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S%maq: Fxposure of polycm virus-transformed fibroblasts to the protein kioase C-stimulating 
phorbol ester 12-O-tetradecamyl phorlml-U-acetate (TPA) is lo-mm to increase the traosfomiug 
potential of the virus'smiddle Tantigen.Here it is shown that this TPAtreatmentalso 
stimlates an 85 kDa &osphatidylimsitol kinase associated with the middle T antigen. Since 
activation of this kinase is lovxJn to be mxssary, although mt by itself sufficient for the 
transformation of cells by polycxua virus, bursts of protein kinase C activity, triggered by TPA 
or various cellular receptors, might enhance the oncogenicity of polyaaa virus by stimulating 
this middle T antigen-associated phxphatidylinositol kinase. Q 1988 Academic Press, inc. 

One of the early proteins of the oncogenic polyara virus, middle T antigen @I), is 

necessary for the transformation of established cell lines (1,2). In the cell, middle T 

antigen forms a complex with p$Oc~src (3) and P52 cyes (4). This interaction results in an 

increase in the tyrosine protein kinase activity of pp6Esrc , partlybwausemT stabilizes a 

form of pp6Oc-=c which is not phxphorylated at position 527, the major tyrosine 

phosphorylation site of pp60c~src, which is thought to negatively regulate the enzyma's kinase 

activity (5-9). Extensivegenetic and biochemical evidence has indicated that this increase in 

the kinase activity of tk pp60Psrc through uil? binding is necessary, although not by itself 

sufficient for transformation by polyana virus (9-11). 

Triggering a burst of protein kinase C activity in polyana virus-transformed fibroblasts 

with the phorbol ester 12-O-tetradecanoyl phorbol-13-acetate (TPA), stimulates the 

phosphorylation of niT in niI:ppMPrc oxnplexes, tiprecipitated from lysates of the treated 

cells by anti-mT antibodies (12-14). It also enhances the transforming ability of rdI, as 

indicated by a dramaticaly increased ability of TPA-treated cells producing sutaz&malamxrnts 

of Otto proliferate tile suqendedin semi-solid wdiumandto formfocionwnflwnt 

monolayers of oxmal cells (13). 

'Ii-e biochemical pathway by which protein kinase C thus modulates the cctcogenicity of 

polyana virus was investigated further. It was recently shown that cell transformation by 

polyoma virus results in phosphorylation of an 85 kDa phosphoprotein on tyrosine in viw, as 
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well as invitro, onanti-@qhotyrosine or anti* imnmprecipitates (10, 15). Ihis 

phosphorylationparallels an increase in phosphatidylinositol (PI)-kinsse activity in@- 

oontainingim~precip~ate,aswellasanincreaseinmrnetabolismincells~~sing 

transformatio~mxmpetent llir antigen mlecules (11, 16). Iherefore, it has been suggested that 

the 85 kDa PI-kinase phxphoprotein is an in vivo substrate of the nff:p&O~rc kinase, which 

is activated by tymsine phosphorylation (10, 15). In this cmauatlcatioa w.z show for the first 

time that this proteinkinase C-ted activationof thenfT:pp60~rc mmplexwhich increases 

&e transformiug potential of nil', also increases the phosphorylation of the 85 kDa protein and 

its associated phosphatidylinositol kinase activity. 

cell lines, cllhlre -=dsanalysis 
Cell lines, culture techniques, stimlation of protein kinase C and mT aoalyais have been 

described previously (2, 12, U). Inallexperinmts shown, the gels hadbeentreatedwith 
alkali prior to autoradiography.IheIW-llinewas obtainedbytransfectingnmseNlH3T3 cells 
with a plasmid contaklpgthe~ gene dowostreamof the steroid-inducible prmtor of theMouse 
Mamary Imm Virus long temioal repeat (&NIV-L'IR), just as described for the rat Flll-derimJ 
li.ws in (2). Imluctionof Swas achieved byovemightincutationin the present e of 0.5x10 
M dexmethssone (2). 

They were performed essentially as described by Whitmm et al (19), with minor 
mdifications. In brief, clarified 1% NP-40 cell extracts were precipitated with anti-polyasa 
ascites fluid. Imrmnoprecipitates were subaequeatlywaskd 3 times withO.DNP-40 ia 
phosphatebuffered salim to rewve all traces of contasdnatiog type II PI kinase (19) and 
twicewith2(hnMHepes,pH7.2.Imruneccmplexes~ethenresuspendedin40~1ofx)~~~ 
pH 7.2, 5 tiMnCl2, 0.2 n&ml phxphatidylinositol (dispersed by smication), and 101~.Ci y  P 
ATP. Following incubation at 20' C for 15 minutes, the reactions were stopped with the addition 
of 100 ~1 lM HCl; phosptmlipids were extracted with 200~1 ChloroforntSeCH (1:l) sod resolved 
by chromatography on silica gel plates in a ChlorofonH@X-!+MN4+W (9:7:2) atixture. Cold 
phosphatidylinositol-4-nrxmphospbate served as marker. 

Phosphatidylinositol sod phosphatidylinositol-4aPMphosphate were fran Signa (cat # P2517 
and P9638 Ix!spectively). 

Tyrosirlekinaseexperimentswerealwaysperformedatthesametime. Rveryexperimntwas 
run in triplicate. 

The1G!nmoclonalautitodyproducing hybridmm line was obtained franA. R. Frackelton 
and the antibody was prepared as described in (20). 

lPkmzdiatedproteinUna.seC stimlationinpy6 cells constitutivelyexpressing the 

polyana earILy region (17), imxmsed the phxphxylation of tyrosim residues on both the 56 

ad 58 kDa Eorms ofnE (12-14 andFig. lB, law 2)aad,m the average, tripled thePI kioase 

activityofrdp:pp60csrc amplexes precipitated franpy6 cel.llysateswithanti-ntIantibody 

(Fig. lA, Lane 3). ThePI kinase stimlatedbyproteinkinase C, convertedPI specificaly to 

phosphatidylinositol-3-mm@osphate (18 and Pig. IA). Treatment of py6 cells with a TPA 

analog,4cx#wrbol-12, ~te(4aPDD),which~~ts~eproteinkinaseC 

significantly, didnotFncreaseniT.phosphDrylationorPI kiuase activity inniJJ:pp60csrc 

imnmpmipitates (Pig. lA, lane 2; Fig. lB, lmel). The PI kkmse activity in iheti:pp60mrc 

amlph was also stimulated by raising the ilmradular caa with theCaNimvphDre 
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p&ure 1: In vitro PI !&-me activity (A) ad 85 ‘da protein phosphorylatim (B) after protein 

WCs3 
tion in py6 cells. Cdl extracts mre incubated with anti-nip antibodies, tile 

Y [ P] MT, Mn and sonicated PI w-322 addd to vashed imMlDprecipitate8 before thin layer 
chranatography (A) or gel electrogkoresis (B, see Materials and Methods). 
A: 1: No trsw; 2: @EW; 3: 'II'& 4: A23187; 5: '1~~t~Z3187. 
ori: origin of migration; W(4): position of tk phosphatidylimaitol-4-utnm&osphate marker; 
PIP(3): position of the phosphatidylinositol-3wmmphmphate produced by the type I PI kinwe. 
B: 1: 4SfD; 2: 'lP& 3: A23187; 4: WkkAZ?,187. 
IbrizontsJ. bars point to the 56 and 58 kDa form ofolpand the 85 kLh phosphoprotein. 

A23187 (Fig. IA, lane 4), and it was increased even hurther by treating the cells with both 

AZ3187 snd TPA (Fig. lA, lane 5). 

ll-te increase in PI kinase activity of the mT:ppbocsrc c.a@exes frcmpy6 cells treated 

with TPA, or with A23187 plus TPA, was accaqmied by an increased phosptmrylation of an 85 Wa 

proteinon tyrosine (Fig. lB, lanes '24).Sime it is kmmthatan85 kLktype I PI kinase 

whichptmsphorylates PI to phos&aticlylimsitol--phosphate bin&to and is phosphorylated 

bythenQp60c-src complexes invitro, the 85 kDaprotein inFig. lB,wkse increased 

phosphorylation was asscc.iated with increased phosphatidylimsitol-3-mmoplmsphate production 

by the protein kinase C-activated nfT:pp60csrc cmplexes,isalmostcertainlythesame~. 

As shmn by Kaplan et al (16), the 85 kDa PI kinase can also be stimlated by 

phosphorylation on tyrosine residues by the activated PDGF receptor (15, 18). To verify whether 

XC stimlation similarly affects the portion of the 85 k&x protein mlecules tich are 

rmmally associated with the PXF receptor, weexmined thephosptxxylationof the 85 kDa 

proteinpresentin imnmprecipitates prepared against the lG2mnoclonal antibody to 

phosphotyrosine (20) frariNIH3T3 cells expressjng themTgem2 umler control of the 

Dexamthas~regulatableneregulatable-L'iRpramtor (Ndp-lcells, seeMaterials andMethc&). Indeed, 

thelevelof plmsphorylatimofthe85 kDaproteininm@.exes precipitated bythelG2 anti- 
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F+ce 2.. In vitro phosplmrylation of proteins iwmmprecipitated from the NdT-1Li.w of NIH3T3 

A: cells grow0 in 10% calf sem. liclW.9 l-2: M ti induction. 3-4:mTindwed.1and3:mPA 
treauent.2 a-d 4: 'E'Aakkd. 
B:Samasaixm,senmrstarvedcells. 

phosphotymsine antibody fromlysates of uoimluced W-1 cells containingonly trace mxmts 

of IIIT, depended on &ether the cells bad been proliferating in high serun (kuce PDGF-rich)- 

medium or had keen rendered pmliferatively quiescent by imcubation for tm days in low senm 

(hence pDGF-poor)Mm before extraction. Thus, the 85 kDa protein was precipitated from cell 

lysates by lG2 antibody when mioduced W-1 cells were proliferatiog in high senmrmedium 

(Fig. 2A, lane 1). By contrast, there was very little or m tyrosine phosphxylation of the 85 

kDa protein in lysates of quiescent, seeprived, mirrluced WC-1 cells (Fig. 2B, lane 1). 

Treating unixiuccd W-1 cells proliferating in high sem medium with 'PA, increased the 

level of 85 kDa protein phosphorylation only slightly (approximately W%) in 1G2 anti- 

phasphotyrcIsine imumprecipitates (Fig. 2A, lams land 2).TPAtreatumtalso didnotaffect 

the very low levels of 85 kDa protein phosphorylation in 1G2 immmprecipitates from quiescent, 

senm(thus pK;F)-deprived uoixbxedNdp-1cells (Fig. 2B, lanes laud 2). 

MiddleTi~~IuctioninproliferatingN&lcells caused a twofold increase ininvitro85 

kDa protein phxphorylation in lG2 Inmmprecipitates (Fig. 2A, lanes 1 and 3). TPA treatment 

of the pro!tiferatiog aod IS antigen expressing W-1 cells did mt further increase the already 

high levels of 85 kDaprotein$osphorylation inthelG2 immmprecipitates (Fig. 2A, lanes 3 

and 4). In quiescent, senm-deprived ME-lcells howmar, fl inductioncausedthe 85 kLk 

phosphoprotein to appear in lG2 immmprecipitates (Fig. 2B, lane 3), aud treating these cells 

with TPA greatly increased 85 k&i protein phosphxylation (Fig. 2B, lanes 3 and 4). 

FindLLy,itshouldbe~tedthatsimClarresultswereobtainedwiththe~-lcell line, 

tich is a rat Fill derivative expressing ti under control of the same @NIV pramtor controling 

nip expression in the MT-1 mxse cells (2). 
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Triggering an intracelluk burst of proteinkinaseC activitywithdiacylglycerols or IPA 

inpol~vimstransfoiub33cells incrf3ses the activity of the pp60~rcproteinkinase in 

the nir:pp60-r= cauplexea whichphosphorylatea~mtyrosine residues invitro and greatly 

increases the viral protein's transforming ability (12-14). This indicates that the 

onaogenicityofthepolyanavirus~alsobeenhancedbysignalsfmn~~cellular 

receptors which stimilate polyplmsphoinositide hydrolysis and the rel- of protein kinase C- 

stimlating diacylglywrols. 

The exact nature of the protein kinase C-ted activation of the ti:pp60cscc amplex 

is mtkmm. Incells overexpressingboth~~Eaad ppW~SrC,TPAtr~tnmtincr~edtheir 

association and in vitro kinase activity, but not in proportion to the components of the 

cmplex(I.R,unplblished results).Presumbly, some cellular factor, possibly the kinasetich 

phosphorylates the tyr527 of p@Ocsrc ami lowrs its transforudng abilityamikinase activity 

(22), inhibits to some extent the binding of uUY to the carbor end of pp60tsrc (T. M. 

Roberts, personaal camnmication). Whether proteinkinasec increases theti-pp60tsrc 

aasociationbypartially sawhowrelievingthis block, is rotkruwnatthermoent. 

@x of theenzymes Fnvolvedinpol~~sphoinositide~tabolismis an135 kDatype IPI 

kinase which catalyses the phosphorylation of PI to plwsphatidylixositol-3-mxophosphate (10, 

15). In non-transfod cells, this enzyme associates with PDGF receptors and is stirmlated by 

the receptor's tyrosine protein kinase activity (15, 18, 19). According to the present 

observation, and in aggrmt with Sturani et al (23), the PEG? receptor:85kDa PI kinaae 

system is rT)t affected by protein kinase C. Howver, this PI kinasealsoassociateswith the 

ldT:ppf3Frc complexes (15, 18, 19) which are krrxn targets of protein kinase C (12-14). 

Consequently, the stinulation of the pp60tsrc kinase activity in nV.:pp60csrc complexes by a 

TPA-induced burst of PKC activity results in tyrosine phosphorylation and stiaulation of the 

associated PI kinase. Although the physiological function of the phosphatidylinositol-3- 

mnqhosphate produazd by this kinaseis unknown,wz can atleastcmcldethatdkpp60~rc 

complexes are directly involvedinthe control of polyphosphDinositiQmetabolismandtherefore 

might nkxlulate signals fran vario~~3 mitogen receptors. Irrieed, the activation of PI kinase by 

the uQp60-rc complexes is owewary for kllular transforn!ation by polyana virus, ard 

stUtionofthis activitymaybe the reason* proteinkinase C enhawes mT's transforming 

ability(U). 

We~htothankDaveKapLanf0radvFceandhelpwiththemkinaseasMysandA.R. 
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scholarship. Ihe fi.nawialsuppxtfrcmtheNationalCancer Instituteof Canadathroughgrant 
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