associée à la transformation, pp62, n'a pas été induite. Cette étude 

indique que p69 peut fonctionner comme protéine adhésive de la matrice extracellulaire, dont 

la fonction est controlée par phosphorylation: i) la np69 co-immunoprécipite avec la 

fibronectine, ii) pp69 est détectable sur la surface cellulaire par radioiodination ct 

immunoprécipitation ct, iii) p69 est identifiée ici comme 2ar/ostéopontine qui est une protéine 

adhésive de souris/rats et qui possède une séquence Arg-Gly-Asp de reconnaissance cellulaire 

fonctionnelle. 
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INTRODUCTION. 

Transformed animal cells cultured in vitro exhibit a number of phenotypic propertles that both 

distinguish them from their nontransformed counterparts and correlate to different extents to their 

tumor-forming ability in vivo. Among these, growth in agar suspension cultures, called anchorage 

Independent growth is singled as the property that correlates best with cellular tumorigenlcity 

(Freedman and Shin, 1974). This property is not unique to Irreversibly transformed cells, but can be 

induced in nontransforrned cells by diverse growth factors, notably transforming growth factors 

(TGFs). Examination of growth factor actions Indicate that whereas sorne growth factors induce 

anchorage independent growth by generating milogenic signais, type-p TGF does so by enhancing 

extracellular matrix (ECM) formation (Ignotz and Massagué, 1986). The ECM, therefore, plays an 

important role in normal cell anchorage independent growth. 

Cell transformation and development of turnors arise fronl deregulated control of cell growth as a 

resuh of genetic lesions in oncogenes which are involved in the control of cell growth (Bishop, 1985). 

One class of transforming genes encodes for protein-tyrosine kinases (PTKS) which are believed to 

control or constitute a separate transmembrane signal transdLlction pathway(s) (Hunter and Cooper, 

1985; Macara, 1985). It is believed that cell transformation by this class of oncogenes results from 

abnormal or Iligh levels of phosphorylation of cellular proteins. During the search for the mechanism 

of action of this class of oncogene proteins, phosphotyrosyl-protein phosphatases (PTPases) have 

been identified which counteract -at least at the biochemical level- the actions of protein-tyrosine 

kinases (Foulkes, 1983). It is now hypothesized that inactivation of this class of phosphatases will 

result in the same phenotype resulting from abnormal function of tyrosine kinases. 

Sorne investigations have approached the problem of neoplastic transformation by searching 

molecular markers specifie for malignant ce Ils as they might provide an insight on the biochemical 
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leslon behlnd the transformed phenotype (Cells et al., 1987). Sorne 01 these were Identilled as major 

secreted phosphoproteins (MSPs). Thus, oncogenically translormed flbroblastlc and eplthellal cells 01 

rodent and human origin, regardless of the transformlng agent, have baen shown to secrete a major 

phosphoproteln, pp62, commonly referred to as transformation-specifie proteln, whlch Is absent in 

nontransformed cells, or present at markedly elevated levels in translormed cells relative to their non

transformed counterparts (Senger et al., 1979; 1985). In addition, studles ln thls laboratory have 

shown that a rat cellline transformed by Schnidt Ruppin avian sarcoma virus (RR1022), and a vole cell 

line transformed by Rous sarcoma virus (SR-IT) secrete a major phosphoproteln wlth a relative 

rnolecularweight of approximately 62-kOa, termed pp62 (Chackalaparampll et al., 1985). Interestlngly, 

RR1022 and SR-IT cells which reversibly acquire a non-transformed phenotype alter retlnolc acld 

treatment, instead 01 secreting pp62, they secrete an Immunologlcally-re1aiùd 69-kOa 

phosphoprotein (pp69) indistinguishable from pp69 secreted by nontransforrnCiJ NRK and Rat-1 

cells. Although the mechanism of size shift of major secreted phosphoprotein Is not known, pp62 

and PP69. which could be a precursor or a modified lorm of one or the other, are now considered 

specifie markers for transformed and non-transformed cells, respectlvely. In support for this, NRK 

ce Ils transformed by a temperature-sensitiv& ('s) mutant of Rous sarcoma virus (RSV), LA23, secrete 

pp62 at the permissive temperature and pp69 at the non-permissive temperature (Mukherjee et al., 

unpublished data). 

ln this study, we sought to block endogenous PTPases to induce transformation ln NRK cells ln 

order to investigate lurther the transformation sensltivity 01 MSP pp69, and to determlne whether or 

not a shift in secretion of pp69 to pp62, a reverse of the phenomenon observed ln RSV-transformed 

ce Ils upon RA treatment, will accur. Using vanadum as a PTPase inhibitor (Swarup et al., 1982a), this 

study shows that concomitant with the induction of a reversible transformed phenotype, secretion 

and phosphorylation of pp69 is altered in a dose-dependent manner thus confirming its 

transformation sensitivity. In addition, secretion of pp62 is not induced by vanadium indicating that 

pp62 secretion does not occur in reversibly transformed cells. Furthermore, this study gives 

biochemical evldence that this protein is secreted in phosphorylated and nonphosphorylated forms 

by nontransformed cells and that in vanadium-transformed cells the the ratio of np to pp69 Increases 
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as the phenotypic transformation is more pronounced. This study al50 glves the flrst evidence for the 

localization of pp69 to the cell surface. In addition, by providing immunologieal and biochemical 

evidence, and in tha light of racent devalopments in characterization of MSPs, this study argues that 

the proteins dascribed here, the protein called 2ar/osteopontin and MSPs described by Senger and 

co-workers (Sanger at al., 1979; 1985) are ail the same protein or different isoforms of the same 

protein. 

-3-



1). ANCHORAGE INDEPENDENT GROWTH. 

Growth ln Soft Agar as an Assay for Transformation 

Normal epithelial and fibroblastic cells cultured in vitro require attachment to a solld substratum 

for growth and survival whereas this is not an absolute requlrement for transformed cells; virally-, 

chemically- and spontaneously-transformed cells can grow without attachment to a substratum. 

Growth in absence of aHachement to a solid support is called anchorage-Independent growth (Stoker 

et al., 1968). It is assayed in vitro by plating cells in semi-solid media such as soft agarose medium 

and examining their colony-forming ability (Macpherson ând Montagnler, 1964). Wlth few exceptions, 

colonigenicity of cells in vitro has proven to be the property of cells that correlates besa wlth their 

tumorigenicity in vivo (Freedman and shin, 1974; Shin et al., 1975). Because of ils simplicity and 

stringency, soft agar as say is widely used to assess the 1ransformed phenotype of cuhured cells as 

weil as the transforming potential of various agents such as specifie growth factors, tumor promoters, 

and of transfected oncogenes. For the latter studies, proper indicator ceillines like selected clones of 

NRK, AKR-2B, Rat-1, CEF and Balb/C 3T3 ce Ils are used. This as say was used to identify and purify 

transforming growth factors (TGFs) and to determine the potency of such agents as retinolds in 

inducing reversible loss of transformed phenotype in target cells (Mukherjee et al., 1982). It was 

originallly thought that anchorage-independent growth is a property restricted to irreversibly 

transformed cells, but it is now evident that this property can also be reversibly induced in 

nontransformed target cells under specifie growth conditions. The availability of agents affecting 

growth of normal and transformed ce Ils in suspension made the assay particularly useful as a system 

to study anchorage independent growth as a biological process. Studies designed to un~arstand 

anchorage independent growth per se and the events associated with it are carried out with the 

belief that elucidating its molecular mechanisms will help to identify mechanisms of cellular 
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Anchorage Independent Growth. 

transformation in vitro and tumor growth in vivo. 

Growth Flctors Ind Trlnsformltlon 

The growth of eukaryotlc cells Is primarily controlled by specifie growth factors. The most 

important characteristic of transformed cells, that distinguishes them from nontransformed cells, is 

their partial or complete independence of exogenous supply of growth factors (Holley, 1975), which 

are necessary for the growth of their nontransformed counterparts. The autonomous growth of 

transformed cells is due to constitutive expression of one or more of the signal-transducing elements 

aiong the mitogenic pathway. One of the earliest events in the mitogenic process is the interaction of 

mitogenic growth factors with their receptors and the biochemical and physiological events triggered 

thereupon. Epidermal growth factor receptor is one of such signaling elements that is either 

constitutively over expressed as in the case of human epidermoid carcinoma cell line A431 , or 

constitutively ex pressing high or deregulated biochemical activity such as the protein tyrosine kinase 

of v-erbB transforming oncogene of avian erythroblastosis virus (I<ris et al., 1985) which encodes a 

truncated EGF receptor lacking a regulatory EGF binding domain (Downward et al., 1984). An earlier 

stage of the mitogenic pathway is the production of the mitogenic peptide itself, necessary for such a 

signal to occur. This implication led to the autocrine hypothesis (Sporn and Todaro, 1980) which 

postulates that reduced growth factor requirement of transformed cells cou Id be due to auto

stimulation of transformed cell proliferation by mitogenic growth factors which they constitutively 

produce. A number of other findings relating growth factors or their receptors to oncogenes support 

the implication of the formers in cell transformation (Bradshaw and Prentis, 1987) 

Early studies for example, have shown that Moiony murine sarcoma virus-transformed cells, 

cultured in serum-free medium produce mitogenic growth factors, who se mitogenic activity is brought 

about by interaction with EGF receptor (DeLarco and Todaro, 1978). In addition to their strong 

mitogenic activity, the se crude isolates induce a transformed phenotype in nonneoplastic ce Ils 

characterized by transformed morphology, anchorage independent growth, growth to high densities 

and reorganization of the cytoskeleton. Partial purification of the crude isolates by gel fihration yielded 

three peaks of transforming activity of estimated molecular weights of 25, 12 and 7 kOa, collectively 
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Anchorage Independent Growth. 

called sarcoma growth factor. Subsequent studles showed that such Isolates conslst at !east of two 

types of growth factors termed transforming growth factors (TGFs) a and p (TGF-a and TGF-fl). 

Transformlng Growth Factors 

TGF-a is a single chain polypeptide of molecular welght 5.7 kOa. The mature peptide (50 amino 

aclds long), is produced by post-translational processlng of a larger (160 amino acids) 

transmembrane precursor. It has sequence and structural hornology wlth EGF and competes with EGF 

for binding to EGF receptor (Marquardt et al.,1984). It triggers identical biochemlcal and physlologlcal 

effects to those of EGF, subsequent to its interaction with the EGF receptor. TGF-a Is produced by 

tumor ce Ils and developing embryonic tissues (Derynck, 1988). Like EGF, it has strong mltogenlc 

activity on a number of cell types and in the presence of TGF-p it induces anchorage Independent 

growth in nontransformed responsive cells. 

TGF-p is structurally and functionally unrelated to TGF-a. The peptides purified from human 

placenta and platelets and from bovine kidney appear to be homodimeric and display a molecular 

weight of 26 kDa. However, later studies have shown that TGF-p exists in homodimeric (TGF-[~1J2 and 

TGF-[P212) or heterodimeric (TGF-p1,2) forms depending on the combination of the two disulflde

linked structural subunits pl and p2 and that it belongs to a larger family of growth factors involved in 

the control of growth and differentiation (reviewed by Massagué, 1987). Its biological activity is 

triggerod by interaction with a receptor distinct from EGF receptor although precise biochemical 

events that oceur subsequent to su ch an interaction are presently unknown. 

Sorne of the actions of TGF-~ are thought to be mediated through the modulation of the number 

of the high or low affinity EGF cell surface receptors (Assoian et al., 1984). Unlike TGF-a, TGF-I' has 

differential effects on cell growth; it is mitogenic for normal mesenchymal cells in mono layer culture, 

and in the presence of EGF or TGF-a induces anchorage independent growth. In transformed and 

epithelial cells, it inhibits monolayer and anchorage independent growth, therefore it is consldered as 

a bifunctional growth factor (Roberts et al., 1985). In addition, an epithelial cell growth inhibitory factor 

isolated from African green monkey (BSC-1) cells has been shown to have a close biological similarity 
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Anchorage lndependent Growth. 

to TGF-p (Tucker et al., 1984). The autocrine hypothesis nowemphasizes the role of negative, 

autocrine growth Inhibitory factors. According to the new revised hypothesis, autonomous growth of 

transformed ce Ils could be due either to constitutive production of growth sUmulatory factors or to 

absence of inhibitory factors, or to bath (Spom and Roberts, 1985). It has baen suggested that these 

growth inhibitory factors act by altering the cell's ability to respond to growth stimulatory factors as 

iIIustrated by suppression of EGF-induced expression of competence genes (Takehara et al., 1987). 

Growth Factor R.qulrem.ntl for Anchorage Ind.pend.nt Growth ln Normal eeus 

The finding that TGFs induce a reversible transformed phenotype has led to investigation of the 

growth factor requirements for anchorage independent growth of normal nonneoplastic cells. The 

established normal rat kidney (NRK) cell line, is widely used as an indicator celiline for transforming 

agents. Selected clones of this cell line, such as 49F, show strict serum requirement for growth, 

contact inhibition of growth and anchorage dependence. Earlier studies have shown that untreated 

NRK or NRK ce Ils treated with individual growth factors do not grow in soft agar; soft agar growth of 

NRK cells can be induced by the simultaneous treatment with EGF (or TGF-a) and TGF-p in the 

presence of 10% calf serum (Anzano et al., 1982; 1983). Similarly, human plate let extracts induce 

soft agar growth of NRK cells and they contain of PDGF, TGF-p and EGF (Assoian et al., 1984a). 

However, such assays in presence of serum were inaccurate because whole blood serum contributes 

variable arnounts of growth factors whose activities cannot be measured and have not been 

accounted for previously. For example, addition of PDGF is required for soft agar growth of NRK and 

other normal cell lines when plasma-derived serum (PDS) is used instead of whole blood serum, 

which is due to growth factors present in serum and absent from plasma. This is al50 supported by a 

widely observed variation in the basal levels of soft agar growth of indicator cell lines with different 

batches of commercially available sera. 

Anchorage Independent Growth on Normal Cell. In Serum-free Media 

For more detai/ed analysis, serum-free and growth factor-defined media have baen formulated 

and growth factor requirements of normal cells for anchorage independent growth reassessed. 
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van Zoelen et al. (1986) have assayed soft agar growth of NRK cells in presence of serum in whlch 

growth factors have baen chemically inactivated by reduction and alkylation. Exogenous EGF, TGF-p, 

PDGF and retinolc acid (RA), another agent which affects soft agar growth (Mukherjee et al., 1982; 

1983), have baen assayed for their activity. It has been found that soft agar growth of NRK ce Us can 

be induced by either combination of EGF and TGF-p; EGF and RA; PDGF, TGF-p and RA; thus 

demonstrating that simultaneous presence of EGF and TGF-p Is not mandatory for Induclng 

anchorage independent growth. RA, like TGF-p acts as a modulator of EGF action by Increasing the 

number of EGF receptors. This study also showed that there Is no correlation betwean the mitogenlc 

activity of such agents and their ab il it y to induca or modulate anchorage Independant growth. In a 

similar study, Rizzino et al. (1986) investigated induction and modulation soft agar growth in NRK cells 

by EGF, PDGF, TGF-p and fibroblast growth factor (FGF) in serum- and plasma-supplamented media 

and serum-free medium. Of particular interest, this study has shown that soft agar growth 0' NRK ce Ils 

could be induced by PDGF alone in presenca of serum-free or plasma-supplemented medium but not 

in serum containing-medium. The factor present in serum but not in POS, whlch inhibits PDGF 

actions, is TGF-p. Such effects of TGF-p have al50 been obse:ved by Anzano et al. (1986) ln primary 

rat embryo and NIH 3T3 cells; they occur only in the absense of EGF, and the mechanlsm for such 

effects is not known. Other results in this study were essentially consistent with the study above. 

van Zeolen et al. (1988) extended their studies on growth factor requirements for phenotypic 

transformation to another important property of transformed ce Ils namely, loss of contact inhibition of 

growth. This has been assessed by measurement of ONA synthesis in quiescent, confluent cultures 

of NRK cells after exposure to growth factors. The type of response of NRK cells to such treatments 

and the correlation between growth factor requirements for acquisition of anchorage indepondent 

growth and loss of contact inhibition suggests that both processes have the same underlying 

mechanism and that anchorage independent growth may be a more restricted pro pert y of 

transformed cells. 

Roi. of Intrlnale Factors ln Anchorage Ind.pend.nt Growth of Normal e'lIl 
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Studies with different ceillines have shown that growth factors such as EGF, TGF~, TGF4J, PDGF 

and FGF (and RA) ail have the potential to indu ce or modulate anchorage independent growth in 

nontransformed cells, but the typical response depends on factors which are intrinsic to the cell. 

These unidentified intrinsic factors, 'Nhich vary between and within cell lines, could be fanered by 

establishment, imrnortalization, cloning, prolonged cunure or transformation of a given celiline. Such 

alterations result in altered responses ta different agents. For example, nonestablished primary rat 

ernbryo (PRE) fibroblasts have different growth factor requirements than established ceillines: PRE 

ce Ils can be induced to grow in soft agar by PDGF alone whereas NRK cells require the synergism of 

EGF (or TGF-a) and TGF-p (and PDGF); rnouse ernbryo AKR-2B cells grow in presence of TGF-p alone 

in contrast to NRK which nead the addition of mitogenic factors such as EGF (Tucker et al., 1983). 

Requirement of and/or sensitivity to a particular growth factor can also change as a result of 

subcloning or prolonged in vitro passaging. Sub-clones of AKR2-B, NRK and Rat-1 celilines have 

been isolated which show increased or varying requirements and sensitivity ta different growth factors 

compared ta the parental ceillines (De Larco and Todaro, 1978a; Moses et al. 1985; Kaplan and 

Ozanne.,1983); partlally transformed sub-clones have been isolated from NRK cells by prolonged 

culture and selection in soft agar (Newman et al. 1986). One particular clone, named NRK PT-14, has 

retained the requirement for EGF but Iost the requirement for TGF-p for growth in soft agar, which is 

not due to increased secretion of TGF-p. In monolayer culture, TGF-p, which was not found mitogenic 

to NRK cells, stimulated the growth of this PT-14 clone although it reduced EGF binding to the cells, 

effects which are totally opposite to the on es observed in NRK cells. Transformation also alters the 

response of cells to growth factors. In Fisher rat 3T3 fibroblasts, transfected with the cellular proto

oncogene c-myc, TGF-J) synergises with PDGF ta stimulate colony formation but suppresses the 

EGF-induced colony formation (Roberts et al., 1985). These studies indicate that normal cells can be 

induced to grow in soft agar by treatment with a variety of agents. Ali factors have the potential to 

affect soft agar growth but none of them is essential. The type of response ta a particular growth 

factor depends on the ceilline and the combination of other growth factors simultaneously present in 

the growth medium. In this context, it is interesting to note that anchorage independent growth can 

be induced in fibroblasts by CSF-1, an unrelated growth factor which normally acts on cells of the 
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hematopoietlc lineage, when these fibroblasts are expressing the c-fms gane product (CSF-1 

receptor; Roussel et al., 1987). 

Dltflcultll. In thl Study of Anchorage Independent Growth 

Although the growth factor requirements of normal cells for soft agar growth are now known in 

more detail, the complex events associated with it remain unknown. This 15 due, flrst, to the lack of 

knowledge of the biological effects of soft agar growth-induclng or modulatlng agents and more 

precisely which of those effects are relevant and necessary for the process of colony formation to 

occur. Second, cells subjected to the assay are not readily amenable to biochemical analysis as in 

monolayer culture and, the assay itseH is carried out over a period of tlme often extendlng to several 

days making it difflcult to analyse the precise timing and nature of the events which must take place. 

One obvious action of growth factors such as EGF and POGF is to provide a mitogenic signal allowing a 

cell to initiate and progre!is through the cell division cycle, yet this Is complicated by the fact that the 

mitogenicity of a given agent does not usually correlate with its soft agar growth inducing ability. EGF 

for instance is strongly mitogenic for rnost cultured cells but not sufficient to induee soft agar growlh 

alone; c:onversely, TGF-J} is not mitogenic and sometimes acts as a growth inhibitorfor a number c~ cell 

lines yet is required for anchorage independent growth in certain cell lines and assay conditions. Bul, 

because rnost cells require the synergistic action of more than one growth factor or agent, it appaars 

that more th an a mitogenic signal is required for nontransformed cell growth in suspension. However, 

the cascade of events which accur subsequent to interaction of a growth factor with its receptor, as in 

the case of TGF-p, are not known. 

Action of TGF-p on Extrlcellular Mltrlx Compone nt. 

One of the most significant actions of TGF-p is its recently discovered stimulatory effect on ECM 

formation. By hypodermal injection of TGF-J} into mice, Roberts et al. (1986) have shown that injected 

TGF-p induces the production of coUagens and its local deposition near the site of Injection. Studies 

on cultured cells from various origins, normal and transformed, demonstrate that enhanced formation 
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of ECM Is a specifie and earty response to TGF-p. TIl8se studles al50 show that TGF-p enhances ECM 

formation by increasing the synthe sis of its major components fibronectin and collagen and by 

reduclng the rate of matrix protein degradation. TGF-p increases the synthesis of fibronectin and 

collagen and their Integration into ECM of human, rat, mouse and chicken cells (Ignotz and Massagué, 

1986) and rat calvarial bone cells (Wrana et al., 1988). This increase involves transcriptional activation 

as is the case of NRK ce Ils where the mANA for collagen type " '" and V are increased. Subsequent 

studies (Ignotz and Massagué, 1987; Roberts, C. J., et al.,1988) have shown that TGF-~ increases 

fibronectin incorporation into insoluble ECM by enhancing fibronectin receptor synthesis and its levels 

on the cell surface. This effect is accomplished by both elevation of receptor subunits mANA and 

recoptor subunit maturation. TGF..p also stabilizes pre-formed ECM by protecting its components from 

proteolytie degradation. This is achieved by enhancing the synthesis of protease inhibitors such as 

plasminogen activator inhibitor, as is the case in human lung fibroblasts (Laiho et aL, 1986), or by 

reducing the production of serine proteases (Laiho et al., 1986), thiol proteases (Chiang and 

Nielson-Hamilton, 1986) and metalloproteases (Martisian et al., 1986). 

Cell Adhesion 

Cell adhesion to substratum or to adjacent cells is important for cells to carry out normal 

physiological functions required for survival and growth. Cell-cell adhesion is mediated by cell 

adhesion molecules (CAMs) and the calcium-dependent cell adhesion molecules (Cadherins) whieh 

are cell surface glycoproteins insu ring selective homophilie and heterophilic adhesion of adjacent 

cells (Edelman, 1985; Takeichi, 1987; 1988). Adhesion to the extracellular environment is mediated 

by substratum adhesion molecules (SAMs) which form the ECM, an extensive insoluble network of 

proteins and carbohydrates. Expression of both CAMs and SAMs is coordinately regulated during 

embryonie development (Edelman, 1985; Thiery et al., 1985). 

Composition of th. Extrac.llular Matrlx 

The major components of ECM are fibronectin, laminin, collagens and glucosaminoglycans 

usually attached to core protelns (prc'teoglycans), and among them fibronectin is the best studied 
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(Ruoslahti, 1988). Fibronectin is defined as a large extracellular multifunctlonal glycoproteln. Its broad 

biological activities observed in vitro include cell-substrate adhesion as manifested in mediation of 

cell attachement to surfaces coated with collagen, gelatin, fibrin, and glass or plastic support; cell-cell 

adhesion; cell migration by stimulating cell motility, haptotaxis and chemotaxls; and maintenance of 

cell morphology and alignment of fibroblasts into regular arrays; activitipc; whlch are thought to refleet 

fundamental roles of fibronectin in embryonic development and morpt,~)~:tnesis, ln vivo. 

Characterlstlcs of Adhesive Funetlons ot Flbronectln 

The different fibronectin tunctions are carried out by specialized structural domains (Yamada el 

al., 1985). By means of proteolytic dissection and functional analysis, each of the collagen, heparin, 

fibrin and cell binding do mains have been isolated with their activities preserved. Of these domains, 

the cell binding domain has received much attention because it has been found that it alone can 

mediate cell attachement and spreading to inert substrate. The precise cell attachement silo, also 

termed cell recognition sequence, has also been identified which consists of the amino aCld 

sequence Arg-Gly-Asp(-Ser). Subsequent studies have shown that this sequence plays a key role in 

the function of other adhesion protelns as weil (reviewed by Ruoslahti and Plerschbacher, 1987) 

These now include tibronectin, vitronectin, thrombospondin, osteopontin and collagens (neclins) 

Of particular interest to the adhesive properties of fibronectin, was the finding that flbronecllO 

mediates cell adhesion in a dualistic manner. It readlly prornotes cell attachement and spreadlng when 

used to coat the cell culture substratum, but this activity is increasingly rnhiblled when soluble 

fibronectin is added in increasing concentrations to the culture medium (Yamada and Kennedy, 

1984). Similar effects were also obcerved using the cell binding do main of flbronectin or peptides 

containing the sequence Arg-Gly-Asp (Yamada and Kennedy, 1984, 1985; Pierschbacher and 

Ruoslahti, 1984). This dualistic nature ot the flbronectin adhesive function suggesled that flbronectlO 

mediates cell adhesion through binding to a specifie and saturable cell surface receptor. In addition to 

the identification of the cell adhesion sequences, antibodies whlch also block cell adheslon have also 

been produced. These latter and ECM components have been used to purify cell surface receptors 
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for cell matrix proteins (integrins), some of which recognize specifically the tripeptide Arg-Gly-Asp 

(Reviewed by Hynes, 1987). The identification of these receptors and cell recognition sequences 

should allow direct analysis of functional roles of ECU proteins and their receptors in cell attachement, 

spreading and motility. 

Raie of ExtraceUular Matrlx ln Anchorage Independent Growth 

Ignotz and Uassagué (1986) have examined the possibility that ECM mediates the TGF-~

induced anchorage independent growth of nontransformed ceUs. They have shown that fibronectin 

induces anchorage independent growth of nontransformed cells in a manner which mimics TGF-~ in 

the additioi"al requirement of mitogenic growth factors (EGF, PDGF) and that the tripeptide Arg-Gly

Asp mhibits both TGF-IJ- and fibronectin-induced soft agar growth presumably by competitively 

Inhibiting fibroneetin binding to its eell surface receptor. They have, therefore, proposed that TGF-~ 

and fibroneetin induee anchorage independent growth by providing an extensive matrix 10 which the 

cells adhere and grow into colonies. However, the behavior of transformed ce Ils is contradictory. It 

has been shown that anchorage independent growth ..,f transformed ce Ils is inhibited by TGF-~ 

(Roberts et al., 1985) ahhough transformed cells, like SV-40 transformed ce Ils also respond to TGF-~ 

treatmenl by increasing the synthesis of their cell matrix proteins. This suggests that the soft agar 

growth of nontransformed cells is mechanistically different from that of transformed cells in that it 

depends on the elaboration or exogenous supply of ECM while that of transformed cells does not. 

Mechanlstlc Differences ln Anchorage Independent Growth of Normal and Transformed Cells 

The idea that soft agar growth of transformed ce Ils is independent of ECU formation is compatible 

with the fact that most transformed ce Ils lack their own ECM and experimental evidence also indicates 

that this is the case Humphries et al. (1986) have indicated Ihat soft agar growth of highly malignant 

melanoma cells, in contrast to that of nontransformed cells, is not inhibited by Arg-Gly-Asp-containing 

peptides. This insensitivlty is not due to nonrecognition of the peptides, or lack of cell surface 

receptors on melanoma ce Ils since these peptides as weil as the cell recognition sequence of laminin 

inhîbit theîr rnetastatic and invasive actîvitîes in vivo and in vitro (Humphries et al., 1986; Iwamoto et 
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a!., 1987; Gehlsen et a!., 1988), processes which at their various stag6c; depencl on cell attachement 

to ECM components of the invaded tissue (Nicolson, 1984; Liolta, 1986). Although addition of 

fibronectin to transformed cell cultures causes the cells to assume a nontransformed phenotype, 

inhibition of anchorage independent growth of transformed cells also does not appear to depen'J on 

elaboration of ECM since retinoic acid inhibits soft agar growth of Rous sarcoma vlrus-transformed ce Ils 

without restoring the normallevels of fibronectin (Mukherjee et al., 1982). Il appears therefore, that in 

addition to the requirement for a mitogenic signal provided by growth factor-receptor Interaction, the 

interaction nectin-integrin interaction is also required for growth of normal cells in suspension; and 

su ch an interaction could generate a signal, transmitted through the cytoskeleton with which Integrins 

interacl (Horwitz et a!., 1986), to the nucleus where it will affect gene expression. It is possible that 

this signal is not required for growth in suspension of transformed cells which have a relaxsd cell cycle 

control (Heldin and Westermark, 1984). Alternatively, this signal could be constitulively turned on, by 

modification of any of the signaling elements, as IS the case of fibronectin receplor complex whlch is 

phosphorylated in Rous sarcoma virus-transformed chicken cells (Hirst et aL, 1986), but whelher 

other nectin receptors are also phosphorylated or whether this phosphorylation has any functional 

consequences is not known. 

A study by Menko and Boettiger (1987) gives evidence that nectln-integrin Interaction generates 

a signal which is a control point in myogenic differentiation. They have shown that treatment 01 

chicken embryo myoblasts with a monoclonal antibody, CSAT, which prevents fibronectin and laminin 

from biding to integrin by blocklng p-integrin subunit, reversibly blocks myoblast dlfferentiatlon lOto 

contractile myotubes. Because soluble, but not immobihzed, fibronectin also inhibits myogenlc 

differentiation, it appears that nectin-integrin provides a positional signal required for dilferentiallor.. 

The authors further suggested that insoluble ECM creates a permissive, but not an instructive 

environment for growth or differentiation; this could be achieved by altering accesslbility, sensitivity or 

responsiveness of cells to soluble growth and differentiation factors as shown in other studles (Hedm 

et a!., 1988). Whether TGF-p-induced or exogenously-supplied matrix components induce 

anchorage independent growth in nontransformed cells by generating such signais or creating 

permissive environment requires further investigation. 
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Il). PROTEIN-TvROSINE PHOSPHORVLATION AND CELL TRANSFORMATION. 

Prote'n-tyro.'nl KlnlHI Ind CIII Trln.formltlon 

Post-translational modHication of proteins, by phosphorylation, is a major mechanlsm by which 

proteln function is regulated (Rubin and Rosen, 1975; Krebs, 1986). Prote in phosphorylation occurs 

on serine, threonine and tyrosine ami no acid residues. A number of serine and threonine kinases 

and their substrates have baen extensively characterized, and in several cases serine and threonine 

phosphorylation is found to be a key switch in the control of many aspects of cellular metabolism 

(Krebs, 1986). Protein-tyrosine phosphorylation has been discovered more recently and although its 

physiologieal significance is less understood, it has received much more attention because it is 

believed to be involved in the control of cell growth and transformation (Cooper and Hunter, 1983). 

This stems from the finding that protein-tyrosine kinase (PTK) activity is the only identified primary 

biochemical activity of a number of retroviral oncogene-encoded proteins and cell surface receptors 

for growth factors (Hunter and Cooper, 1985; Varden and Ullrich, 1988). This activity is easily 

demonstrated since most PTK s retain theïr actïvity wh en isolated in in vitro kinase assays. This is 

achieved by incubation of the immunoprecipitated kinase with the exogenous substrates, in the 

presence of [y-32PJ-ATP, and the subsequent detection and quantification of the radioactivity 

incorporated into either the kinase itself or the exogenous substrates. Protein tyrosine kinases are of 

two types (Hunter and Cooper, 1985). The growth factor receptor type of PTK (Varden and Ullrich, 

1988)includes the best chal'acterized EGF receptor (EGF-r) and the receptors for insulin (I-r), PDGF 

(PDGF or) insulin-like growth factor-1 (IGF-1-r) and CSF-1 (c;-fms). The nonreceptor type of PTK is 

typified by the oncogene product of Rous sarcoma virus, pp60V-StC, and includes the products of 

ab', feslfps, yes and fgr viral oncogenes (Bishop, 1985). Their cellular proto-oncagene products also 

display a tyrosine kinase activity, and in the case of pp60C- StC, the activation of its kinase activity is 
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thought to be of primary Importance ln the polyoma virus mlddle T antlgen-medlated transformation. 

80th types of PTt< are found ln most vertebrate cells and exhlblt structural homology. to each other 

and to other kinases with different amino acid specificltles, particularly ln the catalytlc domalns (Hanks 

et al., 1988). The growth factor receptor-type of PTKs dlsplay an extracellular Mgand-blnding domain. a 

transmernbrane region and a cytoplasmic domain where the catalytlc site Is Iocated (Yarden and 

Ullrich, 1988). The nont"eceptor-type of PTt< are cytoplasmic or associatad wlth the cytoplasmlc slde 

of cellular membranes to which some of them are anchored by covalently attached fatty acid. The 

receptor-type of PTK activity is positively regulated by ligand binding. For example, the Interaction 01 

EGF with the extracellular domain of Its receptor triggers both receptor autophosphorylatlon and the 

phosphorylation of other soluble or membrane-associated cellular protelns in vivo and exogenous 

artificial substrates in vitro (Bishop. 1985). The regulation of PTK actlvlty of nonreceptor-type 01 

kinases is less weil understood. but it appears that it Is regulated by phosphorylation (see t,elow). 

The present worklng hypothesis proposes that the PTK class of transformlng protelns brings 

about initiation and maintenance of the transformed phenotype by abnormal or constitutive 

phosphorylation. on tyrosine. of critical protein substrates which are key regulatory elements of 

cellular proliferation such as proteins whose functions are relevant to transmembrane signal 

transduction. Evidence supporting this hypothesis is that proteln-tyrosine phosphorylation 

constitutes an integral part 01 the cellular response to a number 01 growth factor-receptor Interactions 

(Hunter and Cooper, 1985); the phosphotyrosine content in cellular proteins is higher in translormad 

and growth lactor-stimulated ce Ils than in normal or unstimulated cells (Selton at al .• 1980); ts-ASV 

mutants for kinase activity are thermo-dependent for transformation; pp60C- ate acquiras a 

transforming potential when a 19 ami no acid fragment Irom its carboxyterminus. which suppresses its 

kinase activity. is replaced with an arbitrary peptide or the pp60V-1R: counterpart. Similarly. EGF 

receptor with large deletions in the extracellular domain and chimearic EGFr-v-erbB receptors. whose 

kinase activities are independent of EGF regulation. have transforming potential (Schlessinger. 1986). 

Ahhough the long term consequences 01 dArG~ulatad expression of retroviral oncogene-encoded 

PTKs or ligand stimulation of PTK activity in growth factor receptors are known. the exact mechanism of 

action of these protelns is still unknown. 
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D.t.ctlon of P-Tyr·contllnlng Prot.ln. 

Because of the Iow level of phosphotyrosine (P-Tyr) in proteins compared to phosphoserine and 

phosphothreonlne, various approaches have been used to detect P-Tyr-eontalning proteins 

phosphorylated in vivo or in vitro. Early investigations have taken advantage of the discriminative 

effect of alkali on phosphodiester linkages; alkali hydrolyses poSer and P-Thr but not P-Tyr. 

Technically, this is achieved by autoradiographie visualization of gels, on whieh 32P-labeled proteins 

have been resolved, before and after incubation in alkali (1 N KOH) at 55 oC (Feuerstein and Cooper, 

1983). A more sensitive approach is by phosphoamino acid analysis after acid hydrolysis of proteins 

eluted form individual gel bands (Cooper et al., 1983). This technique, in combination with 

phosphopeptide mapping is particularly useful in determining which peptide is phosphorylated on 

which amino acid residue, information which is important for understanding the regulation of 

enzymatic actlvity, by phosphorylatlon, such as in the case of pp60"c (Cooper et al., 1986). Because 

of the Umitations set by the sensitivity and the limited applications of these methods and the growing 

needs for identification and characterization of more PTK substrates, the immunological approach has 

been undertaken. Phosphotyrosine and its structural analogues (p-azobenzylphosphonate and N

bromoacetyl-O-phosphotyramine) cou pied to carrier proteins such as bovine serum albumin, 

immunoglobulins, keyhole limpet hemocyanin, or poly-L-Iysine have been used as immunogens to 

raise polyclonal as weil as monoclonal antibodies for P-Tyr-containing proteins (Ross et al., 1981; 

Frakelton et al., 1983; EK and Heldin, 1984; White et al.; 1987). It has also been observed that 

immunization using naturally tyrosine-phosphorylated proteins also causes the production of specifie 

anti-P-Tyr antibodies (Wang,1985). In every case, the final step in the preparation of these 

antibodies Involves afflni!", purification by P-Tyr or P-Tyr analogue affinity chromatography. These 

antibodles are, in general, highly specifie to P-Tyr and do not reaet with P-Ser or P-Thr. The use of 

these antibodies allows the detection of phosphoproteins not previously deteeted by then available 

methods (l::k and Heldin, 1984), and the study of the Iocalization of P-Tyr-proteins at the structural 

level (Marchisio et al., 1988) and their spatlotemporal distribution during embryonic development 
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(Takata and Singer, 1988, Maher and Pasquale, 1988). When used as hlgh danslty Immunosorbents, 

they are partlcularly useful in large scale affinlty purHlcation of P-Tyr-protelns, maklng them dlreetly 

available for biochemical and functional analysis (Bell et al., 1987; Wahl et al., 1988). 

Subltrat.. for PTKI 

With the realization that prote in-tyrosine kinase is the transformlng prinelple of many aeute 

oncogenie retroviruses and that protein-tyrosine phosphorylation Is also a prlmary response to 

binding of many growth factors to their reeeptors, a great deal of intensive researeh has been earried 

out to identify physiologieal PTK substrates. Although a large number of protein substrates have 

been iclentified in earlier investigations, none of them appeared to be directly Involved in any aspect 

of the transformed phenotype. With the use of various analytic approaches, data on potentlally 

important candidates, some of which is summarized below, begins to be accumulatad. 

Proteln tyrosln. kinases. An important feature of PTKs is that they are themselves 

phosphorylated on multiple tyrosinb .3sidues in vivo and in vitro (Cooper and Hunter, 1983) and the 

importance of phosphorylation of these proteins is obvious if it is to have a functional regulatory role in 

the physiological actions of these proteins. Phosphorylation of some tyrosin" resldues in PTKs Is 

indeed one of the few, if not the only presently known cases where tyrosine phosphorylatlon has a 

functional consequeooe. PTKS of the sre family are constitutively phosphorylated on tyrosine ln 

transformed and normal cells, whereas the phosphorylation of the receptor-type of PTKs is triggered 

by ligand binding .. Both types of PTK are phosphorylated on a number of additional serine and 

threonine residues. 

The major tyrosine phosphorylation site in pp60Y-SIC is Tyr'16, which is phosphorylated to a Iower 

stoichiometry in pp60C- SIC and is also the major phosphorylation site in vitro. Phosphorylatlon of 

Tyr416 is thought to have a positive regulatory role on kinase activity, since il is correlated with 

increased in vitro v-src kinase specifie activity; by contrast, pp60c-src Is underphosphorylated on 

Tyr416 and has a Iower specifie aetivity. pp60c-sn: is also phosphorylated on Tyr527 near the 

carboxyterminus whieh is absent from pp60V- SlC(Cooper et al., 1986). Phosphorylatlon of Tyr527 

suppresses both the kinase and transforming activities ofpp60c- lIC• Il has been shown that 
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dephosphorylatlon of Tyf527 by phosphatase treatment, or blndlng of antibody to the carbOxytermlnus 

contalnlng TyrS27 stlmulates pp60c-tn: kinase actlvlty (Cooper and King, 1986). Simllarly, the 

pp60C-M: corT1Jllexed wlth polyoma virus middle T antlgen ls not phosphorylated on thls site and has 

elevated tyrosine kinase activity (Cartwright et al., 1986) and substitution of TyrS27 with a 

nonphosphoacceptor Âmino acid renders pp6()c-tn: oncogenic with high kinase activity (Kmiecik and 

Shalloway, 1987). 

A number of other tyrosine and serine residues are phosphorylated in vivo under various 

conditions (Hunter and Cooper, 1985). Particularly, a racent study has shown that pp60c-src kinase is 

activated, by phosphorylation on a novel threonine site in the N-terminus, during mitosis of 

synchronized fibroblasts, and that this activation is independent of the phosphorylation of Tyr'16 or 

TyrS27 (Chackalaparampil and Shalloway, 1988), thus giving direct evidence to suggest that the sre 

family of kinases may regulate mitotic evants. In support for this evidence is the observed cell cycle

dependent protein-tyrosine phosphorylation of some cellular proteins (Morla and Wang, 1986). 

EGF-r is also phosphorylated on serine, threonine and tyrosine in vivo. Its kinase activity is 

primarily regulated by ligand binding. EGF stimulation leads to rapid receptor autophosphorylation on 

three tyrosine residues residing near the carboxyterminus of the molecule. However, although the 

autophosphorylation of at least Tyr1137 coincides with increased kinase activity, the role of tyrosine 

phosphorylation in the EGF receptor is not clear (Yarden and Ullrich, 1988). EGF-r activities are rather 

controlled by phosphorylation on Thr654 , by calcium and phospholipid-dependent kinase C (PKC), 

which occurs in response 10 stimulation by other growth factors (PDGF) or turnor prornoters (phorbol 

esters). Phosphorylation on this site causes a decrease in kinase activity, a reduction in high affinity 

cell surface receptors, and promoted ligand-independent receptor internalization (Sibley et al., 1988; 

Yarden and Ullrich, 1988). 

Cyloskeletal protelns. Cellular morphology, cell-cell interaction, and ce II-substratum adhesion 

is mediated by adhesion plaques or focal contacts. These are highly specialized regions of the 

plasma membrane where cellular malrix cofTl)Onents allach and cytoskeleton microfilament bundles 

(stress fibers) terminate and anchor. The proteins contained in these structures include actin, talin, 
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vineulin, a-actinin and integrin. The Ioss of cytoskeletal Integrity and the appearanee of rounded 

morphology is a common property among cells transformed by oncogenes spaclfylng proteln

tyrosine kinases (PTK), and by the use of temperature-sensitive mutants of RSV (ts-RSV), Boschek 

et al. (1981) have shown that the induction of this property is an early event followlng reactivation of 

pp60v-an: kinase. Evidenee also Indicates that pp60v- src Induces morphologleal transformation by 

phosphorylating cytoskeletal elements located in adhesion plaques. In addition to belng aHached to 

cellular membranfJs, pp60v-an: is particularly coneentrated ln adheslon plaques (Henderson and 

ROhrschneider, 1987) and its association with these structures, where its crltleal substrates are 

located, is essential for transformation (Kamps et al., 1986). By using affinity-purlfled antl-azobenzyl 

phosphonate antibodies, Marchisio et al. (1984; 1988) have shown that phosphotyrosine-contalnlng 

proteins are specifieally located at adhesion plaques, at the level of cell-eell contacts and fllopodlal 

protrusions in RSV-transformed eel!s. Moreover, a reduction ln number or structural abnormallty of 

adhesion plaques and Ioss of spatial codistribution of fibronectin with its receptor 15 usually a 

consequence of RSV-eaused transformation (Nigg et al., 1986). 

Among the proteins coneentrated in adhesion plaques, vinculin, talin and integrin receptor 

complex have been found to be phosphorylated on tyrosine in ce Ils transformed by the PTK famlly of 

oneogenie proteins. Vineulln was the first eytoskeletal prote in to be identified as a PTK substrate 

(Selton et al., 1981) and there has been much speculation about the signlficance of Its 

phosphorylation (Hynes, 1982; Cooper and Hunter, 1983). However, subsequent studles uslng 

morphologieal mutants of RSV which transform ce Ils but do not produce the rounded morphology 

characteristic of wild type RSV transformants, indicate th~t tyrosine phosphorylation in vineulln Is, by 

itself, not enough to produce a transformed morphology (Critchley and Wyke, 1986). In addition, a 

nontransforming mutant of ASV produces a cytoplasmic, nonmyristylated, pp60v- ste whieh has been 

found to phosphorylate vineulln in the absence of cell transformation (Kamps et al., 1986). Flnally, like 

most of the Ï(,entified PTK substrates, vineulln is al50 and abundant proteln and only a sman proportion 

of its intracellular pool (1%) is phosphorylated on tyrosine (Selton et al., 1981) making ils 

phosphorylation less likely to be critical for transformation. 

Talin, a protein present in adhesion plaques has also been recently shown to be phosphorylated 
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on tyrosine in RSV-transformed cells (Pasquale et al.,1986; Declue and Martin, 1987). Although talin

tyrosine phosphorylation has been studled ln less detaU, the fact that it is phosphorylated in rounded 

and nonrounded cells Indicates that Its phosphorylatlon is al50 insufficient to produce morphological 

transformation. 

The third component of the adhesion plaques which serves as a substrate for PTK is the 

fibronectin receptor. This consists of a complex of three proteins of M.W. 160, 140 and 120 kDa. 

Hirst et al. (1986) have shown that in RSV-transformed cells the 140 and 120 kDa proteins are 

phosphorylated on tyrosine (and to a lesser extent on serine). This phosphorylation, undetectable in 

nontransformed cells, is temperature-depandent in cells transformed by ts-RSV kinase mutants and 

accompanies a reorganization of the receptor complex as its distribution becomes diffuse in RSV

transformed cells. Unlike vinculin (Antier et al., 1986), the phosphorylation of fibronectin receptor 

appears to be a general phenomenon in PTK (v-fps. v-yes and v-erbB)-transformed cells. 

Integrins are believed to be a molecular link between the ECM and the cytoskeleton (Tamkun et al., 

1986) with which they interaet through talin (Horwitz et al., 1986). It is possible that integrin complex 

phosphorylation abolishes such interactions, which could explain both the loss of cell surface 

fibronectin and the disorganization of the cytoskeleton observed in most transformed cells (Chen et 

aL, 1986). Morphological mutants of RSV, which cause cell transformation without grossly altering cell 

morphology and cell surface fibronectin, will serve as a good system for the examination of this 

possibility. 

Cytoskeletonolssoclated protelns. The first known PTK substrate is a protein with 

heterogeneous moleeular weights of 34-39 kDa, designated as p36 (Cooper and Hunter, 1983). It is 

easily detected as a phosphotyrosine-containing protein in most PTK-transformed cells as weil as 

normal ce Ils treated with EGF and PDGF, but not in nonnal, untreated cells Qr cells transformed by other 

agents. Il is a basic and abundant protein found in eells of various arimal speeies where it is present in 

phosphorylated and nonphosphorylated forms (Isacke et al., 1986). Il is associated with plasma 

membranes at the level of eell-cell junetions and it binds membranes, phospholipid and actin in a 
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calcium-dependent manner. A 35 kDa proteln (p3S) , Immunologlcally distinct from p3S, Is also 

phosphoryJated on tyrosine in response to EGF treatment and al50 blnds membranes, actln and 

phospholipid in the presence of calcium. 80th p3S and p36 are thought to link membranes 

(phospholipid) to the cytoskeleton (actin), and are termed calpactin 1 and II. Peptide mapplng, 

imm.Ulological and cDNA cloning studies have shown that p3S and p3S are homologous or Identleal 

to the the inhibitors of phospholipase A2 known as lipocortin 1 and Il, respectlvely (Peplnsky and 

Sinclair, 1986; Brugge, 1986). The role ot these proteins in PTK actions Is not known, although it 

appears that the phosphorylation of p36 is not suffielent for transformation (Karnps et al., 1986). 

The eucaryotic calcium binding protein, calmodulin, which is also a cytoskeleton-assoelated 

protein, has been found to be phosphorylated on two tyrosine re~ldues ln RSV-transformed ce Ils but 

not in nontransformed cells. Phosphorylation of tyrosine in calmodulin, whleh Is al50 phosphorylated 

on serine, results in a structural alteration in the calcium-ealmodulin complex (Fukami et al., 1986). 

Phosphorylation of ealrnodulin could be important for PTK action if it is to alter the calcium-bindlng 

properties of calmodulin. 

Other proteln substrates. The association of PTKs with plasma membranes suggest that Ihey 

function in the transmission of signais generated by external stimuli, a function which is obvious in the 

case of receptor-type of PTKs. There is also evidence that they do 50 by regulatlng 

phosphatidylinositol (PI) turnover. For example, treatment of eells with PDGF leads to increased PI 

turnover and the rate of PI metabOlism is increased in PTK-transformed cells (Hunter and Cooper, 

1985). In addition PI kinase aetivity has been deteeted in pp68voro• immunoprecipitates, and 

pp60v- src also has PI, PIP, and 1, 2-DG kinase activity in vitro but il is not clear whether this activily is 

intrinsic to these PTKs or is due to an associated lipid kinase (Sugirnoto et al., 1984; Macara el al, 

1984). Whitman et al. (1985) have reported the detection of inositol lipld kinase associated wilh 

polyoma middle T (ml) antigen preparation from mT-transformed cells. More recently, Courtneidga 

and Heber (1987) have shown that in addition to the previously dateeted mT and pp60c-l/I'c 

complexes, an 81 kDa protein (p81) is also present in either anti-mT or anti-pp60c- src 

immunopreeipitates of mT-transformed ceillysates. The p81 complexed 10 mT and pp60c-.c is 

phosphorylated on tyrosine in vitro and in vivo, and concomitant with its presence in the 
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Kaplan et al. (1987) have detected an 85 kDa protein in anti phosphotyrosine Immunoprecipitates of 

mT-transformed or POGF -treated 3T3 cells. This protein is also phosphorylated on tyrosine and 

coelutes with a PI kinase activity in various purification steps. 80th p81 and the 85 kDa proteins, 

whlch cou Id be similar or identieal, were proposed to be the putative PI kinases associated with the 

Immunoprecipitates in vitro. Because bath are phosphorylated on tyrosine, and because PI 

phosphor~lation is a first step in the formation of PI derivatives (most notably PIP2), the 

phosphorylation of these proteins could be an important step where PTKs control PI turnover. PI 

turnover results in the formation of 1,2-diacylglycerol (DAG) and 1,4,5-trisphosphate (IP3), two 

intracellular second messengers, which result from the the hydrolysis of phosphatidylinositol 1,4,5-

trisphosphate (PIP2) by phospholipase C. A recent study h9S suggested that phospholipase C could 

also represent a step where PTKs control PI turnover. Wahl et al. (1988) have shown that a 

phospholipase C aetivity, specifie for PI P2, is increased 10-fold in phosphotyrosine 

immunoprecipitates of EGF-stimulated A431 cells. This study suggests that a component of the 

phospholipase activity (either the phospholipase itself or a protein assoeiated with it) is 

phosphorylated on tyrosine subsequent to ligand activation of receptor-type of PTK, and that il cl)uld 

have an effect on PIP2 hydrolysis and events subsequent to it. 

Phosphotyrosyl-proteln Phosphatases and Cell Transformation 

Unlike the prote in-tyrosine kinases which have ~ len shown to be the protein products of viral 

oncogenes and their cellular counterparts, the existence of protein-tyrosine phosphatases (PTPases) 

has only been inferred trom in vitro studies on protein tyrosine phosphorylation. During these early 

studies, it has been realized that phosphates incorporated into proteins in the form of 

phosphotyrosine turn over rapidly. It has been found that phosphotyrosine in proteins of t9-RSV

transtormed cells decreases rapidly after shifting to a temperature restrictive for transformation and 

pp60v- src kinase activity. Similarly, A431 cell membrane proteins, whlch are phosphorylated rapidly in 

response to EGF treatment, gradually become dephosphorylated. These initial observations 

suggested the existence ot phosphatases which act specifically to dephosphorylate 
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suggested the existence of phosphatases whlch act specifleally to dephosphorylate 

phosphotyroslne in proteins and prompted several workers to purify these putative phosphatases 

(Foulkes. 1983). 

Assay for Phosphotyrosyl·prot,ln Phosphatas, Ictlvlty 

The existence of the PTPase actlvity is demonstrated $Olely on the basis of the abliity of crude or 

fraetionated tissue or cell extraets to dephosphorylate P-Tyr-contalnlng proteln substrates. The 

protein substrates include histones. IgG. caseins, bovine serum albumin. pp60V- 1IC and EGFr and 

among them. only these laner two appear to be natural substrates for PTPases, since other substrates 

are not phosphorylated on tyrosine in vivo. These substrates are usually tlrst phosphorylated on 

tyrosine in vitro using ppSov-sn: or purified EGFr in the presence of [y 32P]ATP. Thess 32P-labeled 

substrates are incubated with phosphatase preparations and the phosphatase actlvlty Is assessed by 

counting the acid-soluble radioaetivity released 'rom the substrates or by quantifying the resldual 

radioactivity associated with the substrates by SOS-PAGE and autoradiography. Because of its 

structural similarity to phosphotyrosine, the chromogenic non-protein substrate p-nitrophenyl 

phosphate is also used in sorne studies. 

Purification of PTPas.s 

PTPases have been partially purified from cell and tissue extraets of various origins. In every 

extraet studied. there appears ta be more than one PTPase activity which can be physlcally separated 

by chromatography. Nelson and Branton (1984) have used 32P-labeled IgG phosphorylated by 

pp60v-sn: as a substrate to monitor the PTPase activity in cultured chick embryo fibroblasts. They 

have found that 70% of the aetivity is associated with the soluble frac/ion and the remalning 30% Is 

associated with particulate material. Fractionation of the soluble fraction by DEAE-cellulose and 

carboxymethyl-cellulose yielded three peaks of activity, termed Pli-III which identify proteins of 

molecular weights of 55, 50, and 95 kOa, respeetively, as estimated by gel filtration. Similarly, Foulkes 

et al. (1983) have fraetionated the PTPase actlvity from chicken brain Into three peaks of estlmated 

molecular weights of 30-100 (Tl)' 43 (T2) and 95 kOa (T3) which probably correspond to the PTI-III 
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the PTPase activlty is 10-fold higher in the particulate than ln the soluble fraction of TCRC-2 cell 

homogenates. Fractlonatlon of the detergent solubilized particulate yielded a peak of PTPase activity 

which co-eluted with P-Ser-protein phosphatase activlty, and had a p-nitrophenyl phOsphatase 

activity. Both P-Ser-protein phosphatase and PTPase activities showed differential sensitivity 

towards phosphatase inhibitors and particularly, vanadate selectively inhibited the PTPase activity. 

Rtlatlolhlp wlth Acld and AlkaUne Phosphatalel 

80th acld and alkaline phosphatases, which are operationally-defined based on their pH optima 

for activity, exhibit PTPase activity. Leis and Kaplan (1982) showed that plasma membranes from 

human astrocytoma cells conta in an acld phosphatase which shows an increased specificity for 

phosphotyrosine. It hydrolyses free phosphotyrosine but not phosphoserine or phosphothreonine. 

It also dephosophorylates P-Tyr-histone at a higher rate and a Iower Km than P-Ser-histone and the 

P-Tyr-histone phosphatase activity is selectively inhibited by vanadate. In addition, the acid 

phosphatase of human prostate has been shown to have a specifie PTPase activity (Lin and Clinton, 

1986). Swarup et al.(1981) have shown that alkaline phosphatases from various sources 

preferentially dephosphorylate P-Tyr-histones and A431 cell membrane proteins at a higher rate than 

P-Ser-histones indicating that alkaline phosphatases also have PTPase activity. Chan and Stinson 

(1986) have also shown that purified alkaline phosphatase and the endogenous alkaline 

phosphatase of human liver plasma membranes dephosphorylate membrane proteins and that this 

activity Is inhibited by vanadate. 

Charlcterlstlcs of PTPase. 

A common property of ail known PTPases is their selective and potent inhibition by vanadate in 

vivo and in vitro. Swarup et al. (1982; 1982a) were the first to show that vanadate inhibits the 

dephosphorylation of P-Tyr-histones and A431 plasma membrane proteins (which are 

phosphorylated primarily on tyrosine) but does not inhibit the dephosphorylation of P-Ser-histones. 

Because it is a potent and selective PTPase inhibitor, vanadate is now being used in various 

experimental protocols to enhance the detection of P-Tyr-containing proteins in normal and 

-25-



-

-

Tyrosine phosphoryJation. 

experimental protocols to enhance the detection of P-Tyr-contalnlng protelns ln normal and 

transformed ce Ils and PTPases are being identified as su ch partly on the basls of belng Inhibited by 

vanadate (Kalrlund, 1985; Bell et al., 1987; Yonemoto et al., 1987). Zinc, ln mlcromolar 

concentrations (S-100J,LM) is al50 an inhibitor of PTPases (Brautigan et al., 1981; Gailis et aL, 1981) but 

it is somewhat less selective and less effective than vanadate. P-Tyr and its analogue pNPP are 

competitive inhibitors in the micrornolar and in the millimolar range, respectlvely, reflectlng the 

differential affinities of PTPases. Phosphoserine and j)hosphothreonine have not been reported to 

have an inhibitory effect. EDTA and fluoride, which are potent Inhibitors of other phosphatases have 

JiUle or no effect on PTPase activity 

Regulation of Prottln-tyrosln. Phosphorylatlon by PTPa ••• 

Because purified PTPases show distinctive phosphoamino acid spedflclty, selective sensitlvlty to 

phosphatase inhibitors and could be separated chromatographically, they are now believed to 

constitute a distinct class of protein phosphatases, different from P-Ser- and P-Thr-protein 

phosphatases (Foulkes, 1983; Sparks and Brautigan, 1986). Therefore, the phosphotyrosine levels 

in proteins do not refleci only the activity of protein-tyrosine kinases, but are the resull of the 

combined action of kinases and phosphalases. PTPases may regulate the levels of P-Tyr in proteins 

either by acting directly to dephosphorylate PTK substrates or indirectly Ihrough modulation of PTKs 

whose activity is regulated by tyrosine phosphorylation. For example, inhibition of endogenous 

PTPases by treatment of cells with vanadate resuhs in 3-4Q-fold increase in the cellular content of 

phosphotyrosine in proteins (Klarlund, 1985; Yonemoto et al., 1987; DeSeau et al., 1987; Kato et aL, 

1987). In al least one study, evidence is given to indicate that the increase in phosphorylation of liver 

plasma membrane proteins is due to inhibition of a vanadate-sensitive alkaline phosphatase (Chf.in 

and Stinson, 1986). Evidence thal PTPases regulale PTK activilies comes from studies on catalytic 

properties of pp60c- src and pp60v- src immunoprecipilated from vanadate-treated normal and RSV

transformed ce Ils. In both cases inhibition of phosphatase activity resulted in elevated states of 

phosphorylation of sre proteins accompanied by increased activily of the viral sre kinase activity in 
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vitro (Brown and Gordon, 1984; Collet et al., 1984) and decreased activity of the cellular src kinase 

(Ayder and Gordon, 1987). In addition, dephosphorylation of Tyr527 in pp60c-sn: by phosphatase 

treatment in vitro resulted in a 10-20-fold increase in pp6OC-sn: kinase activity (Cooper et aL, 1986). 

There is also evidence that PTPases regulate PTK activity differently in normal and transformed ceUs. 

DeSeau et al. (1987) have shown that Inhibition of endogenous PTPase leads to increased kinase 

activity of pp60c-~ isolated from normal colon mucosal ceUs but that of colon carcinoma is not 

affected. In human prostate tissue, the major phosphatase is an acid phosphatase whieh has an 

activity specificaUy directed against phosphotyrosine. Lin et al. (1986) have used an experimental 

system whereby the activity of this phosphatase can be controUed; it is increased by addition of 

exogenous acid phosphatase to the cell extracts and suppressed by treatment of ceUs with 

dihydrotestosterone. They have shown that, in two ceUlines derived from prostate tumor, the in vitro 

PTK aetivity is inversely related to the PTPase activity, giving further evidence for the role of PTPases in 

the regulation of PTKs. 

Regulation of Cell Growth and Transformation by PTPases 

Because phosphorylation of tyrosine is thought to be a key event in the control of cell growth, 

the finding that the levels of P-Tyr in proteins is regulated by both PTKs and PTPases suggests that 

protein tyrosine phosphatases are as mu ch involved in control of cell growth as protein tyrosine 

kinases. Since PTKs are associated with the stimulation of cell growth and induction of cell 

transformation it is proposed that PTPases would act as negative regulators of growth and would have 

anti-oneogenic effects (Weinsteln, 1987). Little study has baen carried out to prove these points 

because PTPasos are not yet accessible to biochemical and genetic analysis and, like in other anti

oncogenes, mutations would be recessive; therefore, their presumptive actions, if any, would be 

difficult to deteet. Nevertheless, human malignant prostate tissue has been reported to have low acid 

(phosphotyrosyl) protein phosphatase activity, although it is not known whether this is the primary 

lesion behind its malignant transformation (Lin and Clinton, 1986). Lin et al (1986) have also noted 

that one prostate tumor-derived ceUlinp 'i.NCaP) has higher PTPase and Iowar PTK activity and grows 

considerably more slowly than another prostate turnor-derived cellline (DU145). Inhibition of PTPase 
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that treatment of NRK1 cells with vanadate results in a transformed phenotype characterlzed by 

transformed morphology, growth in seml-solid medium, loss of denslty-dependent Inhibition of 

growth and increased uptako of 2-deoxyglucose. Although the Inhibition of PTPases Is evldent, as 

shown by a 40-fold increase in P-Tyr-containing proteins ln these treated cells, the ~ffects of 

vanadate cannot be fully attributed to PTPase inhibition, slnce vanadate acts on other cellular 

funetions which could contribute to the observed phenotype (see below). Fibroblasts derived from 

patients with infantile hypophosphatasia have Iow (tissue non-specicfic) alkallne phosphatase activlty 

(1-4% of controls) using the fluorogenic substrate 4-methylumbelliferyl-phosphate (4-MU-P) as a 

substrate yet they exhibit normal growth properties compared to control fibroblasts (Whyte and 

Vrabel. 1987). This study was presented to give evidence against a role for thls c'ass of 

phosphatases in the control of cell growth. Unfortunately, this study did not examine whether or not 

this phosphatase is a PTPase. and the use of 4-MU-P will not allow such a conclusion. The likely 'vle 

of PTPases in control of cell growth awaits further study. 

Recently, the major phosphotyrosyl-protein phosphatase form human placenta (PTPase 1 B) has 

been partially sequenced and it shows amino acid sequence homology and structural slmilarlty to 

leukocyte common anllgen, a transmembrane protein, also called CD45 (Charbonneau et a!., 1988). 

PTPase 1 B does not share homology with P-Ser/P-Thr phosphatases, supporttng the 

distinctiveness of PTPases trom other phosphatases. Because CD45 has an extracellular domain, 

and its overall structure is reminiscent of growth factor receptors, notably EGF-r, il has been 

suggested that its putative PTPase activity could also be regulated by ligand binding and Ihat a third 

siynal-transducirl\,l :nechanism, operationally controlled by PTKs and PTPases, may exlst. 
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III). ACTIONS OF VANADIUM ON BIOLOGICAL SYSTEMS. 

Ch.mleal Prop.rtl.. of Vanadium 

Vanadium is a transition element which can assume different anionic and cationlc valence states. 

It Is an essential nutrient for animais where it is founel in trace amounts and affects many organ 

fLJnctions. Vanadium has a complicated chemistry but in the conditions of low concentration and 

neutral pH used in thls study only a few of its chemical properties are relevant (Rubinson, 1981). 

Extracellular vanadium exists in the pentavalent va~date (Vv) form and intracellular vanadium in the 

tetravalent vanadyl (VIV ) form. Upon entry into cells, vanadate is reduced by glutathione (GH) into 

vanadyl, in a reaction which is probably enzymatically catalyzed by GH oxidase (Cant:ey and Aisen, 

1979). Benabe et al. (1987) have founel that alter 4 hr, 90% of intracellular vanadate is converted to 

vanadyl in red blood ce Ils (RBC). In vitro, reduction of vanadate also takes place in the presence of 

GH or NADH. Similarly, extracellular vanadyl is oxidized to vanadate by atmospheric oxygen 

(Rubinson, 1981). In micromolar concentrations and neutral pH both vanadyl and vanadate would be 

in the monomeric form. Extracellular vanadate and intracellular vanadyl are thought to be bound to 

macromolecules as weil as smaller rnolecules such as the complex formed with P04, ATP and ADP 

(Nechay et al., 1986). In RBC, vanadyl is bound to a soluble protein which, by gel filtration and 

immunoprecipltation, was identified as hernoglobin (Cantley and Aisen, 1979). Vanadium enters cells 

by the anion transport system, thus may compete with phosphate, and its intracellular concentration 

can reach 10-fold higher levels than the extracellular concentration (Rarnasarma and Crane, 1981). 

Actions of Vanadium on Enzymatlc R.actlons 

Vanadium ions affect many enzymatic reactions mainly those involving phosphotransferases. 
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Most data on effects of vanadium on enzyme activities has been accumulatad after the discovery that 

vanadate is the Inhibitor of (NaIK)-ATPase present as a contaminant ln some commercial preparations 

of ATP (Cantley et al., 1977). It Is now known that vanadate Inhlblts ail members of Ion transport 

ATPases (reviewed in Ramasarrna and Crane, 1981). These are transmembrane enzymes whlch 

assume two (E1 and E2) conformations and are defined as such by the presence of ~n aspartyl group 

in thelr active site of phosphorylation. In the case of the Na+/K+-ATPase, inhibition Invot!es formation 

of a stable inactive complex of vanadate with the active site of the enzyme in E2 conformation (Nechay 

et al., 1986). Uke Pi and ATP. binding of vanadium to this site, hence Inhibition of enzyme actlvlty, 

requires the presence of the divalent cation Mg2+. In vivo. Inhibition of NalK ATPase by vanadate 

takes place intracellularly and the concentration of vanadate requlred to achieve such Inhibition Is 

generally higher than the concentration needed to inhiblt the enzyme in vitro. It has been 

suggested that this is due to conversion of vanadate inlo vanadyl which does not have Inhibitory 

effects on the ATPase in vivo. In facl, il has been found that in micromoiar concentrations, both 

vanadate and vanadyl activale rather than inhibit NalK-ATPase in human fibroblasts (Smith, 1983). 

Vanadate was also found to stimulate NalK-ATPase in Friend erythroleukemla cells (English et al., 

1983) and in nonmuscle cardiac cells (Werdan et al., 1982). It has been suggested that vanadate 

inhibition of sodium ATPase in vivo may be restricted to the ABC-type of enzyme. 

Other enzymes affected by vanadate in vitro are alkaline and acidic phosphatases whlch have 

phosphotyrosine protein phosphatase adivities mentioned in the previous section, adenylate kinase, 

and several enzymes of the glycolytic pathway. Most vanadate inhibitory effects have been explained 

by its structural analogy to the transition state of phosphate. The glycolytic enzyme 

diphosphoglutarate dehydrogenase, however, is nol inhibited by a transition stale analogue 

mechanism but rather by changes in the redox state of sulfhydryl groups in the enzyme (Benabe et 

al., 1987). 

Little studies have been cai!'Ïed ~ ... t to investigale the in vitro effects of vanadyl on enzymatic 

reactions because of ils sensitivity 10 atrnospheric oxygen. Nevertheless, North and Post (1984) 

have studied the effects of millimolar concentrations of vanadyl on (NalK)-ATPase ln vitro in 

anaerobic conditions to avoid oxidation of vanadyl and the resuKing inhibition by vanadate. This study 
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has shown that vanadylls also a potent Inhlbhor of thls ATPase and that the extent of Inhibition 

depends on the plJrity of enzyme preparations. 

InluUn Mlm.tlc EfflCli of Vanldlum 

One of the mast studied in vivo actions of vanadate is its insulin mimetie effecls on glucose 

uptake and metabolism. Because of this biologieal action, vanadate is widely used as a specifie probe 

10 invesligate meehanisms of insuUn actions. Vanadate increases the rate of glucose uptake in 

ad!pocytes and skeletal muscle in a manner similar to that of insulin by activating the insu lin-sensitive 

facilitated transport system for glucose (Dubyak and Kleinzeller, 1980; Clark et al., 1985). The effects 

of insuUn and vanadate are additive ln that vanadate does not enhance the rate of glucose uptake in 

adipoeytes preincubated with insulin and simuhaneous presence of vanadate and insulin does not 

further Jncrease maximum level of stimulation. Glycogen synthase is al50 activated by vanadate in a 

(!imilar manner than insuUn (Tamura et al., 1984). Vanadate effect is independent of Na/K ATPase, 

whose inhibition alsc has insulin mimetic effecls, but occurs as vanadate is converted into vanadyl 

whieh does not inhibit Na/K ATPase in vivo (Dubyak and Kleinzeller, 1980). 

Tamura et al. (1984) found that vanadate, in addition to stimulating glycogen synthase in a dose

and time-dependent manner in rat adipocytes, il al50 enhances tyrosine phosphorylation of the 95 

kDa insulin receptor p-subunit, by activation of insuUn receplor PTK activity towards the receptor itself 

and exogenous substrates. Stimulation of the receptor PTK activity was proposed as a main 

mechanism by whieh vanadate mimies insu lin. However, it has been argued that insulln mimetic 

actions of vanadate do not depend on its effects on insulin receptor phosphorylation or kinase activity 

(Green, 1986). In this study, it has been found that insuUn reeeptor depletion, either by trypsin 

treatment or ligand-indueed receptor internalization, abolishes the effects of insulin on hexose 

uptake, but the vanadate effects are unaltered. Vanadate also mimies one important biological 

function of insu Un whieh is receptor down-regulation. However insulin and vanadate, which induee 

internalization of 40% and 60% of cell surface receptors, respeclively, act differently; insulin-induced 

receptor down-regulation is accompanied with receptor degradation, and results in a decrease in total 
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cali insuUn recaptors. On tha othar hand, vanadata ln addition to lnhlbitlng degradatlon of Intama.zad 

raceptors, it also incraasas tha total numbar of cryptlc r'icaptors, accumulated ln intracallular 

compartmants (Torossian at al., 1988). Bacausa vanadata, ln thls casa, dld not Incraasa tha 

phosphorylation of tha insuHn recaptor or Its klnasa actlvity,lt has baan suggasted that vanadata acts 

indepandently of insu lin recaptor or at a post-racaptor lavai. It has racently baan shown that 

exogenously added diacylglycerol (DAG) or phospholipase C (PLC) stlmulata glucose uptake ln 

adipocytes and that DAG can mediate tha affects of insulin (StrAMors, 1988). Vanadata al50 stimulates 

PLC which produces DAG from PIP2 (see balow), tharafore, it is possible that Insulln-mlmatlc affects 

of vanadata ara also mediatad by DAG. 

Vanadium and Transmembrane lignai Tranlductlon 

The presant modal offered to axplain how mitogens (competence factors) bring about Initiation 

of cell prolifaration proposes that thase effactors trigger a cascade of events whlch lead to DNA 

synthesis. These avants, which include activation of PLC; breakdown of PIP 2 to generate 

diacylglycerol and inositol phosphatas; increase in cytoplasmlc calcium; and activation of NalH 

exchange leading to cytoplasmic alkalinization, aet in concert to induce Gene exprassion (myc, tas) 

and commit cells to initiate replication (Macara, 1985). Il has baen found that vanadium elicits most of 

thase immediate and rapid avents and has baen suggasted to aet as a competance factor (Macara, 

1985). In quiescent human HSWP cells, vanadate treatment stimulates formation of Inositol 

phosphates, mobilization of intracellular calcium and NalH exchange (Jamleson at al., 1988). The 

aetion of vanadata is similar to that of competence growth factors ln that It Is abollshed by TPA 

pretreatment which blocli.s a step bafore the inositol phosphates release, which in thls case is the 

inactivation of PLC by protein kinase C. Il has been suggested that vanadata acts by elther Inhibiting 

the daphosphorylation of a growth faetor raceptor or its substrates or by stabillzing a growth factor 

receptor/PLC-coupling G protein in the stimulatory (G.) conformation (Jamiason et al., 1988). 

Formation of inositol lipids has also been observed in rasting chinese hamster lung fibroblasts as a 

response to vanadate treatment (Paris and Pouysségur, 1987). Because vanadate effects were 

blocked by pretreatment with pertussis toxin, it is suggestad that vanadate stimulates PLC activity by 
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directly activating regulatory G protelns. Uke in the study carried out by Jamieson et al. (1988), 

pretreatment of ce Ils with TPA abolishes the effects of vanadate supportlng PKC-dependent 

Inactivation of phospholipase-C. Because PTKs were found to control PI tumover, it Is also possible 

that vanadate Indirectly affects PI turnover by Its actions on protein-tyrosine phosphorylatlon whlch, as 

mentloned ln the prevlous sections, can be an Important regulator phosphoinositol Hpld formation and 

breakdown. 

Mltog.nlc Effectl of Vlnldlum 

As a resu" of its early competence actions, vanadium exerts mitogenic activity on quiescent cells, 

and has synergistic effects with mitogenlc growth factors EGF and FGF. Vanadate alone Is half as 

much mitogenic for quiescent cultures of human fibroblasts as EGF, as shown by stimulation of 

incorporation of [3H]-thymidine into DNA and incre:.lse in cell number. The synergistic effects of 

vanadate and EGF produces 3- to 6-fold increase in stimulation of DNA synthesis as compared to EGF 

alone (Carpenter, 1981). In quieseent cu"ures of Swiss mouse 3T3 and 3T6 cells, both vanadyl and 

vanadate were found to be mitogenic in the concentration range of 5-50 J.lM. The mitogenic effects of 

vanadium, which were potentiated by insulin in absence of serum, were additive to the effects of EGF 

(Smith,1983). Interestingly, both vanadyl and vanadate were found to stimulate rather than inhibit the 

NalK pump, as shown by a stimulation of ouabain-sensitive 88Rb+ uptake. The growth stimulatory 

effect of vanadate has also been observed in a clone of mast cells (IC2 cells) which are strictly 

dependent on interleukin 3 (IL-3) for growth and survival. Vanadate, at the optimal concentration of 

12.5 IlM allowed these ce Ils to grow and survive in absence of IL-3, for up to 48 hr by which time 

these cells normally die when IL-3 is absent (Tojo et al., 1987). The growth characteristics of IC2 cells 

in presence of vanadate were similar to thase grown in presence of IL-3. It is thought that vanadate 

sustalns the growth of IC2 cells by increasing glucose uptake and oxidation or by activating an ATP

generating system which appears to be the main identified action of IL-3 (Tojo et al., 1987). 

Vlnadlum Ind C'II Trlnsformltlon Ind Dlfferentlatlon 
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The effects of vanadium on cuhured cells, measured wlthln minutes or hours are reflected ln Ils 

observed profound actions on cell transformation and differentlatlon upon long tlme treatments 

(days). In frlend erythroleukemia, for example, whlch can be commltted to dlfferentlate Into 

hernatopoietic cells, by treatment wlth dimethylsulfoxlde (DMSO), vanadate was 'ound to Inhlblt DMSO

induced differentiation and inhibit hernoglobln synthesis which is a marker for erythropoletlc 

commitment (English et al., 1983). Vanadate was also found ta mlmlc TPA and FGF anglogenic actions 

on capillary endothelial ce Ils grown ln three dimenslonal collagen gels. It Induces endothellal cells ta 

invade the collagen gels and to form tubular structure (Montesano et al., 1988). Vanadate Induced 

invasive phenotype in these cells by inducing expression of tissue-type and uroklnase-type of 

plasminogen activators. In BC3H1 tumor-derlved cells, a nonfusing muscle ceilline which undergoes 

reversible differentiation when arrested in G1 upon serum or growth factor starvatlon, vanadate was 

found ta fully mi mie the competence actions of pituitary-derlved FGF (Wice et al., 1987). Vanadate 

was found to reverse the differentiated phenotype of BC3H1 cells and suppress expression of 

muscle specifie proteins a-adin and creatln phosphokinase. In addition it also induces BC3H1 cells ta 

enter the ce Il cycle as indicated by the induction of c-fos expression which marks the transition from 

Go to G1 phase of the cell cycle. 

Long-term treatment with vanadate also results in profound changes in cellular phenotype 

reminiscent of those of retroviral-transformation. As mentioned in the previous sections, vanadate 

induces a transformed phenotype in NRK, NIH-6 CI 32, and 10T'12 cells (Klarlund, 1985). Kato et 

al., (1987) have indicated that in chondrocytes, vanadate, which at low concentrations stimulates 

matrlx proteoglycan synthesis, induces a phenotype characteristic of RSV-transforrned chondrocytes 

at high concentrations (20-60 J.1M). Vanadate also mimics RSV-rnediated transformation as shown by 

down-regulation of junctional cell-cell communication in ts-RSV-transformed 3T3 cells treated with 

vanadate (Rose et al., 1986). In BHK cells, vanadate in micrornolar concentrations causes F-actin 

redistribution and formation of podosomes characteristic of RSV-transformed cells (Tarone et al., 

1985). In addition ta its effects on cytoskeleton remodeling, which were potentlated by simunaneous 

treatment with TPA, vanadate was also found ta increase the cellular content of phosphotyrosine

protein (Marchisio et al., 1988). 
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IV). SECRETED PROTEINS AS MARKERS FOR NEOPLASTIC TRANSFORMATION. 

Tumor Promotion-Specifie Gene. 

The study of acute transforming retroviruses and use of DNA transfectlon techniques have 

identifled a large number of viral oncogenes as the primary agents responslble for cell transformation 

in vitro and development of tumors in animais in vivo (Bishop, 1985) Although the molecular cloning 

of retroviral oncogenes has allowed extensive genetic analyses to be carrled out, their mechanism of 

action remains largely unknown. In this context, the case of protein tyrosine kinase class of 

oncogenes is a very iIIustrative example. However, it is believed that oncogenes initiate and maintain 

transformat,on not by introducing new functions into the cells, but by disturbing the pre-existing 

cellular mechanisms involved in control of cell growth. The existence of chemical and physical agents 

whlch obviously do not brlng new genetic information into the cells and yet cause cell transformation 

supports this view and stresses the oncogenic potential of cellular oncogenes (proto-oncogenes) 

from which viral oncogenes are thought to be derived. These agents, however, do alter gene 

expression or distort the function of cellular genes in a manner which favors the expression of the 

malignant phenotype. Altered expression or malfunction of one or more cellular oncogene has 

indeed been detected in naturally occurring or experimentally induced malignancies. Because viral or 

activated cellular oncogenes cannot be directly implicated in each of the many unrelated aspects of 

the transformed phenotype, a great deal of work has concentrated in the identification of genes which 

are expressed exclusively as a response to the transforming agents mentioned above. Identification 

of these genes and their products is important as they could be the direct mediators of cell 

transformation (Weinstein, 1987). 

Tumor promoters such as phorbol esters are one class of those agents whose actions are widely 
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studled (Castagna et al., 1987). The phorbol ester tetradecanoyl phorbol aeetate (TPA) Induees a 

myriad of cell responses, of which soma lead to mitogenesls or terminal dlfferentlatlon, dependlng on 

the cell type. Ahhough they are not carcinogenic by themselves, they most Interestlngly Induee 

responses which resuh in malignant transformation ln tumor-Inltlated eells (Colbum, 1987). The 

mou se epidermis JB6 cell line responds to TPA treatment by an Irreversible transition from 

nontumorigenic to tumorigenic phenotype in a process ca lied tumor promotion. By successive 

subdivision (or sib selection), two active genes, pro-1 and pro-2, whlch determlne the 

responslveness to TPA have baen identifiad and cloned from promotable (p+) JB6 cDNA IIbrary and 

were found to confer the promotion sensitivity to a nonpromotable (P-) variant of the JB6 cell IIne 

(Colbum, 1987). The availability of p+ and P- variants of this celillne, whlch are, respectlvely, deflned 

as such by their ability or inability to grow in soft agar in the presence of TPA, make thls eelillne 

particularly useful to select genes whlch are specifically expressed in p+ cells ln response to TPA and 

which therefore are very likely to cooperate with the pro genes in the procass of tumor promotion. 

Identification and Clonlng of 2ar a. 1 Tumor Prornot.r·lnduclbl. G.n. 

One of the TPA-inducible messages in p+ JB6 ce Ils is called 2ar, described by Smith and 

Denhardt (1987). 2ar was cloned from JB6 cells cDNA library that has been enriched, by hybrld 

selection, for sequences whlch are relatively more abundant or selectively-induced in TPA-treated p+ 

compared to TPA-treated P- JB6 cells. 2ar mRNA is a unique 1.6 kB transcript of a single copy gene. 

Despite the procedure used to clone 2ar, it was found that it is induced by TPA in P- ce Ils as weil, 

although at more variable levels than in p+ cells. Kinetlc studies indicate that the induction of 2ar 

expression by TPA is biphaslc and depends on cell population density, but not on the durallon of 

exposure to TPA. In subconfluent cells, the induction is rapid and transient, and in confluent cells a 

second stable reinduction appears after three days and persists up to eight days. In addition to TPA, 

2ar is also induced by growth factors such as PDGF, EGF, basic FGF and embryonal carclnoma-derived 

growth factor (Smith and Denhardt, 1987; Nomura et al., 1988). The facts that 2ar is induced both in 

p+ and P- JB6 cells and that It is not expressed in mouse skin epidermis treated with TPA in vivo, 

exclu de 2ar from having a role in tumor promotion. However, because of Its Induction by growth 
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factors and as will be seen later, il Is very likely to play a role in sorne aspect of cell transformation. 

Chlrlcttrlltlci of 2.r/OI •• opontin 

Examination of the Iocalization of 2ar protein product indicates that it is secreted in the form of an 

MSP. Analysis of the cDNA sequence (Craig et al., unpublished) alsa revealed that it shares 84% 

homology with rat osteopontin (Oldberg et al, 1986) at the deduced amino acid sequence level 

(Smith and Denhardt, 1987; Denhardt et al., 1988). Osteopontin was originally purilied Irom 

mineralized bone matrix after extraction with 0.5 M EDTA and 4 M guanidinium chio ride (Fisher et al, 

1985; Prince et al., 1987). Osteopontin, also previously known as bone sialoprotein 1 or (BSP 1) or 

44k bone phosphoprotein (44k BPP), was also found to be secreted as a phosphoprotein by 

osteoblast-Iike osteosarcoma cells (Prince et al, 1987). It is composed 01 about 300 amino acids and 

has a molecular weight of about 44 kDa as determined by sedimentation equilibrium analysis. Both 

secreted and bone-extracted osteopontin and the product of in vitro translation of 2ar exhibit 

abnormal mobility on SOS-PAGE; they show a molecular weight of 75 kDa on 5-15% gradient gels and 

45 kOa on 15% gels; the in vitro translation of 2ar yields a peptide of a molecular weight of 60 kDa on 

SOS-PAGE which is considerably larger than the "30 kDa calculated for the core protein (Craig et al., 

submitted)1. These discrepancies are Iikely 10 be due to complex patterns of post-translational 

modifications and to high content of negatively charged amino acid residues. Osteopontin contains 

16.6% carbohydrate of which 1 is N-linked and 5-6 are O-linked. Carbohydrate composition analysis 

indicates that it is rich in N-acetylneuraminic (sialic) acid residues (10.4 per mol; hence the name 

BSP 1). Il also contains 12 phosphoserine and 1 phosphothreonine residues. Il is an acidic protein 

because of high aspartic acid and glutamic acid content and the additional negative charges 

introduced by post-translational modifications. Osteopoiltin binds to hydroxyapatite with high affinity 

(Fisher et al., 1987; Prince et al., 1987). 

The cDNA sequence data reported by Oldberg et al. (1986) and that of Craig et al. (submitted) 1 is 

consistent with this che mie al characterization. It predicts a protein 317 amino acids long, with a 

sequence identical to the chemically determined amino terminal sequence of osteopontin (Prince et 

1Craig; A. M • J. H. Smith. and D. T. Denhardt. (submitted) 
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al., 1987), starting at amlno acld 17 from the methlonlne enooded by a putative AUG Initiation codon. 

The other 16 amino aclds probably represent the signai sequence cleaved durlng the translocation of 

the nascent proteln across the membrane Into the lumen of the endoplasmlc retlculum. It haB Beveral 

Ser-Xaa-Giu sequences, likely sites for attachement of Q-lInked, and one Asp-Xaa-Ser for N-Ilnkod 

carbohydrates. 

Ost80pontin also contains a functional RGD cell recognition sequence found ln ECM protelns, 

and osteopontin isolated from bone promotes adhesion and spreadlng of flbroblasts and 

osteosarcoma cells in a dose dependent manner (Oldberg et al., 1986; Somerman et al., 1987; 

1987a). As in the case of fibronectin, the osteopontln madiated cell-substratum attachment Is RGD

sensitive in that it is also inhiblted by soluble RGD-containing peptides. Unlike fibronectln, however, 

whose attachment-promoting activity ceases within a few hours, osteopontin continues to enhance 

cell attachement for up to 24 hours. It is also different from fibronectin (and lamlnin) ln tnat It does not 

promote attachement of epithelial cells, does not promote adhesion of flbroblasts to surfaces coated 

wlth type-I collagen and is not inhibited by the presence of anti fibronectin antibodies (Somerman et 

al.,1987). 

Tissu. Distribution and D.v.lopm.ntal Expreilion of 2ar/Olt.opontln 

Using immunohistochemical techniques with affinity-purified anti-osteopontin antlbodies, Mark et 

al. (1987; 1987a) have examined the distribution of osteopontln in developlng bone. Osteopontin 

was found in the ECM of both endochondral and membranous bones as weil as the ostaold. Staining 

was found in pre-osteoblasts, osteoblasts and osteocytes where it is Iocallzed to the Golgi apparatus, 

indicating that bone matrix osteopontin Is synthesized by bone cells. Osteopontln is localized al the 

bone ECM in early stages of development, before bone mineralization, Indicating that thls Iocalizatlon 

is independent of the presence of hydroxyapatite crystals to which osteopontln has a high affinity. 

Osteopontin was also detected in kidney and nervous tissues of newborn rats (Mark et al., 1987b). 

The study of Nomura et al. (1988) has alsa supports that osteopontin expression Is not confined to 

bone cells, as previously thought, but is expressed in the developlng non osteogenlc tissue as weil. 

They have examined the developmental expression of osteopontln, in mouse, by Northern analysls 
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and ln situ hybrldization uslng 2ar-derived DNA probe. Osteopontin expression ls detected in the 

audilory nerve (cochlea) and sensory epithelium (utiele and saccule) of embryonic ear. In the tubules 

of embryonic and newbom mouse kidney. In the granulated metrial gland cells in placenta and 

declduum as weil as in the osteoblasls and pre-osteoblasts ln the developing bone. 2ar expression 

could not be detected in fibroblasts. epidermal or mesenchymal cells of adult mice. Therefore, it has 

been suggested that expression of osteopontln in cultured cells is a response to cell culture, due to 

continuous exposure of cells to inducing agents or relief from the action of an in vivo inhibitory factor 

(Nornura et al., 1987). 
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MIJor Slcrltld Pholphoprotllns .1 Mlrkl,. for MIUgnlnt Trlnsformltlon 

Because eell transformation resuhs in aheration of cellular functions, an alternative approaeh to 

understand the process of transformation is to directly investigate and define functions whieh are 

altered by transformation. With this view in mind, studies have baen sought to find molecular and 

biochemical rnarkers whieh di~tinguish transformed from normal eells. Studies have been centered 

on transformation-specifie or transformation-induced secreted proteins which are of primary 

importance for the transformed phenotype as they are the means by which cells interaet with their 

extracellular environment. Quantitative and qualitative aherations in a number of secreted proteins 

have been observed in transformed eells. These include growth factors some of whlch (TGFs) are 

preferentially secreted by transformed cells and aet as autocrine mitogens (Delarco and Todaro, 

1978); ECM components whieh determine the stationary, invasive or migratory state of mallgnant cells; 

and matrix degrading proteases which play a central role in invasion and metastasis (Denhardt et al., 

1986). Realizing their importance in the transformed phenotype, investigators have eoncenlrated 

their efforts on detailed analysis of secreted proteins using computerized techniques (Celis et al , 

1988). 

A number of other proteins whose functions are not yet known are secreted exelusively or at 

higher levels by transformed cells. Of particular relevance to this study are MSPs origlhally described 

in transformed cells. Work on major transformation-specifie secreted phosphoproteins has been 

initiated by Senger and his co-workers. In their earlier studies (Senger et al., 1979), they have shown 

that mammalian cells transformed by various agents secrete immunologically related proteins with 

molecular weights of about 58 kOa which are not secreted by their nontransformed counterparls. 

They also secrete unrelated phosphoproteins of heterogeneous rnolecular weights also in the 58 

kDa range. The size of these phosphoproteins, which are nol related to any known oncogene 

product (Senger et al., 1980), is species specifie and does not depend on the transforming agent. 

These phosphoproteins, collectively referred to as pp62, have been found to be secreted in alrnost 

undetectable amounts by nontransformed cells, if at ail. In a subsequent study (Senger et al., 1980a), 
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they have shown that ail the phosphoproteins secreted by ce Ils of different species origin are 

Immunologlcally related, as Indlcated by their cross-reactivity with an anti-serum raised against the 

proteln secreted by the rodent B77-NRK celillne. Comparisons of the levels of secreted pp62 in 

various cells indicated that it is markedly elevated in neoplastiC, epithelial and fibroblastlc cells and is 

therefore, a marker which distinguishes n80plastic from nonn80plastic and normal cells (Senger et al., 

1983). A survey of human ceillines has also resulted in detection of MSPs of molecularweight 66-69 

kDa which are also cross reactive with the anti-serum raised against the rodent phosphoprotein 

(Senger et al., 1985). In particular, it has baen found that, regardless of the transforming agent, ail 

mallgnant human cel/s, in the form of established cell lines or fresh tumar explants secrete this 

protein, and that nonmalignant counterparts do not. It has been suggested that these 

transformation-specific or -marker proteins play a role in tUlTlOr growth in vivo. Recently, Senger et al. 

(1988) have detected proteins in rat and human plasma and serum which cros~-reacted with tha 

antlboby prepared against rodent pp62. These blood proteins, as weil as pp62 secreted by cuhured 

cells, were found to be cleaved during blood coagulation, and by purified thrombin, into a 30 kDa 

protein as. The prote in was purified to homogeneity and an N-terminal 9 amino acid-fragment has 

been sequenced. Although the authors stated thatthis sequence is not hornologous to any other 

protein, it is, in fact, identical to that of 2ar/osteopontin determined either by prote in (Prince et al., 

1987) or cDNA sequencing (Oldberg et a!., 1986; Craig et a!., Unplublished). 

Major S.creted Phosphoprot.lns of Normal and Transformed Cultured Cells 

Studies of secreted phosphoproteins have been undertaken in our laboratory to further 

characterize and more importantly to determine to which of the parameters of the transformed 

phenotype they most closely relate, information which is likely to provicle insight as to their functional 

role. The rationale behind initiating these studies is manifold. First, the specifie paUern of secretion of 

these phosphoproteins by normal and transformed ceUs, and in benign and malignant tumar cells 

indicates that they are not secreted !ortuitously and that they have a role to play in the malignant 

phenotype. Second, not many secreted proteins are phosphorylated; these proteins would be 

arnong the few which would aet extracellularly. ihird, ~s phosphoproteins, they deserve further 
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study. sinee phosphoproteins play key roles in cellular reguiaUon. 

To approach this problem. studies in our laboratory have taken advantage of agents such as 

retinoids. which interfere with the transformed phenotype. These have been used to probe the 

effect of reversion of the transformed phenotype on the exprfJssion and phosphorylatlon of these 

secreted proteins. These studies have shown that RSV-transformed rat (RR1022) and vole (SR-H) 

cell lines secrete a phosphoprotein having a molecular weight of 62 kDa called pp62 

(Chackalaparal1l>iI et al.. 1985). Treatment of these ce Ils with retinolc acid (RA) causes a Ioss of some 

properties of the transformed phenotype, particularly the rounded :.lOrphology and anchorage 

independent growth. The kinase activity of pp60Y- SIC and secretion of TGFs were not affected. 

Other transformation-specifie parameters such as alteration of EGF binding, ornithine decarboxylase 

activity. and aspects of cell matrix and skeleton were not examined in this study but were previously 

tound to not be affected by retinoic acid treatment (MukherjEle et aL, 1982). Concomitant with the 

loss of anchorage independent growth and restoration of normal morphology following RA treatment 

was a decrease in secretIOn of pp62 and a graduai appearance of a slightly larger protein of M. W. 69 

kOa (pp69). Examination of nontransformed NRK and Rat-1 cells indicate that they also secrete a 

prote in of the same size. 69 kOa. The 69 kOa phosphoproteins sdcreted by normal cells and bV RA· 

treated RSV-transforrned cells are similar in their V8 protease peptide maps and isoelectric points, and 

also share fragment homology with pp62. An anti-serIJm raised against the NRK-secreted pp69 

eluted trom gel bands precipitates pp69 from NRK and RA-treated RR1022, pp62 from untreated 

RR1022 ce Ils and both pD62 and pp69 trom Ki-MSV-transformed rat (KNRK) ce Ils as weil as MSPs 

from mouse and avian cell lines (Laverdure et al., 1987; Mukhe~ee et aL, unpublished; and RESUl TS 

section). The secretion of either pp69 or pp62 is also 1emperature-dependent ln ts-RSV· 

transformed cells (Mukherjee et al., unpublished). These studies have established a close 

relationship between the secretion of pp69 or pp62 and anchorage dependent or independei1t 

growth in RA-treated and untreated RSV-transforrned cells and tl1ese proteins are now considered as 

markers for nontransformed and transformed phenotypes, respectively. During the course of these 

studies. it has also been found that the secretion and phosphorylation of pp69 in NRK cells is 
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modulated by growth factors (laverdure et al., 1987). EGF alone, or EGt: and TGF-p which induce 

colony formation in NRK cells inerease the secretion of pp69 whereas TGF-P aione decreases il in a 

dose-dependent manner. Anhough there is no direct evidence to demonstrate that the proteins 

studied in this laboratory are related to the ones reported by Senge"s group, the fact that the same 

RR1022 ceilline was found, by both laboratories, to secrete a major phosphoprotein with identical 

molecular weight of 62 kOa indicates that they are most certalnly the same. The cross-reactlvity of 

anti-rat phosphoprotein antisera, prepared ln both laboratories, with major seereted proteins of cells of 

varlous species of origin also supports this view. In addition, sinee the recent N-terminal sequencing 

of transformation-associated pp62 indicates that pp62 is identical to 2ar/osteopontin, the same 

conclusion cou Id be drawn for a relationship between pp69/pp62 and 2ar/osteopontin. 
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V). AIMS OF THIS STUDY. 

This study is a contribution to the characterization of major secreted transformation-sensitive 

proteins described in the previous section. Whereas previous studies have shown that the secretion 

of pp62 or pp69 is a clear indicator of anchorage-independent or -depandent growth, respeàlvely, a 

number observations made in this laboratory indicate that this is not an absolute correlation. Flrst, 

secretion of Iow, albeit significant levels of pp69 by RR1022 cells is occasionally observed. Second, 

ras-transforrned colis such as KNRK cells grow at high efficiency in soft agar but secrete both pp62 

and pp69 , in variable amounts, but not pp62 alone.2 Third, mouse cells, although not as 

rigourously examined, appear to secrete immunologically-related phosphoproteins of Iower rnolecular 

weight (58-65 kOa) regardless whether or not they grow in soft agar. Fourth, NRK cells treated wlth 

EGF and TGF-p can be plated with high efficiency in soft agar but do not secrete pp62. Flnally, wlth 

increasing passages and time in culture, NRK cells, which at low passage secrete uniquely pp69, 

gradually start secreting pp62 in addition to pp69, in nearly equal proportions ahhough their growth in 

soft agar is not increased proportionately. Therefore, secretion of either pp69 or pp62 appears to 

correlate tightly with anchorage dependence or independence only in src-transformed cells.3 

However, because secretion of pp62 is observed in non-src-transformed cells (KNRK cells) and NRK 

ce Ils grown to high passage, at which point Irreversible transformation is more likely to spontaneously 

occur, it appears that secretion of pp62 is associated with irreversible cell transformation and that it Is a 

general phenomenon for ail transfonned cells. 

The question addressed in the experiments described in this study concerns the transformation 

2KNRK cells have not been examinad for their seeretad proteina in the presence of retinoie acld 
Ireatment lince the y are resistant (Mukherjee et aL, 1983) or respond differently to retinole aeld (Jetten e. 
al., 1986). 

3However, secretion of pp62 is Independent of the PTK of the arc proteln aince retlnoie scld affecta It. 
secretion without altering the kinase activity of pp60"" (Chackalaparampil 8t aL, 1885). 
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sensitlvlty of secretion and phosphorylation of MSPs. In this study, the vanadium-induced cell 

transformation is used to probe for what effects thls transformation would have on MSPs. The Initiai 

goal was to determlne whether or not secretion of pp62 will be induced in vanadium-treated cells, 

whlch would support the generality of the phenomenon of secretion of pp62 ln transformed cells. 

Specifically, It will allow to determine whether secretion of pp62 is favored in conditions of increased 

tyrosine phosphorylatlon. This system was chosen because transformation is Induced reversibly, 

therefore making it possible to determine whether secretion of pp62 is restricted to irreversibly 

transformed cells. In addition, because such a system allows to induce transformation in a dose

depandent manner, it allows a better examination of which transformation parameter secretion of 

these protelns is most closely related. Furthermore, in contrast to growth factors, which have 

pleiotropic effects and their mechanisms of action are not precisely known, vanadium acts on relatively 

fewer cell functions. In the micromolar concentrations used in this study most of these actions are, as 

pointed in numerous studies, attributable to inhibition of tyrosine dephosphorylation; other actions 

observed at higher concentrations are, thus excluded. The cellline NRK-49F was chosen to carry out 

this study for its growth properties; it can be plated with high efficiency therefore can be maintained 

easlly. It is also the cell line of choice for the assessment of transformation parameters, and the 

responses to vanadium by a related clone, NRK-1, are known. In addition, most of the initial work on 

secreted phosphoproteins has been carried out using this cellline. 

The other possibility which existed is that phosphorylation of MSPs is also transformation

sensitive, a possibllity which has a sper.ial value in determining the functional role of these proteins 

and in relating phosphorylation to thair function. To address this question, secreted proteins have 

been analysed by two-dimensional gel electrophoresis which separates phosphorylated from 

nonphosphorylated proteins as weil as dHferentially phosphorylated isoforms of a given protein. 

During the course of this study, il has also been reasoned that like most secreted proteins, in 

order for MSPs to carry out a functlonal role, they must, by sorne means, interact with the cells surface. 

Therefore their cell surface localization has been examined by cell surface radioiodination and 

immunoprecipitation. 

-45-



-

-

Beeause both 2ar and osteopontln have both baen found to be seereted phosphoprotelns, 

their immunologieal relationship to MSPs has been examlned. This was Important slnee 

2ar/osteopontin have been eharacterized ln more delal! and thelr prlmary structure, suggestive 01 an 

adhesive function, is known; demonstration of a relationship betwaen these protelns Is of special 

IrT1lOrtance ln both understanding their functional roles and the basls for slze heterogeneHy ln normal 

and transformed cells and Hs possible functional Implications. 
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VI). MATERIALS AND METHODS. 

CELL CULTURE. 

C.II Lin.. and Growth Condition •. 

The ceillines used in this study are: NRK-49F, an normal rat kidney cell line, sub-clone 49F 

(DeLarco and Todaro. [1978J. J. Cell. Physiol., 94:335); KNRK, Kirsten murine sarcoma virus

transformed NRK cells (Aaronson and Weaver. [1979]. J. Gen. Viral., 13:245); RR1022, Schmidt

Rupin Rous sarcoma virus-transformed rat cells (Garbers. [1982J. Virol., 118:419); KA31 , Kirsten 

murine sarcoma virus-transformed mouse Balb/c 3T3 cells (Aaronson and Weaver. [1979]. J. Gen. 

Viral., 13:245); PT-NRK are high passage number NRK cells (~30); agar colony-selected PT-NRK 

ce Ils were obtained by Dr. G. Brasileiro in this laboratory and are available in frozen stock under the 

name Col. NRK xx; [xx] de notes the number of times passaged after selection, before freezing. 

NRK, KNRK, RR1022 and KA31 cells were obtained from the American Type Culture Collection 

(ATCC Rockville, MD) and grown in DMEM supplemented with 10% Newborn Calf Serum (NCS, 

GIBCO) and antibiotics (streptomycin 63 J.lg/ml, penicillin 12.5 J.l.g/ml, and gentamicin sulfate 1.25 

J.l.g/ml.) Cells were fed every second day and subcultured every 3-4 days before reaching confluency. 

NRK cells were routinely assayed for anchorage independent growth, and only early passages were 

used for experiments except where otherwise stated. Ali cell Unes are free of mycoplasma 

contamination as determined by Hoeschst staining (Chen, 1977). 

Cell Treatment. 

Vanadyl sulfate and sodium orthovanadate were purchased from Aldrich Chemical Company and 
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prepared as 1 mM stock solutions ln ddH20, sterillzed by filtration and stored ln allquots at -20 oC 

without any further treatment. Cells were treated by direct dilution of thase stock solutions Into growth 

medium to the final concentration for the periods of lime Indicated for Indivldual experlments. 

ANALYSIS OF CELL GROWTH. 

Monoleyer Growth. 

For the analysis of mono layer growth, NRK ce Ils were prepared by trypsinlsation, counted and 

seeded at a density of 2.4 X 104 cells/3S mm tissue culture dish in seven sets for each concentration 

ln triplicate dishes. The cells were allowed to adhere for 24 hr and vanadyl sulfate andlor sodium 

orthovanadate were added to the desired final concentrations. The initial cell number (day zero) was 

determ!ned by counting the cells in three randomly chosen dishes. The cells were grown at 37 oC, 

fed every third day and counted every 24 hr, starting 24 hr post-treatment. Cells were harvested in 

1.0 ml of trypsin-EOTA (1 mg/ml) at 37 oC for 5 min, then trypsin inhibitor (mg/mg) was added in PBS 

and the cells were aspirated gently through a narrow gauge pipette to separate the cultures into 

single cells in a total volume of 20.0 ml of PBS. For each culture the cell number is determined five 

times using a coulter counter and norrnalized for the reading error of the machine, where applicable. 

For analysis of contact inhibition of growth, cells were tirst plated in vanadium-free medium, 

allowed to reach confluency (4 days) and then vanadium was added to the indicated final 

concentrations. Cells were counted as described above. 

Soft Agar Growth. 

Colony formation assay was carried out, based on that of Macpherson and Montagnier (1964), in 

O.S% agarose (base layer) and 0.3% agarose (soft suspension layer). The base layer was made by 

dilution of a 3% agarose solution with DMEM supplemented with NCS and antiblotics to normal final 

concentrations. Each dish received 5.0 ml of this solution which is then allowed to solidify at room 

temperature for 1 hr or more. The cells were harvested by trypsinisation, counted and resuspended 

in 0.3% agarose in DMEM and adjusted to 5. 103 cells/ml. Two milliliters of the cell suspension were 

-48-



{~ 

( 

(~ 

Materials and Methods. 

poured on the top of the hardened base layer. Where used, vanadium was included to the indicated 

final concentrations in both base and suspension layers. Cuhures were grown in a humidified 

Incubator at 37 oC ln the presence of 5% CO2 and 95% air. Cells were fad every fourth day by adding 

Iresh DMEM in 0.3% agarose. AHer 10 days, the formed colonies were photographed and counted 

under a calibrated grid using an inverted microscope; colonies in five randomly chosen area were 

counted. 

LABELING PROCEDURES. 

M.tabollc Radlolabellng. 

For metabolic radiolabeling, subconfluent, actively growing cells were labeled 24 to 36 hr after 

plating in 35 or 60 mm tissue culture dishes (Nunc) at a density of 5 X104 or 105 cells/dish, 

respectively. For labeling of phosphoproteins, cells were washed twice with serum-free and 

phosphate-free DMEM and incubated in this medium during 0.5-1 hr for phosphate starvation. For the 

treated cells, vanadyl and vanadate were omitted from the incubation medium during this period ta 

avoid accumulation of vanadium to high intracellular concentrations because of the lack of competition 

lrom phosphate which is transported by the same mechanism (Ramasarma and Crane, 1981; Klarlund, 

1985). Cells were then labeled in 1.0 ml of phosphate-free and serum-free DMEM supplemented with 

400 ~Ci/ml of carrier-free (32P)_PO .. l Amersham) for 4 hr at 37 oC in a humidified incubator in the 

presence of 5% CO2. 

For 3SS labeling, ce Ils were laœled as above with 100 J,lCi/ml 01 [3SS]-Methionine (specilic activity 

1.25-1.425 mCI/mmol, Amersham) in 1.0 ml of serum-Iree and methionine-free DMEM in the presence 

01 the indicated concentrations of varadyl after 1 hr of methionine starvation in methionine-free 

DMEM. 

CeU Surface Radlolodlnatlon. 

Radioiodination of cell surface proteins was carried out by the lactoperoxidase procedure. Semi-
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monolayer cultures were washed twice with Dulbecco's complete PBS (see below) supplemented 

wfth 0.9 mM CaCI2 and 0.49 mM MgS04• 7H20). The iodination reaction was carried out ln 2.4 mlot 

complete PBS containirlQ 300 J,lCi of Na(1251] (specifie actlvity 100 J,lCVJ.LI, Amersham), 300 J,ll ot 

P-D-1Jlucose (5 mg/ml, Sigma), 150 J,ll of glucose oxidase (0.5 mg/ml, Fraction VII, Sigma) and started 

by addition of 150 J,llof a 1.0 mg/ml solution of lactoperoxidase (Sigma). The reaction was allowed to 

proceed at room tempe rature for 30 min, then the reaction mixture was aspirated off and the celllayers 

were washed twice with phosphate buffered iodide (PBI; [glL), KCI; 0.2, Na2HP04' 7 H20; 2.16, Nal; 

22.48, KH2P04; 0.2, pH 7.4). Celllysis and immunoprecipitation were carried out as descrlbed below. 

SAMPLE PREPARATION. 

Condltloned Midi •• 

After the labeling period, conditioned media were collected ,in eppendorf mlcrofuge tubes and 

adjusted to 5 mM phenylmethylsulfonyHluoride (PMSF). Floating ce"s were peleted intact by low 

speed centrifugation at 2,500g for 5 min and cell debris were further removed trom the supernatant 

by centrifugation at 10,OOOg. The cleared conditioned media were used immediately or stored at -20 

oC until use. 

For electrophoretic analysis of radiolabeled proteins in the conditioned media, aliquots 

containing equal triehloroacetie acid (TCA)-precipitable 35S counts were precipitated by addition ot 4-6 

volumes of acatone or adjusting to 12% TCA and incubation at 4 oC for 1 hr. The precipitated 

proteins were then peleted at 10,000g for 10-15 min at 4°C and the supernatant aspirated off in the 

case of acetone precipitation; in the case of TCA precipitation, the supernatant is first neutralized by 

0.75 M fm: hydrochloride, pH7.2, incubated for 3-5 min at room temperature and then discarded. The 

prote in pellets were washed twiee with iee-cold acatone (0.45 ml) allowed to dry at room temperalure 

(5 min) and dissolved by heating at 95°C in Laemmli SOS-PAGE sample buHer (0.07 M Tris-HCI pH6.8, 

3% SOS [WN), 5% p-mercaptoethanol, 10% glycerol, 0.01% bromophenol blue) tor one dimensional 

gel electrophoresis, or dissolved (without heating) in iso-electrie focusing Iysis butfer of O'Farrel (9.5M 

urea, 2.0% NP40, 1.6% pH7-5 ampholytes, 0.4% pH3-10 ampholytes, 5.0% p-mercaploethanol) tor 
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iso-electric focusing. 

For Westem immunoblotting, unlabeled conctitioned media ("25 ml) of sub-confluent NRK cells, 

growlng in roller boUles were harvested and cleared from flaating cells and debris by centrifugation as 

above. The media were adjusted to 5.0 mM PMSF and concentrated by ultrafiltration in a stirred cell 

chambar (Amicon) fiHed with a YM-S membrane (Diaflo) at 4°C. The concentrated media were cleared 

by centrHugtion at 20,OOOg. A typical preparation form a subconfluent culture of cells growing in a 

rOller bottle (-5.105 cells) yields about 0.75-2.0 mg of protein (as determined using Bio Rad protein 

assay kit, using BSA as a standard). The proteins were further Iyophilized and redissolved in SOS

PAGE sample buffer or IEF Iysis buffer. 

CeU Lysat ... 

Afler labeling, the cells were washed three times with 5.0 ml of Dulbecco's phosphate buffered 

saline (PBS; [glL) , Kel; 0.2 g, KH2P04; 0.2 g, NaCI; 8.0 g, Na2HP04 • 7H20; 2.16 g, pH 7.4) and 

incubated on ice in 0.7 ml of radioimmunoprecipitarion assay (RIPA) buffer (50 mM Tris-HCI pH 7.2, 

0.15 M NaCl, 1% TritonX-l00, 1% sodium deoxycholate, 0.1% sodium dodecyl suffate, 100 Kallikrein 

inactivator units of aprotinin/ml, SmM PMSF, 5.0 J.l.g/ml trypsin inhibitor) for 15 min. The residual 

insoluble material is scrapped using a rubber policeman and the Iysates were vortexed briefly to assist 

dissolution and centrifuged at 10,OOOg at 4 oC for 25 min. The supernatant is used immediately or 

stored at -20 oC until use. 

IMMUNOLOGICAL TECHNIQUES. 

The antisera used in this study are: Anti-p69 prepared in this laboratory by Dr. 1. 

Chackalaparampil. It was raised by injecting rabbits with gel-purified p69 obtained from the culture 

supernatants of NRK ce Ils grown in serum-free medium. Anti- fibronectin antibody was purchased 

from Collaborative Research and was raised against purified human plasma fibronectin. Anti-2ar 

antiserum was obtained from Dr. O. Oenhardt (Cancer Research laboratory, University of Western 

Ontario). It was obtained as a mixture of two antisera raised in rabbits against (N-terminus and C-
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terrninus)2ar-Cro-pgal fusion protelns produced in bacterla. Antl-P-Tyr monoclonal antlbody, 1G2, 

coupled to CNBr-actlvated Sepharose was obtained from Dr. J. Bell (Department of Blochemistry, 

McGIII University). 

Immunopr.clpltltlon. 

AUquots of conditioned media containing 5.104 cpm of 32p or 105 cpm of 35S were diluted wlth 

one volume of RIPA buffer. Celllysates were used without further dilution. Flfty mlcrollters of antl-p69 

antiserum were added and the mixture is incubated for 2 hr or overnight at 4"C in sillconizad microfuge 

tubes with continuous end-to-end agitation. Non-immune serum was also used as a control. Thirty to 

fifty microllters 01 100 mg/ml suspension of Staphylococcus aureus proteln A-Sepharose (3-5 

mg/reaction) were added and incubated for one additional hr. The immune complexes bound to 

protein A-Sepharose were peleted by centrifugation and washed, by pelleting/resuspenslon, four 

times in 0.7 ml of RIPA buffer and once with PBS. The beads were finally transferred to clean tubes ln 

1.0 ml of PBS, peleted, washed in 250 III of ddH20 and dried. Proteins were eluted by heating for 3 

min in SOS-PAGE sample buffer and analysed or with the appropriate (enzyme assay) buffer for further 

analysis (see below). 

Afflnlty Purification of PhOlphotyrolyl Prot.ln •. 

For affinity purification of P-Tyr-containing proteins, sub-confluent cultures were first labeled 

with 1.0 mCi of [32P]-P04 for 3 hr. After labeling, the culture plates were immediately transferred onto 

ice and the labeling medium removed. Then, each culture received 0.4 ml of extraction bu"er (1% 

Triton X-100, 10 mM Tris/HCI, pH 7.6 lat 4 OC], 5 mM EDTA, 50 mM NaCl, 30 mM sodium 

pyrophosphate, 50 mM NaF, 100 ~M Na3V04, and 0.1% BSA) extemporaneously adjusted to 1 mM 

PMSF. The monolayers were scrapped twice in 0.4 ml of extraction buller into microfuge tubes. 

Extraction was carried out for 20 min on ice with fraquent vortexing to assist extraction. The extracts 

were cleared by centrifugation for 15 min at 10,OOOg at 4 oC. Aliquot5 of the cell extraets were the 

added to tubes already containing 20 IJ.I of 50% anti-phosphotyrosine-Sepharose beads in extraction 

buffer. The mixtures were incubated for 2.5 hr at 4 oC with conHnuous end-to-end agitation. The 
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beads were then washed as above by peleting/resuspension 3 tlmes in 1.0 ml of extraction buffer and 

twlce in modified extraction buffer (without BSA). Bound phosphotyrosyl proteins were specifically 

eluted by incubation for 10 min at 4 oC in elution buffer (extraction buffer without BSA; with 0.01% 

ovalbumin; with 1.0 mM phenyl phosphate as P-Tyr competitor) with occasional vortexing. The 

beads were then peleted by centrifugation for 10 sec at 10,OOOg and the supernatants (- 40 J'I) 

containlng P-Tyr-proteins were collected using a Hamilton microsyringe. Samples were diluted with 

one volume of 2X SOS-PAGE sample buffer, heated at 95 oC and resolved by SOS-gel electrophoresis. 

Immunoblottlng. 

Protein samples were Ioaded along the top of a 4% polyacrylamide stacking gel at 150-200 J1Q of 

protein par centimeter of gel and fractionated on a 10% polyacrylamide resolving gel. At the end of 

the run, the gel is rinsed in water and equilibrated for 1 hr in 0.02 M Tris-base, 0.192 M glycine (pH 

8.3), 0.1% SOS and 20% methanol (equilibration buffer) on a rotary shaker. Prote in transfer to 

nitrocellulose filter is carried out electrophoretically for 16 hr at 250 mA at room temperature in the 

buffer above without SOS (transfer buffer). The efficiency of the transfer is monitored by coomassie 

olue staining of gel strips prior and after the run and by the migration of prestained molecular weight 

marker (Rainbow Markers, Amersham). The blotted filter is washed in 10% ethanol in PBS to remove 

residual SOS, rinsed three times in PBS and incubated in 100 J'g/ml of bovine serum albumin in PBS 

for 16 hr at 4°C. The filter is then rinsed and dried at room temperature and a line is drawn across the 

bottom of the filter to help in manipulation in the subsequent steps. Individual 0.75 cm strips were eut 

from the filter and incubated separately with specifie antisera. Anti-fibronectin and anti-p69 were used 

al 1 :500 and 1 :250 fold dilutions in TB ST (50 mM Tris-HCI pH 7.9, 150 mM NaCI and 0.05% 

Tween20), respectively. Non-immune serum is used at 1 :250 dilution. The filters were incubated at 

room temperature for 1.5 hr with continuous shaking, followed by three washes in 10.0 ml of TBST. 

Detection of bound primary antibodies was carried out by incubation with biotinylated goat anti rabM 

IgG and subsequently by staining with avidin-biotinylated horseradish peroxidase (A-BHRP), following 

the supplier's instructions (Clontech taboratories Inc., Palo Alto, CA). Incubation with goat anti rabbit 
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anti-rabbit IgG (1.5 mg/ml) was C8rried out in 10.0 ml of TeST (1 :500 dilution) at room temperalure for 

30 min with constant shaking. The filters were subsequently washed ln Ihree changes of TB ST and 

incubated with the A-BHRP complex. The A-BHRP complex Is prepared 30 min before use by mixlng 

40.0 J.lI of avidin solution and 40.0 J.lI of biotin horseradish peroxldase conjugate (concentrations not 

specified by supplier) in 10.0 ml of TeST. After incubation at room temperature for 30 min as above, 

the filters were washed thoroughly in TBS and incubated for 30 min in the substrate solution (0 5 

mg/ml 4-chloro-1-naphtol, 8.3 M imidazole, 0.012% H20 2) in 83% TBS (TBST without Tween20) 

made up from stock solutions immediately before use. After the stainlng developed, the tilters were 

washed thourruoghlg in ddH20, dried and pholographed. 

ENZYME TREATMENTS. 

VS Protels. Dlgesllon for Peptide Mapplng. 

ln situ peptide mapping by limited proteolysis using S. aureus va protease (Cleveland et al., 

1977) was carried out as described by Gooderham (1984). Relevant protein bands were located on 

1-d and 2-d gels by radiography, excised and incubated in 5.0 ml of equilibration buffer (125 mM Tris

HCI pH 6.a, 0.1 % SOS, 1 mM Na2-EOTA) with gentle shaking for one hr. Gel slices were then placed in 

wells of a 5.0 cm long, 4% SOS·PAGE stacking gel. The sllces were overlaid with 30 J.lI of overlay buffer 

(125 mM Tris-HCI pH6.a, 0.1% SOS, 1.0 mM EDTA, 20% glycerol and 0.001% bromophenol blue). 

0.05 J.lg of va protease (Sigma) were added per gel slice in a total volume of 10.01l1 in prolease buffer 

(125 mM Tris-HCI pH6.a, 0.01% SOS, 1.0 mM Na2-EDTA, 20% glycerol and 0.001% bromophenol 

blue) prepared by dilution of a stock solution of 1.0 mg/ml of protease (in water) stored at -20"C in 

trozen aliquots. Electrophoretic migration through the stacking gel was performed at 20 mA constant 

current. Peptides were resolved in a 15.0 cm long 15-20 % linear gradient gel at 40 mA and visualized 

by exposing to a Fuji XAR film for 10 days at -70 oC. 

Blcterlal Collagenas. Digestion. 

Collage nase treatment was carried out by the modification described by (Broek et al., 1985). 
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Briefly, 35S-labeled conditloned media (2.0 ml) 'rom NRK and vanadyl-treated NRK cells were desalted 

by two rounds of dilution in collagenase assay buffer (5 mM TrisIHCI, pH 7.6, 200 mM NaCl, 5 mM 

CaCI2 and 10 mM NEM) and concentration by ultra-filtration through centricon (YmS, Amicon) 

membrane, and tinally brought to approximately 10% of the starting volume. Aliquots were diluted 

with 2 volumes of collagenase buffer and ten units of bacterial collage nase (Advanced Biofactures) 

were added and incubated for 18 hr at 25 oC. Control samples without the enzyme were also 

included. Proteins recovered by TCA precipitation were dissolved in reducing SOS-PAGE sample 

butter, and analysed by electrophoresis. 

Alkalln. Phosphatait Treatment. 

Alter immunoprecipitation and washing of 355_ and 32P-labeled pp69, the immune complexes 

coupled to protein A-Sepharose were suspended in phosphatase assay buffer (50 mM Tris/HCI, pH 

7.4, 50 mM NaCl, 2 mM PMSF, 1.0 mg/ml trypsin inhibitor and 100 kallikrein inactivator units of 

aprotinin/ml) and 2 Units of bacterial alkaline phosphatase (Sigma) were added. The mixtures were 

incubated at 25 oC for 16 hr with gentle agitation in a total volume of 250 Ill. The beads were then 

collected by centrifugation and the proteins were eluted and dissolved in Iysis buffer for two

dimensional gel electrophoresis or in sample buffer for SOS-PAGE. 

Neuramlnldase Digestion. 

Neuraminidase treatment was carried out as described (Le Cam et al., 1985; Cunningham et al., 

1984). 32P-labeled NRK conditioned media were immunoprecipitated as above. Afterthe final rinse 

in distiUed water, the immune complexes were resuspended in 40 III of 0.5% SOS, heated to 95 oC for 

3 min and 160 III of H20 were added to bring the concentration of SOS down to 0.1%. The samples 

were heated again at 95 oC for 3 min, then centrifuged to pellet the beads. The supernatant 

containing the eluted proteins was separated into Iwo halves to which one volume of double strength 

(2X) neuraminidase assay butter (0.2 M sodium citrate, 4 mM CaCI2, 0.4 mM EOTA, pH 5.5, adjusted 

extemporaneously to 1 mM PMSF). To one half-sample 5 III of Clostridium perfrigens neuraminidase 
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(Sigma) solution (10 UlJ.LI; in neuraminldase buffer, stored ln aUquots at -20 OC) were added, The 

samples were incubated at 37 oC for 18 hr. Protelns were concentrated by TCA precipitation, 

dissolved in SOS-PAGE sample buffer and analysed. 

Enda H Dlglitlan. 

For endo-p-N-acetylglucosaminidase H (Endo H) treatment (Cunningham et al., 1984, Julius et 

al., 1984), samples were prepared as above except that they were dlluted in 2X Endo H buffer (0.3 M 

sodium citrate, pH 5.5) and extemporaneously adjusted to 5 mM PMSF. Endo H (Sigma) was added to 

25 mU/mi and the digestion was carried out for 37 oC for 18 hr. After digestion, samples were 

processed for SOS-PAGE as described for neuraminidase treatment. 

ANALVTICAL PROCEDURES 

Slab Gel Electraphoresls. 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SOS-PAGE) was carried out using the 

discontinuous gel system of Laemmli (1970). Proteins were separated on a 10% polyacrylamide gel 

made trom 13.3 ml of a stock solution of 30% acrylamide:N, N-methylene bis-acrylamide (29.2:0.8), 

10.0 ml of a resolving gel buffer (1,5 M Tris Hel pH 8.8,0.4% SOS) and ddH20 to 40.0 ml final volume. 

Polymerization was initiated by addition of ammonium persulfate (APS) and N,N,N', N'

tetramethylethylendiamine (TEMEO) to 0.05 and 3.3 mM final concentrations, respectively The gels 

were casted 10.0 cm long and 1.5 mm thick, overlaybd with 0.5 ml of ddH20 or 50% isopropanol and 

allowed to polymerize at room temperature for 1 hr or more. The stacking gel is made 4% 

polyacrylamide from the same acrylamide stock solution above (1.8 ml) and 3.0 ml of stacklng gel 

buffer (0.5 M Tris-Hel pH 6.8, 0.4% SOS) and ddH20 to 12.0 ml final volume. APS and TEMEO were 

added at the same final concentrations, and polymerization was achieved ln 30-60 min. 

Electrophoresis was carried out st 55 V constant voltage or 12 mA constant current for 14-17 hr in a 

freshly made running buffer (0.25 M Tris-base, 0.92 M glycine and 1% SOS. pH 8.8). Tho gels were 

calibrated with 14C-methylated or prestained molecular weight markers (myosin 200.0 kDa, 

-56-



( 

MlJteriIIls and Methods. 

phosphorylase b 92.5 kOa, bovine serum albumin 69.0 kOa, carbonic anhydrase 30.0 kOa, trypsin 

inhibltor 21.5 kOa and lysozyme 14.3 kOa, Amersham). For 35S-labeled proteins, the gels were rinsed 

briefly in ddH20 and incubated in 16.0% sodium salicylate for 30 min, at room temperature wlth gentle 

agitation. The gels were then dried on Whatmann 3MM paper and fluorographed. Gels containing 

32P-labeled proteins were dried immediately alter a brief rinse in water and autoradiographed. The 

gels were exposed to Kodak XR-5 or Fuji RX films in a cassette with double intensHying sereens for 3 

days to 2 weeks (Fluorography) or 24-72 hr (autoradiography; Laskey and Mills, 1977) al -70°C. 

Two Dlmenslonal Gel Electrophoresls. 

Two dimensional iso-eledric focusinglsodium dodecyl suffate polyacrylamide gel eledrophoresIs 

(2-d IEFISDS-PAGE) was carried out as described by Pollard (1984) based on the original procedure of 

O'Farreli (1975). For the first dimension, IEF gel solution (10.0 ml) was made by dissolving 5.5 g urea 

in 1 .33 ml of 30% acrylamide stock solution (28.38% [w/v] acrtlamide, 1,6~k (w/v] bisacrylamide, 2.0 

ml of 10% Nonidel P-40, 0.6 ml of ampholines pH 5-7, 0.11!; ml of ampholines pH 3-10 and 1.7 ml of 

ddH20. The solution is degassed under vacuum for 5 min ?nd 7.0 Jil of TEMED and 10.0 l,tI of 10% APS 

were added. Gels were casted 10.0 cm long in 1.5 mm int'3mal diarneter and 12.0 cm long glas tubes. 

They were overlayed with 20.0 Jil of ddH20 and allowed to polymerize for 1 hr or more. Affer 

polymerization the gel &dges were washed in ddH20, then the tubes were placed in electrophore~!s 

tank and and t~e oels were ove ria id with 20 Jil of IEF Iysis buffer (9.5 M urea, 2% v/v NP-40,1.6% 

ampholines pH 5-7,0.4% ampholines pH 3-10, 5.0% [VN] p-mercaptoethanol, stored in aliquots at-

20°C) and 20 Jil of sample overlay butter (8.0 M urea, 0.8% ampholines pH 5-7, 0.2% ampholines pH 

3-10, stored in 0.5 ml ahquots at -20 OC) and filled with cathode electrode solution (see below). The 

pH gradient is established by pre-electrophoresis at 200 V for 15 min, 300 V for 30 min, and 400 V for 

1 hr or more in 20 mM degassed NaOH (cathode electrode solution, prepared from 1.0 M NaOH stock 

solution) and 10 mM phosphoric acid (anode electrode solution, prepared from 1.0 M stock solution 

of H3P04). At the end of the pre-run, the gel tops were washed three times with ddH20 and the 

samples Ioaded in 30-70 Jil volumes in Iysis butter, overlayed with sample overlay solution and the 

tubes filled with cathode solution. Focusing is performed at 400V for 17 hr and 800V for 1 hr in the 
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same anode and cathode electrode solutions. Prestained IEF markers (Bio Rad) were also run to 

monitor the focuslng, and to allow comparlsons to be made between dlfferent runs. At the end of the 

focusing, gels were removed from the casting tubes and placed Indlvldually ln 5.0 ml of SOS·PAGE 

equilibration buffer (0.06 M Tris-Hel pH6.8, 2% w/v SOS, 5% v/v p-mercaploethanol, 10% v/v 

glycerol), and stored -20°C if not 10 be used immediately. Equilibration was ac~!"vad by Incubation of 

the gels in three changes of 5.0 ml equilibration buffer, 30 min each. For approximate determlnatlon 

of iso-electrie points, four "blank" gels focused with the samples, and were allgned agalnst e8ch 

other, eut inlo 0.5 cm pieces and incubated in 7.0 ml of degassed deionized ddH20 ln capped viais 

ovemight on a rotary shaker. The pH range in the IEF tubes was determlned by pH reading in 

individu al vials. 

For the second dimension, slab gels were made 10% resolving and 4% staeking polyaerylamlde 

gels as above. The equilibrated IEF gels were layered atop the staeking gel, sealad in place wHh 1% 

agarose in SOS·PAGE sarJ1)le buffer. Ali the subsequent steps were earried out as described above 

OTHER METHODS. 

Alkall Tr •• tment of 32p Gell. 

Alkali treatment was carried out as described by Feuerstein and Cooper (1983). Gels 10 be 

Irealad were first fixed in 50% melhanol and 10% acelle aeid for 30 min, dried and autoradiographed 

The dried gels were rehydrated by soaking in 1.0 M NaOH for 30 min at room lemperature with gentle 

shaking. Filter paper and debris were removed, and the gels were extracted in 1.0 M Na OH at 37 QC 

for 1 hr, followed by three washes in 1 M NaOH and re·extraction as above. The gels were f,"ally 

rinsed in distilled water anL :"'cubated for 2 hr in 7.0% acetie aeid, 7.0% methanol, drled and ra· 

exposed. 

D.termlnallon of Acld·lnlolubl. Radlo.ctlvlty. 

For determination of radioactivity incorporated into proteins, 10.0 J.l.1 aliquots (in duplicates) were 
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Materillls and Methods. 

taken form various samples and added to 0.5 ml of 50 pglml of a solution of bovine serum albumin. To 

the mixture are added 2.5 ml of 20% ice-cold TCA and incubated on ice for 10-30 min. The 

precipitates were collected on 0.45 J.lIT'I pore diameter filters (Millipore) or on Whatmann glass fiber 

dises. The filters were washed four times with 5.0 ml of cold 5% TCA, driad and counted by 

scintillation counting in 20.0 ml of 0.4% omnifluor in scintillation1lrado toluene. 

Pr.paratlon of M.mbran. Y"lcl ••. 

Membrane vesicles were prepared as described (Banerjee et al., 1986). Briefly, 32P-labeled 

cultures were rinsed 3 times with iee-cold PBS or serum-free OMEM, than scrapped into 15 ml Falcon 

tubes in 2 ml of colet OMEM and incubated on ice for 2 hr (cold shock) and for 2 hr al room terT1)8rature. 

The tube contents were then layerad atop of a discontinuous 5%-10% Ficoll (Pharmacia) gradient and 

centrifuged for 12 min at 5,OOO-7,OOOg in a clinical centrifuge. Membrane vesieles near the 5-10% 

Ficoll interface were collected and peleted by centrifugation at 12,000 rpm in a TI ss34 rotor (Sorvall). 

After removing the supernatants, the vesieles were dissolved in SOS·PAGE sample buHer. Volumes 

(10-70 J.1I) containing equal acid-insoluble cpms were Ioaded on 10% SOS-PAGE gels and analysed. 
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VII). RESUl TS. 

ChlrlcllrlltlCi of NRK C'"I Grown ln tilt prn.ne. of Vlnldlum. 

As an initial step in this study, the concentration of vanadyl sulfate whieh allows optimum growth 

with minimal toxicity has been deterrnined. NRK cells were grown for several days ln DMEM ln the 

presence of various concentrations of vanadyl sulfate ranging from 0 to 50 ~M. These Initiai 

experiments indieated that NRK ce Ils can be maintained for long periods of tlme in presence vanadyl 

sulfate in concentrations up to 40 ~M provided normal culturing conditions are maintained. 

Concentrations abo 'le 40~M are toxie partieularly for sparse cultures. 

Morphologlell Transformation of Vlnldyl Sulflt.-Trlatld e'"I. 

Figure 1 shows the morphologieal appearance of untreated and treated NRK ce Ils grown for 

three days in presence of various concentrations of vanadyl sulfate Untreated NRK cells have a 

normal, fiat morphologieal appearance of normal fibroblasts (Fig. 1, A). Aftar reaching confluancy, 

they align against each other in regular arrays forming a uniform monolayer at whieh stage further 

growth is inhibited. In contrast to NRK cells, treated cells, depending on vanadyl concentratIOn (Fig 

1, B-I1), show a full spectrum of morphological changes ranging from polygonal to extremely rounded 

shape wlth long cytoplasmic processes characteristie of transformed cells. At confluence, treated 

ce Ils do not form contact-inhibited monolayers but grow on top of each other '" multllayers and altain 

high cell densities. 

The extent of morphologlcal transformation IS dose-dependent Cells grown in medium 

containing more than 40 ~M vanadyl are extremely rounded, adhere poorly to the culture substratum 

and cell detachment otten occurs. However, the detached ce Ils are still viable as indicated by thelr 

ability to re-adhere and grow once transferred to vanadyl-free medium or media containing lower 

vanadyl concentrations The time of onset of transformation also depends on vanadyl concentration, 

but generally 48-72 hours of treatment allow treated ce Ils to dlsplay maximum degrees of 

transformation at their respective doses Finally, removal of vanadyl from the culture medium causes 

the cells to regain their normal morphology. The results show that NRK cells can be cultured ln 

-60-



l 

( 

Results. 

presence of up to 40 ~M vanadyl without any toxie effects. They also show that morphologieal 

transformation is completely reversible and dose-dependent. 
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Figure 1. Morphologieal transformation of NRK cells by vanadyl sulfate treatment. 

Bright field photomicrographs of untreated and vanadyl-treatect NRK cells. Cells were 

grown in absence (A) or presence of 5, 10, 20, 25, 30, 35, and 50 !lM vanadyl sulfate 

(S-H). Cells were photographed using an inverted microscope. 
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Results. 

Monolly.r Growltl of NRK C.lla ln th. Prlllnc. of Vlnldyl Sulfite. 

Neoplastic cells have deregulated growth control and as a result, they generally have stKJrter 

population doubling times than normal cells, they are not sensitive to serum starvatlon and thelr 

growth is not contact-inhibited (Holley, 1975). Vanadium ions are mltogenic for a numbsr of celillnes 

and mimic the actions of growth stimulatory factors (Carpenter, 1981; Smith, 1983). After establlshlng 

that cells can be grown for several days in presence of up to 40 p.M vanadyl sulate with minimum 

toxicity, the growth properties of NRK ce Ils in presence of various concentrations of vanadyl sulfate 

were examined. This was important sinee it can indicate whether or not, and to wh\ch extent, vanadyl 

treatment mimics oncogenic transformation-induced effects on cell growth. In order to examine the 

effects of vanadyl on NRK cell growth, NRK cells were plated in various concentrations of vanadyl 

sulfate and counted every 24 hours starting 24 hours aher treatment. Figure 2A shows that the 

overall growth is stimulated in V-NRK cells as early as 24 hours post-treatment. At the active phase 01 

growth, stimulation is much higher at Iow vanadium concentrations than at higher ones. but as the cell 

number increases growth stimulation becomes evident even at high concentrations (35 J.1M) The 

maximum growth stimulatory effect of vanadyl is at 10-20 J1M and depends on cell nunt>er and vanadyl 

concentration. 

Alter day 4, having reached confluency, untreated NRK cells stop growing due ta contact 

inhibition of growth. V-NRK cells, on the other hand, continue to grow and reach high densities 

indicating that the y have Iost contact inhibition of growth. The Ioss of contact inhibition in V-NRK cells 

is dose-dependent and is iIIustrated in Figure 28 where ce Ils were treated with vanadyl sulfate only 

aher the cultures reached rnonolayer. These results demonstrate that vanadyl confers to NRK cells 

other properties of transformed cells, namely high mitotic activity and loss of contact inhibition of 

growth. 
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Figure 2. Mono/ayer growth of NRK cells in presel7Ce of vanady/ sulfate. 

A. CeUs were treated with the indicated concentrations of vanadyl suHate 24 hours 

after plating 2.4 X 104 ceUsl35 mm tissue culture dish. The cell number at each time 

point in each growth curve represents average cell number of triplicate cultures (± 5.0.). 

B. CeUs were grown in duplicate 35 mm culture dishes for 5 days to reach confluency, 

then treated with the indicated concentrations of vanadyl suHate. Cell counting started 

24 hours after treatment. The results show average cell number/duplicate cultures of 

one representative experiment. 
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Results. 

Ancllorlg. Ind.p.nd.nt Growtll Of V-NRK e.uI 

ln order to investigate any effect of vanadium-i'lduced transformation on major secreted 

transformation-sensitive phosphoproteins (MSPs), il was important to determine first at which extent 

phenotypic transformation is induced. Because anchorage independent growth is the most 

consistent in vitro correlate of transformation, the growth of NRK ce Ils in soft agar in presence of 

vanadyl was examined. Untreated and vanadyl-treated NRK ce Ils were plated in soft agar to assay for 

their ability for anchorage-independent growth KNRK, RR1022 and KA31 cells were also grown in 

the same conditions as positive controls. Figure 3A shows the colonies formed by NRK, V-NRK and 

KA31 cells 10 days after plating. RR1022, KNRK (not shown) and KA31 (Fig. 3A, e) ce Ils formed 

numerous well-defined colonies whereas NRK cells did not (Fig. 3A, a). Vanadyl-treated ce Ils formed 

colonies varying in size and number depending on vanadyl concentration (Fig. 3A, b-d). At high 

concentrations (20-35 J.lM) a large number of colonies were formed although of reduced size. At 

lower concentrations (5-15 J.lM) smaller number of colonies with larger size were formed.(Fig.3B). 

Further cuhuring for 10 more days did not increase the size or the number of the colonies formed by 

V-NRK cells. whereas colonies formed by RR1022, KNRK and KA31 cells continued to grow to larger 

sizes. This indicates that the growth arrest of V-NRK colonies could be due to toxicrty of vanadyl (see 

DISCUSSION) However, the ce Ils from the growth-arrested colonies spread and grew again when 

plated on a solid substratum indlcating that they were still viable. When these ce Ils were plated again 

in vanadyl-free soft agar medium they failed to form colonies indicating that vanadyl conferred 

anchorage-independent growth to NRK ce Ils in a reversible manner. These results indicate that the 

phenotypic transformation of NRK cells is extended to the ability for anchorage-independent growth. 

This ability is acquired in a dose-dependent and reversible manner, but is limited by comaprison to 

virus-transforrned cells. 
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Figure 3. Anchorage independent growth of NRK cells in presence of vanadyl 

sulfate. 

A. Cells were pretreated for 3 days with the indicated concentrations of vanadyl 

sulfate to induce transformation, then plated in soft agar at a density of 104 cells/5O mm 

tissue culture clsh as described in MATERIALS AND METHODS. The assay was carried 

out for 10 days then photographed using an inverted microscope. Randomly chosen 

areas in one experiment are shown. a: untreated NRK cells, b, c and d: NRK cells 

treated with 5,15, 1 nd 35 J,l.M vanadyl suHate, respectively, e: KA31 cells. 

B. Quantitative analysis of colony formation by vanadyl-treated NRK cells. Cells were 

plated at a density of 104 cellslsoft agar assay in triplicate cuhures and grown for 10 days 

as above, in presence of indicated vanadyl concentrations. The colonies formed in five 

randomly chosen areaslassay were counted visuallv under a calibrated grid using an 

inverted microscope. Columns indicate thl3 total number of colonies formedlassay (± 

S.D). Inset bars represent the number of colonies with a diameter S20J,l.m. 
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Res/dts. 

PhOlphorylltlon of Tranlformltlon·Mark.r PII.ml Membran. Prot.lnl. 

Previous studies from this laboratory have established that phosphorylatlon of a group of low 

molecular weight (14-30 kDa) proteins, associated with shed plasma membrane vesicles, Is tlghtly 

correlated with the ability of cells to grow in an anchorage Independent manner. Such protelns are 

phosphorylated in transformed cells, but remain nonphosphorylated in nontrar.slormed and ln certain 

transformed cells after treatment with retinoic acid (RA). In addition, it has been suggested that RA 

inhibits anchorage independent growth by interfering with the phosphorylation of these protelns 

which can be considered as a marker for transformation (Banerjee et al, 1986). Therefore, we 

determined whether or not this marker is expressed in vanadium-treated NRK cells. Shedding of 

plasma membrane vesicles by 32P-labeled cells was cold-induced and vesicles were puriliod as 

described in the METHODS section. Figure 4A shows that membrane vesicle preparations from 

RR1022 ce Ils contain 5-7 major phosphorylated proteins in the 14-30 kDa range (Jane 4) whereas 

similar preparations from NRK cells do not (fane 1). Treatment 01 NRK cells with either vanadyl or 

vanadate, at a concentration and length of time which induce transformation, did not induce the 

phosphorylation of these proteins (fanes 2 and 3, respectively). Examination of membrane veslcles 

prepared from high passage NRK cells, which show significant growth in soft agar and a proportion of 

which are transformed, ind/cates that they contain these phosphoproteins (Fig. 48, Jane 1) 

Treatment with vanadyl or vanadate does not alter their phosphorylatiQn (lanes 2 and 3, respectively). 

These experirnents indicate that vanadium does not induce transformation by inducing 

phosphorylation of this group of Iow molecular weight plasma membrane proteins. This aise indicates 

that phosphorylation of these proteins is not under direct control of PTKs and PTPases, whlch IS 

consistent with the findings that they are not phosphorylated in NRK cells in response to EGF 

treatment (Pentney and Mukherjee, Unpublished). 

-67-



Figure 4. Phosphorylation of low molecu/ar weight proteins associated with shed 

plasma membrane vesicles. 

Shedding of plasma membrane vesicles was induced &ly a cold shock then the vesicles 

were purifieJ by centrifugation through a Ficoll gradient. Proteins were solubilized by 

sample buffer and aliquots containing equal ("'50,000) acid-insoluble 32p cpm were 

analysed by SOS-PAGE. 

A. Shows phosphoproteins associated with membrane vesicles of NRK cells (fane 1) 

and vanadyl- and vanadate-treated NRK cells (/anes 2 and 3, respectively) and RR1022 

cells (fane 4). 

B. Phosphoproteins of untreated (/ane 1) , vanadyl- and vanadate-treated (/anes 2 

and 3, respectively) PT-NRK ceUs. 

The phosphoproteins of interest are indicated by brackets. Exposure time is 24 hours. 
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Results. 

Tyrolyl·Prot.'n Pholphorylatlon. 

Similar effects on cell morphology and growth characteristics have also baen obtained by treating 

NRK cells with vanadale, which are in agreement wilh Ihe resulls reported by Klarlund (1985). 

Although a number of studies have indicated that vanadale in this concentration range acts by 

inhibiting phosphotyrosyl-protein phosphatases, this has not been demonstrated for vanadyl in vivo 

or in vitro. In an attempt 10 delermine wh ether vanadyl also aets by increasing P-Tyr-proteins, total 

cell phosphoaminoacid analysis was carried out by the method of Cooper and Hunter (1983), but 

without conclusive results; P-Tyr residues were not consistently detected either in un:reated, 

vanadate-treated, vanadyl-treated NRK cells. or in RSV-transformed RR1022 cells (not shown). 

Therefore, i mmunoaffi nit y purification, a more sensitive and a much simpler method, using anti-P-Tyr 

monoclonal antibody 1G2 was carried out. Untreated NRK and RR1022 ce Ils as controls, and NRK 

cells treated for 4 days with 25J.1.M vanadyl and vanadale were analysed. Because the sensitivity of 

RR1022 cells to vanadium treatmenl is not known, they were treated only overnight with the sa me 

concentrations of vanadyl and vanadate and examined for comparison. Ce Ils were then metabolically 

labeled with [32P]P04 , extracted and P-Tyr-protains purified as described in MATERIALS AND 

METHODS. Figure 5 shows that NRK ce Ils contain a basal level of P-Tyr-phosphorylated proleins 

(Jane 1) which is increased by both vanadyl (Jane 2) and vanadate (Jane 3) treatment, as indicated by 

the increase in the intensily of the bands. In RR1022 ce Ils (Ja;,e 5), the basallevel of P-Tyr-proteins 

is higher than in NRK cells and is also increased by bolh vanadyl (Jane 6) and vanadate (Jane 7) even 

after only 18-24 hr of treatment. In both cases. however, vanadate is (2-4 limes) more effective in 

increasing the the levels of P-Tyr-proteins than vanadyl. 

It is likely that not ail the radioactive 32P[P041 detectable on the autoradiograms is incorporated in 

the form of P-Tyr; Ihese proteins could be phosphorylated on serine and Ihreonine as weil, as is 

otlen the case for most known PTK substrates Nevertheless, alllhe purified proteins should contain 

phosphotyrosine sinee both adsorption and elution of these proteins ara specifie to 

phosphotyrosine: the antibody recognizes P-Tyr, but not P-Ser or P-Thr, and the eluting agent, 
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cell extracts with antbody is carrled out ln the presence of • con..,etitor (2 mM phenyl phosphate). no 

proteins could be detected (Fig. S, ',ne 4) also Indlcatlng that thesI protllns contaln 

phosphotyroslne and are purified on the basls of thelr P-Tyr content. Although for exact 

determination of the proportions of P-Ser. P-Thr and P-Tyr ln these proteine. phosphoamlnoaeld 

analysis neads to be carried out. this has not been done as il was not the primary obiectlve of this 

study. 

The data presented here Indieate that vanadyl treatment Induees transformation by Increaslng 

. the basal level of cellular phosphotyrosine content. However. this does nol demonstrate directly that 

vanadyl acts as a phosphotyrosine phosphatase inhibitor Il is possible that the observed Increase ln 

P-Tyr-protelns is due to the actions of vanadate resulUng from oxidation of vanadyl which could occur 

in the cutture medium. Because bath vanadyl and vanadate have similar effects on cell growth and 

morphology, and beeause the intraeellular vanadium is in the vanadyl form. the subsequent studies 

have been earried out using vanadyl to induee cell transformation . 
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Figure 5. Affinity purification and SOS-PAGE analysis of phosphotyrosine

cont aining phosphoproteins. 

After metabolic labeling with [32p]P04 , ce Us were Iysed and extracted and P-Tyr

contaming proteins were batch-purified by adsorption to monoclonal antibody 1G2-

Sepharose and elutlon by phenyl phosphate, then analysed by SOS-PAGE and 

autoradlography. 

Lanes' l, untreated NRK ceUs; 2 and 3, NRK ceUs treated with 25 ~M vanadyl sulfate 

and sodium orthovanadate, respectively; 4, RR1022 ceUlysates adsorbed to affinity 

beads in presence of 2 mM phenyl phosphate; 5, RR1022 ceUs; 6 and 7, RR1022 ceUs 

treated overnight with 25 ~M vanadyl sulfate and sodium orthovanadate, respectively. 

M indlcates the position of molecular weight markers. Exposure time: 12 hours. 
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Results. 

Analylll of Stcrettd 'holphoprot.lnl. 

To analyse the effects of vanadyl treatrnent on secreted phosphoproteins, NRK cells were grown 

for 4 days in presence of 20 !lM vanadyl suHate, a concentration that is both nontoxic and induce cell 

transformation, then labeled with [32P]-P04 and the secreted proteins analysed. To compare 

secreted protein profiles, secreted proteins from untreated NRK and transformed RR1022 ce Ils as 

weil as high passage NRK (PT-NRK) cells were analysed. Figure 6A shows equal aliquots of the 32p_ 

labeled total phosphoproteins secreted into the conditioned media of untreated NRK, vanadyl

treated NRK (V-NRK), RR1022 and PT-NRK cells, analyzed by SOS-PAGE and autoradiography. As 

previously shown, NRK (fane 1) and RR1022 (/ane 4) cells secrete only 69-kOa (pp69) and 62-kDa 

(pp62) phosphoproteins, respectively. PT-NRK ce Ils (/ane 3), on the ohther hand, secrete both 

pp69 and pp62, reflecting their partial transformed state. NRK cells treated with 20 !lM vanadyl 

suHate, a concentration whlch induces transformed morphology, anchorage-independent growth and 

causes Ioss of contact inhibition of growth, secrete only pp69 but at a significantly reduced level (/ane 

2), as compared to untreated NRK cells (/ane 1). However, secretion of pp62 is not induced by 

vanadyl treatment. The reduction ln the level of 32P-labeled pp69 with vanadyl treatment is also 

confirmed by analyzing phosphoproteins immunopreciphated from the conditioned media of NRK, 

V-NRK and RR1022 cells (Fig. 68 lanes 3, 1 and 2, respectively) using anti-pp69 antiserum. The 

lack of additlonallow molecular weight phosphoproteins in the conditioned medium of V-NRK cells, 

relative to untreated NRK cells, also indicates that the reduction in the level of pp69 is not due to its 

degradation. 

The findmg that vanadyl treatment causes a decrease in in the levels of pp69 was unexpected in 

view of the fact that vanadium is a phosphatase inhlbitor and a kinase activator. Because it acts on 

other phosphate transfer reactions as weil, this raised the possibility that its effect on secreted pp69 is 

nonspecific. To address this question, its effect on pp69 secreted by PT-NRK cells was examined. 

These ceils offer the advantage that, in addition to pp69, they also secrete pp62 which could be 

considered as an Internai marker. When PT-NRK cells are treated with micrornolar r;oncentrations of 

vanadyl sulfate, they show a transformed phenotype similar to that of the vanadyl-treated NRK ce Ils 
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vanadyl sulfate, they show a transformed phenotype slmilar to that of the vanadyl-treated NRK cells 

(not shown). Analysis of total seereted or Immunoprecipltated 32P-labeled protelns (Fig. 6C and D, 

respectively) shows significant reduction in the level of pp69 in the conditioned media of vanadyl

treated PT-NRK cells (/anes 2) compared to their untreated counterparts (lanes 1). However, the 

level of pp62 in the conditioned medium remains unaltered upon vanadyl treatment of these cells. 

These results indicate that vanadyl specifically affects the levels of secreted pp69 protein because 

pp62 which is immunologically related to pp69 is not affected. The effect of vanadyl on pp69 15 also 

not due to non-specifie Interference with protein phosphorylation reaetions, since other secreted 

proteins and cell and plasma membrane-assoeiated phosphoprotelns (Figs. 4 and 5) are 

phosphorylated efficiently in its presence. 

Because only vanadate has boen shown to inhibit PTPases ln vitro and to increase the levels of 

P-Tyr-proteins in vivo, and as shown in Figure 6A, is more potent ln mcreasing P-Tyr-protem levels, 

it was important to examine the vanadate effects on secreted phosphoproteins. It was posslbe Ihal 

pp62 secretion is induced only in conditions of high P-Tyr-protein levels. The immunopreclpitalion 

data presented in Figure 7 A show that treatment of NRK ce Ils with vanadate (Jane 3), like vanadyl 

(fane 2), also causes a decrease in the level of 32P-labeled pp69 as eompared to that of unlreated 

NRK cells (fane 1), but without inducing secretion of pp62. No major band in the 62-kDa range could 

be detected on the autoradiogram, even alter prolonged exposures (not shown), mdicatmg Ihal 

secretion of pp62, a characteristic of oncogenically-transformed cells, is not Induced in vanadyl·and 

vanadate-transformed NRK cells. We also examined the whether the decrease in pp69 levels is due 

phosphorylation on tyrosine in vandlum-treated cells as this may alter klnase-substrate affmlly 

Previous studies have shown that pp69 is phosphorylated only on senne resldues (Chackalaparampll 

et aL, 1985). Therefore to examine the above possibllity, the gel autoradlographed ln Figure 7B, 

which shows 32P-labeled secreted proteins of NRK and V-NRK cells (lanes 1, 2, respectlvely), was 

subjected to alkali treatment, which hydrolyses P-Ser; any resldual radioactivlty will be indicative of ' 

P-Tyr phosphorylation. Figure 7B shows that ail the radioactivity associated wlth pp69 dlsappeared 

after su ch treatment (/anes 3, 4). This indicates that pp69 is not phosphorylated on tyrosine ln 

V-NRK cells, therefore, further phosphoaminoacid analysis was not carried out 
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Figure 6. SDS-PAGE ana/ysis of secreted phosphoproteins. 

Nearly confluent cuhure were metabolically labeled with [32p] P04• then aliquots of total 

or immunoprecipitated phosphoproteins were analysed. 

A. Total secreted proteins Irom NRK cells (/ane 1); 20 IlM vanadyl sulfate-treated 

NRK ce Ils (/ane 2), high passage PT-NRK cells (/ane 3); and RR1022 cells (/ane4). 

8. Immunoprecipitation using anti-p69 antiserum of phosphoproteins from NRK cells 

(/ane3); RR1022 cells (/ane2) and 20 IlM vanadyl sulfate-treated NRK calls (fane 1). 

C. Total and D. immunoprecipitated phosphoproteins Irom untreated (lanes 1) and 

and 20 IlM vanadyl suHate-treated PT-NRK cells (/anes 2). 

The positions 01 pp69 and pp62 and prestained molecular weight markers are 

indicated 

Exposure limes: A and C, 24 hours; 8 and D, 48 hours. 

Figure 7. Phosphoryfatlon of pp69 in vanadium·treated calfs. 

A. Both vanadyl and vanadate decrease the secretion 01 pp69. 

Ahquots 01 conditioned media containing equal acid-soluble cpm were 

Immunoprecipitated Irom the conditioned medium of NRK (fane 1); vanadyl and 

vanadate-treated NRK cells (lanes 2 and 3, respectively) and analysed. Exposure time 

IS 24 hours 

8. pp69 is phosphorylated through alkali-Iabile phosphodiester linkages in both NRK 

and vanadyJ.treated NRK ce Ils 

Phosphoproteins Irom untreated (fanes 1, 3) vanadyl sulfate-treated (fanes 2, 4) NRK 

cells were fractionated by SOS-PAGE and autoradiographed before (fane 1, 2) and 

alter (lanes 3, 4) alkali treatment. Five-Iold ex cess of cpms were Ioaded on fane 2. 

Exposure lime is 24 hours (/anes 1,2) and 72 hours (/anes 3,4). 

-74-

c 

-

,.. 
1 



• 
A. B. c. D. 

2 3 4 2 3 2 2 

92.5-

-~" . " /-
46-

__ ., __ PP62 

30-

• 

l 
À. 

2 3 
B. 

1 2 3 A , 

. )' , ... -



( 

( 

Results. 

Analysll of Tolal Secr'led Prol.lnl. 

Another possibility for the der.rease of pp69 levels in V-NRK cells was thal vanadyl inhibits its 

secretion, but not phosphorylation. To examine this possibility, cells were metabolically labeled with 

[35S]-methionine and total secreted proteins were analysed by SOS-PAGE and fluorography. Figure 

8A shows that the protein banding at 69 kDa is increased in the condHioned medium of vanadyl

treated (fane 2) relative to untreated NRK cells (/ane 1). In RR1022 cell conditioned medium (fane 

3) a 69 kDa protein (p69) is also present at comparable levels to that of NRK cells, although 

undetectable when labeled with 32p, which suggests that the 69 kOa protein, seereted in elevated 

levels in V-NRK cells, is in a nonphosphorylated form. The increase in p69 secretion is also shown by 

immunoprecipitatlOn (Fig. 8C, fane 4; compare with Fig. 12A, fane 1); in both NRK and V-NRK 

cells, p69 resolved into a doublet in which the faster migrating band is increased and the slower 

migrating band is decreased upon vanadyl treatment. 

As menlioned previously, we suspected that high passage NRK cells consist of a mixed 

population of nontransformed and spontaneously transformed ce Ils as indicated by phosphorylation 

of plasma membrane vesicles-associated proteins, secretion of pp62 and growth in suspension. 

Therefore, the transformed ce Ils were selected by IWo rounds of growth in soft agar and their secreted 

proteins analysed. Figure 88 shows that alter selection, PT-NRK cells secrete reduced levels of 32p_ 

labeled pp69 and pp62 (Iane 3), but labeling with [35S]-methionine indicates that, like V-NRK cells, 

they secrete a 69 kDa protein which resolves into a doublet in which the faster migrating compone nt is 

increased approximately 10-folcl as compared to that of NRK cells (Fig. 8C, fanes 3 and 5). 
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Figure 8. Anafysis of total secreted pro teins. 

Twenty-four hours after plating, subconfluent cultures were metabolically labeled with 

[35S]-methionine or [32P]P04 for 4 hours.The conditioned media were collected and 

aliq~ots containing equal TCA-precipitable 35S cpm were precipitated with either TCA or 

by anti-p69 antiserum and analysed by SOS-PAGE. 

A. Total secreted proteins of NRK (/ane 1); vanadyl-treated NRK (fane 2); and 

RR1022 ce Ils (fane 3). 

8. Analysis of total secreted 32P-labeled proteins of NRK (fane 1); vanadyl-treated 

NRK (fane 2) and agar-selected PT-NRK cells (Iane 3). 

C. Analysis of 35S-labeled total secreted (fanes 1-3) and immunoprecipitated (fanes 

4,5) proteins from the conditioned media of NRK (fane 1); vanadyl-treated NRK (/anes 

2, 4); and agar-selected PT-NRK cells (/anes 3,5). The immunoprecipttated sample of 

NRK ce Ils is shown in Fig. 12A, lane 1. 

Arrowheads point to the position of p69. The positions of molecular weight markers 

are indicated on the right. 
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Rt'Slllts. 

Relatlonshl, a.tw.en th. 69 kDa prot.lns. 

The data on analysis of secreted proteins and phosphoprote;.,s, summarlzed in Figure 8, 

indicated that both V-NRK and agar-selected PT-NRK cells secrete the 69 kDa proteln ln elevated 

amounts, but in a form which is not detectable when the cells are labeled with 32p. Although bath 

components of the 69 kDa doublet are specifically immunoprecipitated by antl-p69 antiserum, this was 

not enough evidence to indicate whether or not they are the same proteln. The antl-p69 serum used 

in this study was originally raised against a 69 kDa protein eluted from preparative polyacrylamide gel 

bands after identification with coomassie blue staining. Therefore, it is possible that the antiserum was 

raised against two or more distinct proteins. Particularly, fibronectin is consistently detected in 

immunoprecipltates using this antiserum, and 3 proteins of M.W. 140-180, identifiec1 as collagens 

(see below), were decreased concomitant with an increase in the levels of the faste-migrating 69 kDa 

band. Therefor~. it was possible that this prote in is is a degradation product of fibronectin or one o. 

the collagens. On the other hand, by analogy wllh other reported protelns whlch have anomalous 

mobility on SOS-PAGE, depending on their phosphorylation state, we hypothesized that the fast 

migrating band IS a nonphosphorylated form and the slower one IS a phosphorylated form of p69 

(np69 and pp69, respectively). 

For a more detailed analysis, 35S-labeled and 32P-labeled proteins secreted by NRK cells were 

subjected to Iwo-dimensional IEF/SOS-PAGE. Figure 9A shows NRK cells secrete two proteins in the 

69 kDa range. The approximate pl values were determined by reading the pH on four separato IEF 

gels ( see Fig. 11 D). The most acidic protein has a pl value of approximatol}' 3.8 The second one, 

less acidic, resolves into several discrete spots with heterogeneous pl and M W., indicative of 

differential glycosylation commonly observed in secreted protelns, has a pl value of -4 5 The 

position of phosphorylated 69 kDa protein (pp69) was mferred from the position of major 32P-labeled 

protein secreted by NRK cells (Fig. 98) which also corresponds to pl 3 8. To determine whether the 

charge difference in the two 69 kDa proteins IS due to phosphate groups, 32p_ and 35S-labeled 69 kUa 

proteins were isolated by immunoprecipitation from NRK conditioned mijdla and trealed, on 

immunoaffinity support, with alkaline phosphatase (ALP). Figure ge, lane 1 shows that ALP 
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Results. 

efflclently dephosphorylates 32P-labeled pp89. Figure 90lndlcates that after such treatment. only 

one spot can be detected. Indlcatlng the co-migration of the two protelns. This resuh Indlcates that 

the two proteins are phosphorylated and nonphosphorylatad forms of the same 69 kOa proteln, 

designated as pp69 and np69. respectively. For further confirmation 32p_ and 355-labeled pp69 and 

355-labelad np69 were isolated from 2-d gel bands and subjected to peptide mapplng uslng S. 

aureus V8 protease. Figure 9E shows that both 32p_ (fane 3) and 355- (fane 1) labeled pp69 

exhiblt similar peptide pattern and share fragment homology wlth np69 (Lane 2). 

Similar analysis of V-NRK cells (Fig. 10A) indicates that they secrete elevatad amounts of np69 , 

but low. undetectable levels of pp69. thus confirming that vanadil treatment Increases the secretion 

of nonphosPhorylated (np) p69. Figure 108 shows that RR1022 ce Ils secrete normallevels of p6S 

relative to NRK cells, but also in an np form. To locate the position of pp62, PT -NRK and vanadyl

treated PT -NRK cells were labeled with (32PJP04 and the secreted phosphoprotelns were analysed 

by 2-d gel electrophoresis. Figure 11 A shows that in PT -NRK cells pp69 migrates ln several spots 

with pl véllues ranging from 3.8 to close to 4.5 and that pp62 has a pl of 3.8, the same th an that of 

pp69. The identily of these proteins as pp69 and pp62 is confirmed by analyzlng 32P-labeled proteins 

secreted by PT -NRK cells after vanadyl treatment (Fig. 118), which reduces the levels of pp69, but 

does not affect pp62 (Fig. 6C and 0). The migration patterrlOf pp69 in PT-NRK cells Is Indicative of 

different levels of pgosphorylation. However, il was not possible to determine unambiguously the 

position of 35S-labeled pp62 on 2-d IEF/SDS·PAGE (e.g. in RR1022 cells; Fig. 108). 
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Figure 9. Relatlonship between the two p69 secreted proteins. 

Two-dimensionaIIEF/SDS-PAGE analysis of total secreted 35S-labeled (A.) and 32p_ 

labeled (B.) secreted proteins of NRK cells. 

C. SOS-PAGE of immunoprecipilaled. 32P-labeled phosphoproleins incubated with 

(+) or whhout (-) alkaline phosphatase (ALP.) 

D. 2-D analysis of immunopr&ciphated 35S-labeled secreted proteins after treatment 

with alkaline phosphatase. 

E. In situ peptide mapping of 35S-labeled (/ane 1) and 32P-labeled (fane 3) pp69 and 

:!iS-labeled np69 (Jane 2) after proteolytic digestion using va protease. 

Fil/ed arrows denote the position of pp69; open arrows indicate the position of np69; 

asterisks point to the position of reference proteins. The positions of molecular weight 

markers are indicated. Peptides resulted from the protease digestion were separated 

on a 15-20% cross-liked gradient polyacrylamide gel. Exposure limes were: 3 days 

(A.); 48 hours (B.); 24 hours (C.); five days (D.); and 10 days (E.) 
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Figure 10. Two-dimensional IEF/SDS-PAGE analysis of secreted proteins in 

transformed cel/s. 

The figure shows fluorograms of 35 S-Iabeled secreted proteins from the conditioned 

media of vanadyl-treated NRK cells (A.) and RR1022 cells (B.). 

Legend as in Fig. 9. 

-80-

( 

-

f 



• A. 

* 

B. 

* Il & 1 

* *' 

-• 
* 

_92.5 

-69 

_46 

" .-
BIII-

t ~ -



Figure 11. 2-D IEF/SDS-PAGE of secreted proteins of PT-NRK and NRK cel/s. 

Figure shows 32P-labeled conditioned medium of untreated (A.) and vanadyl-treated 

(B.) PT-NRK and unlabeled conditioned medium of untreated NRK cells (C.). A. 

and B. are autoradiograms; C. is a coomassie blue-stained gel. 

ln C. the la ne on the right indicates the the migration rnolecular weight standards 

lane; standard proteins run slightly faster than sample proteins because they were 

loaded directly in the stacking gel. Arrowhead indicates the position of pp62. Other 

legend as in Fig. 9. 

ln D. the pH values read in four IEF gels (two by two) are plotted against distance from 

the top. The approximate posHions of pp69 and np69 are indicated.* 

• Note that the pH values change abruptly near the cathode and the anode which may be due ta 

the 1act that the gels were soaking in the cathode and anode solutions. For this reason, the pl 

values assigned hare ta pp69 and np69 may not be accurata. 
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Results. 

A POlllbl. Mol.cul.r Inl.r.cllon b.IWHn npee Ind Flbroneclln. 

As mentioned previously, the presence of fibronectin (Fn) in anti-p69 immunoprecipitates was 

consistantly observed. Fibronectin is an adhesive protein, therefore its presence in 

imn\.lnoprecipitates is not surprising. I-towever, we observed its co-precipitation with p69 regardless 

of the stringency of the immunoprecipitation conditions. Figure 12A shows that anti-p69 antiserum 

preclpitates in addition to p69 and p62, an unidentified 92.5 kOa protein and fibronectin (fane 1). 

Interestingly, anti-Fn antiserum also precipitates np69 in addition to fibronectin (fane 3). When the 

conditioned media were heated to 95 oC in presence of 0.2% SOS prior to immunoprecipitation, anti

p69 precipitates only p69 and anti-Fn precipitates only fibronectin (fanes 2 and 4, respectively) 

Therefore, denaturation of conditioned media abolishes co-precipitation of np69 and fibronectin. 

This is confirmed by western blotting ot serum-tree NRK conditioned medium shown in Figure 128; 

anli-Fn antiserum detects only fibronectin and anli-p69 detects only the 69 kDa band and 10 a lesser 

exlent, the 62 kDa band (fanes 2 and 1, respectively). These results indicate thal anti-p69 does not 

recognize directly Fn and suggest a possible association between Fn and np69. This putative 

association, if any, does not involve disulfide linkages as the migration of either np or pp69 is not 

allered in reducing or non reducing conditions. Similar results were oblained by diagonal 

reducing/non-reducing 2--d SOS-PAGE (not shown). A possibility which cannot be excluded is that 

native np69 and fibronectin possess some homology in antigenic determinants, which are masked by 

phosphate groups in pp69, and which are abolished following denaturation. 
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Figure 12. Co-precipitation of np69 and fibronectin and collagenase digestion of 

vanadium-decreased proteins. 

A. 35S-labelec' conditioned medium of NRK ceUs was precipitated using either anti

p69 antiserum (lanes 1,2) or anti-fibronectin antiserum (/anes 3,4) with (fanes 2,4) or 

wlthout (lanes 1, 3) prior heat treatment (95 oC, 5 min) in presence of 0.2 % SOS. 

Lane 5 is NRK conditioned medium precipitated with a non-immune rabbit serum. 

B. Western blotting. Unlabeled serum-free conditioned medium of NRK cens was 

prepared, and the proteins fractionated on a 10% polyacrylamide gel, transferred to a 

nitrocellulose filter and individual strips of the fiher were probed using either anti·p69 

(fane 1) or anti-fibronectin (fane 2) antiserum. Lane 3 was probed using non-immune 

rabbit serum. The sample used in this experirnent is shown in Fig. 11 C. 

C. Collagenase assay. 35S-labeled proteins from the cuhure supernatants of vanadyl 

(Van.)-treated (+) or untreated (-) NRK ceUs were incubated in absence (-) or presence 

(+) of highly purified bacterial collage nase (Coll.) as described in MATE RIALS AND 

METHOOS and analysed by SOS-PAGE and fluorography. 

The positions of np and pp69 are indicated. Arrows indicate the proteins selectively 

digested by the collagenase. Molecularweight markers are indicated on the right. 
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Results. 

Dose-Dependent Effects of Vanadyl on p69. 

Examination of effects of vanadyl on cell growth and morpho log y Indlcated that whereas 

morphological transformation is induced in a dose-dependent manner, Its effects on cell growth 

(anchorage-dependent and -Independant) are not. Growth stimulatory effects of vanadyl are more 

pronounced at Iower concentrations (10-20 JlM) in Iow density cultures whose growth appears to be 

inhibited at higher concentrations (>30 JlM). Therefore through analysis of effects of different 

concentrations of vanadyl on p69 secretion and phosphorylatlon, we have explolted thls 

discriminative effect of vanadyl on cell growth and morphology to gain insight as to whlch parameter 

p69 is related. Figure 13A shows the 32P-labeled phosphoproteins of NRK cells treated with 0, 10, 

20, 30, and 35 JlM vanadyl sulfate and panel B shows total secreted proteins of NRK ce Ils trealed at 

the corresponding concentrations. Panel A shows that the decrease ln the levels of pp69 is dose

dependent. Panel 8 shows that concomitant with the dose-dependent decrease in pp69, is a dose

dependent increase in np69 secretion. However, densitometric tracing of the fluorograms indicate 

that the levels of pp69 and np69 are not additive for every vanadyl concentration, but there is an 

overall increase in p69 production. This dose-dependent effect of vanadyl suggests that p69 may nol 

be related to cell growth since there is no correlation between growth characteristics of V-NRK cells 

and p69 secretion or phosphorylation; thase latter two parameters correlate batter with morphologieal 

changes which are also induced in a dose·dependent manner, suggesting p69 Is involved in 

maintenance of some aspect of cell morphology. 

Action of Vanadyl on Extracellular Matrlx Collagens. 

ln addition to its effects on p69, vanadyl treatment also causes a decrease in the levels of three 

high molecular weight proteins (140-170 kOa) :n a dose-dependent manner (Fig. 8, lana 2; Fig. 138, 

fanes 2-5). It was suspected that these proteins are collagen-like rnolecules by comparil'on with other 

published studies (Ignotz and Massagué, 1986; Broek et aL, 1985). To examine this possibihty, 355_ 

labeled secreted protelns were digested with highly purified bacterial collage nase ln conditions which 
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typlcal migration patterns in reduclng and non-reduclng SOS-PAGE (not shown). The levels of soluble 

fibronectln are not affected by vanadyl treatment. 
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Figure 13. Dose-dependent effect of vanadyl sulfate on p69 secretion and 

phosphorylation. 

Aliquots of 35 S- or 32 P-Iabeled conditioned media containlng eql li 35 S counts were 

precipltated by 10% TCA and analysed. A. 32P-labeled and B. 35S-labeled total 

secreted proteins of untreated NRK cells (/anes 1) or treated with 10, 20 30 and 35 J,lM 

vanadyl sulfate (lanes 2-5, respectively). 

The positions of np69, pp69, fibronectin (Fn.) and molecular weight standards are 

mdicated. Bracket denotes the collagenase-sensitive proteins. 
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Rtsults. 

cln SurflCI Loclnzltlon of pp8t. 

Some observations made du ring the course of thls study prompted examlnatlon of the cell 

surface localization of p69. First, the co-precipitation of np69 wlth fibronectln suggested that It may 

result from an association between np69 and Fn after or pOOr to incorporation of Fn Into the cell rnatrlx. 

Second, the complete correlation bctween p69 secretion and phosphorylatlon and morphologlcal 

changes observed in V-NRK cells suggested that p69 may be Involved ln the maintenance of cell 

morphology through interaction with ECM components. Finally, like most secreted protelns, p69 

should interact with the cell surface in order to carry out sorne functional role. This posslbillty was 

examined by radioiodination of cell surface proteins followed by immunopreclpitation. This was the 

method of choice sinee purified p69 was not available to dlrectly dernonstrate ils Interaction wlth the 

cell surface or its incorporation into the cell matrix. Affinlty labelln~ of cell surface p69 or 

immunofluorescence studies were al50 not performed. Therefore NRK cells were cell surface labeled 

with 1251 in mild conditions to avold ceillysis or disruptlon. After labeling, cells were examlned under 

microscope for their structural integrity, and intact cultures were Iysed and Immunopreclpitated uslng 

anti-p69 antiserum. Figure 14A shows the total 12SI-labeled cell surface proteln profile (/ane1) and 

the result of the immunoprecipitation (/ane 2). Comparison with the migration of 35S-labeled secreted 

proteins (Iane 4) indicates the immunoprecipitated 1251-labeled p69 co-migrates with pp69, but not 

np69. To further examine th\s point, V-NRK cells, which at this concentration secrete predomlnantly 

np69, have baen analysed as above. Figure 148 shows that the p69 localizing to the cell surface of 

V-NRK cells (/ane 2) also co-migrates with pp69 of untreated ce Ils (/ane1). In addition, the amount 

of p69 detectable on the cell surface appears to be increased by vanadyl treatment (see Figure 

legend). This indicates that p69 detectable on the cell surface is qualHatively and quantitatively 

different 'rom the soluble p69 present in the conditioned medium and suggest that p69 

phosphorylation is crilical for its cell surface localization. To further confirm this point, PT -NRK ce Ils 

were made quiescent by growth to confluence and serum starvation. Figure 14C, lane 6, shows that 

wh en PT-NRK ce Ils are serum-starved they secrete low levels of 32P-labeled pp69 compared to 

normal growth conditions (/ane 5). However, the levels of 1251-labeled p69 present on the cell surface 
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18 Increasad ln qulescent (fane 3) compared to growing cells (/ane1). In addition, ln KNRK cells, 

whlch secrete elevatad amounts of pp69 and pp62 ln comparable amounts (gee below; Fig. 158), 

only Ilnle pp69 can be detected on thelr cell surface (/ane 2). 
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Figure 14. Cell surface /ocalization of pp69. 

Nearly com'Iuent cultures were 1251-cell surface-Iabeled wlth [1251]Nal uslng 

lactoperoxidase, examined under microscope and intact cultures were Iysed and 

immunoprecipitated. 

A. Detection of pp69 on the cell surface of NRK cells. Lane 1 total cell Iysata; /ane 2, 

ceillysate precipitated with anti-p69 antiserum; lane 3, celllysate precipitated with non

immune rabbit serum; lane 4, total secreted 35S-labeled proteins; for comparlson, the 

position of pp69 and np69 are indicated (arrowheads). 

B. Effect of vanadium on cerI surface pp69. cell surface 1251-labeled pp69 

immunoprecipitated from aliquots containing equal precipitable counts of NRK (/ane 1) 

and vanadyl-treated NRK (/ane 2) celllysates. The labeling of vanadyl-treated NRK 

ce Ils was 2-3 times more efficient th an untreated NRK cells, therefore the slze of the 

sample used for immunoprecipitation was adjusted accordingly. Therefore, il Is likely 

that the increase of pp69 detectable on the cell surface of treated cells is 2-3-fold 

higher than the actual increase observed on the autoradiogram. 

C. Detection of pp69 on the surface of transformed and partially transformed cells.Cell 

surface labeling and immunoprecipitation: PT-NRK cells (/ane 1), KNRK (/ane 2), 

quiescent NRK cells (/sne 3), 1251-labeled PT-NRK cell-Iysate precipitated with a non

immune serum (/ane 4), 32P-labeled secreted proteins of PT-NRK (/ane 5), and 

quiescent PT-NRK cells (Iane 6). For comparison, a sample of 32P-labeled proteins 

secreted by KN RK cells is shown in Fig. 158, lanes 3 and 4. 
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Resld/s. 

Immunologle.1 Relatlonlhlp attwlln 2.r/oltlopontln and ppl9/pp82. 

Osteopontin has been originally isolated from calclfied rat bolle extracts (Prince et al., 1987), and 

2ar was cloned as an mRNA whose expression is induclble by TPA ln promotable mouse epldermls 

JB6 cells (Smith and Denhardt, 1987). cDNA sequencing revealed that they are the rat (Odberg et al., 

1986) and mouse (Craig et al., submitted)1 counterparts, and both were identifled as secreted 

proteins representing MSPs in culture supernatants of rat and mouse cells, respectively. Therefore 

we examined whether or not they are related to the MSPs described ln the present study. To address 

this question, 32p_ and 3SS-labeled secreted proteins were Immunopreclpitated from NRK conditloned 

media using anti-p69 and anti-2ar antisera. Figure 16A indicate both antisera Immunoprecipitate 32p_ 

labeled pp69 (/anes 1 and 2). When the conditioned medium is subjected to double 

immunoprecipitation, using anti-2ar first, no further 32P-labeled protein could be labeled uslng antl

p69 (/ane 3) indicating that both antisera recognize the sa me protein. Figure 158 also Indicate that 

both antisera precipitate 3sS-labeled p69 (/anes 6 and 7) whose levels are decreased upon reciprocal 

double immunoprecipitations (fanes 8 and 9). The 92.5 kda protein precipitated by antl-p69 is 

present in non-immune rabbit serum, but is not precipitated by anti-2ar or anti ~-galactosldase control 

serum. The precipitation of pp69 and pp62 (Fig. 158) by anti-p69 (Ianes 1, 3, S, 7) and anti-2ar 

(fanes 2,4,6,8) antisera is also demonstrated by immunoprecipitation of 32P-labeled PT-NRK (Ianes 

1, 2), KNRK (/anes 3, 4), KA31 (5, 6) and vanadyl-treated PT-NRK (/anes 7, 8) conditioned media 

These results indicate that pp69 and pp62 are immunologically related to 2ar/osteopontm. Based on 

this and thb facts that 2ar/osteopontin are secreted proteins encoded by n single copy gene ln mlce 

and rats, and that pp62 described by Senger and co-workers (Senger et al., 1988) has N-termlnal 

sequence identical to that of 2ar/osteopontin, and that ail these proteins are unique major secreted 

phosphoproteins allow to conclude that they ail are the sa me protein. 
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Figure 15. /mmun%gical re/ationship between pp69/pp62 and 2ar/osteopontin. 

A. Both anti-p69 and anti-2ar immunoprecipitate the same protein secreted by NRK 

cells. Conditioned medium of NRK cells labeled with 32p (/anes 1-3)or 358 (/anes 4-9) 

was precipitated uslng either anti-p69 (/anes 1, 6) or anti-cro-pgal-(N/C)2ar fusion 

proteins (Ianes 2,7). Lanes 3,8 and 9 are double immunoprecipitations. Lane was 

precipitated with anti-2ar, then the supernatant was precipitated with anti-p69. Lane 8, 

same than lane 3. Lane 9 opposite than Jane 3. Lanes 4 and 5 were 

immunoprecipitated using a non-immune rabbit serum and anti-cro-pgal control serum, 

respectively. 

B. Immunoprecipitation of pp69 and pp62 secreted by different cell lines. Immuno

precipitation of 32P-labeled pp69 and pp62 from the conditioned media of PT-NRK 

(fanes 1, 2, 9), KNRK (fanes 3, 4), KA31 (/anes S, 6), and RR1022 cells (fanes 7, 8), 

using anti-p69 (fanes 1, 3, 5,7), anti-cro-pgaI-2ar (fanes 2,4,6,8) antisera, or a non

immune rabbit serum (fane 9). Immunoprecipitations were carried out as described 

before, except that 25 J.l! of anti-p69 and 2 ~ of anti-2ar antisera were used. 

The positions of p69, pp69 and pp62 are indicated. The migration of 14C-methylated 

marker proteins is indicated; from Top: 92.5, 69, 46 and 30 kOa, respectively. 
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Resulfs. 

GlycOIylltlon of ppll. 

For further characterizations of relationshlp between pp69/pp62 and 2ar/osteopontin we have 

examined whether pp69/pp62 exhiblt some properties of osteopontin. One of these properties is 

osteopontln's adhes/ve function. 1 have previously examined this property for pp69 by cell blotting 

uslng the procedure of Hayman et al. (1985), but without suceess. Cells attached only ta fibronectin 

and ta a lesser Axtent ta the proteins identified in this study as pro-collagens, but did not adhere ta 

p69 in varlous experimental conditions. This could be due to lack of renaturation of p69 on 

nitrocellulose firaer or ta absence of an unidentified factor necessary for cell adhesion ta osteopontin. 

Chemical characterization of osteopontin indlcates that it is a gJyooproteln rleh in sialle acid (Prince 

et al., 1987; Fisher et al., 1987). Therefore, ta determine whether or not pp69 also contains siallc 

acid, 32P-labeled pp69 was immunoprecipitated and digested with neuraminidase which removes 

siallc acid residues and endoglycosidase H which cleaves N-linked carbohydrates. Figure 16 shows 

that desialiation of pp69 resulls in Iwo protein bands having a rnolecular weight of -36-42 kOa (/ane 

2), ansent in non-digested pp69 preparations (/ane 3). However, the size of the reEulling proteins is 

lower than the predicted size of the core protein of osteopontin. The size difference between 

neuraminidase-digested and-non-digested pp69 cannat be attributed solely to the removal of siallc 

acid from carbohydrate chains, but may be explained by the abnormal rnobillties of this protein in sos

PAGE. It is also ruled out that this could be due ta protease action sinee the control sample of 

immunoprecipitates, incubated exactly in the sa me conditions, but in absence of neuraminidase 

(fane 3), is unallered and its profile is identical ta an Immunoprecipitated, but IJnincubated sample 

(/ane 1). Treatment with endoglycosidase H did not aller the rnolecular weight of pp69 indicating that 

it does not contain N-linked carbohydrate cha/ns (/anes 4 and 5) Aooltion of neuraminidase ta 32p_ 

labeled conditioned medium containing pp69 and pp62 results in digestion of both proteins into 

lower molecular weight prote/ns (/ane 6) indicating that pp62 also contains sialle acid and that it does 

not differ ln size lrom pp69 on the basis of siallc acid content. 
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Figure 16. Glucosidase digestion of pp69. 

Conditioned medium of NRK (/anes 1·5) and PT-NRK ce Ils (/anes 6, 7) were incubated 

in presence (+) or absence (-) of neuraminidase (Neufa.) or endoglycosidase H (Endo. 

H) as described and fractionated by SOS-PAGE. Lane 1 is the result of 

immunoprecipitation without incubation. In 8., neuraminidase was added dlrectly to 

the conditioned medium after desalting by ultrafiltration and adjustlng the saf1'1)le with 

the assay butter [0.2 mM sodium citrate, pH 5.5], without prior immunoprecipitatlon. 
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VIII). DISCUSSION. 

ln this study, a novel system whereby reverslble cell transformation Is Induced ln nontransformed 

cells by chemical treatment is used to investigate the transformation sensltlvlty of MSP.. It 18 shown 

here that treatment of NRK-49F ce Ils with vanadyl is as potent in Inducing phenotyplc transformation 

as vanadate. Cell transformation is assessed by examining morphological changes ln treated cells and 

their growth properties on solid and semi-solid substratum. Whereas the degree of morphologleal 

transformation was dose-dependent, maximum stimulatory effects of vanadium on cell growth were at 

the concentration range of 10-20 J.1M; higher concentrations (> 3~ J.1M) were not as growth stlmulatlng 

and for sparse cultures had growth inhibitory cffeets. Similarly, in soft agar cultures, at hlgh (25-35 J,lM) 

concentrations, vanadium induced a much higher number of cells to grow Into colonies, but thelr 

growth ceases rapidly, thus only small-size colonies are formed. At lower concentrations, less 

percentage of cells are induced to form colonies, but aUain a larger size. Although the size and 

number of colonies formed by vanadium-treated NRK ce Ils are not as high as those formed by vlrus

transformed cells, indicating that vanadium does not fully mimlc viral transformation, vanadium

induced anchorage independent growth is. nevertheless, significant when eompared to the basal 

level of colony formation of untreated NRK cells. 

This concentration-dependent biphasic effect of vanadium on cell growth is the result of Ils 

combined action of its mitogenic effects (Carpenter, 1981; TOjo et al., 1987) and growth faetor

synergistic effects (Smith, 1983) at low concentrations, and its toxic effects when it reaches hlgh 

intracellular concentrations. As mentioned previously, vanadium mlmics growth factor actions from 

post-ligand binding receptor phosphorylation and intemalization (Tamura et al., 1984; Torossian et al., 

1988) to the last events in the competence pathway that occur upon growth factor stimulation of 

resting ce Ils (Maeara, 1985; Wice at al., 1987; Jamieson et al., 1988). Although the toxlcity of 

vanadium on live animais is known (Ramasarma and Crane, 1981; Nechay et al., 1986), litUe studles 

have been aimed to determine its toxicity on eells cultured in vitro. Nevertheless, Braken and 

Sharma (1985) examined sorne biochemical funetions in Martin Darby bovine kldney cells cultured in 
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presence of 20-500 J.l.M vanadate; toxicity-dependent alterations in DNA and protein synthesis and 

K+ -dependent phosphatase, acid phosphatase and succinate dehydrogenase activities have baen 

observed at concentrations exceeding 100 J.I.M. Although vanadium concentrations used in the 

present study did not exceed 35 Jl.M, growth inhibition, particularly in soft agar, may be due to 

vanadium toxieity as its intracellular concentration can reach, with time, 10-fold higher levels than its 

extracellular concentration (Ramasarma an Crane, 1981). 

The present study also shows that in correlation with its dose-dependent effect on cell 

morphology, vanadium treatment also causes a reduction in the levels of collagens which are major 

ECM constituents in most cell types. Therefore, morphological transformation can be attributed at 

least partlally to this effect of vanadium on collagens. Although this study does not discriminate 

whether vanadium acts by reducing collagens synthesis or by enhancing their degradation, it has 

been shown that vanadate induces expression of collagenase, tissue-type and urokinase-type 

plasminogen activator (Montesano et al., 1988). Concentration-dependent biphasic effects of 

vanadium on rabbit costal chondrocytes proteoglycans, which are major ECM constituents in this 

specialized ca" type have also been observed; at low concentrations vanadate causes an increase, 

and at higher concentrations it causes a decrease in proteoglycan synthesis and a normal or 

transformed chondrocyte phenotype is expressed accordingl)' (Kato et al., 1987). 

Although vanadium acts on a number of cellular functions, as discussed in other studies, it 

appears to induce cellular transformation by its PTPase inhibitory actions. Other actions of vanadium, 

su ch as inhibition of ATPases or glycolytic enzymes, are excluded sinee they occur only in vitro, or 

occur in vivo, but at much higher (millimolar) concentrations. Klarlund (1985) has shown that the 

dose-dependent phenotypic transformation of NRK-1 cells is correlated wilh a dose-dependent 

increase in cellular P-Tyr-protein content and that concomitant with reversai of transformed 

phenotype, upon removal of vanadate from the growth medium, a parallel decrease in P-Tyr-proteins 

is observed. It is shown in the present study that the level of P-Tyr-containing proteins is increased 

by either vanadyl or vanadate treatment of normal and transformed cells. Increase in P-Tyr content 

may aceount for both growth stimulatory effect and morphologieal transformation of treated cells. 

First, P-Tyr phosphorylation is thought to have a major regulatory role in phosphatidyl inositol 
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signalling pathway which is an Integral part of the cascade of events that lud to mltogenesls (Macara, 

1985) or to constitute a separate signal transducing pathway (Charbonneau et al., 1988). Second, as 

discussed ln the previous sections, phosphorylation of tyrosine ln cytoskeletal protelns. rnost notably 

integrins, may have a deleterious effect on cytoskeleton organization and cell rnorphology (Hlrst et al., 

1986). Marchisio et al. (1988) have shown that vanadate-treated BHK ceUs assume a morphology 

similar to their RSV-transformed counterparts concomitant with an increase ln P-Tyr-protelns rnost of 

which are localized to adhesion pads. Increased P-Tyr content due to PTK actlvlty, at least of the sre 

family, may not account for decreased collagen levels as sro-transformed RR1022 cells show normal 

collagen levels (Fig. 8). 

This study also shows that the observed increase in P-Tyr content ln vanadium treated cells 15 

more pronounced in sro-transformed RR1022 ce Ils than in NRK-49F cells. Therefore, the level of 

increase in P-Tyr-proteins appears to vary according to the cenlines. Variable levels of Increase in 

P-Tyr-proiein content, upon vanadium treatment, have been observed ln different cell lines; 3.5-fold 

increase in nontransformed and 16-fold increase in middle T antigen-transformed rat F1-11 cells 

(Yonemoto et al., 1987); 40-fold increase in NRK-1 cens treated with 37 J.1M vanadate and less ln 

mouse celltines (Klarlund, 1985). Variable levels of P-Tyr-proteins were also observed in AHK ce Ils 

(Marchisio et al., 1988) and rabbit costal chondrocytes (Kato et al., 1987). As discussed earlier 

(Yonemoto et al., 1987), this variability may be due different basallevels of P-Tyr phosphorylatlon ln 

different celltines. This is consistent with the observation made in this study indicating that RR1022 

cells, which are expected to have higher basallevels of P-Tyr-protein content, show more Increase ln 

P-Tyr-proteins, upon vanadium treatment, th an NRK cells. In addition, this variability could be due, at 

least in the case of sre proteins, to differential effect of vanadate on viral and cellular oncogene

encoded PTK activities; whereas v-sre kinase is stimulated by vanadate (Brown and Gordon, 1984; 

Collet et al., 1984), the cellular srekinase activity is inhibited (Ryder and Gordon, 1987). 

The second action of vanadium which may aceount for the transformed phenotype and which 

also oceurs in vitro at micromolar concentrations, Is stimulation of Na+/H+ pump (Paris and 

Pouysségur,1987). Stimulation of proton pump leads to cytoplasmic alkalinlzation, a feature common 
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to transformed and mltogen-stlmulated cells. Recently, evldence has been obtalned Indicatlng that 

activation of Na+/H+ pump leads to cellular transformation. Expression of the yeast pump in 

mammalian cells induces a transformed phenotype characterized by abnormal morphology, 

anchorage Independent growth, growth to hlgh saturating densities, and tumorlgenlclty ln nude 

mlce (perona and Serrano, 1988). 

By means of 2-d gel electrophoresis, this study showed that NRK cells secrete two 69 kDa 

protelns, one, phosphorylated (pp), with pl "'3.8, and the second, non-phosphorylated (np) and less 

aCidlc, with pl "'4.5, both of whlch are immunoprecipitated by anti-p69 antlserum. Based on the 

sîmilarîty of theîr V8 peptide maps and co-migration on 2-d IEF/SOS-PAGE following dephosphorylation 

by phosphatase treatment, it was concluded that they are the phosphorylated and non

phosphOrylated (pp and np) forms of p69. In support for this is the migration paUern of 32P-labeled 

p69 secreted by PT -NRK cells which has a pl ranging from 3.8 to close to 4.5 of np69. Iso-electric 

point difference in the two proteins is due to additional negative charges of phosphates present in 

pp69 and absent in np69. This has baen observed ln a number of protelns including neurofilament 

subunlts (GeorgCl3 et al., 1986) and a growth factor receptor protein substrate, p42 (Cooper and 

Hunter, 1985). Phosphate groups, presumably by altering protein structure/accessibility to SOS, also 

result ln anomalous (slow) mobility of phosphorylated proteins in 1-d SOS-PAGE, therefore resolving 

into pp and np "doublets" (Georges et al., 1986; Aletta et al., 1988), as is often the case for p69. 

Analysis of RR1022 secreted proteins indicates that they secrete p69 in the np form only. In 

PT -NRK cells, pp69 displays charge heterogeneity having a pl ranging from 3.8 for pp69 to close to 

4.5 for np69. We interpret that charge heterogeneity in pp69 is due to differential phosphorylation, 

and suggest that phosphorylation of p69 is regulated differently in normal, transformed and partially 

transformAd cells. In support for this is the finding that pp69 is phosphorylated to various degrees in 

untreated and growth factor (EGF, TGF-~)-treated NRK cells (Laverdure and Mukherjee, in 

preparation). There is also evidence indicating that pp62 is more phosphorylated than pp69 (on a 

molar basis). This is based on the the fact that 35 S-Iabeled pp62 is difficult to detect on either 1-d or 2-

d gels. Therefore, the abundance af 32P-labeled pp62 in the conditioned media of transformed cells 
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may not reflact Its abundance, but Its phosphorylatlon to a hlgher stoichlometry on addltlonal sites. 

This Is true If the size dlfference between pp69 and pp62 Is due to dlfferentlal glycosylatlon: ln the 

case of Jack or reduced (competing) O-linked glycosylatlon ln pp62, addltlonal serine resldues will be 

available, which can potentially be phosphorylated. 

The data presented in this study shows that p69 is antigenlcally related to 2ar/osteopontin; both 

anti-p69 and anti-2ar antisera immunoprecipltate the same protein, p69, from the condltloned media 

of NRK cells as weil as other eelilines (Craig et al., 1988; see Fig. 15). The precipitation of pp69 and 

pp62 by both antisera provides further evidence that these two proteins are related and strengthens 

the previously suggested possibility of precursor/product relationship between these two protelns 

(Chackalaparampil et al., 1985). By Northern and Southern analysls,lt was found that ln both mou se 

and rat cells, the 2ar probe hybridized only to one 1.6 kB mRNA species (Craig et al., 1988) and that 

2ar is encoded by a single copy gene (Craig et al. ,submitted) 
'
. Therefore It appears that rat p69 and 

mouse2ar are the same protein (see below). Intarspecles slze heterogenelty may be due to post

translatlonal modifications. In support for thls, anti-p69 antlserum, which appears to reaet wlth post

translatlonal modifications -as judged by its Inability to reaet wlth 2ar mRNA ln vitro translation 

product- (Denhardt, personal Commmication), reaets poorly wittl the mouse MSPs (Fig. 15). 

Other pubiished studles characterizing osteopontin extraeted from mlneralized bone matrix 

(Prince et al., 1987; Fisher et al., 1987) did not reveal the existence of phosphorylated and 

nonphosphorylated forms of this protein. This may be due to one of the followlng blologleal, 

funetional or technical reasons: i) ail the osteopontin produced by bone cells in early developmental 

stages Is phosphorylated and secreted in a pp form, Il) an np form of osteopontln is alôO produced and 

seereted but not incorporated into bone matrlx, which will be consistent wlth the findlng here that only 

the pp form of p69 Is detectable on the cell surface or, iii) np form of osteopontln Is produced, 

seereted and incorporated into bone matrix, but Iost durlng one of the several purification steps used 

to isolate osteopontin. Nevertheless, the study of Kubota et al. (submitted)4 presents evldence for 

the presence of two forms of osteopontin, one being less phosphorylated than the other. 

4Kubota; T" J. L. Wrana, R Ber, a Zhang, J. E Aubin, W. T. Buller, and J Sodek. (submined) 
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The application of vanadium-Induced transformation system discussed above to study /ts effects 

on p69 Incllcates that ln vanadium treatment of NRK ce"s causes an Increase ln le'"els of np69 and a 

decrease ln the levels of pp69 in a dose-dependent manner. The results also shOw that vanadium 

does not Incluce pp62 secretion. These observations a"owed to draw IWO main conclusions whh 

potentially important significance. First, by demonstrating that vanadium increases p69 secretion in 

predominantly an np form, concomitant with a dose-dependent phenotyp/c transformation confirms 

the transformation sensiUvity of p69 and indicates that p69 function could be regulated by 

phosphorylation. Second, the finding that pp62 is not induced by vanadium inclicates that pp62 

secretion 15 limited to Irreversibly transformed ce Ils. The vanadium effect on p69 phosphorylation can 

be due to Inhibition of a specifie kinase or activation of a phosphatase. That np69 is present 

intracellularly is not known; immunoprecipitation of p69 from 35S-labeled ce" Iysates resulted in a large 

number of proteins making np69 difficult to be unambiguously ident/fied. Prliminary resuhs indicate 

that dephosphorylation of pp69 into np69, in the conditioned medium, subsequent to its secretion 

may be ruled out slnee incubation of 32P-labeled pp69, on immunoaffinity support, with vanadlum

treated NRK cell extraets or conditioned media did not result in Ioss of radioactivity assaciated with 

pp69 (not shown). On the other hand, studies in this laboratory indicate that the differentiallevels of 

p69 phosphorylation under various growth factor and drug treatments -as judged by sensitivity of 

pp69 to phosphatase actions - is correlated with variable levels of protein phosphatase activities 

(Laverdure and Mukherjee, ln preparation). 

Analysis of secreted proteins of vanadium-treated PT-NRK cells indicates that vanadium, as in 

NRK cells, reduces the levels of pp69, but does not affect pp62, ind/cating that pp69 and pp62 are 

regulated differently. However, by ce" surface radioiodirlation, we show that the levais of pp69 

detectable on the cell surface is increased by vanadium treatment. Therefore, it is possible that the 

vanadium-induced low levels of pp69 in the culture supernatants is due to its increased association 

with the cell surface, but not to its reduced secretion (see below). The same explanation may be true 

ta the observed decrease in pp69 levels in NRK cells treated with TGF-p (Laverdure et al., 1987) 
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whlch Is known to enhance the Incorporation of nectlns into the ECM (Ignotz and Massagué, 1986). 

Although the exact mechanism behind size dlfference between pp69 and pp62 Is not known, 

indirect evidence for and agalnst protease action Is avallable. Immunopreclpltatlon of normal and 

transtormed 32P-labeled ceillysates using anti-p6e antiserum, whlch cross-reacts wlth both pp69 and 

pp62, results in precipitation of pp69 only, indicating that pp62 Is not present Intracellularly and that 

only pp69 is initially synthesized (Laverdure et al., 1987; data not shown). In addition, mlxlng 

experiments, involving incubation of 32P-labeled pp69 wlth condltioned media of RR1022 or KNRK 

cells, did not result in cleavage of pp69, indicating that pp62 does not result from a protease action 

present in the conditioned medium (Mukherjee, Personal communication). On the other hand, 

cleavage of pp69 into pp62 by a specifie protease present on the cell surface may occur. Proteases 

such as thrombin, elastase and urokinase are known to interact with cultured flbroblasts via specifie 

sites present on the cell surface and particularly, thrombin is thought to exert Its mitogenlc effects 

through its extraceliular proteolytiC actions (Cunningham et al., 1986). Ot these serine proteases, 

thrombin, which selectively cleaves argenine-glycine peptide bonds and whlch has hlgh substrate 

specificity, is of particular interest to this study because it has been shown to cleave pp62 Into a 30 

kOa protein (Senger et aL, 1988). It is interestlng to note that 2ar/osteopontln contaln a unique 

potential thrombin Arg-Gly cleavage site which is located within its cell recognition RGO sequence; the 

functional implications of thrombin-mediated osteopontin cleavage are obvious. In the present study, 

a "62 kOa protein is detected on the surface of PT-NRK, quiescent PT-NRK, but not NRK cells, 

which may be the cleavage product of pp69. Furthermore, a 30 kOa proteln Is also 

immunoprecipitated from these cells, but not from NRK cells. Although the identlty of thls latter was 

not examined, il may be related to the pp62-thrombin-generated 30 kOa fragment resulting from 

cleavage of pp69 or pp62 by thrombin or a thrombin-like protease. 

Based on the observations made 50 far, regarding pp69 and pp62, the best worklng hypothesls 

is that in both normal and transformed cells, p69 is initially produced and secreted in pp and np forms 

in varying proportions. Then, phosphorylated p69 interacts with the cell surface via Its putative cell 

surface receptor. In transformed ce Ils, where proteolytic actlvity is markedly Increased, pp69 15 
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cleaved. As a result of protease action, the resulting pp62 will have dlminlshed affinity to Its blndlng 

site, therefore Is released into the culture supematants and free binding sites are made available. The 

newly secreted pp69 Interacts wlth the free sites, then cleaved Into pp62. which Is reteased Into the 

medium and the cycle Is repeated. As a result, the condltioned media of transformed cells will contain 

predominantly pp62 and littl\i or no pp69. In nontransformed cells. where protease action is reduced 

and extracellular proteolysis is less pronounced, littre or no degradation of pp69 takes place. 

Therefore, cell surface pp69 is more stable, most pp69 interaction sites are occupled, and ail the 

newly secreted pp69 remain ln the medium. As a result, in the conditioned medium of normal cells, 

only pp69 is detected. In vanadium-treated cells. cell surface Iocalizatlon of pp69 is enhancad, but Its 

rate of degradation Is unaffected, therefore, resulting in Iow levels of pp69 and unaltered levels of 

pp62 detectable in the condi~:oned media. Although this model is rather simplistic, it Is, nevertheless, 

compatible with ail the presently available data on secretion of pp69 and pp62 by normal, transformed, 

growth factor- and vanadium-treated and partially-transformed calls. Like any other model, it will allow 

experlments to be devised and it can easlly be subjected to experimental verification. 

By cell surface radioiodination and immunoprecipitation, it has been shawn that pp69 Is 

detectable on the surface of normal, transformed and partlally-transformed cells, regardless of 

'Nhether they are quiescent or actively growing. In addition, preliminary results obtained by cell matrix 

extraction using the method of Ignotz and Massagué (1986) and cell surface trypsinisation tollowed 

by immunoprecipitation, resulted in anti-p69-precipitable peptides ranging in molecular weight from 

69 to ... 25 kDa (nClt shawn). Quantitative and qualitative differences have also been observed in 

different cells indicating that localization of pp69 to the cell surface is not due ta nonspecific (e.g. 

electrostatic) interactions. For example, in vanadium-treated NRK cells, which predominantly secrete 

p69 in an np form, only pp69 is detected on the cell surface. In addition, quiescent PT-NRK cells, 

whlch secrete low amounts of pp69 as indicated by [32p]-P04 metabolic labeling, showelevated 

levels of cali surface pp69 as compared to actively growing PT-NRK calls. The same argument can be 

stated regarding KNRK cells. Since p69 is or related to osteopontin, which mediates cell adhesion in 
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an RGD-dependent manner, it is tempting to speculate that the cell surface locallzatlon of pp69 Is 

receptor-mediated. The qualitative and quantitative dlfferences of cell surface p69 mentloned above 

support this view. The extent of ECM formation does not depend only on the levels of soluble ECM 

components, but also on the rate of integrin synthesis and Its expression on the cell surface (Ignotz 

and Massagué, 1987; Ruoslahti and Pierschbacher, 1987). It has also baen suggested that some 

transformed cell lines fail to incorporate nectins into their ECMs due to diminlshed synthesls o, 

integrins or to altered af1inity for their ligands following post-translational modifications such as 

phosphorylation (Ignotz and Massagué, 1986; 1987; Hirst et al., 1986). This may explaln why ln 

KNRK cells only low amounts of pp69 is detectable on their cell surface, although they secrete 

elevated amounts of both pp69 and pp62,. 

Although the relationship of p69 and 2ar/osteopontin and complete correlation between the 

affects of vanadium on cell morphology and p69 are suggestive of involvement of p69 in the 

maintenance of normal cell morphology, the data on œil surfacelocalizatlon of pp69 indicata that this 

may not be the case. Elevated lavels of pp69 were observed in both vanadium-treated NRK and PT

NRK, yat they exhibited dissimilar morphologies. Whereas vanadium-treated cells display a rounded 

morphology and tend to grow on top of each other, quiescent NRK cells are fiat and form a closely 

packed monolayer. Conversely, KNRK cells have a similar morphology to vanadium-treated NRK 

cells, but have a much reduced level of pp69 on theïr cell surface. Although osteopontin is found to 

mediate cell adhesion and spreading when used to coat cell culture substrata (Oldberg et al., 1986; 

Somerman et al., 1987; 1987a), this does not necessarily imply that it has an adheslve fundlon. For 

example, in contrast to Fn, which promotes both cell adhesion and spreading, tanascin promotes cell 

adhesion, but prevents spreading even in the presence of Fn; cells plated in presence of tenascin 

attach, but remain rounded (Ehrismann et al., 1987). It is possible that in V-NRK cells, which show a 

dose-dependent decrease in cell spreading, concomitant with an abundant secretion of p69 and cell 

surface pp69, soluble p69 competes with Fn for the same receptor. Binding of pp69/osteopontin to 

Fn receptor is not unlikely; although each nectin appears to have its own receptor, integrins bind most 

RGD-containing proteins at varied affinities (Ruoslahti and Pierschbacher, 1986; Hynes, 1987; 
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Ruoslahtl, 1988). Therefore, soluble p69, abundantly secreted by V-NRK and agar-seleeted PT

NRK cells (also exhibitlng a rounded morphology), by competlng with Fn for the same receptor, could 

aet like soluble Fn, Its cell binding domaln or RGD-containing peptides used to demonstrate the 

dualistlc properties of Fn adhesive funclion (Yamada and Kennedy, 1984). With this view in mind, and 

with the finding that pp62, which might have a role in tumorigenesis (Senger et al., 1985), is present 

ln serum of patients with disseminated metastases, but not in patients with localized tumors (Senger 

et al.,1988), an in vivo situation can easily be imagined. For example, by binding to tumor cells in the 

prlmary tumor, MSPs may participate in the determination of their motile and/or invasive state, as 

contrasted to their stationary state when attached to Fn or other ECM components. This is al50 

compatible with the finding that 2ar is expressed and its product is Iocalized to cellular matrices during 

early developmental stages where extensive cell migration and tissue remodeling occur (Nomura et 

al., 1988; Mark et al., 1987; 1987b). 

Using Immunoprecipitation on denatured and non-denatured samples, this study shows that 

fibronectin and np69 co-immunoprecipitate using either anti-p69 or anti-Fn antiserum. When 

denatured conditioned medium is used, these antisera immunoprecipitate only their cognate 

proteins. Co-precipitation of proteins in non-denaturing conditions and Ioss of co-precipitation under 

denaturing conditions is Indicative of molecular interaction between proteins. This was based on a 

study demonstrating complex formation between v-tos and c-tos proteins and an assoclated 39 

kDa protein, p39 (Curran et al., 1985). Taking a similar approach, a more recent study has confirrned 

this complexation of p39, identified as the transcription factor c-Jun/Ap-1, and Fos (Chiu et al., 1988). 

Similarly, this approach has also been used to demonstrate complex formation between SV40 large T 

antigen and the retinoblastoma susceptibility gene product (DeCapiro et al., 1988). Therefore it is 

likely that co-immunopreclpitation of Fn with np69 is due to a molecular interaction or complex 

formation between the two proteins: a complex which is not preserved under denaturing conditions. 

By means of its different functional domains, Fn interacts with a number pt proteins and ligands 
\: 

Including collage n, tibrin, heparin and integrin (Yamada et al., 1985). Fn al50 transiently interaets with 
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factor XIII; this interaction has been recently shown to result ln factor XIII. (thrombin-act:lvated factor XIII 

or plasma transglutaminase)-medlated fibronectin e-(y-glutamyl)lysyl eross-IInklng Into larger 

deoxyeholate-insoluble multimeric aggregates (Barry and Mosher, 1988) Most recently, Il has been 

shown that tenasein, also an RGD-eontalning ECM prote in wlth spatlally and temporally restricted 

tissue distribution, interacts with fibronectin and inhibits Hs eell adheslon and spreadlng functlons 

(Ehrismann et al., 1988). An aUractive possibility is that the putative np69 interaction wHh Fn will have 

some consequences on np69 or Fn function. This may have an effect on the transformed phenotype 

sinee transformed eells, like RR1022, vanadium-treated NRK and spontaneously transformed NRK 

eells predominantly secrete p69 in the np69 'orm. 1 have aHempted to reconstitute thls Interaction ln 

vitro using fibroneetin overlay assay, a procedure which was used to show Fn bindlng to a 36 kOa 

prote in (Salonen and Vaheri, 1987), but without positive results. Although the possibillty of antlgenlc 

similarities in non-denatured Fn and np69 cannot be exeluded, the possibllHy of complex formation 

between np69 and Fn and its presumptive functlonal consequences Is interestlng and deserves 

further study. 

The number of reported MSPs, whlch share some blochemieal or blologlcal propertles wlth each 

other, has increased recently and it is now becoming necessary to conslder thelr relatedness as thls 

may contribute to more understanding of their structurelfunction. To list a few, early studles have 

reported a number of MSPs ranging in size from 58 to 67 kOa which are ail antlgenlcally related 

(Senger et al., 1979; 1985). Subsequently, studies in this laboratory have identifled two MSPs, pp69 

and pp62, which are also antigenically related (Chackalaparampil et aL, 1985; Laverdure et al, 1987). 

Mouse cells secrete related proteins wlth rnolecular weights of 58-67 kOa. A recent study by Sodek's 

group (Kubota et al., submitted)4 describes two forms of osteopontin secreted by ROS ostaosarcorna 

17/2·8 rat cells and rat calvarial cells in the form of MSPs one with a M. W. of 44 kOa and the other wlth 

M. W. 67 kOa. In addition, Le Cam et al. (1985) described an acidic phosphoproteln secrete j by rat 

hepatocytes with properties expected for osteopontin: It Is a neuraminidase-sensitlve MSP, with low 

intracellular levels, synthesized as a "'43 kDa precursor which matures into 53 and 56 Intermediates, 

then into a 67 kDa protein secreted in pp and np forms. Still, another study has reported a 58 kOa 
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MSP secreted by NRK cells whose secretion is increased by EGF and inhibited by TGF-P (Binas and 

Grosse, 1987), ln a manner slmllar to pp69 (Laverdure et al., 1987). Wlth the demonstratlon here of 

an Immunologleal relationshlp between p691p62 and 2ar/osteopontln and with the flnding that the N

terminai sequence of the proteins deseribed by Senger et al. (1988) Is identical to that of 

2ar/osteopontln (Prince et al., 1987), it is likely that ail the described MSPs are related. In addition, 

beeause 2ar/osteopontin is encoded by a single copy gene, it ean be argued that ail MSPs are 

products of the same, but not distinct genes. Sorne of the heterogeneity in molecular weights (most 

determlned by SOS-PAGE) in the MSPs described by different laboratories ean be attributed to 

teehnleal differences ln addition to the reported anomalous mobllity of osteoponi:n in SOS-PAGE 

(Prince et al., 1987). For example, in our collaboratlve work with Dr Denhardt's laboratory, uslng the 

same eell lines, the size of anti-2ar and anti-p69-preeipitable proteins differed in the two laboratories 

(Craig et al., 1988; and see Fig. 15). However differential RNA proeessing, translation, post

translatlonal modifications or protease actions in different cell lines and different growth conditions 

cannot be ruled out. In respect to the two formers, il was found that in vitro translation of 2ar mRNA 

ylelds one major and two minor proteins of M.W. "'60 kOa (Craig et al., submitted) 1. Therefore, the 

other question that remains to be answered concerns the moleeular basis behind the size 

heterogeneity in MSPs. That the slze of this protein shows interspecies size heterogeneity is not 

surprising and can be explained in evolutionary terms. But its variation within the same cell line 

subsequent to viral or spontaneous neoplastic transformation could have a significant functional 

consequence or, if not, elueldating the mechanism behind it may reveal an equally important specifie 

biochemical function derepressed or induced by transformation. 

As mentioned prevlously, secretion of phosphoproteins is a rare event and the protein 

descrlbed ln this study is one of the few. By establishlng that it Is secreted in both np and pp forms 

and that each form has dlfferent characterlstics, in respect to cell surface localization and co

precipitation with Fn, it is tempting to speculate that Its functlon is regulated by phosphorylation. 

Phosphorylation-induced conformatlonaVfunctional changes with subsequent alterations in cognate 

ligand bindlng is known for a number of proteins including growth factor receptors, synapsln, and 
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most likely integrins (Sibley et al., 1988; Petruee' and Morrow, 1987; Hlrst et al., 1986). If the functlon 

of p69 is to interact with Fn, then phosphorylation serves to mask the site of Interaction on p69. On 

the other hand, the fact that only p69 Is deteetable on the cell surface, by the method used ln thls 

study, indicates that phosphorylation may be crucial for such Iocallzatlon. Phosphorylatlon ln thls case 

may serve to provide the protein with a suitable conformation, maklng Its cell recognition sequence 

more exposed for interaction with its putative cell surface receptor. This Is true for nectlns and 

integrins which interact with low affinity as compared to other ligand-receptor systems; any structural 

changes may have deleterious effects on such Interactions (Hynes, 1987; RuoslahU and 

Pierschbacher, 1987; Obara et al., 1988). Regulation of IIgand-receptor blndlng by phosphorylatlon 

usually occurs at the receptor level, but not at the ligand level; with the exception of Iysosomal 

enzymes, the only known phosphorylated ligand is fibronectin (Ali and Hunter, 1982), but Fn 

phosphorylation does not appear to affect its receptor binding activity. However, such comparlson 

cannot be made between p69 and Fn because the latter is a mu ch larger proteln and 18 

phosphorylated only in some œil types to a much Iower stoichiometry. Therefore, phosphorylatlon or 

dephosphorylation events are expeeted to have more pronounced consequences on p69 structure 

and funetion than on Fn. 

It is often difficult to relate sorne phenomena occurring in rnonolayer culture under certain growth 

conditions to anchorage Independent growth. Although previous studles have dernonstrated a 

complete correlation between secretion of pp62 and pp69 in RSV-transformed cells and thelr 

anchorage independent growth ability and inability, respectively, definite proof for their role ln the 

process of colony formation or significance of such correlation has not been established. In addition, 

this correlation is not observed in reversibly transformed cells. However, in both vanadium- and 

growth factor-transformed ce Ils secretion and phosphorylatlon of p69 Is affeeted. By establishlng that 

p69 is 2ar/osteopontin and by analogy with ECM fibroneetln, which supplies an anchorlng matrlx, It Is 

plausible to consider that MSPs may play a role in growth in soft agar of nontransformed cells. This 

study also shows that vanadium at concentrations that induce anchorage Independent growth 
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Increases the overall secretion of p69 and the proportion of pp69 present in the cell surface, and the 

same oould be true for effects of TGF-P on pp69. A slmilar situation is known with respect to the action 

of TGF-P on ECU components, fibronectin and collagens; by enhancing synthesis of fibronectin and 

Its Incorporation into the ECU, TGF-p induces anchorage independent growth ln non-transformed 

ce Ils (Ignotz and Massagué, 1986; 1987). Therefore the vanadium-induced increase p69 secretion 

and pp69 localization to the cell surface may account for some aspect of vanadium-induced 

anchorage Independent growth of NRK cells. The establishment of the cell surface localization of 

pp69 and its relationship with osteopontin, will allow to devise further experiments to directly test the 

possible Involvement of pp69 and pp62 in anchorage independent growth. 
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