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ABSTRACT 

Two highly related transcription factors,ATF2and ATFa,enhance the 

activity ofthe Transforming Growth Factor P2(TGF-P2)promoter via a partial 

cAMP response elementin transfected CHO cells. The retinoblastoma protein 

(Rb)also activates this promoter and enhances the stimulatory effects ofATF2 

butcauses near extinction ofthe effects ofATFa.Whereas Mitogen-activated 

protein Kinase Kinase7(MKK7)or cJun N-terminal protein Kinase(JNK) 

expression enhances the actions ofboth ATF's,MKK6orp38 expression only 

augments the effects ofATF2.Immunoprecipitation oflysates from transfected 

cells with Rb antibodies brings down expressed ATF2butnotATFa.Expressed 

JNK and p38 are also immunoprecipitated in the same complex.Similarly, 

ATF2antibodies bring down expressed Rb,JNK and p38.Expression ofRb 

enhances the immunoprecipitation ofboth JNK and p38 by ATF2antibodies. 

The results suggestthatRb is acting as a matchmaker by bridging either JNK or 

p38 with their common substrate ATF2and,hence,facilitating its activation. 

This suggestion has been validated by direct measurements ofthe 

phosphorylation status ofATF2.cJun co-expression substantially enhances the 



actions ofATF2,buthas no significant effects on the actions ofATFa.These 

results were also confirmed by the inhibition ofthe actions ofATF2butnot 

those ofATFaby a dominantnegative mutantofcJun.cFos has no significant 

effects on either ATF.Regulation ofendogenous TGF-P2gene expression in 

PC-3 cells is highly correlated to that ofthe transfected TGF-P2promoter 

construct,indicating the physiological relevance ofstudies with the TGF-P2 

promoter. 
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CHAPTERI 

INTRODUCTION 

ATF2andATFa 

i—MembersofbZip family 

The regulation ofgene expression is a critical componentin regulating 

cellular metabolism and maintaining the structural and functional differences 

that existin cells during development.Regulation oftranscription initiation, 

which is the best documented and maybe the mostcommon site ofregulation of 

gene expression involves the interaction ofRNA poljnnerase with its promoter. 

In eukaryotic systems,so-called transcription factors are the regulatory proteins 

which bind to specific sites in the promoter.A variety ofstructure motifs have 

been found to direct specific binding to sites located in target gene promoters.In 

the case ofthe transcription factors,we have been studying theDNA binding 

and dimerization sites are adjacentto each other and the entire region is referred 

to asthe bZip domain,b is for the basic domain which bindsDNA andZip is 
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for theleucine zipper,a helical region involved in dimerization.There is a large 

super-family ofbZip proteins,all ofthose members contain this common 

structural motif. 

Activating transcription factors2(ATF2)and a(ATFa)are members of 

a subsetofthe family ofbZip transcription factors(Meyer and Habener,1993, 

review).Both ATF2and ATFa were cloned from HeLa cellcDNA libraries 

(Gaire et al., 1990)generated by reverse transcription PGR. 

Membersofthis bZip family typically have a basic region near their C-

terminus,flanked by aleucine zipper motif.The basic region,rich in positively 

charged amino acids,is responsible for sequence-specificDNA recognition and 

binding.Theleucine zipper is a coiled-coil structure with leucines at every 

seventh position(heptad repeats)normally with4to6cycles,responsible for 

protein dimerization.Bzip proteins also usually have transactivation domains 

nearthe N terminus. 

ATF2and ATFahave a striking similarity to each other atthe protein 

primary structure level(Figure 1,all figures and tables are in the appendix). 

Thus,they share significantidentities in three regions[~90% over AA's21-99 

(ATF2);~80%over AA's354-426 including the bZip and~70%over AA's428-

463](Maekawa et al, 1989;Gaire et al, 1990;Meyer and Habener,1993). 

Outside these regions there are isolated pockets ofhomology butthe rest ofthe 
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two proteins are largety different.Both proteins are unique amongthe bZip 
I 

family membersin having azinc finger atthe N terminus. 

Both ATF2and ATFa actto form DNA binding homodimers and 

heterodimers(Hai et al., 1989;Benbrook et al., 1990).Such dimerization may 

resultin ATF2or ATFabeing a constituentoffactor complexes that have subtle 

differences inDNA binding specificity and regulatory potential(Meyer and 

Habener,1993;Chatton et al., 1994). 

ATF2-Jun heterodimers have been reported to act at a numberofpartial 

CRE/ATF sites(Karin and Hunter,1995;Kaszubska et al, 1993;Liang et al, 

1996;Newell et al, 1995).ATFacan interact with several members ofthe 

Jun/Fos subfamily(Benbrook and Jones,1994;Chatton et al, 1994;Hai and 

Curran,1991),butATF2only interacts with cJun.This suggests thatsome 

functional differences rriay exist between the two ATF's. 

2—Promoterregulation 

ATF2and ATFabind tocAMPresponse element(CRE)sites,full 

(TGACGTCA)or partial(CGTCA),which are closely related to so-called ATF 

sites(Benbrook and Jones,1994;Hai and Curran,1991;Meyerand Habener, 

1993).These ATF/CRE sites are widely distributed in a variety ofpromoters 

(Meyer and Habener,1993). 
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Despite their ability to bind to full and partial CRE sites,neither ATF2 

nor ATFa has been found to mediate aresponse to cAMP(Gaire et al, 1990; 

Gong et al, 1995;Maekawa;et al, 1989).However,there is a controyersy 

regarding the cAMP effects on TGF-p2expression(Kingsley-Kellesen et al., 

1999).It has been suggested thatthe CREbinding protein(CREB)up-regulates 

TGF-P2expression in F9embryonal carcinoma cells. SinceF9 cells are 

differentiating cells,cAMP'sregulation in F9 cells may notbe typical.We and 

others have found that ATF2up-regulates the'TGF-P2in at leastfour different 

cell lines and no role forcAMP is eyident(Kim et al., 1992;Gong et al., 1995). 

Indeed,evidence for a unique role forATF2in regulating transcription was 

provided by the fact thatexpression ofATF2by itselfcaused significant 

stimulation ofthe activity ofthe TGF-P2promoterAvhile neither CREB or 

ATFl were active(Kim et al., 1991;Kim et al., 1992;Gong et al., 1995). 

ATF2and/or ATFa have been found to enhance the activities ofa variety 

ofpromoters through CRE/ATF sites including TGF-P2[and probably pi] 

(Kim et al., 1991;Kim et al,, 1992;Gong et al., 1995),E-selectin,Cyclins A 

and Dl,TNFa,Fibronectin,FasL,PEPCK,DNA polymerase B,MHC 

enhancer A,Interferon y,cJun,IL-2,Keratinocyte growth factor and Rb(Read 

et al., 1997;Shimizu et al., 1998;Joyce et al., 1999;Zhou et al., 1999;Hocevar 

et al., 1999;Fairs et al., 1998;Cheong et al., 1998;Kreidweiss et al., 1999; 
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Brockmann et al., 1999;Kim et al., 1998;Duyndam et al., 1999;Su et al., 

1994).Mutation ofthe CRE/ATF sites in the promoters abolishes the effects of 

the ATF'sin each case(Kim et al., 1992). 

ATFaand its variants were initially reported to have weak transactivation 

functions(Chatton et al., 1993);and it wassuggested thatthe N-terminal 

activation domain ofthe ATFaprotein is functionally masked bythe C-terminal 

region ofthe protein(Chatton et al., 1994).Later,however,ATFahas been 

found to stimulate gene expression mediated bythe ATF/CRE sites located in 

the TGF-P2promoterin CHO cells(Gong et al., 1995)and in the E-selectin 

promoterin HeLa cells(Pescini et al., 1994).Mutation ofthese ATF-binding 

sites abolishes ATFa'stransactivation in both cases(Pescini et al., 1994;Gong 

et al., 1995). 

3—Phosphorylation 

ATF2and ATFahave been found to respond to environmental signals 

which are known to activate protein kinase cascade pathways including growth 

factors,cytpkines and variousforms ofstress(Bocco et al., 1996;Gupta et al., 

1995;Jiang et al., 1996;Raingeaud et al., 1995;Toumier et al., 1997; 

Raingeaud et al., 1996;Livingstone et al., 1995;van Dam et al., 1995;Tsai et 



al., 1996).The activity ofthe N-terminal domain ofATF2is also stimulated by 

UV irradiation and addition ofserum.(Livingstone et al., 1995). 

Consistent with the in vivo response to these stress signals,in vitro 

studies have suggested that ATF2is the direct target ofatleasttwo signal 

transduction pathways(Karin and Hunter,1995,review).ATF2wasfound to be 

phosphorylated bythe c-Jun N-terminal kinase(JNK)and protein kinase p38 

(Gupta et al., 1995;Livingstone et al., 1995;van Dam et al., 1995)ontwo 

closely spaced threonine residues(positions69and 71)within the N-terminal 

activation domain.The replacement ofthese phosphorylation sites with alanine 

inhibited the transcriptional effects ofATF2(Gupta et al., 1995;Livingstone et 

al., 1995;van Dam et al., 1995). 

4—Physiologicalroles 

The severe developmental defects observed in the ATF2knockout mouse 

have implied its importantroles in mediating growth and development.It has 

been shown that mice carrying a germ line mutation in ATF2suffered 

widespread abnormalities,including developmentofthe skeletal and central 

nervous system(Reimold et al., 1996).A more recentreport using mouse null 

mutants oftranscription factor ATF2has shown that targeted mice died shortly 
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after birth and displayed symptoms ofsevere respiratory distress with their 

lungs filled with meconium(Maekawaet al., 1999).. 

ATF's may also play importantroles in virus infection and inflammation. 

There has been considerable interestin the role ofATF2because it is a targetof 

several viral proteins,including the adenoviralElA,hepatitisB viralX and 

humanT cell leukemia viral Tax proteins(Liu and Green,1990;Chatton et al., 

1993;Hagmeyer et al., 1995;Li and Green,1996). 

The expression ofboth ATF2and ATFais tissue-specific.The putative 

mRNA for ATF2has been found in various human and monkey tissues and in 

many cell lines(Maekawa et al., 1989;Taketa et al., 1991),and it is relatively 

more abundantin the brain tissue than any other tested human tissues,including 

lung,liver and kidney tissues(Maekawa et al., 1989). 

The highestmRNA level for ATFais found in human skeletal muscle, 

butit is also expressed in human heart,brain,placenta and lung tissues,butno 

detectable signal was obtained from liver tissue(Pescini et al., 1994).Therefore, 

the tissue distributions ofATF-2and ATF-a are clearly different. 

5—TGF-P2regulation 

In this study,wefocused on the regulation ofTGF-P2promoter activity. 

TGF-P refers to a complex family ofgenetically distinct polypeptides thatcan act 
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as multifunctional regulators ofcell growth and differentiation(Roberts and Spom, 

1990,review).The expression ofTGF-P2is spatially and temporally regulated 

during the earliest stages ofmoUse development(Rizzino,1995).TGF-P's regulate 

cell differentiation,cell growth,and are the mostpotent growth-inhibitory 

polypeptidesknown for a wide variety ofcell t5^es including mostnormal and 

transformed epithelial,endothelial,fibroblast,lymphoid and hematopoietic cells 

(Roberts and Spom,1990).Although TGF-P's arrest growth in the late G1 phase of 

the cell cycle,the mechanism by which they inhibit cell proliferation is virtually 

unknown(Silberstein and Daniel,1987).Fourregulatory elements in the TGF-P2 

promoter regions,including a critical CRE/ATF element,help control the 

expression ofthe TGF-P2gene during early mammalian development(Kim et al., 

1991;Scholtz et al., 1995). 

Wehave previously reported thatboth ATF2and ATFa are able to 

stimulate the TGF-P2promoterin CHO cells(Gong et al., 1995).Asin CCL64 

cells(Kim et al, 1992),Rb also wasfound to stimulate TGF-P2promoter 

activity in CHO cells and it enhanced the effects ofco-expressed ATF2(Kim et 

al., 1992;Gong et al., 1995).Indeed,it was this effect which led to the 

discovery thatATF2is able to regulate this promoter(Kim et al., 1995).In 

striking contrast,co-expression ofRb and ATFaled to near extinction ofthe 

stimulation ofTGF-P2promoter activity(Gong et al., 1995).This has provided 
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clear evidence for afunctional difference between ATF2and ATFa.The present 

study arose from a desire to uncoverthe molecular basis for this difference. 

Retinoblastomaprotein 

1—Tumorsuppressor 

The retinoblastoma protein,Rb,was first identified as a suppressor of 

retinal cancer(for reviews,see Wang et al., 1994;Riley et al., 1994).It has been 

suggested thatRb inhibits tumorigenesis by inhibiting cell-cycle progression 

(Templeton et al., 1991;Pushkareva et al., 1995).Since then,Rb has been 

implicated in the regulation ofmany cellular processes,including cell-cycle 

arrest,differentiation and apoptosis(Pushkareva et al 1995;Qian et al, 1992; 

Wang,1997).Mutations ofthe Rb gene have been found notonly in 

retinoblastomas(Fung et al., 1987;Lee et al., 1987),but also in osteosarcomas, 

bladder carcinomas,small cell lung carcinomas,and a prostate carcinoma 

(Wang et al., 1994).Expression ofwild type Rb,via retrovirus-mediated gene 

transfer,suppresses the tumorigenicity ofseveral neoplastic cell lines that 

contain Rb mutations(Wang et al., 1994). 

Fundamentalfunctions ofthe tumor-suppressor protein Rb in vivo have 

been demonstrated in mice in which the Rb gene was inactivated in the germ 
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line(Lee et al., 1992and 1994).In these animals,many Rb-deficient cells,most 

notably fetal neurons and hematopoietic precursors,fail to exitthe cell cycle 

and continue to divide in aberrantlocations. Reintroduction offunctional Rb 

into Rb-deficientretinoblastoma cells resulted in reduced tumorigenicity in 

nude mice(Huang et al., 1988).The tumor-suppressing function ofRb was 

suggested to be tissue-specific by observations madein mice with heterozygous 

disruption ofthe Rb gene.TheseRb +/- mice do not develop retinoblastomas, 

buthave an unusually high incidence ofpituitary tumors(Jacks et al., 1992). 

In addition to the suppression ofgrowth,Rb has also been suggested to 

play a role in cellular differentiation during development(Chen et al., 1996).Rb 

hasIjeen implicated in the regulation ofapoptosis as well.Forexample,Rb is 

inactivated in the retinas oftransgenic mice,butrather than developing 

retinoblastomas,the retinal cells undergo apoptosis atatime when they 

normally would be undergoing terminal differentiation(Howes et al., 1994). 

2—Rb protein 

The full length human Rb genespans4757nucleotides.It has an open 

reading frame that encodes a protein of928 amino acids(Riley et al., 1994, 

review).Rb contains several functionally distinct domains(Figure 2),which 

have been found to beimportantfor its biological functions,including an N-
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terminal domain,the so-called A ahd B pockets and a C-terminal domain(C 

pocket). Analysis ofthe domain structure ofRb bythe use ofsynthetic deletion 

and naturally occurring mutations has revealed thatA andB pockets are most 

importantfor the majority ofits functions(Huang et al, 1990;Qian et al, 1992). 

The central A andB pocket domains,which are separated by a spacerregion, 

have been found to be the binding sites for a large numberofoncoproteins and 

transcription factors and to also regulate their activities(e.g.,E2F,ElA, 

etc.)(Wang,1997). 

TheCterminal region,referred to as the C pocket,has been found to 

contain several phosphorylation sites and is also the binding site for the nuclear 

c-Abltyrosine kinase(Welch and Wang,1995).The N-terminal domain ofRb 

also contains some phosphorylation sites(Inoue et al., 1995).Deletion studies 

indicate that amino terminafsequences are necessary for hyperphosphorylation 

ofthe full length molecule,which occurs during cell cycle progression(Qian et 

al., 1992;Durfee et al., 1994)^ 

Rb haslong been considered to be a negative regulator ofgene 

expression based on its ability to sequesterE2Ffamily membersawayfrom 

target promoters(Helin et al., 1993;Wang,1997;Brehm and Kouzarides, 

1999),and more recently,to bind to histone deacetylases(Brehm and 

Kouzarides,1999;Brehm et al., 1998;Magnaghi-Jaulin et al., 1998).E2F was 
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first defined as a transcriptional factor that activates the E2promoter of 

adenovirus genes and it has since beenfound to activate a variety ofGl/S-

specific genes(Nevins,1992,review).When E2F is bound by Rb,its 

transcriptional activity is blocked(Weintraub et al., 1995).The increase in Rb 

phosphorylation before the onsetofS phase ofthe cell cycle,broughtaboutby 

cyclin D/cdk4protein kinase which accumula:tes at this stage,causes Rb to 

dissociate from E2F,thus allowing it to activate S-phase genes(Weinberg, 

1995,review). 

However,increasing reports have appeared overthe pastfew years 

showing thatRb is also able to positively regulate the expression ofcertain 

genes(Kim et al., 1992;Chen et al,1996a;Chen et al,i996b;Park et al., 1994; 

Rohde et al., 1996;Wang,1997).Thus,Rb can now be considered a versatile 

modulatoroftranscription the nature ofwhose actions depend at a minimum on 

the specific gene,the type ofcell,its state ofdifferentiation and the stage ofthe 

cell cycle. 

TheA andB pockets are critical for Rb's binding to transcription factors, 

such as E2F,C/EBP etc.,as well as its tethering to nuclear structures and its 

growth suppressive effects in cell culture(Templeton et al., 1991).Table 1 

shows a selected list ofmany ofthe oncoproteins and transcription factors that 

bind to the A andB pockets and regulate their activities(Adaptedfrom Wang et 
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al., 1994,review).Onthe other hand,Rb-associated proteins use a variety of 

motifs to bind to Rb;for example,T antigen ofSV40,adenovirusElA 

oncoprotein and other oncoproteins bind Rb via a conserved Leu-x-Cys-x-Glu 

motif(Kim et al., 1994).Transcription factor E2F1,in contrast,uses a unique 

18-amino acid motifto interact with Rb,while ppla uses a different,large,C-

terminal region to bind to Rb(Lee et al., 1994a). 

3—Cellcycle related regulation 

The ability ofRb to function as atumor suppressor has been suggested to 

be due to its ability to regulate the expression ofseveral key genes involved in 

growth control(Wagner and Green,1991),including TGppi and TGFP2(Kim 

et al, 1991;Kim et al, 1992).The biochemical mechanism by which Rb 

suppresses tumorformation is unclear;however,it has been suggested thatRb 

inhibits tumorigenesis by inhibiting cell-cycle progression(Templeton et al., 

1991;Pushkareva et al., 1995).Introduction offunctional Rb into certain Rb-

deficienttumor cell lines results in G1 arrest(Templeton et al., 1991).This Rb-

mediated growth arrest also displays cell type specificity,being seen in certain 

tumor cells while notin other cell types(Fung et al., 1993;Dbaibo et al., 1995). 

During the G1 phase ofthe cell cycle,Rb is hypophosphorylated and is 

able to repress cell proliferation.Atsome pointlater in G1 in cycling cells,it 
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becomes hyperphosphorylated,by cyclin-dependentkinase4(cdk 4),and loses 

its growth suppressing function.Dephosphorylation ofthe Rb protein bytype 1 

protein phosphatases(ppl)occurs during mid-M phase,reactivating the protein 

prior to the next cell cycle(Ludlow et ah,1993). 

The Rb gene productis a 110-kD nuclear phosphorylated protein thatis 

phosphorylated on both serine and threonine residues(Wang et al., 1994).As 

stated above,these modifications were suggested to be importantin regulating 

its interaction with oncoproteins and transcriptional factors. 

Hypophosphorylated Rb associates with the nuclear matrix during early Gl,and 

is thoughtto bind peripheral matrix proteins lamin A andC(Maneini et al., 

1994).Nonfunctional mutants ofRb,presentin defective alleles ofthe Rb gene 

isolated from two spontaneously arising tumors,were found to be defective in 

phosphorylation,viral oncoprotein association and nuclear tethering(Templeton 

et al., 1991;Maneini et al.,1994). 

Recently,other functional roles ofRb in growth repression have 

appeared.Rb has been suggested to regulate ribosomalRNA transcription 

mediated by polI(Adnane et al., 1995;Nasmyth,1996). Also,Rb wasfound to 

repress polIll-mediated transcription in vitro and in cultured primary mouse 

fibroblasts(White et al., 1996).Therefore,it was suggested thatRb mightbe a 

more general regulator oftranscription needed for cell proliferation. 
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4—TGF-|32connection 

Rb inhibits the transcription ofgenesinvolved in growth control 

(Wagner and Green,1991),butit wassuggested thatRb activates transcription 

ofthe human TGF-P2gene through ATF2(Kim et al., 1992).Previous studies 

have indicated links between TGF-P2-mediated G1 growth arrest and the 

activity states ofcyclins and cyclin-dependentkinases(cdk's)(Okamoto et al., 

1994)and Rb(Koffet al., 1993).Overexpression ofhuman cyclin D1 reduces 

the growth inhibition by TGF-P's.Treatmentofcells with TGF-P's appears to 

prevent phosphorylation ofRb and retains itin the hypophosphorylated, 

growth-suppressive state. 

JNKandp38signalpathway 

Actions ofmany signals in the cellular signal transduction network 

converge atone or more ofthe mitogen-activated protein kinase(MAPK) 

cascades,which activate transcription factors in the nucleus and other,effectors 

throughoutthe cell(Wilhelm et al., 1995;Karin and Hunter,1995;Waskiewicz 

and Cooper,1997).Each MAPKis activated by its cognate MKK(MAPK 

Kinase)through acommon mechanism involving phosphorylation ofThr and 
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Tyrresidues in the regulatory tripliet, Thr-X-Tyr(Raingeaud et ah,1996; 

Johnson et al., 1996;Fanger et al., 1997). 

There are atleast three majorMAPKpathways:extracellular signal 

regulated protein kinase(ERK),JNK and p38;and seven MICK's(MKKl-7) 

have been identified in mammalian cells(Derijard et al., 1995;Jiang et al., 

1995;Karin and Hunter,1995;Waskiewiczand Cooper,1997;Fanger et al., 

1997).ERKs,JNK,and p38 share 40-45% overall sequence identity. Generally 

speaking among MAPKpathways,theERK pathway is often stimulated by 

growth and differentiation factors,whereas the JNK and p38MAPKpathways 

are mainly activated by stress-related stimuli such asUV orgammairradiation, 

ischemia and reperfusion,and inflammatory cjftokines among others 

(Raingeaud et al., 1995;Johnson et al., 1995;Jiang et al., 1995;Karin and 

Hunter,1995;Brunet and Pouyssegur,1996;Raingeaud et al., 1996;Toumier et 

al., 1996;Toumier et al., 1997;Waskiewicz and Cooper,1997). 

Stress-related stimuli do not alter expression levels ofJNK's butrather 

activate existing JNKby phosphorylation on the two residues discussed above 

(Raingeaud et al., 1995;Fanger et al., 1997;Read et al., 1997).Two direct 

upstream kinases for JNK's are MKK4(also known as SEKl,JNKKl),which 

also activates p38,and MKK7(JNKK2),which has been shown to exclusively 

activate JNK(Raingeaud et al., 1996;Toumier et al., 1996;Toumier et al., 
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1997). Activated JNK's phosphorylate a variety oftranseription factors 

including ATF2,ATFaand c-Jun,leading to transcriptional activation(Gupta et 

al., 1995;Livingstone et al., 1995;Wilhelm et al., 1995;Bocco et al., 1996). 

p38 MAPKs are activated by MKK3,MKK4,and MKK6also through 

phosphorylation. Substrates for p38 include transcription factors such as ATF2, 

CHOP and ELK-1(Jiang et al., 1996;Read et al., 1997;Cohen et al., 1997; 

Young et al., 1997;Brinkman et al., 1999). 

Recentreports indicate thatJNK interacts with the C pocket domain of 

Rb directly(Chauhan et al., 1999;Shim,et al.,2000).It has been suggested that 

JNK may phosphorylate Rb(Chauhan et al., 1999),and Rb inhibits JNK's 

phosphorylation ofcJun in the in vitro kinase assay(Shim et al.,2000). 

Research direction 

Since ATFa shares a certain degree ofsequence homology with ATF2 

(Figure 1),especially in the zinc finger domain which has been suggested as the 

basis for transcriptional activation and interaction with regulatory proteins,it 

was ofinterest to test whether or notATFahas functions similar to those of 

ATF2.Wehave been following up on earlier observations that ATF2acts as the 

endogenous mediator ofRb's effects on the TGF-(32promoter activity in CCL-
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64 cells(Kim et al., 1992);and thatRb stimulates TGF-P2promoter activity in 

CHO cells by itself. It also strongly enhancesthe effects ofATF2while 

paradoxically reducing the stimulatory effects ofthe highly related ATFa(Gong 

etal.,1995). 

Our approach hasinvolved four aspects: 

First,we have utilized truncation mutants ofRb to map the domains 

responsible for the three observed effects ofRb[stimulation ofTGF-P2 

promoter activity by itself(2-4fold);enhancementofthe effects of 

overexpressed ATF2(3-5 fold)and inhibition ofthe effects ofATFa(80-90%)] 

(Li,1996).These results show that despite differences in its effects on the two 

ATF's,the same regions ofR.b are involved,namely the A andB pockets. 

However,significant inhibition ofRb action on the TGF-P2promoter is 

observed withCpocket mutants.We also demonstrated thatthe differential 

effects ofRb in the human uterine mesodermaltumor cell line SKUT-1,which 

lacks endogenousRb,are essentially the same asin CHO cells(Li,1996). 

The second aim wasto compare effects oftheimmediate upstream 

signaling componentsresponsible for phosphorylation and activation ofthe two 

ATF's.Weused the co-expression ofa series ofprotein kinases which are 

involved in the two major stress activated kinase signaling cascades(JNK and 

p38)to approach this aspect.Ourresults haveshown firstly that overexpressed 
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MKK7and JNKboth enhance the effects ofATF2and ATFaon TGF-P2 

promoter activity butMKK6and p38 only stimulate the actions ofATF2. 

These supportthe growing notion thatJNK and p38 cascades possess 

overlapping but distinctive roles in regulating transcription,and have also 

revealed additional differential modulation ofthe actions ofthe ATF's. 

The third aspectofour approach has been directed at examining the 

ability ofRb to interact with the two ATF's as well as the^oupstream protein 

kinases found to enhance the effects ofATF2.Through co-immunoprecipitation 

experiments,we were able toshow the association ofRb with JNKin 

transfected CHO cells. Furthermore,we demonstrated thatp38is associated 

with Rb as well.Based on the recentreports(Chauhan et al., 1999;Shim et al., 

2000)and our results,the Cpocket appears to be involved in directinteractions 

ofRb with JNK and p38.ATF2wasfound to be able to associate with Rb 

apparently in the same complex asRb bound to JNK or p38.Overexpression of 

Rb has been found to stimulate(3-4fold)the interaction ofATF2with JNKand 

p38 suggesting a modelfor the role ofRb in this complejd as a match-makerto 

facilitate the interaction ofprotein kinases(JNK or p38)with their target 

(ATF2),thereby enhancing phosphorylation and activation ofATF2.Direct 

measurementofATF2's phosphorylation status has confirmed that this is the 

case.In contrast, although Rb does notinteract with ATFa under any 
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conditions,itreduces the latter's interaction with JNK which could accountfor 

the negative effects ofRb on ATFa's actions,atleastin part. 

Finally,a comparison ofthe effects ofall ofthe regulatory agents used in 

studies ofectopic TGF-P2promoter activity has been made with the 

chromosomalTGF-P2promoterinPCS cells using an ELISA assay for secreted 

TGF-p2.The results have shown thatthe pattern and even degree ofeffectofall 

ofthe combinations ofexpressed factors on the two promoters is 

indistinguishable.Thus,studies ofthe ectopic TGF-P2promoter appearto 

accurately reflect,insofar as these studies have been carried,physiologically 

relevantregulatory events. 
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CHAPTERII 

MATERIALSAND METHODS 

Plasmids 

Expression vectors for ATFa were kindly provided by Dr.C.Kedinger 

(CNRS/INSERM)(Chatton et al., 1993).pATF2wasa gift from Dr.M.Green 

(U.Mass)(Kim et al., 1992),and the CAT reporter constructpB2-77was 

provided by Dr.S.Kim(NIH)(Kim et al., 1992).Constructs offull-length and 

truncated Rb expression vectors,the pRbWT3HA/SVE series, were provided by 

Dr.D.J.Templeton(Case Western Reserve)(Qian et al., 1992).The 

hemaggulutinin(HA)epitope(YPYDVPDYAK)is located at the carboxyl 

terminus ofall ofthe Rb species used in this study.Expression plasmids for 

MKK6and MMK7were kindly provided by Dr.R.J.Davis(U.Mass) 

(Toumier et al., 1997;Raingeaud et al., 1996).dnJNKK(K116R),APF and 

JNK2by Dr.G.L.Johnson(Natl.Jewish Hosp.)(Lin et al., 1995;Johnson et al., 

1996),p38p by Dr.J.Han(The Scripps Res.Inst.)(Jiang et al., 1996),TAM67 
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by Dr.M.Birrer(NIH),cJun by Dr.M.Karin(UCSD),and cFos by Dr.I. 

Verma(Salk Inst.).Plasmids were transformed into competentJMlOl cells and 

prepared by the following procedures. 

Plasmidpreparation 

Plasmids were prepared by a phenol/chloroform extraction protocol 

(Manufacturer's suggested protocol,5prime-»3prime,Inc.).PZ523 columns 

(5 prime 3prime.Inc.)were used to further purify the double-stranded 

plasmidDNA following the manufacturer's specifications. 

A fixed volume(1.8 ml)ofpre-purified plasmid samples was applied 

onto the top ofthe resin bed,and the column/collection tube assembly was 

centrifuged at 1,100 g in a swinging bucketrotor for24min.The column 

effluent containing purified plasmidDNA wasrecovered,precipitated by 

isopropanol and washed twice with70%ice cold ethanol. 

Agarose gelelectrophoresis forplasmidDNA samples 

Agarose gels(0.8 to 1.0%)were run at 100 volts for about60minin 0.5 

XTBE(100mM Tris-borate,2mMEDTA).After electrophoresis,theDNA 
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wasstdned in 1 ng/ml ethidium bromide for30 min,and then visualized and 

photographed with UV light.A ICQ bp standard ladder(Sigma)wasincluded as 

a molecular weightstandard in the agarose gels.Each plasmid prepared was 

tested by appropriate restriction enzjnne digestion and subjected to agarose gel 

electrophoresis.The molecular weights ofdigested fragments were calculated 

and compared to the appropriate plasmid mapsto validate the identity ofthe 

purified DNA. 

Cellculture 

Three cell lines,CHO,SKUT-l,and PC-3,were used in these 

experiments.TheCHO cell line(ATCC)was cloned from Chinese hamster 

ovary,the SKUT-l cell line(ATCC)was isolated from ahuman uterine mixed 

mesodermaltumor,and thePC-3 cell line(ATCC)was isolated from a prostate 

carcinoma.CHO andPC-3 cells were grownin Ham'sF12medium(Sigma) 

supplemented with 10% fetal bovine serum(Life Technologies).SKUT-l cells 

were maintained in Dulbecco's modified Eagle's Medium(DMEM,Sigma) 

containing 10% fetal bovine serum.All cell lines were grown as monolayersin 

filter-sterilized medium on various sized plastic culture plates(Coming Glass 

Works)at37°Cin a humidified CO2incubator. 
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Growing cells were continuously maintained by serial culture everytwo 

to four days.Removalofcells from plates was normally accomplished with a 

solution of0.025% trypsin in EDTA-Sodium-Phosphate-Glucose(ESPG)(0.15 

M NaCl,0.01 M potassium phosphate,1.2 g/liter ofglucose, 1 mMEDTA,pH 

7.5).Theterm "trypsin treatment"wasused to denote a procedure with the 

following steps: 

1.The old medium isremoved from the plate ofcells. 

2.The cells are washed withESPG solution. 

3.The cells are incubated for5to 10 min in trypsin solution. 

4.The cells are resuspended in fresh medium. 

Transfection 

Cells were grown to 50-80% confluence (the area ofthe plate's bottom 

covered with cells)in 35 or 100mm culture dishes(Coming).Cocktails of 

plasmidDNA and Lipofectamine(Life Technologies)were prepared in semm-

free medium(Opti-Mem Ireducedsemm medium.Life Technologies).For 

transfections donein 35mm culture dishes,the following reagents were 

prepared in sterile tubes: 
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Solution A:For each transfection,1-2|j,g ofDNAwas diluted into 100 

|xl serum-free medium. 

Solution B:Foreach transfection,3|il oflipofectamine was diluted into 

100|il the same medium. 

Thetwo solutions were combined,mixed gently,and incubated atroom 

temperature for30min to allow DNA-liposome complexes toform.While 

complexes were forming,the cells were rinsed once with2mlofserum-ffee 

medium.For each transfection,Q.8 mlofserum-ffee medium was added to the 

tube containing the complexes.After gently mixing,the diluted complex 

solution was overlaid onto the rinsed cells in a 35mm dish.The total amountof 

DNA transfected waskeptconstantby addition ofpUC 18 plasmid DNA. 

Fortransfections done in 100mm cell culture dishes,10fold higher 

amounts ofeach reagent were used as above. 

The cells were then incubated for6hr at37°Cin aCO2incubator. 

Following this incubation,1 mlofgrowth medium containing twice the normal 

concentration ofserum was added withoutremoving the transfection mixture. 

The medium wasreplaced with fresh,complete medium at24hrfollowing the 

start oftransfection.The cells were usually harvested 48to 54hr after the start 

oftransfection. Cell extracts were prepared by three ffeeze-thaw cycles,and 

clarified by centrifugation. 
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Lipofectamine wasfound to be the mostefficientfusogenic agentfrom a 

variety that were examined.The conditions for transfection have been 

optimized through the following three steps.First,we examined the titration of 

basalCAT expression with pB2-77 vector alone,and the results indicated that 

0.5 pg ofplasmid yielded the highestCAT expression in 35 mm dishes. 

Second,wetested different amounts ofeach expression vector(including 

ATF2,ATFa,Rb,INK,p38,MKK6and MKK7),andfound that between 0.1 

and 0.5 pg ofplasmid(specified in figure legends)was optimal for stimulating 

CAT expression.Third,we varied the post-transfection incubation time to 

monitorCAT activity in the cell extracts.The results suggested that48to 54hr 

incubation gave the highestand mostreproducihle CAT activities. 

A plasmid expressing the Green FluorescentProtein(EGFP,from 

Clonetech)was used to monitorthe transfection efficiency,which wasfound to 

be between 30and40%forCHO cells underthe conditions used. 

Protein assay 

CHO cell extracts were subjected to the Bradford assay to determine the 

concentration ofprotein.Five pi ofcell lysate was used forthis assay.A 

standard curve was prepared with known concentrations ofBovine Serum 
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Albumin(BSA)and used to determine the total protein concentration of 

transfected cell extracts. 

CATactivity assay 

The CAT activity in cell extracts was assayed by a modification of 

Sleigh's method(Sleigh et al., 1986). The clarified cell extracts were heated at 

65°Cfor 10 min prior to incubation with 1.0mM chloramphenicol(Sigma),0.1 

mM acetyl-CoA and 0.05 mCi[acetyl-l-l^C]acetyl CoA(DuPontNEN)at37 

°Cfor4hr.The product, l^C-iabeled acetyl-chloramphenicol was extracted 

with ethyl acetate,1 mlofEconofluorTM(NEN)was added and the samples 

were counted in a scintillation counter. 

The assay was performed under conditions where radioactivity 

incorporated into chloramphenicolwaslinear with respectto both time and the 

amountofcell extract. Generally 100-200cpm was observed with extractsfrom 

untransfected cells. This background radioactivity was subtracted from all 

samplesfrom transfected cell extracts.The specific activities ofCAT were 

determined by calculating the ratio ofCPM ofradioactive productto the protein 

amountpresentin the cell extract used.The relative CAT activity(fold 

stimulation)is defined asthe ratio ofspecific CAT activity in extracts ofcells 
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transfected with regulatory protein expression vectors to thatin extracts ofcells 

transfected with pB2-77 alone.The absolute CAT specific activities were highly 

reproducible from experimentto experiment[cpni/|j,g protein±SEM:pB2-77 

,alone=4.0±0.1(54);+ATF2= 17.5±0.4(35);+ATFa=16.4±0.4(27);+ 

Rb= 16.4±0.4(31)]and nosecond reporter plasmid was used for 

normalization. 

Preparation ofnuclear extracts 

Nuclear extracts were preparedfrom transfected cells by a modification 

ofthe procedure described by Borgmeyer et al.(1984).Cells were homogenized 

and lysed in2volumes ofhomogenization buffer(HB):10mM HEPES,pH 

7.5/0.5 mM spermidine/0.15 mM spermine/5 mM EDTA/0.25mM EGTA)/50 

mM NaF/7mM 2-mercaptoethanol/l mMPMSF containing 0.5 M sucrose and 

0.1% NP-40.The nuclei were sedimented by centrifugation at 12,000g for30 

min.Aftertwo washes withHB containing50mM NaCl,nuclei were extracted 

withHB containing300mM NaCland 10% glycerolfor Ihr and clarified by 

centrifugation at 12,000 g. 
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SDS-PAGEandImmunoblotting 

Ten |j,l ofeach nuclear extract (about50 fj,g ofprotein was presentin 

each loaded lane)or 15 pi ofcell extract(about30 pg ofprotein)was analyzed 

bysodium dodecyl sulfate(SDS)-polyacryamide gel electropboresis(PAGE). 
j 

Ten ortwelve percentofpolyacrylamide was used as the separating gel.A 10 

kD standard ladder(GibcoBRL)was used as a molecular weightstandard in 

the coomassie blue stained gels. AfterSDS-PAGE,the samples with a pre-

stained molecular weight marker(BioRad)were electroblotted onto 

nitrocellulose membranes which werethen blocked byincubation in5%dry 

milk(Camation)atroom temperature for an hour to prevent non-specific 

binding. 

The transfected CHO nuclear extract blots containing full length and 

truncated Rb mutants were probed with 10 pg/mlofmonoclonal antibody 

12CA5(from Berkeley Antibody Company),which recognizes the carboxyl-

terminalHA epitope(YPYDVPDYAK)presentin all ofthe foreign Rb species 

in this study. 

All other blots were probed by 1:2000 dilutions ofappropriate polyclonal 

antibodies,including anti-ATF2,anti-Rb,anti-JNK,anti-p38(all from Santa 

Cruz),anti-phospho-ATF2(NEB),and anti-ATFa.Antibodies against ATFa 
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were prepared in rabbits from our animal facility with the His-tag protein 

purified by nickel chelate chromatography and SDS-PAGE electrophoresis.The 

band corresponding to ATFa was cut outofthe gel and used for injection after 

emulsification with Freund's adjuvantfollowing a standard immunization 

protocol. 

Horseradish peroxidase-conjugated goat anti-mouse or anti-rabbitIgG 

(Fisher)were used as secondary antibodies as appropriate.For staining,H2O2 

and 4-chloro-l-naphthol were used to visualize the presence ofthe respective 

proteins.Forthe more sensitive enhanced chemiluminescence(ECL)method,a 

protocol from Dr.Koontz'slab was used.After the blot wasincubated with 

ECLreagents[Fluka;Sigma]for about2min,it was exposed to X-ray film, 

which wasthen subjected to development.The protein bands were scanned with 

a densitometer and the densities were used to calculate the relative amountof 

specific protein presented. 

ELISA 

An ELISA assay was used to measure the secretion ofTGF-P2fromPC-

3 cells. Serum-free medium was added to transfected cells and,after incubation 

for48 hr,medium was collected and clarified by centrifiigation at6,000g for 10 
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min.The medium was concentrated 20fold using ultrafiltration(centricon 10, 

from Amicon).A series ofdilutions ofthe resulting samples were added to 

microtiter plates. After the plates were coated with a solution of1 mg/mlBSA,a 

1:2000 dilution ofanti-TGF-P2 antibody(Santa Cruz)was added.Horseradish 

peroxidase(HRP)linked Goat anti-rabbitIgG and its substrates(ortho-phenyl 

diamine/H202)were used to visualize TGF-P2.Absorbance wasread by an 

ELISA plate reader at490nm. 

Immunoprecipitation 

Forimmunoprecipitation studies,'10 pi ofthe various antibodies to 

ATF2,ATFa,JNK,p38 and Rb were incubated with about200pg ofwhole cell 

lysate in a volume of200pl at4°C for Ihr.Fifteen pi ofProtein A-Sepharose 

(Sigma)wasthen added and incubation continued another60 min.The beads 

were washed4times with lysis buffer,boiled in 10 pi ofSDSsample buffer and 

proteins separated on 10-12% polyacrylamide gels. After transfer to 

nitrocellulose,the proteins were probed with the appropriate primary antibodies 

and detected usingECL method. 
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CHAPTERIV 

RESULTS 

Differential modulation ofATFa andATFl's activities byRb 

Asshown in Figure4(adapted from Li,1996),transfected full length Rb 

causes a4.2±0.5(n=22)fold stimulation ofCAT activity over basal(the 

average CAT activity from CHO cells co-transfected with empty vectorpSYE 

and TGF-P2CATis used as basal),which is similar to that(Park et al., 1994) 

found in CCL-64cells(minklung epithelial)and our previous results in CHO 

cells(Gong et al., 1995). 

ATF2expressed with the pSVE vector stimulates CAT expression 4.3± 

0.3(n=12)fold(Figure 4). Co-expression ofWTRb with ATF2further 

enhances TGF-P2promoter activity to 18.4±1.2(n=22)fold over basal. 

Asreported previously(Gong et al., 1995),co-expression ofRb with 

ATFa has the surprising effect ofnearly extinguishing the stimulation ofTGF-

P2promoter activity.In the presentstudy,co-expression ofwild type(WT)Rb 
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with ATFaleads to only a 1.9±0.3(n=22)fold stimulation ofCAT 

expression.This degree ofstimulation is signifieantly lower(P value <0.001, 

TheP values used here and thereafter were obtained from the student t-test and 

are indicated as the probability ofstatistical significance for the mentioned 

comparison)than that seen with either factor alone[Rb=4.2 fold; ATFa=4.0± 

0.3(n=12)].Furthermore,these effects all depend upon the integrity ofthe ATF 

site in this promoter(Gong et al., 1995).These differential effects were also 

observed in SKUT-1 cells(human uterine mixed mesodermaltumor cells)in a 

similar pattern(Table 2,adapted from Li,1996). 

In order to map the sites on Rb responsible for its effects alone and those 

observed with the two ATF's,we utilized a series oftruncated mutants(Figure 

5,)generated in the pSVE vector by D.J.Templeton(Qian et al., 1992).WT 

and mutantRb's were overexpressed alone and in combination with the two 

ATF's.The results are expressed as a percentage ofthe effectseen with WTRb. 

Table3showsthe summary ofthe effects oftruncated Rb mutants on the 

stimulation ofTGF-P2CAT expression.An intact A/B pocketis required for 

Rb's stimulation. Since truncated mutants9and 12,which have deletions in the 

A/B pocket,exhibit only 16 and9%ofwild type activity,respectively.TheC 

pocketis also important,since a significant decrease in activity(55% ofWT)is 

found in C pocket-deleted mutant 14.Other mutants tested containing intact 
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A/B andCpockets(data notshown)are not significantly differentfrom the WT 

Rb activity(Li,1996). 

As discussed previously,overexpressing ATF2alone stimulates CAT 

activity 4.3±0.3(n= 12)over basal. Co-transfection ofWTRb with ATF2 

further enhancesCAT activity to 18.4 ± 1.2(n=22)fold over basal(this value 

is set at 100%in Table 3,Column Rb with ATF2).Deletion mutants ofRb 

exhibit a pattern ofstimulatory effects together with ATF2that are virtually 

indistinguishablefrom those seen in the absence ofATF2(Li,1996).This result 

may notbe surprising since the effects ofRb on this promoter appearto be 

mediated by endogenous ATF's,possibly ATF2(Kim et al, 1992).Mutants9 

and 12 are the mostseverely affected with only3and2%ofWTstimulation. 

TheCpocketis also important with niutant 14exhibiting36%ofWT.Outside 

ofthe pocketdomains,there was only modestinhibition(70-94% ofWT,data 

notshown). 

Co-transfection with WTRb and ATFaleads to only a 1.9±().3(n=22) 

fold enhancementofCAT activity(this value was set as-100%in Table 3, 

Column Rb with ATFa).Interestingly enough,the truncated Rb mutants exhibit 

a similar pattern ofeffects on ATFa as with ATF2butin the opposite direction. 

Thus,dysfunctional mutants ofRb exhibit a diminished capacity to inhibitthe 

effects ofATFa whereas the same mutants exhibited diminished capacity to 
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stimulate the actions ofATF2(Table 3). Mutants9and 12 are once again the 

mostseverely affected(9and0%ofWT).Cpocket mutants 14 are moderately 

inhibited(33%ofWT)while the other mutants outside the pocketdomains are 

nearly normal(74-100%,data notshown). 

Comparison ofthe effects ofmutations in Rb indicates a close 

correspondence among the three effects(Rb alone and with the two ATF's,data 

notshown).In all cases,the effects ofmutants outside ofthe A/B/C domains are 

marginally different at best from WT.In contrast,all ofthe A/B/C domain 

mutants exhibited effects significantly different from WTRb. 

Torule outthe possibility thatthe dysfunction ofthe Rb mutants might 

be the result ofreduced expression,we tested and found all ofthe mutant 

vectors generated an appropriately sized protein in CHO cells at approximately 

the same level ofexpression asthe WTRb(Li,1996,data notshown). 

Impactofperturbations in JNK/p38kinase signaling cascades 

MKK6hasbeenfound to selectively activate the p38 kinase cascade 

while MKK7has been found to selectively activate the JNK cascade 

(Raingeaud et al,1996;Toumier et al, 1997).Asan initial evaluation ofthe 

kinase cascade specificity involved in modulating the actions ofthe two ATF's 
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on TGF-(52 promoter activity, constitutively active forms ofMKK6and MKK7 

have been expressed in CHO cells to see ifthey enhance the actions ofeither or 

both ATF's. 

Asshown in Figure 6,co-expression ofeither MKK6or7strongly 

stimulates basal TGF-P2promoter activity. Both MKK's enhance the actions of 

ATF2significantly,in agreement with previous reports which used non-

physiological promoter systems(Toumier et al., 1996;Raingeaud et al., 1996). 

In contrast,the action ofATFa was only augmented byMKK7butto the same 

extent as with ATF2(P value>0.1 for differences between ATFa and ATF2). 

However,MKK6,whose effects have been shown to be specific for activation 

ofp38(Raingeaud et al., 1995;Raingeaud et al., 1996;Johnson et al., 1996), 

has no detectable effect on the actions ofATFa. 

None ofthese effects is observed with a mutantTGF-P2promoter(Gong 

et al, 1995),in which the CRE site is modified,that exhibits little or no response 

to the ATF's (data notshown). 

The specificity ofthese effects has also been validated by the observation 

(Figure6)thatthe stimulatory effects ofMKK7on basal and ATF-enhanced 

TGF-P2promoter activity are all nearly abolished(~80%inhibition)by co-

expression ofdnJNKK(K116R),a dominantnegative mutantofJNKK,shown 
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to be specific for the MKK7-JNK cascade(Lin et al., 1995).This mutanthas 

little or no effect on the stimulatory actions ofMKK6(Figure 6). 

Ifthe actions ofMKK7accurately reflect activation ofJNK,then co-

expression ofthe latter protein should also enhance the actions ofboth ATF's. 

Asshown in Figure 7,co-expression ofJNK does,in fact,enhance the effects of 

both ATF's similarly and to virtually the same extent as MKK7in Figure6(P 
( 

value> 0.1).In addition,JNK also stimulates basal TGF-P2promoter activity to 

aboutthe same extent as MKK7(P value >0.1).These effects are all largely 

abolished(~80%inhibition)by co-expression ofAPF,a dominant negative 

mutantofJNK.[APF is a nonphosphorylatable mutantofJNKin which the 

phosphorylation site Thr-Pro-T)^:is changedto Ala-Pro-Phe(JNK-APF),and it 

has been observed to behave as a dominantcompetitiveinhibitor ofJNK 

(Johnson et al., 1996),presumably binds to Rb and ATF2competitively with 

JNK.]Even the effects ofATF2alone were substantially blocked(~50% 

inhibition)by APF. 

Asis true for JNK,the p38pathway is activated by stress-related stimuli 

and leads to phosphorylation ofATF2.Thus it was ofinterestto see ifp38 has a 

similar effect as JNK does on TGF-P2expression.In accordance with the 

results obtained with MKK6,co-expressed p38exerts stimulatory effects on 

both basal(5-6 fold)and ATF2-enhanced(12-13 fold)TGF-P2promoter 
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activity(Figure 8).In contrast, p38 does not significantly enhance the actions 

ofATFa as was also the case with MKK6.The specific inhibitor ofp38,SB 

203580,used ata concentration which does notinhibit other protein kinases 

(Jiang et al., 1996;Cohen,1997;Young et al., 1997;Brinkman et al., 1999), 

largely eliminates(~80%inhibition)the effects ofp38 on both basal and ATF2-

stimulated TGF-P2promoter activity. These results strongly suggestthatthe 

actions ofp38 are the result ofexpression ofits protein kinase activity in the 

transfected CHO cells. 

The specificity ofAPF and SB 203580has been tested in transfected 

CHO cells. It has been found thatAPFinhibits the activities ofMKK7andINK 

butnotto those ofMKK6and p38,whereas,SB203580blocks the actions of 

MKK6and p38 butnotto those ofMKK7and JNK(data notshown).These 

results also imply that APF and SB 203580 are notlikely to have effects on 

protein expression in general. 

Jhe congruence ofthe data with the co-expressed MKK'sand JNK/p38 

also are in agreement with the conclusion previously drawn(Gupta et al., 1995; 

Jiang et al., 1996;Raingeaud et al., 1995;Toumier et al., 1996;Raingeaud et 

al., 1996)that ATF2is phosphorylated and activated by both JNK and p38 

cascade pathways.On the other hand,ATFa appears to be regulated only bythe 

JNK signaling pathway. 
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Consistent with the transfection data,we have observed in vitro 

phosphorylation ofATFa with purified JNKbut purified p38 was unable to 

phosphorylate ATFato any detectable extent(J.Blakemore and W.D.Wicks, 

unpublished results).Immunoblotting ofcell extracts has confirmed the factthat 

the expression levels ofthe proteins encoded by the various plasmids 

transfected were not detectably affected by co-expression ofthe others(data 

shown in next section). 

Protein expression levels in CHO cells. 

To confirm that all proteins were properly expressed in the cells and that 

overexpression ofone protein does not affectthe expression ofother proteins in 

the co-expression experiments,we systematically monitored the expression of 

all these proteins through western blots probed with specific antibodies.The 

expression levels ofoverexpressed proteins,including ATF2,ATFa,JNK,p38, 

MKK6,MKK7and cJun,were examined. 

1—Expression level ofATF2 

Overexpression ofATF2in transfected CHO cells wasshown,as 

expected,to generate a single band(Figure 9,lane 2)on the western blot with 
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an estimated molecular weightofabout74kD,close to that reported by others 

(72kD by Meyer and Habener,1993)and our results with purified ATF2(data 

notshown).The expression ofendogenous ATF2was verylow but detectable 

(Figure 9,lane 1). Co-expression ofRb(Figure 9,lane 3),JNK(lane 4),MKK6 

(lane 5)and MKK7(lane6)did nothave any observable effect on the 

expression level ofATF2. 

2—Expression level ofATFa 

The expression level ofATFa was examined using both antibodies made 

in ourlab againstATFaby Dr.Wicks(see Materials and Methods for detail, 

Figure 10)and commercially obtained antibodies against ATF2(Santa Cruz 

Teeh,data notshown).Since ATF2and ATFa are highly homologous,it was 

not surprising that polyelonal anti-ATF2 antibodies were able to cross-react 

with the expressed ATFa protein and vice versa. With both antibodies, 

overexpression ofATFain transfeeted CHO cells wasshown,as expected,to 

generate a single band on the western blots(Figure 10,lane 2).The calculated 

molecular weight was70kD reflecting the smaller size ofATFarelative to 

ATF2(69kD by Chatton et al., 1993).Endogenous ATFa was not detected 

(Figure 10,lane 1). Co-expression ofRb(Figure 10,lane 3),MKK7(lane 4), 

40 



MKK6(lane 5)JNK(lane6)and p38(lane 7)did nothave any observable 

effect on the expression level ofoverexpressed ATFa. 

3—Expression level ofJNK 

Overexpression ofJNKin transfected CHO cells wasshown,as 

expected,to lead to a single band(Figure 11,lane 2)on the western blot probed 

with anti-JNK antibodies(Saiita Cruz).The molecular weightofthis band was 

calculated to be about42kD as expected(Gupta et al., 1995).EndogenousJNK 

is barely detectable(Figure 11,lanes 1)butit has the same mobility as 

overexpressed JNK(Fi^re 11,lane 2). Co-expression ofMKK6(Figure 11, 

lane 3),MKK7(lane 4),ATF2(lane 5)and Rb(lane6)did nothave a 

detectable effecton the expression ofJNK. 

4—Expression level ofp38 

Overexpression ofp38in transfected CHO cells generated a single band 

(Figure 12,lane 2)on the westem blotprobed with anti-p38 antibodies(Santa 

Cruz).The calculated molecular weightofthis band was38kD as expected 

(Jiang et al., 1996).Noendogenous p38 was detected in untransfected CHO 

cells(Figure 12,lanes 1). Extracts from cells co-expressing ATF2(Figure 12, 

lane 3),ATFa(lane 4),MKK6(lane 5),MKK7(lane6)and Rb(lane 7)all have 
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slightly higher level ofp38 expression compared to p38 alone(lane 2).These 

results appear likely to be due to aloading error in lane 1 since additional 

experiments have shown thatthe expression level ofp38 alone is not 

significantly differentfrom the other co-expression combinations(data not 

shown). 

5.—Expression level ofMKK6 

Overexpression ofMKK6in transfected CHO cells led to a single band 

(Figure 13,lane2)on the western blotprobed with anti-MKK6 antibodies 

(Santa Cruz).The calculated molecular weightofthis band was44kD 

compared to the expected42kD(Dickens et al., 1997).No endogenous MKK6 

was detected in untransfected CHO cells(Figure 13,lanes 1). Co-expression of 

JNK(Figure 13,lane 3),p38(lane 4),ATF2(lane 5),ATFa(lane6)and Rb 

(lane7)did not have a significant effect on the expression level ofMKK6. 

6—Expression level ofMKK7 

Overexpression ofMKK7in transfected CHO cells generated a single 

band(Figure 14,lane 2).The calculated molecular weightofthis band was47 

kD as expected(Raingeaud et al., 1996;Foltz et al., 1998).Noendogenous 

MKK7was detected in normalCHO cells(Figure 14,lanes 1). Co-expression of 
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JNK(Figure 14,lane 3),p38(lane 4),ATF2(lane 5),ATFa(lane6)and Rb 

(lane 7)did nothave a significant effect on the expression level ofMKK7. 

7—Summary 

The expression level ofcJun also has been examined(data notshown). 

Wefound thatendogenous cJun expression wasnot detectable but over-

expressed c-Jun in transfected CHO cells wasreflected by a single band on the 

western blot using anti-cJun antibodies(Santa Cruz).Co-expression ofATF2, 

ATFa,JNK and MKK7did notsignificantly affectthe expression ofcJun. 

In summary,we examined the expression levels ofseven different 

proteins in transfected CHO cells.Thetransfection procedure generates 

significantly higher amounts ofeach protein compared to their endogenous 

counterparts,which are not detectable exceptfor endogenousJNK and ATF2. 

The expression level ofeach ofthe proteins examined wasnotsignificantly 

influenced by co-expression ofthe other proteins.Thus,the different effects on 

TGF-P2promoter activity seen whentwo or more proteins are expressed in 

transfection experiments cannotbe due to differences in their expression level. 
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Exploration ofpossible roles ofcJun/cFos in the effects ofATF2/ATFa 

on TGF-B2promoter activity 

There are several potential explanations for the differential effects ofRb 

on the transcriptional activity ofthe two ATF's,including the possibility that 

heterodimerization with membersofthe cJun family maybeinvolved.This 

seems reasonable given several reports that ATF2-cJun heterodimers are the 

active factor atsome ATF sites(Karin,1995;Kaszubska et al, 1995;Liang et al, 

1996;Newell et al, 1995) as well as the fact thatATFa and ATF2have 

different patterns ofheterodimerization(Benbrook and Jones,1994;Chatton et 

al, 1994;Hai and Curran,1991;Kaszubska et al, 1995;Zhou et al, 1995).Asan 

initial exploration ofthese possibilities,we observed the effects ofco-

expression cJun orcFos with the two ATF'son TGF-P2promoter activity. 

Asshown in Figure 15,cJun does modestly enhance basal TGF-P2 

promoter activity. More significantly,cJun co-expression substantially 

enhances the actions ofATF2.In contrast,cJun has no significant effect on the 

actions ofATFa.These results supportthe idea thatATF2may he acting 

cooperatively with cJun butthey also show thatATFais acting independentof 

cJun. 
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Overexpression ofcFos has no significant effectin all situations(Figure 

15),even with cJun,underscoring the distinction ofthis ATF site from an AP-1 

site. Combinations ofeither ATF with cJun and Rb yield similar results; i.e., 

cJun enhances the cooperation between ATF2and Rb while it does not 

significantly perturb the inhibitory effects ofRb on ATFa(data notshown). 

To further explore the effects ofcJun,we co-transfected TAM 67,a 

dominantnegative mutantofcJun with deletions in the transactivation domain 

(Brown et al, 1993;Xia et al, 1993).We felt thatTAM67was likely to block 

interactions between Jun and the ATF's such as heterodimerization between 

ATF2and cJun.TAM67wasfound to reduce basalCAT expression by60-70% 

and this value was set at 1.0 for calculations ofrelative CAT activities± 

ATF2/ATFa.Consistent with the effects ofco-expression ofcJun,TAM67 

causes severe inhibition ofthe effects ofATF2at all vectorinputlevels tested 

on TGF-P2promoter activity(Figure 16).In marked contrast,TAM67has 

almostno ability to inhibit the actions ofATFa(Figure 17).The stimulation by 

Rb alone is reduced to a moderate extentbyTAM67(data notshown). 

These results are in agreement with those observed with cJun 

overexpression,i.e.,that ATF2is acting on the TGF-P2promoterin cooperation 

with cJun,perhaps as a heterodimer as reported previously for other promoters. 

ATFa,on the other hand,appears to be acting independently ofcJun. 
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Association ofRb with ATF2but notATFa 

The simplest explanation for the ability ofRb to enhance the actions of 

ATF2on TGF-P2prompter activity would be thatthe two proteins interact 

whichsomehow facilitates the actions ofATF2.This possibility was first raised 

byKim et al(Kim et al., 1992)using GST-Rb pull down ATF2in crude 

extracts.In our studies,cell extracts from transfected CHO cells were subjected 

to immunoprecipitation with antibodies specific for Rb.Then the presence of 

ATF2or ATFain the immunoprecipitate was tested on western blots probed by 

anti-ATF2 or anti-ATFa antibodies. 

Antibodies againstRb clearly pull down ATF2from extracts ofcells co-

expressing the two proteins(Figure 18,top panel).The effectis dependentupon 

the integrity ofthe A/B pockets since the interaction is abolished with Rb 

mutants9(with atruncated A pocket)and mutant 12(with a truncatedB 

pocket).The association ofRb and ATF2obviously fits Rb's up-regulation on 

ATF2's activity found in previous experimentsince mutants9and 12,which 

fail to associate with ATF2,are also the mostdysfunctional in modulating TGF-

P2promoter activity(Table 3). 
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In contrast,the Cpocket mutant 14is only slightly impaired(ifat all)in 

its ability to interact with ATF2,Intwo experiments,the amountofATF2 

associated with mutant 14is65%and95%ofthat associated with WTRb(data 

notshown).Considering experimental variations,we conclude that mutant 14 

has nearly the same ability to associate with ATF2asWTRb(P value >0.1). 

Yetmutant 14possesses only36%ofthe ability ofWTRb to up-regulate 

ATF2's activity(P value<0.001). This result suggests thatthe C-pocketofRb 

mayinvolve a different mechanism ofmodifying ATF2's activity from the A/B 

pockets.The ability ofJNK orp38 to interact with theC pocket(discussed 

later)provides an altemative explanation for the role ofthe C pocketin 

regulating the activity ofATF2. 

Ascan be seen in the Rb iirimunoblot(Figure 18,bottom panel), 

expression ofboth the WT and mutantRb's are comparable and the 

appropriately sized proteins are generated.It also confirmed thatthe inability of 

mutants9and 12to bring down ATF2wasnot caused byinadequate expression 

ofthese mutant proteins.WhenRb is not overexpressed,ATF2is notpresentin 

the immunoprecipitate(data notshown)showing thatthe presence ofATF2in 

the immunoprecipitate is dependenton the presence ofoverexpressed Rb. 
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These experiments have been repeated three times with the same results. 

Wehave also used ATF2antibodies and they efficiently immunoprecipitate co-

expressed Rb(see below). 

In contrastto ATF2,ATFa does not appearto interact with Rb.As 

shown in the right side ofthe immunoblotin the top panelin Figure 19,both 

ATF'sfrom cell extracts(notimmunoprecipitates)react againstthe polyclonal 

antiserum used(lab-made).This is notsurprising given the high degree of 

identity ofthese two proteins.ATFa exhibits a slightly higher mobility(69kD) 

in this gel which reflects its 23fewer amino acids relative to ATF2(72kD). 

Although the antiserum directed againstATFareacts quite effectively with the 

co-expressed ATF2(lane 4),no reaction is seen in the lane where ATFa should 

beifit interacted with Rb(lane 6). 

The protein level ofRb presentin the immunoprecipitate was monitored 

and found to be similar in each case(Figure 19,bottom panel)when Rb was co-

transfected. 

Thus,no evidence ofassociation between Rb and ATFa has been found, 

even underthe conditions where we observed the interaction between Rb and 

ATF2.These results may explain whyRb does not up-regulate ATFa's action as 

it does those ofATF2because ATFa does not have the ability to interact with 

Rb.Onthe other hand,they do notenlighten us as to how Rb actually down-
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regulates ATFa's activity.The latter question may partially be answered by the 

sequestration ofJNK,which phosphorylates and up-regulates ATFa,to the C-

pocketofRb(discussed later). 

Association ofRb with protein kinasesJNKandp38 

While these studies were in progress,a report appeared indicating that 

JNKinteracts directly with the C pocketofRb(Chauhan et al., 1999).Wehave 

been able to confirm this report as shown in Figure 20.Rb antibodies clearly are 

able to pull down JNK(Figure 20,top panellanes 4,7and 8)as seen in 

immunoblots probed with anti-JNK antibodies.Co-expression ofATFahas no 

effect butATF2appears to enhance JNKimmunoprecipitation slightly in this 

experiment(see below).The specificity ofthe iimnunoblotfor JNK is shown by 

the use ofco-expressed p38 which does not cross-react with the JNK antiserum 

(Figure 20,top panel,lanes 2,3and 6).Lane 1 contained cell extractfrom JNK-

transfected cells included as a positive control. 

TheRb protein level in the immunoprecipitate was monitored(Figure 20, 

bottom panel)andfound to be comparable in all cells overexpressing Rb(lanes 

3,4,5,8 and 9).IfeitherRb orJNK was notoverexpressed,JNK was not 

detected at all in the immunoprecipitate(lanes6and 7). 
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Based on the stimulatbry effects ofp38 on the actions of.ATF2and 

homologies between p38 and JNK,ifseemed reasonable to expectthat p38 also 

interacts with Rb.Asshown in,Figure 21,this proved to be the case(Figure 21, 

top panel,lanes 5,7and 8). Co-expression ofeither ATF hasno detectable 

effecton p38 pull down in this experiment(top panel,lanes7and 8).The 

specificity ofthe immunoblotis once again validated bythe lack ofcross-

reactivity ofJNK with the p38 antiserum(top panel,lanes2and 4). 

When either Rb orp38 wasnotoverexpressed(top panel,lanes 3,4and 

7),p38 wasnot detected at all. Lane 1 ofthe top panel contained cell extract 

from p38-transfected cells included as a positive control. 

Asin prior experiments,the Rb protein level in the immunoprecipitate 

wasfound to be similar in all cells ovefexpressing Rb(Figure 21,bottom panel, 

lanes 3,4,5,7and 8).Thus,we conclude thatRb associates with p38inCHO 

cells and the presence ofATF2or ATFa does not have any effect on the 

association between Rb and p38;To ourknowledge,this observation has not 

been reported before. 
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Association ofRb with ATF2andJNKorp38in thesame complex . 

Up to this point,the co-immunoprecipitation experiments have involved 

only two ofthe putative three members ofthe macromolecular complex formed 

with Rb,ATF2and JNK/p38.It wasimportantto monitorthe levels ofall three 

proteins in iihmunoprecipitates from extracts prepared in the same experiment. 

For this purpose,the immunoprecipitates generated by anti-Rb antibodies 

were splitinto three aliquots.As caii be seen in Figure 22,each sample was 

tested for the presence ofATF2(top panel),JNK(middle panel)and Rb 

(bottom panel,as control).The results(lanes8 and9in top and middle panels) 

show that both JNK and ATF2are presentin one Rb immunoprecipitate.Lane8 

(in all panels)wasloaded with the samesample aslane9but with only halfof 

the amount.Comparing lanes7and9oftop panel,it can be concluded that 

ATF2's association with Rb is independentofthe presence ofJNK.Similarly, 

lane6and lane9ofpanelB indicate thatJNK's association with Rb is also 

independentofthe presence ofATF2.Lane4ofthe top panel and lane 3ofthe 

middle panel are transfected cell extracts,which served as positive controls for 

ATF2and JNK,respectively. 
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The protein level ofRb was monitored as before andfound to be similar 

in all immunoprecipitates(Figure 22,bottom panel,lanes 5,6,7and9)except 

forlane8in which only halfthe amountofprotein wasloaded. 

Similar results were also achieved when p38 was transfected and tested 

in place ofJNK(Figure 23).From these results,we also conclude thatRb can 

interact with p38 and ATF2in the sa.me complex.Although,the interaction site 

ofp38 on Rb remains to be determined,these results imply that p38,like JNK,. 

is associated with theCpocketofRb,.especially since the interaction with 

ATF2involves the A/B pockets. 

Given the fact thatATF2is aknown substrate ofJNK and p38(Gupta et 

al., 1995;vanDam et al., 1995;Livingstone et al., 1995),the results to date 

suggestthatRb's role maybe characterized as thatofa match-makerfacilitating 

the phosphorylation process by bringing JNK or p38 together with ATF2 

(Figure 24). 

Rb enhances the association ofATF2with JNKorp38 

Antibodies against ATF2would be expected to immunoprecipitate both 

Rb and JNK/p38 based on the results obtained so far.This.indeed proves to be 

the case asshown in Figures25 to 28.Comparable amounts ofRb are brought 
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down when ATF2is co-expressed±JNK(Figure 25).On the other hand,the 

modestlevels ofJNK broughtdown by anti-ATF2 antibodies withoutco-

expression ofRb are significantly enhanced by the latter's co-expression 

(compare lanes5 and 7).In different experiments,the degree ofstimulation by 

Rb co-expression ofJNKimmunoprecipitation by ATF2antibodies is 3.3±0.4 

(ri=4)fold. 

Asshown in Figure 26,the same results are seen with p38 broughtdown 

by anti-ATF2.In different experiments the degree ofstimulation ofp38 

immunoprecipitation with ATF2antibodies by co-expressed Rb is 3.8±0.4 

[n=3]fold.These results would notbe predicted ifRb interacts independently 

with either ATF2or JNK/p38. 

Asexpected firom the results with MKK7/JNK co-expression,ATFa 

antibodies are able to co-immunoprecipitate JNK(Figure 27).The amountof 

JNKbroughtdown in this experimentcompares roughly to that broughtdown 

by ATF2antibodies(see Figure 25,top panel,lane 5). Co-expression ofRb,in 

contrastto its stimulatory effects on the association ofATF2and JNK,reduces 

the amountofJNKin the immunoprecipitate by 31%±6%(n=2). 

ThefactthatATFa is not able to associate with Rb explains ATFa's 

inability to utilize the Rb mechanism to increase its activity. Furthermore,the 

presence ofRb in this experimentseemsto trap JNK away from ATFa,which 
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may help to explain Rb's downTregulation ofATFa's activity.In agreement 

with the lack ofeffect ofMKK6and p38 on the actions ofATFa,no p38 could 

be detected in the antirATFaimmunoprecipitates prepared with extracts from 

cells overexpressing ATFaand p38±Rb(data notshown). 

In one experiment we have tested the ability ofkey Rb mutantsto 

enhanceINKimmunoprecipitation byATF2antibodies. Although the WTRb 

exerted the same stimulation as in Figure25(Figure 28,top panel,lanes6and 

7),both mutant9and 14are unable to generate this effect(Figure 28,top panel, 

lanes8and 9).In addition,the interaction between ATF2and JNK appears to be 

disrupted by co-expression ofthe Rb mutants(Figure 28,top panel,compare 

lane6 with lanes8and 9).Once again,these results would notbe predicted for 

independentinteractions between Rb and ATF2,on the one hand,and Rb with 

JNK,on the other.The disruptive effectofCpocket mutant 14is also consistent 

with the factthatC pocketis necessary for Rb's stimulatory effecton ATF2 

(Figure 18,more details in Discussion). 

Rb enhances thephosphorylation ofATF2in CHO cells 

Consistent with its suggested match-makerrole,Rb enhancesthe ; 

phosphorylation ofATF2as shown in Figure 29.Using phospho-specific anti-
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ATF2antibodies,we were able to measure the amountofphosphorylated ATF2 

(Thr69/71)in transfected CHO cells. Co-expression ofRb alone increases 

ATF2phosphorylation by 4.8 fold(compare lane 1 and lane4)presumably 

through endogenousJNK and/or p38.The effect ofRb is comparable to that of 

either co-transfected protein kinase JNK(6.1 fold,lane 2)or p38(5.9 fold,lane 

3). When Rb is co-expressed with JNK or p38,the phosphorylation ofATF2is 

further increased to 13.3 and 13.0fold,respectively.These results suggestthat 

Rb increases ATF2's phosphorylation through the Thr69and 71 sites,which 

are known to be phosphorylated by JNK and p38(Gupta et al., 1995,van Dam 

et al., 1995,Livingstone et al., 1995).Taken together,these results suggestthat 

the ability ofRb to enhance the phosphorylation ofATF2byJNK and p38 is 

very likely the consequence ofRb's ability to bind simultaneously to ATF2and 

JNK/p38. 

As controls,we find that APF inhibits JNK-mediated ATF2 

phosphorylation by90%(Figure 29,lane 7)and treatment ofSB203580inhibits 

p38's activity by90%(lane 8).SB203580 has no significant effect on JNK's 

activity(6.1 fold to 5.6 fold,lanes2and 9),reflecting the specificity of 

SB203580forp38. 
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Comparison ofeffects ofregulatory proteins on eciopic TGF-P2 

promoter activity with those on the endosenous TGF-02sene 

A perennial question in work ofthis type is its releyanee to the 

physiological situation in vivo.As one way ofaddressing this question,we have 

compared the effects ofthe various regulatory proteins used in these studies on 

CAT activity from the ectopic TGF-P2promoter as above with those on 

endogenousTGF-P2gene expression.For this purpose we have used thePC-3 

cell line where the secretion ofTGF-P2protein has been found to reflect 

faithfully the effects oftranscripfional regulators(Bang et al., 1992).AnELISA 

assay was used to measure TGF-P2protein secreted into the culture medium 

and CAT activity was monitored in extracts ofthe attached cells which had 

been transfected with the pB2-77CAT construct as described above. 

Columns 1 and2ofFigure 30show thatthere is no significant difference 

in TGF-P2secretion in the presence and absence ofthe pB2-77plasmid(P 

value> 0.1).Thus,we set both the TGF-P2secretion(about0.05 Abs.490units 

per40 pi of20-fold-concentrated medium)and CAT activity levels(about4.0 

cpm per pg ofprotein in the cell extracts)as the basallevel,when pB2-77alone 

is the plasmid introduced intoPC-3 cells.The values for both basal levels are 
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set arbitrarily as 1,and all otherELISA and CAT activities were compared to 

these basal levels and the ratios were used as the"fold stimulation". 

In the presence ofoverexpressed ATFa(Figure 30,column 3),both the 

secretion ofTGF-p2andCAT activities increased to a similar extent(2.8±0.4, 

2.5+0.6,n=8),and there is no significant difference between the values ofthe 

two assays(P value >0.1).Thus,the introduced ATFaturns on the endogenous 

TGF-P2gene and hence increases the level ofsecretion ofTGF-P2,and also 

increases CAT expression from the ectopic TGF-p2promoter presumably by 

the same mechanism. 

The presence ofoverexpressed ATF2(Figure30,lane4)also increased 

the secretion ofTGF-P2and CAT activities to the same extent(3.1 ±0.4,2.7+ 

0.6,n=10).There wasno significant difference(P value>0.1)between these 

two actions ofATF2.Also,comparison ofthe effects ofATF2and ATFa 

revealed no difference(Columns3and 4,P value> 0.1),which suggests that 

the cells have no preference in using either ATF overthe otherin regulating the 

TGF-P2gene.We also noticed thatATF2and ATFa's presumed transcriptional 

activation wassomewhatsmaller in PC-3 cells(2.7±0.6)than in CHO cells 

(4.5±0.5).Considering that great differences existin the origins ofthese two 

cell lines,it may notbe surprising that such a difference exists.It is probably 
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more significant thatthe same general pattern ofup-regulation can be found in 

different cell lines,from CHO to SKUT-1 and to PC-3 cells. 

We also examined the regulation ofthe two TGF-p2promoter activities 

by overexpression ofconstitutively active protein kinases(Figure 31).Both 

protein kinases JNK(Figure 31,column 3)and p38(column 4),and the kinase 

kinases MKK6(column 5)and MKK7(column6)were found to up-regulate the 

activity ofboth TGF-P2promoters.There were no significant differences 

between the secretion ofTGF-P2and CAT activities when various kinases were 

present(P value> 0.1). 

Since the active forms ofthese protein kinases from two differentkinase 

cascades are able to increase TGF-p2promoter activities,both signal 

transduction pathways could be involved in the regulation ofTGF-P2gene 

expression in vivo.The pattern ofregulation ofTGF-P2promoterby protein 

kinases and kinase kinases in PC-3 cells was comparable to thatin CHO cells 

although the degree ofstimulation was systematically smaller as discussed 

above. 

We also tested the co-expression ofthe JNKkinases with ATF2(Figure 

32)and ATFa(Figure 33)inPC-3 cells. As expected,co-expression ofATF2 

with JNK(Figure 33,column 3),p38(column 4),MKK?(coluihn 5)or MKK6 

(column6)furtherincreased the secretion ofTGF-P2as well as the production 
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ofCAT to the same extent(P value >0.1),exceptfor the case ofMKK6and 

ATF2,where the difference is ofborderline significance(P=0.02). 

However,unlike ATF2,the combination ofp38(Figure 33,column4)or 

MKK6(column6)with ATFa did notresultin any more increase in either 

assay.Onthe other hand,as with ATF2,co-expression ofATFa with JNK 

(Figure 33,column 3)orMKK7(column 5)further increased the secretion of 

TGF-P2as well as the production ofCAT.These results are consistent with our 

previous observations thatATF2could be regulated by both MKK7/JNK and 

MKK6/p38pathways,butATFa is only responsive to MKK7/JNK. 

Comparing the TGF-P2secretion with CAT activities,wefound thatthe 

combination ofMKK7and ATFashows difference with borderline significance 

(P=0.02).This discrepancy can be explained by one outlier in this combination 

(more discussion below). 

The degree ofincreases seen with the various combinations ofprotein 

kinases and ATF'sis not as high as the addition oftheir effects alone would 

predict.This mightbe explained by some upper-limitation(i.e.some key co-

activator is presentin limiting amounts)on TGF-p2expression which has been 

reached.In any event,the increases were highly significant(P<0.001)in all 

the combinations exceptMKK6/P38+ATFa,which did not significantly differ 

from MKK6/p38 alone(P>0.1). 
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To test the specificity ofMKX7and JNK's targeting to ATF2or ATFa, 

APF,a dominant negative mutantofJNK,wasincluded in the transfection 

experiment(Figure 34).APF wasfound to significantly reduce TGF-(32 

expression in all combinations ofMKK7/JNK+ATF2/ATFa(Figure 34,solid 

bars),compared to the absence ofAPFin these combinations(Figure 34,open 

bars).There were no differences in the effects ofAPF on TGF-P2secretion and 

CAT production.Thus,wecome to the conclusion that MKK7'sup-regulation 

is exerted through activation ofJNK,and inhibition ofJNK's activity decreases 

the effects ofboth ATF2and ATFa. 

For the same purpose,SB203580,a specific inhibitor ofp38,was used to 

treat transfected PC-3 cells(Figure 35).It wasfound that 10 p-M SB203580 

could significantly decrease the effects ofthe combination ofATF2with p38 

(Figures 35,columns l)or MKK6(column 3),yet it did not have a significant 

effect on the actions ofATFa(columns2and 4).These results suggestthat 

MKK6's actions are being exerted through activation ofp38.Again,wefound 

no differences between TGF-P2secretion and CAT production. 

In summary,we have found thatthe secretion ofTGF-P2is highly 

correlated with the CAT activity induced inPC-3 cells. Asshown in Figure 36, 

all tested samples(n=l16)illustrate the high degree ofcorrelation(R squared= 

0.778)ofchanges in CAT activity and TGF-P2secretion under all ofthe 
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conditions that we have employed.Each value wascompared to thatofpB2-77 

alone which was set as the basaflevel.When we analyzed the data using the 

Rstudenttest,one point(marked by the arrowhead in Figure 36)is an obvious 

outlier(R student=t9.9).Ifthis outlier is legitimately excluded,R squared 

increases to 0.875 with 115 samplbs,which means that87.5% ofchangesin 

TGF-P2secretion can be predicted by changesin CAT activity. 

Insofar asthey go,these results suggestthatthe mechanismsinvolved in 

modulating the ectopic TGF-P2promoter activity bear atleast a reasonable 

relevance to those operating on the chromosomalTGF-P2promoter. 

The factthatMKK7/JNK butnotMKK6/p38is able to enhance ATFa's 

actions is consistent with ourinability to detect phosphorylation ofATFa by 

p38in vitro(Blakemore and Wicks,unpublished results).In a broader context, 

various stimuli,especially stress and lor the inflammatoiy response could,by 

virtue ofselective stimulation ofappropriated kinase cascade,differentially 

activate these two ATF'sleading to potentially differential actions on CRE-

containing promoters.Given the presence ofseveral isoforms ofJNK and p38, 

however,the situation in any given cell type is likely to be more complex. 
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CHAPTERIV 

DISCUSSION 

Match-maker model 

Ourresults have shown thatRb interaets with both the substrate ATF2 

and the kinases JNK orp38 which phosphorylate it, and thejoint binding of 

ATF2and JNK/p38 to Rb facilitates phosphorylation/activation ofATF2.Thus, 

we propose a modelin which Rb functions as a match-maker or so-called 

scaffold protein,bridging the protein kinases JNK orp38 with their substrate 

ATF2(Figure 37). 

Oneimmediate question from the pull-down experiments is whetherthe 

three proteins(Rb,ATF2,and JNK/p38)are really in the same macromolecular 

complex,or associated with only one ofothertwo in separate complexes.There 

are atleastfour arguments thatsupportthe presence ofall three proteins in the 

same complex: 1] It would provide a simple mechanistic explanation for the 

ability ofRb to enhance the effects ofATF2;2]The ability ofRb to enhance the 
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ability ofATF2antibodies to bring downINK and p38indicates interaction 

amongthe three proteins;3]The fact that expression ofRb mutants9and 14 

strongly reduces the immunoprecipitation ofJNK by ATF2antibodies is hard to 

explain any other way(i.e.,it sequesters JNK awayfrom ATF2which cannot 

bind to the mutantRb);and4]The increase in phosphorylation ofATF2seen 

with Rb co-expression make itthe only logical explanation. 

The bridge function was first proposed by Wang et al.(1994),suggesting 

thatthe tyrosine kinase c-Abl could interact with theCpocket ofRb,while the 

A/B pockets ofRb presumably interact with a hypothetical transcription factor 

which can be phosphorylated by c-Abl.Theyshowed thatthe integrity ofboth 

the A/B andCpockets is necessary for the full function ofRb,butthey have not 

yetpinpointed a candidate protein(i.e. substrate for C-Abl)which could fitin 

the model. 

Recently,rapid progress in studying cellular signaling pathways has led 

to the identification ofscaffold proteins,i.e.,JNKinteracting protein-1(JIP-1, 

Whitmarsh et al., 1998)and JNK/SAPK-associated protein 1(JSAPl,Ito et al., 

1999).The scaffold proteins interact with multiple components ofthe JNK 

signaling pathway,including the mixed-lineage group ofMAPkinase kinase 

kinases(MLK),MKK7and JNK,and selectively enhance JNK's activation by 

the MLKsignaling pathway(Whitmarsh et al., 1998;Ito et al,, 1999).It has 
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been suggested that scaffold proteins can mediate the activation ofindividual 

MAP kinase signaling pathway,increasing its specificity and efficiency through 

formation ofmultienzyme complexesin the cytoplasm(Whitmarsh and Davis, 

1998).As pointed outby Schaeffer and Weber(1999),this scaffold-like effect 

ofbridging proteins which are known to interactin solution(Dickens et al., 

1997),may also serve to enhance the "regulator flexibility" ofsuch systems. 

Dothese scaffold proteins have counterparts in the nucleus to mediate 

downstream MAP kinase pathways? With whatprotein(s)does the proposed 

match-makerRb actually connect?In this study,we confirmed recentreports 

(Chauhan et al.,1999;Shim et al.,2000)thatINK associates with Rb.We 

fiirther discovered thatthe p38kinase co-immunoprecipitates with Rb as well, 

presumably through the same mechanism as with JNK(discussed below).As 

discussed above,our co-immunbprecipitation results have suggested that ATF2 

associates with the A/B pockets ofRb,and the evidences indicates thatRb 

interacts with JNK/p38 and ATF2in.the same macromolecular complex.Thus, 

we believe thatRb is a nuclear scaffold protein mediating the activation of 

ATF2by either the JNK orp38pathway. 

Theinteraction ofJNK with Rb has been shown to be direct and to 

involve the G pocket(Chauhan et al., 1999;Shim et al.,2000).The results we 

obtained with the differentRb mutants supportthis conclusion. Consistent with 
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the match-maker model,mutant 14,with a deletion in theC pocket which has 

little effect on ATF2binding,exhibits significantly reduced stimulation ofbasal 

or ATF2-regulated TGF-p2promoter activity. More importantly,mutant 14 

shows a loss ofthe ability to enhanceINKimmunoprecipitatioh by ATF2 

antibodies despite its ability to bind ATF2normally.This is mosteasily 

explained by the loss ofINKbinding to the Rb mutant. 

Similarly,mutant9 with a deletion in A/B pocketsshows an almosttotal 

loss ofstimulatory effects on TGF-P2promoter activity,mostlikely due to the 

loss ofATF2binding.However,it should still be able to bind JNK since theC 

pocketis intact. Theimmunoprecipitation results show that overexpression of 

mutant9disrupts the association ofJNK with ATF2,presumably due to loss of 

the scaffolding function ofRb. 

The match-maker modelsuggests thatRb increases ATF2activity by 

facilitating its interaction with JNK/p38,and hence increasing its 

phosphorylation/activation.Indeed,bothJNK and p38 have been found to be 

jable to phospho^late ATF2in vitro and in vivo(Gupta et al., 1995;Livingstone 

et al., 1995;vanDam et al., 1997).Our cotransfection results with MKK6, 

MKK7,JNKand p38show substantial enhancementofthe activity ofATF2on 

the TGF-P2promoter,which suggests thatthis process is activated by both 

JNK's and p38,in agreement with the results ofothers(Raingeaud et al, 1996; 
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Toumier et al, 1997).Thus,phosphorylation ofATF2could accountfor the 

stimulation wehave obtained. 

It has been suggested that phosphorylation ofThr69and 71 is essential 

for ATF2to exertits full effects(Gupta et al., 1995;Toumier et al., 1997; 

Raingeaud et al., 1996;Livingstone et al., 1995;Young et al., 1997)and the 

stimulation ofATF2's aetions byRb is significantly reduced when the Ala69,71 

double mutantprotein is used(Gupta et al., 1995).These observations support 

our modelthatRb inereases the ATF2's activity through phosphorylation, 

although it was hard to understand this possibility when Gupta et al.(1995) 

observed it beeause Rb does nothave anyknown kinase aetivity. 

In addition to the phosphorylation mechanism,the possibility exists that 

formation ofthe triple complex with Rb,ATF2and JNKyp38 increases the 

effieieney ofsubsequentinteraction ofATF2with co-activators like CBP/p300 

(Kingsley-Kellesen et al., 1999;Kawasawi et al., 1998).It is also possible that 

both meehanisms operate in vivo but,whateverthe case,it is clear thatRb is 

facilitating the interaction ofother proteins. 

In summary,the match-maker niodel provides a connection between 

MAPkinase signaling pathways and the tumor suppressor funetion ofRb.Since 

both are involved in the regulation ofimportantfunctions associated with eell 

growth,differentiation and eell cyeling,it is satisfying to observe thatthey 
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cross-react with each other,aiid regulate eommon downstream targets,like 

transcription factors such as ATF2and C/EBP(see below),in a highly efficient, 

specific and controllable manner. 

MAPkinasesignalingpathway 

The presentresults with ATF2and the two kinases add to the list of 

systems in which both the JNK and p38 signaling pathways converge on a 

single transcription factor(Gupta et al,1995;Jiang et al., 1996;Raingeaud.et 

al., 1995;Toumier et al., 1997;Raingeaud et al., 1996;Cohen,1997;Schaeffer 

et al., 1999;Yang et al., 1998)1 Thetwo pathways can be regulated separately 

(Lin et al., 1995;Johnson et al., 1996;Cohen,1997)butpresumably ATF2 

would play an importantrole under conditions which activated either pathway. 

ATFa,on the other hand,appears to be selectively activated by the JNK 

pathway.One obvious question arises as to how thetwo kinases are able to 

distinguish between the two ATF's giveiithe fact thatthey are highly 

homologous,especially around the site phosphorylated by both JNK and p38 

(Meyer et al., 1993;Gupta et al., 1995;Toumier et al., 1997;Raingeaud et al., 

1996;Livingstone et al.j 1995;Cohen,1997).Interestingly,p38 has been found 

to interact with differentregions ofsubstrates that are phosphorylated in 
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common with JNK and/orERK(Schaeffer and Webber,1999;Yang et al., 

1998).Since JNK has been found to dock with the 20-30 amino acidsjust 

upstream ofthe pbosphorylation site in ATF2(Gupta et al., 1995;Livingstone 

et al., 1995),aregion thatis-95%identical with ATFa and to which JNK2has 

been found to bind(Bocco et al., 1996), p38 is likely to bind to aregion thatis 

nothomologousin the two proteins,several ofwhich can befound in several 

locations between the pbosphorylation site and the basicDNA binding domain 

(Meyer and Habener 1993).Indeed,binding ofp38 to ATF2is quite weak 

relative to JNK when the N-terminal fragment(1-109)ofATF2is used 

(Raingeaud et al., 1995). 

Ourresults have confirmed notonly the reportby Cbauban et al(1999) 

but also extended it to include p38,Based on the factthatthe common substrate 

ATF2is bound atthe A/B pockets ofRb and thatJNK and p38recognize 

several proteins in common(Jiang et al., 1996;Raingeaud et al., 1995; 

Raingeaud et al., 1996;Cohen,1997;Schaeffer et al., 1999;Yang et al., 1998), 

itseemsreasonable to suggestthat p38 also binds to the C pocket.C/EBP, 

another bZip family member,has been found to bind to the A/B pockets ofRb 

and this interaction enhances adipocyte differentiation(Chen et al., 1996). 

Recently,it has been found that p38is also able to regulate the ability ofC/EBP 

to bring about adipocyte differentiation(Wang et al., 1996;Engelman et al., 
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1999;Nebreda and Porras,2000).Based on our results,it is tempting to predict 

thatthe role ofRb in that system will be to form a triple complex with C/EBP 

andp38. 

It is intriguing to point outthatthe JNK/p38-ATF2signaling systems are 

employed not only in the elaboration ofTGF-P2and TNFa(Kim et al., 1992; 

Gong et al., 1995;Tsai et al., 1996)but also in the responses generated by their 

subsequentbinding to receptors in similar or different cells(Brinkman et al., 

1999;Hanaflisa et al., 1999).Ifsimilar cells are involved,then an auto-

stimulatory cycle would result.Ifdifferent cells are involved,then other 

outcomes could take place depending upon the state ofdifferentiation ofthe 

target cells.These effects could represent an importantway to provide sustained 

signaling to a variety ofcells involved in such processes as differentiation, 

inflammation and wound healing(Meyer and Habener,1993;Raingeaud et al., 

1995;Cohen,1997;Brinkman et al., 1999;Schaeffer and Weber,1999; 

Nebreda and Prorras,2000;Hanafusa et al., 1999). 

Association ofATF2with Rb 

One question from the co-immunoprecipitation results is whetherthe 

interaction between ATF2and Rb is direct. Although the co-
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immunoprecipitation results imply thatRb interacts with ATF2,they do not 

eliminate the possibility ofindirect interaction through a mediator protein. Our 

results and those ofKim et al(1992)can be easily explained by the factthat 

retention ofATF2byRb is obtained only in the contextofa crude nuclear 

extract from CHO or HeLa cells and a bridging protein could accountfor the 

observed interaction.Indeed,hBrm,ahuman SWI2/SNF2homologue,has been 

found to bridge between the glueoeortieoid receptor and Rb(Singh et al, 1995) 

in mediating the latter's enhancing effects on those ofadrenal steroids(e.g. 

hbrm). 

Although it is possible that an additional protein[s]actually binds to the 

A/B pocketdomains and it interacts with ATF2,no extra stained bands are seen 

in gels from the immunopreeipitates that mightsupportthe existence ofsuch a 

bridge protein.Dr.Wicks tried for several months to obtain evidence for direct 

interaction between Rb and ATF2in vitro(data notshown).His approach was 

to use a GST-Rb fusion protein and bacterially expressed purified N-terminal 

His-tagged ATF's.Neither ATF2or ATFacould be retained on immobilized 

GST-Rb using GSH agarose beads.Similarly,negative results were obtained 

using nickel sepharose beads to bind the His-tagged ATF's after incubation with 

Rb in vitro. These results imply thatthe binding between ATF2and Rb may not 

be direct,although the experiments did notuse the natural proteins,i.e.,the His 
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tag on the ATF2molecule may interfere with the potential binding site. This 

seems especially possible given that the N-terminal domain ofATF2,where the 

His tag is located,contains the phosphorylation and transactivation sites(Meyer 

and Habener,1993). 

Another fact consistent with possible indirectbinding is thatnone ofthe 

knownRb binding motifs can be found in either ATF.Although many proteins 

bind to the A/B pockets ofRb,it has been suggested that different motifs are 

involved.For example,the T antigen ofSV40,adenovirus ElA oncoprotein and 

other oncoproteins bind Rb via a conserved Leu-x-Cys-x-Glu motif(Kim et al., 

1994);transcription factor E2F1,in contrast,uses a unique 18-amino acid motif 

to interact with Rb;and ppla uses a different,large,C-terminal region to bind 

Rb(Lee et al., 1994). 

Onthe other hand,Rb has been reported to bind to both C/EBP(3 and 

NF-IL6,two closely related bZip family members,although the former 

interaction wasreported to be unstable when a targetDNA oligonucleotide was 

present(Chen et al 1996a;Chen et al, 1996b).The Rb binding site on C/EBP p 

was not determined butNF-IL6 has sites in both the NTD and CTD capable of 

binding to Rb.Both C/EBP P and NF-IL6 contain aRb binding motifin their 

NTD which is homologous to thatfound in E2F(Chen et al 1996a;Chen et al; 

1996b;).The motifinvolved is not presentin either ATF,however; Rb has also 
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been shown to bind to c-Myc and to upregulate its transcriptional activity 

(Adnane and Robbins,1995).TheNTD ofMycis responsible for binding to Rb, 

the NTD of ATF2is required for its interaction with Rb in HeLa nuclear 

extracts(Kim et al, 1992)and the NTD'sofC/EBP P and NF-IL6 have also 

been implicated in binding to Rb.However,there is little homology between 

ATF2and these other factors in their NTD's.Indeed,the common feature 

shared by c-Myc,C/EBP P,NF-IL6 and the ATF's is their bZip domain which is 

in the CTD.From these results it is difficult to identify a consensus domain 

which could accountfor the actions ofRb on bZip protein functions.It is clear, 

however,that all ofthese transcription factors depend on the integrity ofthe A 

andB pockets ofRb for their functional interactions. This is true for manyRb 

binding proteins.It does notsuggest,on the one hand,that all bZip proteins 

interact directly with Rb or rule out,on the other hand,that bridge proteins may 

be involved in interactions ofsome ofthem with Rb. 

Differences between ATFa andATF2 

So far,based on the present study and earlier report(Gong et al., 1995), 

three functional differences in the actions ofATFaand ATF2have been 

recognized: 1]Rb inhibits ATFa's activity while it enhances that ofATF2;2] 
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MKK7/JNKbutnotMKK6/p38 are able to enhance the effects ofATFa while 

both sets augmentthe actions ofATF2;and 3]No significant effects ofany of 

the cJun/cFos constructs has been observed on the actions ofATFabutcJun 

enhances the effects ofATF2. 

First,since ATFa and ATF2are very homologous in terms ofamino acid 

sequence and closely related in their transcriptional functions,it raises the 
d 

question as to how these related proteins can be differentially regulated by Rb. 

Thelack ofinteraction ofATFa and Rb is striking and can certainly accountfor 

the factthatRb does notenhance the actions ofATFa.Itis harder to explain the 

inhibitory effects ofthe combination ofRb and ATFa.Given the fact thatRb 

reduces the amountofJNKin the anti-ATFaimmunoprecipitate,it is 

conceivable thatRb acts by sequestering JNKlargely awayfrom ATFa.This 

suggestion is supported by arecentreportthatRb has ainhibitory effect on JNK 

through its C pocketpresumably by sequestering JNK away from cJun(Shim et 

al.,2000).However,the impactofmutations in the A/B pocketofRb in 

reducing the actions ofATFais difficult to understand.It suggests the 

requirementfor a protein to be bound to the A/B pockets which is importantfor 

the actions ofATFa.The putative A/B pocketprotein could be a co-activator or 

hetero-dimeric partner ofATFa.Atpresent,we simply do nothave enough 

information to fully explain the negative effects ofRb on ATFa's actions. 
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Second,both ATF's activities are enhanced by co-transfection of 

MKK7/JNK.These results are consistent with the reported interaction ofATFa 

with JNKin vivo(Bocco et al, 1996)and in vitro(Gupta et al, 1995).ATFaand 

ATF2are readily phosphorylated in our hands byJNK and thecAMP 

dependentprotein kinase(data notshown).Thus,our observed lack of 

phosphorylation/activatioh ofATFaby p38 is notlikely to be an artifact. As 

discussed above,p38 may use docking sites which are differentbetween ATF2 

and ATFa.In a broader context,various stimuli,especially stress and/or the 

inflammatory response could,by virtue ofselective stimulation ofthe 

appropriate kinase cascade,differentially activate these two ATF's leading to 

potentially differential actions on CRE-containing promoters.Given the 

presence ofseveralisoforms ofJNK and p38(Fanger et al, 1997;Gupta et al, 

1996;Jiang et al, 1996),however,the situation in any given cell type is likely to 

be more complex. 

Third,our results indicate that cJun increases ATF2's action butnotthat 

ofATFa,while cFos does not have any significant effect on either ATF. 

Consistent with these results,a very clear pattern was obtained with the 

inhibitory effects ofthe dominantnegative eJun mutantTAM on ATF2's actions 

supporting a role for ATF2-Jun heterodimers acting on the TGF-(32promoter. 

These results are notsurprising,considering the previous observations of 

lA . 



differences in heterodimerization between ATFaand ATF2(Haiand Curran, 

1991;Benbrook and Jones,1994;Chatton et al 1994),and are consistent with 

the factthat ATF2-cJun heterodimers activate several promoters bearing partial 

CRE's(Kaszubska et al, 1995;Liang et al, 1996;Newell et al,1995;Karin, 

1995). 

These results argue strongly against any role for Jun orFosin the actions 

ofATFa,thus presumably removing one potential explanation for the 

differential effects ofRb on these two ATF's;i.e.,formation ofATFa-Fos 

heterodimers which appear to be inactive as transcription factors(Chatton et al, 

1994).Since cycling cells have little or noFos(Karin,1995;Lallemand et al, 

1997),it is unlikely that dimerization with it could be responsible for the 

negative effects ofRb on ATFain any case. 

Taking the absence ofendogenous ATFainto account,ATFamaynot 

play any importantrole in regulating TGF-P2in the cells we used for this study. 

The overall roles ofATFaand ATF2are still evolving and their involvementin 

global transcriptional regulation is uncertain.However,the ATF2knockout 

mouse exhibited many more severe abnormalities than wasseen with the CREB 

knockout(Reimolid et al, 1996;Maekawa et al., 1999).Many major systems 

were affected raising the suggestion that ATF2is also importantin regulating 
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development Whether or notATFa plays a global role anything like that ofits 

related factor and how Rb inhibits its actions both remain to be determined. 

The results withPC-3 cells suggestthatthe mechanismsinvolved in 

regulating ectopic TGF-P2promoter activity mustbear significant similarity to 

those operating on the chromosomafTGF-P2promoter.In no instance did we 

observe a significant divergence in the effects ofany combination ofexpressed 

proteins between the two assays and26 different combinations were tested,and 

the overall correlation is very high with aR squared of0.875(n=115, 

excluding one outlier). Thus,we have evidence to believe that our study is 

physiologically relevant. 

Perspective andfuturestudies 

As.with many other studies,this study raised more interesting questions 

than it answered.Someofthem are listed here.Hopefully,these may serve as 

an incentive for potential fuUire projects to uncover more information aboutthe 

molecular mechanism involvedin the regulation ofgene expression by the Rb-

driven complex. 

First,whatis the phosphorylation status ofRb and how does its 

phosphorylation affect its putative scaffold protein fimction? It has been known 
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thatthe phosphorylation ofRb is cell-cycle dependent and is mediated primarily 

by the cyclin Dl/cdk4pathway(Mancini et al., 1994;Wang et ah,1994). 

Recently,it has been suggested thatJNK binds to the C pocket domain ofRb 

and subsequently phosphorylates it(Chauhan et ah,1999;Shim et ah,2000).It 

is also been suggested that p38 can reverse Rb'sinhibitory function on E2F1 

(Wang et ah,1999).Taking together,these results suggestthat Rb's function 

maybe regulated bythe MAP kinase signaling pathway through 

phosphorylation.We suspectthat phosphorylation oftheC pocket domain by 

JNK/p38 may well serve as a switch to determine the protein binding activity of 

the A/B pockets,and hence to regulate the function and/or formation ofthis 

macromolecular complex. 

Second,do ATF2,Rb and JNK/p38 co-localize in the nucleus? Since Rh, 

ATF2and JNK/p38 existin the same complex as suggested by the pull-down 

experiments,we predict thatthese proteins should be localized together atleast 

to some detectable extent.Rb has been found to be a nuclear protein and bind to 

nuclear matrix(Mancini et al., 1994;Wang et al., 1994);ATF2and activated 

JNK/p38 have been found inside the nuclear membrane(Gupta et al., 1995); 

thus,it is clear thatthe putative macromolecular complex is likely to be in the 

nucleus.The co-localization experiments would provide further evidence for the 
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existence ofthis maeromolecular complex and provide more physiological 

relevance. 

Third,does interaction ofRb and ATF2involve direct binding? As we 

discussed above,this issue has notbeen solved by the current study.Different 

approaches,i.e., using pure proteins or using an antibody immobilization 

method,may be helpful to detect possible direct binding.Or,in an effort to 

identify potential mediating protein(s),one may purify the active component(s) 

from cell extracts monitored with an assay that detects the association ofRb and 

ATF2.These studies,together with truncated mutation approach,may also help 

to find the Rb's interaction site on ATF2.Wepredictthat it may be located in 

the middle region ofthe ATF2molecule fortwo reasons; 1]Thisregion is 

where ATF2and ATFa differ the most;2]TheNTD ofATF2is involved in the 

phosphorylation and activation function while the CTD binds toDNA promoter 

elements and the dimerie partner.It has notbeen observed that interaction with 

Rb interferes with any ofthese interactions so far. Thus,itseems likely that 

those regions may not mediate the interaction with Rb. 

Fourth,whatis the mechanism by which phosphorylation ofATF2 

increases TGF-P2promoter activity? Ourresults suggestthat phosphorylation 

ofATF2is facilitated by interaction with Rb and causes increase in ATF2 

activity.The mechanism involved in the latter process remains to be answered. 
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It has been suggested that phosphorylation increases the ability ofATF2to bind 

to CRE-containing promoters(Gupta et al., 1995).It is also possible that 

phosphorylation may affectthe ability ofATF2to bind to the Cys/His-rich 

region ofits coactivator CBP/p300 via bZip domain(Sano et al., 1998).CBP 

binds to multiple components ofthe basaltranscriptionalmachinery,including 

TFllB,and facilitates the activities ofATF2(Kwok et al., 1994).Additionally, 

it has been found recently that ATF2has intrinsic histone acetyltransferase 

activity which is modulated by phosphorylation(Kawasald et al.,2000).It will 

be very interesting to examine which ofthe three mechanisms,among others,is 

involved in regulation ofTGF-P2promoter activity in transfected CHO cells 

and how the putative Rb complex connects to the activation mechanism,i.e., 

whether or notthe match maker model may extend to include CBP/p300. 

Fifth,whatis the specificity ofthe macromolecular complex?Wetested 

JNK2and p38p for their interaction with Rb and roles as regulators in this 

study.There are more isoforms for each MAP.kinase,and clear differences in 

function have been reported(Denjard et al., 1995;Jiang et al., 1995;Karin and 

Hunter,1995;Waskiewiczand Cooper,1997;Fanger et al., 1997).It is 

importantto examine whether otherisoforms ofJNKand p38 can interact with 

Rb and up-regulate ATF2's actions.These experiments can potentially help to 

reveal the specificity ofthe macromolecular complex.It is likely that different 
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kinases have different affinities(ifany)to interact with Rb,and hence their 

ability to modify downstream targets could be selectively regulated by Rb. 

Finally,in addition to TGF-P2genOjwhatother downstream gene 

expression targets are there for the putative Rb-driven-macromolecular 

complex? As we,discussed for the case ofC/EBP above,the cross-reaction 

between MAP kinases JNK/p38 and Rb very likely regulates other transcription 

factors,and,hence,can influence expression ofa variety ofgenes.This 

suggestion is based upon the facts thatnumeroustranscription factors have been 

found to associate with Rb(Wang et al., 1994),and JNKand p38 regulate many 

differenttargets as well(Karin and Hunter,1995;Waskiewiczand Cooper, 

1997).In the unlikely scenario that only ATF2can be regulated by this 

mechanism,even activated ATF2may enhance the expression ofmany different 

genesincluding TGF-P2(see Introduction for the long list). Thus,it would be 

very interesting to study the globalregulatory effects ofthe combinations ofRb 

±JNK/p38±ATF2,to determine which genes are influenced by this complex 

and the mechanism involved.RecentdevelopmentofDNA micro-array 

techniques may provide greatleverage in exploration ofthis aspect. 
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Table 1. List ofselected Rb-associated proteins. 

Protein Function Interaction Consequence of 
sites in Rb interacting with Rb 

Large T Ag Oncoprotein A/B Contributes to viral 

transformation 

ElA Oncoprotein A/B Contributes to viral 

transformation 

E2F-l,-2,-3 Transcription factor A/B Inhibits activity 

ATF2 Transcription factor A/B Enhances activity 

e-Abl Tyrosinc kinasc C Inhibits tyrosinc kinasc 

D1,D2,D3 Cyclins Large A/B Targets Rb for 
phosphorylation? 

cdk2,edk4 Scr/Thrkinasc ? Rb phosphorylation? 

ppla Phosphatasc Large A/B Rb de-phosphorylation? 
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Table 2.Summary ofRb's differential regulation ofATFa and ATF2's 

activation ofTGF-P2CAT expression in CHO and SKUT-1 cells. 

Expression Fold Increase Fold Increase 

Constructs in CAT Activity in CAT Activity 

in CHO cells in SKUT-I cells 

ATF2 4.3±0.3 (n=12) 4.1±0.3(n=4) 

ATFa 4.0±0.3 (n=12) 3.3±0.3(n=4) 

Rb 4.2±0.5 (n=22) 11.3±0.5(n=4) 

ATF2withRb 18.4± 1.2(n=22) 19.9± 1.1(n=4) 

ATFa with Rb 1.9±0.3 (n=22) 2.4±0.3(n=4) 

Note: Adapted from Li,1996.The pB2-77CAT reporter construct was 

cotransfected with each expression vector into 50to80%confluentCHO cells 
or SKUT-1 cells. The values shown representthe average CAT activity±SD 
relative to that observed with cells transfected with reporter construct alone.The 
basal activity ofreporter constructTGF-P2CATDNA is 4.0±0.3 cpm/pg in 
transfected CHO cells,and 2.8±0.4 cpm/pg in SKUT-1 cells. 
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Table 3.Summary ofthe effects oftruncated Rb mutants on the 

stimulation ofTGF-P2CAT expression. 

Rb Deletion %activity 

Construct Location ofWTRb 

alone with ATF2 with ATFa 

WT none 100 100 -100 

mt9 PocketA 16* 3* -11* 

9* 7*mtl2 PocketB 2* 

mtl4 PocketC 55* 36* -33* 

Note: Adapted from Li(1996).The above values are the percentage ofthe 
activity observed with Rb.The activities ofwtRb were set as 100%exceptthat 
with ATF-a was set as-100% due to the inhibitory effects ofwtRb.*indicates 
a statistically significant difference(P<0.001)between the value ofmutantand 

that ofwt;The quantity t is computed from the formula:t=(X-Y)/(Sx^/Nx+ 
Sy2/Ny)l/2. Xrepresents the mean level ofRb wt,Y represents the mean 
levels ofRb mutants;Nx and Nyrepresentthe number oftest samples ofRb 
WTand mutants,respectively;Sx and Sy representthe standard deviations of 
Rb WTand mutants,respectively,the magnitudes oft were then compared 
with its distribution for a specified level ofconfidence and a numberofdegrees 
offreedom u given by:u=[Nx+Ny]-2. 
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Figure 1. Amino acid sequence and homology comparison between ATFa 
and ATF2. The boxed areas eorrespond to the basic region (ATFa: 322-325 
and 334-354; ATF2: 342-347 and 356-376) and Leueine Zipper domain (ATFa: 
360-391; ATF2: 380-411). Asterisk symbols indicate the phosphoralation sites 
on ATF2 (Thr 69 and 71) and ATFa (Thr 51 and 53). 
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Retinoblastoma protein 

379 572 646 772 928 

N A ID B C 

M 1 , MST 

A Mappedin vivo phosphoiylation sites in Rb: Ser249, 
Thr252,Thr373,Ser 807,Ser 811,Thr821,Thr 826. 

Figure 2.Domain structure and phosphorylation sites ofRb. The human Rb 
protein contains 928 amino acids that are organized into several domains:theN 
terminal region(amino acids 1-378),domain A(A,amino acids 379-572),the 
insert domain(ID,amino acids 573-645),domain B(B,amino acids 646-772) 
and theCterminal region(C,amino acids 773-928).There are7Ser/Thr sites in 
Rb(indicated by arrow heads),which have been shown to be phosphorylated by 
the cyclin-dependent protein kinases in vivo. 
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ReporterConstruct(pB2-77) 

tCATTATA 
mE 

CGTCA 

Figure 3.Schematic structure ofpB2-77construct.Asindicated in the figure, 
the construct has a partial ORE site(CGTCA)and TATA box from the TGF-P2 
promoter(-77to 63),which is linked to the downstream cDNA coding for the 
CAT protein. 
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Figure 4. Rb differentially modulates the transcriptional activating effects
of ATFa and ATF2 in CHO cells. Adapted from Li, 1996. One half pg of each
ATFa, ATF2, or Rb plasmid DNA (as indicated in the figure) was co-
transfected with 0.5 pg of TGF-P2 CAT reporter plasmid DNA into 35 mm
dishes of 50-80% confluent CHO cells. After transfection, CHO cells were
incubated in the medium containing 10% fetal bovine serum for about 54 hr,
then CHO cells were harvested, lysed and subjected to CAT assay as described
in Methods and Materials. Fold stimulations are the ratio of CAT activities of

test samples to the average of basal CAT activities. pUC 18 was added to keep
the total DNA input constant. This experiment was repeated and each point is
the average of at least twelve samples in no less than six independent
experiments, and error bars indicate the standard deviation of samples. In this
and subsequent figures relative CAT activity is defined as the ratio of CAT
activity to that observed with cells transfected with reporter construct alone. The
basal activity of reporter construct TGF-P2 CAT DNA is 4.0 ± 0.3 cpm/pg in
transfected CHO cells.
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Figure 5.Schematic representation ofdeletion mutants ofRb expression 
vectors used in this study.The coding region ofRb is represented by the line 
atthe bottom,locations ofpockets A,B andC are represented by the bottom 
boxes,and the synthetic epitope tag is represented by the shaded box atthe 
carboxyl terminus.Each mutantis depicted as a gapped line, with the size and 
location ofthe gap proportional to the site ofthe mutation.Each mutantis 
designated by the location ofthe first ofthe two codons that were converted into 
an Xbol restriction site(CTCGAG)prior to deletion ofsequences between 
adjacentXbol mutant. 
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Figure 6. Effects of a dominant negative JNKK mutant [K116R] on the

ability of MKK6 and MKK7 to enhance TGF-p2-CAT activity in CHO
cells ± ATFa and ATF2. CHO cells were transfected under conditions similar

to those in Figure 4 with the following DNA constructs: 0.5 ̂ ig of TGF-p2-
CAT reporter plasmid and, where indicated, 0.5 pg of ATF2 , ATFa or
dnJNICK[K116R] expression plasmids ± 0.2 pg of MKK6 or 0.1 pg of MKK7
expression plasmids. The amounts of MKK6 and MKK7 plasmid DNA were
optimized in titration experiments [data not shown]. Cells were harvested for
assays 54 hr after transfection was initiated as described in Materials and
Methods. Each value represents the mean fold increase in CAT activity relative
to that in cells transfected with reporter construct alone. This experiment was
repeated and each column is the average of at least four samples in no less than
two independent experiments, and error bars indicate the standard deviation of
samples.
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Figure 7. Effects of a doininant negative JNK mutant [APF] on the ability
of JNK to enhance TGF-P2-CAT activity in CHO cells ± ATFa and ATF2.
CHO cells were transfected under conditions similar to those in Figure 4 with
the following DNA constructs: 0.5 jig of TGF-p2-CAT reporter plasmid and,
where indicated, 0.5 pg of ATF2 , ATFa or APF expression plasmids ± 0.2 pg
of JNK expression plasmids. The amount of JNK plasmid DNA were optimized
in titration experiments [data not shown]. Cells were harvested for assays 54hr
after transfection was initiated as described in Materials and Methods. Each

value represents the mean fold increase in CAT activity relative to that in cells
transfected with reporter construct alone. This experiment was repeated and
each column is the average of at least four samples in no less than two
independent experiments, and error bars indicate the standard deviation of
samples.
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Figure 8. Effects of SB203580 on the ability of INK to enhance TGF-p2-
CAT activity in CHO cells ± ATFa and ATF2. CHO cells were transfected
under conditions similar to those in Figure 4 with the following DNA
constructs: 0.5|rg of TGF-P2-CAT reporter plasmid and, where indicated, 0.5
pg of ATF2 , ATFa, ± 0.2 pg of p38 expression plasmids. The amount ofp38
plasmid DNA used was optimized in titration experiments [data not shown]. 10
|iM of SB 203580 (SB) was added 6 hr after transfection. Cells were harvested
for assays 54hr after transfection was initiated as described in Materials and
Methods. Eaeh value represents the mean fold increase in CAT activity relative
to that in cells transfected with reporter construet alone. This experiment was
repeated and eaeh eolumn is the average of at least four samples in no less than
two independent experiments, and error bars indieate the standard deviation of
samples.
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Figure 9. Protein expression level of ATF2 in transfected CHO cells. CHO
cells were transfected by ATF2 or with other indicated expression veetors: Rb,
JNK, MKK6, or MKK7. Fifteen pi of cell lysates were subjected to SDS-
PAGE, and probed by western blotting with anti-ATF2 antibodies (see
Materials and Methods for details). The first lane was loaded with cell extract
from non-transfected cells, to show the expression level of endogenous ATF2.
The molecular weights of the bands were determined by the standard curve
using included pre-stained molecular markers (bands not shown), and were
approximately as expected for ATF2. This experiment has been repeated with
similar results.
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Figure 10. Protein expression level of ATFa in transfected CHO cells. CHO
cells were transfected by ATFa or with other indicated expression vectors: Rb,
MKK7, MKK6, or JNK. Fifteen pi of cell lysates were subjected to SDS-
PAGE, and probed by western blotting with anti-ATFa antibodies (see Figure 9
for other details). The molecular weights of the bands were approximately as
expected for ATFa. This experiment has been repeated with similar results.
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Figure 11. Protein expression level of JNK in transfected CHO cells. CHO
cells were transfected by JNK or with other indicated expression veetors:
MKK6, MKK7, ATF2 or Rb. Fifteen pi of eell lysates were subjected to SDS-
PAGE, and probed by western blotting with anti-JNK antibodies (see Figure 9
for other details). The moleeular weights of the bands were approximately as
expected for JNK. This experiment has been repeated with similar results.
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Figure 12. Protein expression level of p38 in transfected CHO cells. CHO
cells were transfected by p38 or with other indicated expression vectors: ATF2,
ATFa, MKK6, MKK7, or Rb. Fifteen pi of cell lysates were subjected to SDS-
PAGE, and probed by western blotting with anti-p38 antibodies (see Figure 9
for other details). The molecular weights of the bands were approximately as
expected for p38. This experiment has been repeated with similar results.
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Figure 13. Protein expression level of MKK6 in transfected CHO cells.
CHO cells were transfected by MKK6 or with other indicated expression
vectors: JNK, p38, ATF2, ATFa, or Rb. Fifteen pi of cell lysates were subjected
to SDS-PAGE, and probed by western blotting with anti-MKK6 antibodies (see
Figure 9 for other details). The molecular weights of the bands were
approximately as expected for MKK6. This experiment has been repeated with
similar results.
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Figure 14. Protein expression level of MKK7 in transfected CHO cells.
CHO cells were transfected by MKK7 or with other indicated expression
vectors: JNK, p38, ATF2, ATFa or Rb. Fifteen pi of cell lysates were subjected
to SDS-PAGE, and probed by western blotting with anti-MKK7 antibodies (see
Figure 9 for other details). The molecular weights of the bands were
approximately as that of MKK7. This experiment has been repeated, and
observed similar results.
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Figure 15. Effects of cJun and cFos co-expressed with ATFa and ATF2 on

TGF-p2-CAT activity in CHO cells. CHO cells were transfected with 0.5 jig
of TGF-P2-CAT DNA and 0.5 gg of ATFa, ATF2, cJun or cFos expression
plasmid DNA's under conditions similar to those described in the legend to
Figure 1. Cells were harvested 54 hr later for assays as described in Materials
and Methods. Each value is the mean fold increase in CAT activity relative to
that in cells transfected with reporter construct alone ± SD of 4-8 observations.
Asterisk symbols indicate a statistically significant effect of cJun/cFos (i.e., P <
0.001).
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Figure 16.Titration ofATF2with different amounts ofTAM67.Varying 
amounts ofATF2 plasmid DNA's were co-transfected±the indicated amounts 
ofTAM67plasmidDNA arid 0.5 pg ofthe TGF—P2—CATreporter construct 

Figure 4.After incubation for54hf,cells were harvested for assays as described 
in Materials and Methods.Sirice TAM67significantly reduced basal TGF-P2-
CAT expression(notshown),these values have been normalized to 1.0 for 
calculation ofrelative CAT activities [i.e., specific activity oftest sample/ 
specific activity ofsamples from cells transfected with TGF-P2-CATDNA 
alorie±TAM 67].Each pointis the average ofatleast6 observations with SB's 
indicated by the bars.Symbolsin the figure indicates the following. 
Open circle: noTAM67co-transfected. 
Open diamond:0.5 pgTAM67DNA co-transfected. 
Filled diamond: 1.0 pgTAM67DNA co-transfected. 
See the legend to Figure4for further details. 
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Figure 17. Titration of ATFa with different amounts of TAM67. Varying 
amounts ofATFa plasmid DNA's were co-transfected ± the indicated amounts 
of TAM 67 plasmid DNA and 0.5 pg of the TGF-P2-CAT reporter construct 
into CHO cells under conditions similar to those described in the legend to 
Figure 4. Each point is the average of at least 6 observations with SD's indicated 
by the bars. Symbols in the figure are the same as in Figure 16. See the legend 
to Figure 4 for further details. 
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Figure 18. Co-immunoprecipitatioii of Rb and ATF2 in over-expressed
CHO cell extract. Extracts (about 200 pg of proteins) from CHO cells
transfected with the indicated expression vectors (Rb WT or mutants ± ATF2)
at the bottom were subjected to immunoprecipitation by 10 pi antibodies against
Rb followed by westem blotting of immunoprecipitates with the antibodies
against ATF2 or Rb (see Materials and Methods for details) as indicated on the
left side. The molecular weights of the bands were estimated and found as
expected for each protein as marked on the right side. This experiment has been
repeated with similar results.
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Figure 19. Co-immunoprecipitation of Rb and ATFa in over-expressed
CHO cell extract. Extracts (about 200 pg of proteins) from CHO cells
transfected with the indicated expression vectors (Rb/ATF2/ATFa) at the
bottom were subjected to immunoprecipitation by 10 pi antibodies against Rb
followed by western blotting of immunoprecipitates with the antibodies against
ATFa or Rb (see Materials and Methods for details) as indicated on the left side.
The molecular weights of the bands were estimated and found as expected for
each protein as marked on the right side. This experiment has been repeated
with similar results.
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Figure 20. Co-immunoprecipitation of Rb and JNK in over-expressed CHO
cell extract. Extracts (about 200 pg of proteins) from CHO cells transfected
with the indicated expression vectors (Rb/JNK/p38/ATF2/ATFa) at the bottom
were subjected to immunoprecipitation by 10 pi antibodies against Rb followed
by western blotting of immunoprecipitates with the antibodies against JNK or
Rb (see Materials and Methods for details) as indicated on the left side. The
molecular weights of the bands were estimated and found as expected for each
protein as marked on the right side. This experiment has been repeated with
similar results.
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Figure 21. Co-immunoprecipitation of Rb and p38 in over-expressed CHO
cell extract. Extracts (about 200 pg of proteins) from CHO cells transfeeted
with the indieated expression veetors (Rb/p38/JNK/ATF2/ATFa) at the bottom
were subjeeted to immunopreeipitation by 10 pi antibodies against Rb followed
by western blotting of immunopreeipitates with the antibodies against p38 or Rb
(see Materials and Methods for details) as indicated on the left side. The
molecular weights of the bands were estimated and found as expected for each
protein as marked on the right side. This experiment has been repeated with
similar results.
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Figure 22. Co-immunoprecipitation of Rb with ATF2 and JNK
simultaneously. Extracts (about 200 pg of proteins) from CHO cells transfected
with the indicated expression vectors (Rb/JNK/ATF2) at the bottom were
subjected to immunoprecipitation by 10 pi antibodies against Rb followed by
western blotting of immunoprecipitates with the antibodies against ATF2, JNK
or Rb (see Materials and Methods for details) as indicated on the left side. The
molecular weights of the bands were estimated and found as expected for each
protein as marked on the right side. Lane 8 in all panels was loaded with the
same sample as lane 9 but with only half of the amount. This experiment has
been repeated with similar results.



GellExtract IP: anti-Rb 

9';'' 

WB:anti-ATF2 lV'-V X' ATF2 

■- :.r"' : -

WB:;mti-p38: p38 

WB:anti-Rb; 
Rb 

Rb: V ;-v; \AK'+ ' 
p38: v> : 
AtF2:: ^ 

Figure 23. Co-immnnoprecipita ion of Rb with ATF2 and p38 
simultaneously. Extracts (about ^00 pg ofproteins) from CHO cells transfected 
with the indicated expression vectors (Rb/p38/ATF2) at the bottom were 
subjected to immunoprecipitatipn by 10 pi antibodies against Rb followed by 
westem blotting of immunoprecipitates with the antibodies against ATF2, JNK 
or Rb (see Materials and Methods for details) as indicated on the left side. The 
molecular weights of the bands were estimated and found as expected for each 
protein as marked on the right side. Lane 8 in all panels was loaded with the 
same sample as lane 9 but with only half of the amount. This experiment has 
been repeated with similar results. 
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A/B Pockets C Pocket

ATF2 JNKor p38

Figure 24. Matchmaker hypothesis for Rb's function. Schematic linear
structure of Rb with suggested matchmaker function. Rb binds to JNK or p38
using its C-pocket, and interacts (directly or indirectly) with ATF2 using its A/B
pockets. These interactions increase the accessibility of ATF2 to JNK or p38,
and may potentially increase ATF2's phosphorylation/activation.
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Figure 25. Rb enhances the association of ATF2 with JNK. Extracts (about
200 )j,g of proteins) from CHO cells transfected with the indieated expression
vectors (ATF2/Rb/JNK) at the bottom were subjeeted to immunoprecipitation
by 10 pi antibodies against ATF2 followed by western blotting of
immunopreeipitates with the antibodies against JNK, Rb, or ATF2 as indicated
on the left side. The molecular weights of the bands were estimated and found
as expeeted for eaeh protein as marked on the right side. This experiment has
been repeated with similar results. See Materials and Methods for additional
details.
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Figure 26. Rb enhances the association of ATF2 with p38. Extracts (about
200 |ig of proteins) from CHO cells transfected with the indicated expression
vectors (ATF2/p38/Rb) at the bottom were subjected to immunoprecipitation by
10 pi antibodies against ATF2 followed by western blotting of
immunoprecipitates with the antibodies against p38 or ATF2 as indicated on the
left side. The molecular weights of the bands were estimated and found as
expected for each protein as marked on the right side. This experiment has been
repeated with similar results. See Materials and Methods for additional details.
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Figure 27. Effects of Rb on the co-immunoprecipitation of ATFa with JNK.
Extracts (about 200 pg of proteins) from CHO cells transfected with the
indicated expression vectors (ATFa/Rb/JNK) at the bottom were subjected to
immunoprecipitation by 10 pi antibodies against ATFa followed by western
blotting of immunoprecipitates with the antibodies against JNK or ATFa as
indicated on the left side. The molecular weights of the bands were estimated
and found as expected for each protein as marked on the right side. This
experiment has been repeated with similar results. See Materials and Methods
for additional details.



IP: anti-ATF2

WB: anti-JNK

WB: anti-ATF2
-ATF2

ATF2 + + + + + + + +

JNK + + + + +

Rb wt mt9 mtl4 wt mt9 mtl4

Figure 28. Effects of Rb mutants on the co-immunoprecipitation of ATF2
with JNK. Extracts (about 200 pg of proteins) from CHO cells transfected with
the expression vectors (Rb WT/mutant/ATF2/JNK) indicated at the bottom
were subjected to immunoprecipitation by 10 pi antibodies against ATF2
followed by western blotting of immunoprecipitates with the antibodies against
JNK or ATF2 as indicated on the left side. The molecular weights of the bands
were estimated and found as expected for each protein as marked on the right
side. This experiment has been repeated with similar results. See Materials and
Methods for additional details.
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Figure 29. Phosphorylation status of ATF2 in transfected CHO cells. CHO
cells were transfected with ATF2 alone or with other indicated expression
vectors: JNK, p38, Rb or APF. Fifteen pi of cell lysates were subjected to SDS-
PAGE, and probed by western blotting with anti-phospho-ATF2 (Thr 69/71)
antibodies (NEB). The molecular weight of the band is as expected for
phospho-ATF2 (i.e. 75 kD). See Figure 9 for other details. APF and SB 203580
(SB) were used as described in Figures 7 and 8.
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Figure 30. Comparison of endogenous TGF-P2 gene expression with ectopic 
TGF-P2-CAT promoter regulation. PC-3 cells were transfeeted with 0.5 pg 
pB2-77 plasmid DNA, without or with 0.5 pg ATFa or ATF2 DNA as indicated 
in the figure. Forty-eight hours post-transfection, the culture medium was 
eollected, concentrated 20 fold, and subjected to an ELISA assay using antibody 
against TGF-P2; the cells were harvested and lysed, and subjected to the CAT 
assay. The values for both basal levels (transfeeted with pB2-77 alone) are set 
arbitrarily as 1, and all other ELISA and CAT activities are compared to these 
basal levels and the ratios were used as their "fold stimulation". The bars on the 
left represent the fold stimulation ftom the ELISA assay (endogenous TGF-P2 
activity), while the bars on the right represent that from the CAT assay (ectopic 
TGF-P2 promoter). 
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Figure 31. Comparison of the regulation of endogenous TGF-P2 gene 
expression and ectopic TGF-p2-CAT activity by various protein kinases in 
the absence of overexpressed ATF's. PC-3 cells were transfected with 0.5 |ig 
pB2-77 plasmid DNA alone, or with 0.2 pg INK, p38, MKK6 or MKK7 
expression vector DNA as indicated in the figure. See Figure 30 for other 
details. 
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Figure 32. Comparison of the ability of co-transfected protein kinases to

augment the effects of ATF2 on TGF-P2 promoter activity. PC-3 cells were
transfected by 0.5 pg pB2-77 plasmid DNA alone, or with 0.5 pg ATF2 with or
without 0.2 pg JNK, p38, MKK6 or MKK7 expression vector DNA as indicated
in the figure. See Figure 30 for other details.
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Figure 33. Comparison of the ability of co-transfected protein kinases to 
augment the effects of ATFa on TGF-P2 promoter activity. PC-3 cells were 
transfected with 0.5 pg pB2-77 plasmid DNA alone, or with 0.5 pg ATFa with 
or without 0.2 pg JNK, p38, MKK6 or MKK7 expression vector DNA as 
indicated in the figure. See Figure 30 for other details. 
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Figure 34. Inhibition of the effects of MKK7 and INK on endogenous and 
ectopic TGF-P2 promoter activity by APF. PC-3 cells were transfected with 
0.5 pg pB2-77 reporter plasmid and 0.5 pg ATF2 or ATFa, with or without 0.2 
pg JNK, MKK7 expression vector DNA in the presence (filled bars) or absence 
(open bars) ofAPF expression vector. See Figure 30 for other details. 
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Figure35.Inhibition ofthe effects ofMKK6and p38on endogenous and 
ectopic TGF-P2promoter activity by SB203580. PC-3 cells were transfected 
with 0.5 pg pB2-77reporter plasmid and 0,5 pg AtF2or ATFa,with or without 
0.2 pg p38 orMKK6expression vectorDNA.SB203580,a specific inhibitor of 
p38 wasincluded in the medium ata final concentration of10 pM(filled bars). 
Open bars representthe resultin the absence ofSB203580.See Figure 30for 
other details. 
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Figure 36. Correlation plot of relative CAT activity with TGF-P2 secretion. 
PC-3 cells were transfected with 0.5 pg pB2-77 reporter plasmid and various 
combinations of expression plasmids shown in Figures 30 to 35. Each point 
represents an individual experiment, with TGF-P2 secretion vs. CAT activity. 
The value was compared to that ofpB2-77 alone. There are total of 116 samples 
with a of 0.778 using simple linear regression, which means 77.8% of 
variation in TGF-P2 secretion can be explained by changes in CAT activity. 
The arrow indicates the only outlier in the samples deteimined by R student 
analysis (R student = -9.9). If this outlier is excluded, R^ increases to 0.875 with 
115 samples, which means 87.5% ofvariation in TGF-P2 secretion can be 
explained by changes in CAT activity. 

131 



A/B Pocket 

* mii Rb V CPocket' 

pp pp
■I 

ATF2 prp38 
ji: 

PP 
"II 

ATF2 JNKprp38 

PP 

FfeeJNKprpSSI
■W- ATFa 

: TGF-;^ 

Figure 37. Cartoon diagram of Rb's differential regulation of ATF2 and 
ATFa. Rb is suggested to bind to JNK or p38 using its C-pocket, and to interact 
(directly or indirectly) with ATF2 using its A/B pockets in the same complex. 
These interactions may potentially increase ATF2's phosphorylation, and 
phosphorylated ATF2 is likely to have higher activity to stimulate TGF-P2 
expression (Gupta et al., 1995). On the other hand, ATFa cannot interact with 
Rb, and hence may only be phosphorylated by free JNK. The presence of a 
large amount ofRb may sequester JNK away from ATFa, and inhibit its 
phosphorylation/activation. 
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