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ABSTRACT 

Our laboratory has previously isolated a 12-D-tetradecanoylphorbol-13-acetate (TPA)

nonresponsive variant line (VT-1) from mouse 3T3-L1 cells (Shimizu et al .• 1986). Differential 

hybridization of cDNAs obtained from TPA-treated 3T3-L 1 and VT-1 cells resulted in the 

isolation of a number of unique eDNA clones including one with a high degree of homology to 

the type I pro-(X2 collagen (COL 1A2) gene (Amagai et al. 1989). Here the expression of type I 

collagen pro-(X2 (pro-(X2(I» mRNA and production of type I collagen in these two cell lines is 

examimed. In quiescent cells. the pro-(X2(I) steady state mRNA levels were 4 times greater in 

3T3-L 1 cells than in VT-1 cells. TPA addition caused the steady-state levels of pro-(X2(I) mRNA 

to be 6 times greater in 3T3-L 1 cells than in VT-1 cells. with a maximum at 30-60 minutes. The 

pro-(X2(I) protein levels in the extracellular matrix or culture media of 3T3-L 1 cells were 

substantially elevated by TPA treatment but no significant increase was detected in VT-1 cells. 

The correlation of collagen expression with a TPA-mediated mitogenic response suggests a 

new role for collagen as an earfy component of mitogenic signal transduction. 

Expression of protooncogenes and other mitogenically related genes were also 

examined in 3T3-L 1 and VT-1 cells. c-fos. c-myc. c-jun and ornithine decarboxylase were 

expressed in both cell lines. These findings suggest that expression of these genes may be 

necessary but not sufficient for a TPA induced mitogenic response. and they may also not be 

contingent upon PKC for activation of transcription. 

Two of the TPA Inducible Early (TIE) genes selected had no homology with any other 

known sequence. Here. mRNA expression levels of these novel genes (TIE-10B and TIE-44) 

are examined in 3T3-L 1 and VT-1 cells and in several mouse tissues. The transcripts of these 

genes are characterized in terms of their size. TPA inducibility. cycloheximide sensitivity. and 

inducibility by serum supplemented media. EGF and insulin. Within 30 minutes of TPA 
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treatment, TIE gene mRNA is increased in 3T3-L1 cells; whereas, with the exception of TIE-

108, low levels or delayed mRNA expression is seen in VT-1 cells. In general, the timing of 

TPA induced TIE gene transcription is similar to that of the protooncogene c-fos. The two 

genes are expressed in most mouse tissues tested. mRNA levels of both TIE genes also 

increased in response to serum supplemented medium. In cells treated with EGF and insulin, 

the timing of TIE gene induction was variable. Typical mRNA expression patterns for 

protooncogenes c-fos, c-myc, c-jun are seen when cells are treated with TPA, serum

supplemented media or EGF. The differential mRNA expression of the TIE genes relative to 

other growth potentiating genes and in response to mitogens other than TPA is indicative of the 

complexity and wide range of genes involved in several possible pathways leading to the cells' 

mitogenic response. 
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CHAPTER 1 

INTRODUCTION 

Increased gene expression is a consequence of an activated signal transduction 

pathway. Genes turned on under defined conditions can be used as identifying markers linking 

signaling pathways to specific mitogens. I have been interested in elucidating genetic markers 

and biochemical interactions necessaiY for the mitogenic response elicited by the phorbol ester 

12-o-tetradecanoylphorbol-13-acetate (TPA) in mouse fibroblasts. 

The phorbol ester TPA was originally identified as a substance which promotes 

papilloma formation in irradiated mouse epidermal cells (Colburn, 1980). Some of the effects 

TPA has on cells include gross morphological changes (Robinson et at, 1987; Robinson et aI., 

1985; White and Estensen, 1974; Miyata et aI., 1988; Phaire-Washington et aI., 1980; Masur et 

aI., 1985), increased gene expression (Colburn, 1980; Greenberg and Zift, 1984; Lau and 

Nathans, 1985; Johnson et aI., 1987; Amagai et at, 1989; Stuiver et al., 1991; Herschmann, 

1989), increased protease activities (Angel et at, 1987; Matrisian et at, 1986), and protein 

expression (Colburn, 1980; Stuiver et al. 1991). Genes responding to TPA depend intimately 

on cellular context. Depending on the cell type, TPA can stimulate DNA synthesis and cellular 

proliferation (Dicker and Rozengurt, 1981, Shimizu et aI., 1986, Rozengurt, 1986, Angel et a!., 

1987; Herschmann, 1989) in some instances while inhibiting them in others (Colburn, 1980; 

Hecker et a!., 1982; Ways et aI., 1987). The mechanism of these diverse responses to TPA 

are not well characterized. 

One of the initial components by which TPA is thought to mediate its signal is via 

protein kinase C (PKC). In fact, PKC is activated by (Castagna et al., 1982) and is the receptor 

for TPA (Niedel et al., 1983; Leach et al., 1983; Kikkawa et at, 1983). PKC is a central 

component in numerous mitogenic and non-mitogenic signal transduction pathways. It is 
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involved in regulating DNA synthesis, cell proliferation, secretion and exocytosis, ion and sugar 

transport, smooth muscle contraction and relaxation as well as many other cellular responses 

(Nishizuka, 1984; Kuo et aI., 1980; Bell, 1986; Nishizuka, 1986). The PKC family of genes 

consists of several isozymic forms of PKC, which are differentially expressed in various tissues 

and have differing sensitivities to endogenous activators (Knopf et al., 1986; Nishizuka,1988). 

Purified PKC isozymes have distinct substrate specificities and varying dependence on effectors 

like TPA (Nishizuka, 1988; Strulovici et aI., 1991; Ways et aI., 1991). The altered responses of 

different cell types may result from subtle differences in kinase/substrate interactions caused by 

varying balances of PKC subspecies (Droms and Malkinson, 1991; Nishizuka, 1988). PKC 

isozymes have been localized to specific subcellular regions. PKC IX (type III) is the primary 

subspecies expressed in the nucleus, cytoplasm, membrane and focal contacts of fibroblast 

cells (Jaken et aI., 1989; Shimizu and Shimizu, 1989; Leach et aI., 1989; Hyatt et aI., 1990). 

PKC is a Ca2+, phospholipid dependent protein kinase that phosphorylates its 

substrates on serine and threonine residues (Castagna et aI., 1982). The binding of ligand to 

growth factor receptors initiates a cascade of events. Phospholipase C is activated and 

phosphotidylinositol (PI) turnover is induced (reviewed in Bell, 1986). Diacylglycerol (DAG), 

generated by growth factor initiated PI turnover, is an endogenous second messenger which 

binds and activates PKC (Bell, 1986) increasing its affinity for Ca2+, phospholipids and cell 

membranes (Nishizuka, 1984; Ashendel, 1983). TPA is thought to mimic DAG, thus activating 

PKC as well (Nishizuka, 1986). Treatment of the cells with TPA causes a rapid translocation of 

cytosolic PKC to the membrane (Nishizuka, 1986; Kishimoto et aI., 1983; Ballester and Rosen, 

1985; Shimizu and Shimizu, 1989). There, it is activated by the interaction with TPA, Ca2
+ and 

membrane phospholipids (Nishizuka, 1989). Among the proteins known to be substrates for 

PKC are vinculin (Werth et aI., 1983), other cytoskeletal proteins (Takai et aI., 1985), the 

glucose transporter (Witters et aI., 1985), histones H2B, H1, H4 (Patskan and Baxter, 1985; 
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Butler et aI., 1986) and an 80kD protein (Rozengurt et aI., 1983; Rodriguez-Pena and 

Rozengurt, 1984; Blackshear et aI., 1986; Rodriguez-Pena and Rozengurt, 1986; Hirai and 

Shimizu, 1990). Phosphorylation of the 80kD protein has been correlated with the ability of the 

cell to respond mitogenically to TPA (Shimizu and Shimizu, 1989). Therefore, translocation of 

PKC to the membrane and phosphorylation of its 80kD substrate appears to be a necessary 

process for the mitogenic effect of TPA (Nishizuka, 1986; Ballester and Rosen, 1985; Shimizu 

and Shimizu, 1989). The exact mechanism by which PKC transmits a signal to the nucleus 

and/or for cellular proliferation is not known. 

There is a strong correlation between the activation of PKC and gene expression. 

Within minutes, quiescent fibroblasts exposed to serum growth factors or phorbol esters initiate 

transcription of a set of "immediate early genes" (Berridge, 1986; Nishizuka, 1986; Johnson et 

aI., 1987; Yoshimasa et aI., 1987). Over 60 growth-factor-inducible immediate early genes 

have been identified in fibroblasts by differential screening of cDNA libraries (Lau and Nathans, 

1987; Almendral et aI., 1988; Amagai et al., 1989). Protooncogenes have been actively studied 

due to their expression during a cell's mitogenic ,response (Kelly et aI., 1983; Greenberg and 

Zift, 1984; Kruijer et aI., 1984; Muller et al., 1984). In particular, c-fos, c-myc and c-jun have 

been implicated as genetic markers involved in the mitogenic response elicited by the tumor 

promoter 12-0-tetradecanoyl-phorbol acetate (TPA) and growth factors (Quantin and 

Breathnach, 1988; Angel et al., 1987). The study of the expression of these genes has led to 

a wealth of information with regard to their possible function(s) within the cell (Miller et aI., 

1984, Curran and Franza, 1988; Eisenman and Thompson, 1986), but has not revealed a direct 

association between their expression and a particular signal transduction pathway induced by a 

specific mitogen. 

Many of these growth factor and phorbol ester induced immediate early genes encode 

transcriptional regulators, among them members of the jun family: c-jun, jun-B and jun-D 



(Bohmann and Tijan, 1989; Ryder et aI., 1988, 1989) and members of the fos family: c-fos, 

fos-B and fra-1 (Vogt et at, 1987; Rauscher et at, 1988; Zerial et aI., 1989; Cohen et at, 
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1989). These proteins can form homodimers or functionally more active heterodimers which 

bind TPA responsive elements (TRE or AP-1 site) and cAMP responsive elements (CRE) 

(Nakabeppu et at, 1988; Landshulz et at, 1989; Cohen et at, 1989; Chiu et al., 1989). While 

transcription of c-jun is upregulatecl by itself, another member of the jun family, Jun-B, is 

capable of inhibiting the activation of c-jun expression (Chiu et at, 1989). Apparently, activation 

of the JUN protein occurs via a PKC mediated dephosphorylation event (Boyle et al., 1991); 

whereas FOS protein activation is a phosphorylation event independent of PKC (Barber and 

Verma, 1987). The family of PKC isozymes and combinations of the various transcriptional 

activating homo- and heterodimers have unique activities. The existence of these subtle yet 

unique groups of regulatory proteins is suggestive of a very complex system for gene 

expression. It remains important to stress that the mechanism of TPA mediated cell growth is 

not simple and far from being completely understood. 

The family of collagens collectively make up a large component of the extracellular 

matrix (ECM) in most multicellular organisms (Bomstein and Sage, 1989; Kuhn, 1987). These 

proteins playa critical role in the development and maintenance of tissue strength, cellular 

architecture or morphology, cell-cell interactions, gene expression and mitosis (Bellas et at, 

1991; Hynes, 1987; Miller, 1985; Ruoslahti and Pierschbacher, 1987). Collagens are 

extracellular proteins composed of three helical polypeptide chains that associate with each 

other to form a right handed, triple helical structure (Prockop and Kivirikko, 1984). Collagen is 

now known to be linked to the cytoskeleton by r~eptors called integrins (Hynes, 1987; Miller, 

1985; Ruosolahti and Pierschbacher, 1987; Wilkins et a!., 1991) .. Actin, vinculin and 

intermediate filaments link the cytoskeleton to the integrin receptor (Ben-Ze'ev et at, 1990; 

Mueller et aI., 1989; Watson, 1991). It is thought that the changes in the extracellular 



environment are, in part, communicated to the cell by these associations (Bellas et aJ., 1991; 

Watson, 1991). The cell can then respond by activation of signal transduction pathways and 

initiation of gene expression. 
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Not only is TPA a potent mitogen but a morphogen as well. Fibroblasts exposed to 

TPA exhibit a drastic change in morphology by rounding and elongating themselves (Robinson 

et aJ., 1987; Robinson et aI., 1985; White and Estensen, 1974; Miyata et aI., 1988; Phaire

Washington et aJ., 1980; Masur et aI., 1985). These changes in morphology may playa role in 

initiating gene transcription (Ben-Ze'ev, 1986; Bissell and Aggeler, 1987; Watt, 1986). 

Logically, since the cells' architecture is affected, structural genes such as collagen, fibronectin, 

actin and laminin would, as a result, be expressed. Interestingly, our findings support this 

hypothesis in that TPA does induce the expression of these genes, especially collagen (Stuiver 

et aI., 1991). 

Little is known about the regulation of collagen gene expression. The COL 1A2 gene is 

approximately 40 kb in length (Ohkubo et aJ., 1980), and contains 52 exons (Sandell and Boyd, 

1990). Interspersed between these exons are intronic regions, some of which have regulatory 

properties (Rossi and de Crombrugghe, 1987). The promoter region contains a TATA box 

between residues -26 to -33; whereas, the CCAA T box is located further downstream at -82 

(Hatamochi et aI., 1986). There are 2 proteins which bind the CCAAT box. Just upstream of 

the CCAA T box, is a Gtc rich sequence, which under certain circumstances can be methylated 

and thus influence transcription (Hatamochi et aI., 1986). Several regions upstream are 

sensitive to S1 nuclease digestion, indicating a more relaxed structure within the supercoiled 

DNA (McKeon et al., 1983). SP-1 has also been shown to bind the promoter in this region. 

Analysis of residues from -295 to -315 within the promoter revealed an NF-1 binding site. 

Increased expression of pro-a2(I) collagen induced by TGF-B is mediat~ by the interaction of 

NF-1 with its DNA sequence motif (Rossi et aI., 1988). 
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Within the first intron of the mouse COL 1A2, there are two virus-like core enhancer 

sequences, a repeated pentanucleotide, which is present 12 times, two direct repeats, two 

inverted repeats and homologies between SV-40 enhancer elements (Bornstein and Sage, 

1989; Sandell and Boyd, 1990). The enhancer element within the first intron cooperates with 

the promoter region when gene expression of COL1A2 is induced (Bomstein and Sage, 1989). 

Confluent, quiescent mouse 3T3-L 1 fibroblasts initiate DNA synthesis and cell division 

when treated with TPA. To address the question of what cellular processes are necessary for 

TPA induced DNA synthesis and mitosis, a system involving TPA non-responsive mutants was 

developed (Shimizu et aI., 1986). 

Taking advantage of cellular detachment during mitosis, a mitotic shake-off technique to 

isolate several genetic variants non-responsive to TPA (Shimizu et al. 1986). One variant cell 

line, VT -1, was used for the work presented here. A~hough VT-1 cells grow normally in serum

supplemented media, TPA treatment does not induce DNA synthesis and cell division. The 

cellular response to TPA is measured by 3H-thymidine incorporation. TPA mediated uptake of 

3H-thymidine in parental3T3-1 cells was 10 times more than control levels; whereas, VT-1 cells 

actually incorporate less than control levels (Fig. 1.1). The isolated variants were further 

characterized for binding of growth factor receptors and mitogenic responses to specific growth 

factors such as EGF and insulin (Table 1.1). VT-1 cells were able to bind all growth factors 

tested including radiolabeled PDBu, a TPA analogue. These cells did not, however, initiate 

DNA synthesis in the presence of EGF (Table 1.1). PKC activity and phosphotidylinositol (PI) 

turnover was also monitored in 3T3-L 1 and VT-1 cells and overall levels were the same 

(Shimizu et al., 1986). These resu~s suggested that the TPA non-responsiveness of VT-1 cells 

was due to a postreceptor defect and that signalling pathways of TPA and EGF may overlap. 

Furthermore, these results substantiate the hypothesis that PI tumover and PKC activation may 

be necessary but not sufficient to induce a full mitogenic response. 
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Subsequently, TPA mediated intracellular distribution of PKC was examined as well as 

the ability of PKC to phosphorylate its substrate, the 80kOa protein. The translocation of 

cytosolic PKC to the membrane was markedly absent in TPA treated VT-1 cells (Fig. 1.2) as 

was the ability of membrane associated PKC to phosphorylate the 80kOa substrate (Fig. 1.3). 

These results suggest that intracellular translocation of PKC from the cytosol to the membrane 

in addition to the ability of PKC to phosphorylate its substrate are necessary components .for 

TPA induced mitogenesis (Shimizu and Shimizu, 1989). 

To further dissect the molecular mechanisms involved in TPA mediated signal 

transduction, differences in gene expression between 3T3-L 1 and VT-1 cells were examined. 

By differential hybridization, 9 cONAs where selected (Amagai et al., 1989), which were 

expressed in TPA treated 3T3-L 1 cell but not in the variant VT-1 (Fig. 1.4). These clones were 

termed TPA Inducible Early (TIE) genes. Several of these clones were highly homologous to 

human collagen types I (Fig. 1.5) and III. No sequence homology was found for two of the TIE 

genes, TIE-10B and TIE-44. The characterization of the expression of these genes is 

presented in this thesis. 

Data presented here demonstrates that a substantial difference in basal levels and TPA

induced expression of type 1a2 collagen gene (COL 1A2) between 3T3-L 1 and VT-1 cells 

(Stuiver et al., 1991). Analysis of steady state mRNA levels revealed that basal level 

expression of type 1a2 procollagen (pro-a2(I}) mRNA in VT-1 cells was 4 times lower than 3T3-

L 1 cells. TPA treatment of 3T3-L 1 cells promoted a significant increase in the steady state 

levels of pro-a2(I) mRNA and procollagen protein in addition to its incorporation into the ECM. 

Nuclear run-on analysis revealed that induction of the gene by TPA was regulated at the 

transcriptional level in both cell lines. The results presented here suggest a correlation 

between the TPA-induced mitogenic response and the expression of collagen, a family of 

genes known to playa role in maintaining the morphological integrity of the cell. The possible 
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role of collagen in mitogenic signal transduction is discussed. 

The mechanism of how TPA mediated gene transcription occurred is also addressed. 

Chloramphenicol acetyl transferase (CA 1) expression vectors containing the COL 1 A2 promoter 

and/or first intron were obtained (Crombrugghe et aI., 1987; Stuiver, unpublished results) and 

transfected into 3T3-L 1 cells. Although CAT activity was minimal, activation of the promoter 

region by TPA was observed. Subsequent analysis of the promoter region of COL 1A2 by 

mobility shift assays indicated that removal of a protein may occur in quiescent cells stimulated 

with TPA. 

TPA induced expression of several other genes was monitored in these cell lines. 

mRNAs of protooncogenes c-fos, c-myc and c-jun were transcriptionally activated in both cell 

lines in the presence of TPA. Growth related genes such as omithine decarboxylase (ODC) 

and transin were examined. Other structural genes such as COL 1A 1 and COL3A 1, laminin and 

fibronectin were upregulated by TPA. TIE-10B and TIE-44 also demonstrated TPA sensitivity. 

Not only was the expression of these genes observed in the presence of mitogenic factors, but 

also in the presence of differentiation inducing compounds. The expression pattern of these 

genes in relation to mitogenic signal transduction is discussed. 
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Fig. 1.1. Stimulation of DNA Synthesis by TPA. Quiescent cultures were treated with TPA 

(100nglml) or DMSO (0.1%) for 18 hrs. 3H-Thymidine (1~) was then added and cells were 

incubated at 37°C for an additional 6 hrs. Incorporation was measured by TCA precipitation. 
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. - ----.-... -. -----_. _.- -

Receptors for DNA stimulation bY' 

Dihydro- PI 
Insu- C- teleocidin Insu- turn-

Cell line EGF lin PDBU kinase B EGF lin FCS over 

3T3-LI + + + + + + + + + 
VT-I + + + + +?b + + 
VT-2 ++ + + + + + + NT 
VT-3 + + + NT + NT NT + NT 
VT-4 + + NT NT + NT NT + NT 
VT-S + + NT NT + NT NT + NT 
VT-6 + + NT NT +? NT NT + NT 
VT-7 + + NT + + + NT 
VT-8 + + + + ± + + + 
VT-9 ++ + NT NT + NT NT + NT 
VT-IO + + NT + + + NT 
VT-II +++ + + + + +c + - d NT 
VT-12 ++ + NT NT +? NT NT + NT 

a Dihydroteleocidin B (100 ng/ml), insulin (I ~g/ml), FCS (10%). 
b +-?, uncertain; NT, not tested. 
C EGF was 1 ng/ml. 
d Cells were detached. 

Table 1.1. Summary of the Properties of 3T3·L 1 and VT-1 Cell Lines. 8: Dihydroteleocidin 

B (100ng/ml), insulin (1J,1g/ml), FCS (10%). b: +?, uncertain; NT, not tested. 0: EGF was 

1ng/ml. d: Cells were detached. The data presented here were kindly provided by Y. Shimizu 

(Shimizu et al., 1986). 
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Fig. 1.2. Time Course of PKC Translocation in 3T3-L1 and VT-1 Cells Upon TPA 

Treatment. TPA(100ng/ml) was added to confluent cultures. At the indicated times, 

membrane and cytosol fractions were prepared and PKC activity was measured. Three 

different quantities of samples were assayed at each time point to calculate specific activity. 
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(A) PKC activity in the membrane fraction; (e) 3T3-L 1 cells; (0) VT-1 cells. (8) PKC activity in 

the cytosol fraction; (e)3T3-L 1 cells; (0) VT-1 cells. (8, insert) 24hr time course of PKC 

activity in the cytosol fraction of 3T3-L1 cells; (e)TPA; (.)DMSO; (A) none. These data were 

kindly supplied by Y. Shimizu (Shimizu and Shimizu, 1989). 
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Fig. 1.3. Two-Dimensional Gel Analysis of Phosphorylated Proteins From Membrane 

Fractions. Confluent 3T3-L 1 and VT-1 cells were labeled with FP]orthophosphate and treated 

with TPA (100ng/ml) or DMSO (as a control). The in vivo phosphorylated proteins in the 

membrane fractions were analyzed by two-dimensional gel electrophoresis. (A) 3T3-L 1 cells 

with DMSO, (8) 3T3-L 1 cells with TPA, (C) VT-1 cells with DMSO, (D) VT-1 cells with TPA. 

TPA treatment was for 20 min. These data were kindly supplied by Y. Shimizu (Shimizu and 

Shimizu, 1989). 
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Fig. 1.4. Secondary Screening of the cDNA Library From TPA Stlmulatecl3T3-L1 Cells. 
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Nylon filters containing phages that showed differential hybridization in the primary screening 

were rescreened with the 32P-labeled eDNA probes. Five independent plaques were tested for 

each clone. Three plaques which hybridized to all of the three eDNA probes in primary 

screening were used as positive controls (indicated as C) for hybridization. These data were 

kindly supplied by M. Amagai (Amagai et ai, 1989). 
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Flg.1.5. Nucleotide Sequence Strategy for Cloned TIE-5 cDNA and Homology to Human 

Collagen Type I Pro-a2. (a) Restriction map of the 2.2kb eDNA fragment inserted in gt10 

phages. (b) Various eDNA inserts subcloned into phage M13mp18 or M13mp19 RF DNA. 

Arrows indicate direction and size of the sequenced eDNAs. Sma" alphabets indicate various 

restriction enzymes. (c) Nucleotide sequence homologies at various regions of TIE-5 with 

human collagen type I pro a2. The numbers in a and e indicate base pairs starting from the 5' 

end of the cloned cDNA. These data were kindly supplied by M. Amagai (Amagai et aI., 1989). 



EXPERIMENTAL PROCEDURES 

Materials 

CHAPTER 2 

Supplies for cell culture were purchased from GIBCO (Grand Island, NY). 12-0-

tetradecanoylphorbol-13-acetate (TPA, phorbol-12-myristate-13-acetate)(100ug/ml), 

dexamethasone (1 mg/ml) and IBMX (2mg/ml) were purchased from Sigma Chemical Co. (St. 

Louis, MO) and dissolved in DMSO. Cycloheximide (10mg/ml) and epidermal growth factor 

(EGF) (1 mg/ml)(Coliaborative Research) were dissolved in H20 and insulin (1 mg/ml) (Elli Lilly) 

was dissolved in 0.01 N HCI. All of the above reagents were stored at -20°C until used. 

Collagenase (Activity: 85U/mg and non-specific proteolytic activity: 6U/mg) was from 

CALBIOCHEM (San Diego, CAl. Rabbit anti-mouse collagen I polyclonal antisera was 
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. purchased from Chemicon (California). Actinomycin D (2.5mg/ml) was from Sigma. Ultra pure 

cesium chloride was purchased from Fischer (Fairlawn, N.J.), agarose from SeaKem (low 

EEO), Triton X-100 and sodium dodecyl sulfate (SDS) were from Bio-Rad (Richmond, CA). 

CaC~, HCI, KCI, ~HP04' KH2P04, MgCI2, NaH2P04, N~HP04' glycerol, phenol, methanol, N

butanol, ethyl alcohol, were from either Mallinckrodt (Paris, KY), MCB (Cincinnati, OH), EM 

(Cherry Hill, NJ) or Fischer. All other chemicals were purchased from Sigma unless otherwise 

specified. Dithiothreitol (DTT) at 1 M was stored at -20°C and 2-mercaptoethanol (2-ME) was 

stored at 4°C. Phenylmethylsulfonyl fluoride (PMSF) dissolved in isopropanol at 0.1 M and NaF 

at 1M was stored at 22°C. [Gamma-32P]ATP, [alpha-32P]dCTP, l-32p] UTP were purchased from 

ICN (Costa Mesa, CA). Whatman DEB1 ion exchange filter paper (2.3 cm discs) was from 

Whatman International L TO (Maidstone, England). Nytran filters were from Schleicher and 

Schuell (Keene, NH). Molecular weight markers (Sigma Chemical Co.) used were: Myosin 

(205kDa), p-galactosidase (116kDa), phosphorylase B (97.4kOa), bovine plasma albumin 



(66kDa), egg albumin (45kOa), and lactic dehydrogenase (36.5kDa) and the prestained 

molecular weight markers: ~-macroglobulin (180kDa), p-galactosidase (116kDa), fructose-6-

phosphate kinase (84kDa), pyruvate kinase (58kDa), fumarase (48.5kOa) and lactic 

dehydrogenase (36.5kDa). 

Probes 
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All the TPA Indcucible Early (TIE) cDNAs were cloned into the EcoR1 site of pUC-19 

and provided by M. Amagai (Amagai et at, 1989). The reporter clones pR23, pR40 were 

provided by B. de Crombrugghe (Rossi and de Crombrugghe, 1987). pBL3CAT was provided 

by B. Luckow (Angel et al., 1987; Luckow and Schutz, 1987). pBL3CAT-10 contains the 

COL 1 A2 promoter region from -2000 to +54 and pBL2CAT + contains the first intran of the 

COL1A2 gene in a positive orientation (Rg. 5.1)(1. Stuiver, unpublished). The control reporter 

gene plasmid pRSCAT was provided by J. Levy (unpublished). pCH110 (Harbomel et a!., 

1984), which contains the p-gal gene was used as an indicator of transfection efficiency and as 

an internal standard for CAT assays. The plasmid used for neomycin selection of stable 

transfection was pSV2-neo (Southern and Berg, 1982). pEVE.HO which contains the 3' end of 

COL1A1 was provided by E. Vuario (unpublished). pAZ1002 which contains 46bp of the 

promoter, the first exon and part of the first intron of COL 1 A2, pAZ1003, which contains -2000 

to +54 of the COL 1A2 promoter and pMCS1.7 containing the second exon of mouse COL 1A3, 

was provided by B. de Crombrugghe (Liau et a!., 1985). Murine c-myc MC-29 contains exons 2 

and 3 in the EcoRI site of pBR322. The MC-29 probe was provided by Dr. Stuart Kim. The 

Hindlll fragment of pc-fos (mouse)-3 (American Type Culture Collection, Rockville, MD)" was 

used for Northern analysis (Miller et a!., 1984). pfos-1, also known as pv-fos, containing 1.3kb 

of the v-fos gene, was used for nuclear run-on analysis (Curran et at, 1983; Van Beveren, et 

a!., 1983). pHJ contains the long open reading frame of human c-jun. It is cloned into BS and 
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was provided by D. Bohmann (Bohmann et aI., 19B7). pOD4B containing part of the coding 

region of ODC was provided by P. Coffino (McConiogue et al., 1984). prlf-1 contains a 500bp 

region encoding rat fibronectin (Schwarzbauer et aI., 1983). p1235 contains mouse laminin P1 

chain cDNA subcloned into the pGEM-2 EcoRI-Hindlll site (Sasaki et al., 1987). The hMTlla 

was obtained from M. Karin (Karin and Richards, 19B2). The transin probe was provided by T. 

Bowden (Matrisian et aI., 1986). All probes used for Northern analysis were removed from their 

respective vectors and purified in low-melt Agarose (BioRad, Richmond, CA). 

Cell Culture 

TPA-nonresponsive VT-1 variant cells were isolated from mouse fibroblast 3Ta-L1 cells 

(American Type Culture Collection, Rockville, MD) by the mitotic shake-off method using 

dihydroteleocidin B and vinblastine sulfate (Shimizu et aI., 1986). Unless otherwise specified, 

cells were grown to about 80% confluence in Dulbecco's modified Eagle's medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS), growth-arrested for 5 to 6 days in DMEM 

containing 5% FBS; cells were tested regularly for TPA responsiveness using 3H-thymidine 

incorporation assays as previously described (Shimizu and Shimizu, 1980; Shimizu et al., 

1986). The cultures were treated with DMSO (0.1 %), TPA (100ng/ml) or FBS (10%). 

Cycloheximide (10Jlg/ml) was added right before TPA addition. After treatment, cultures were 

placed on ice, washed twice with Dulbecco's phosphate buffered saline without CaCI2 and 

MgCI2 (PBS), detached from plates with teflon-coated razor blades, washed with PBS and 

stored at -70°C until used. 

Measurement of DNA Synthesis by sH_ Thymidine Incorporation 

TPA (100ng/ml) was added directly to the growth arrested cells and incubated for 18 

hours. rH]thymidine (BOCilmmol; ICN, Irvine, C~Iifornia) was then added to 1JlCilmi and the 



cells were further incubated for 6 hrs at 37°C. Radioactivity was measured by TCA 

precipitation as in Shimizu and Shimizu (1980). Cells were washed 2 times with cold PBS, 
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then covered with 5% TCA for 16hrs at 4°C. The TCA was then removed, the cells rinsed once 

with PBS and once with methanol. The cells were solubilized in 1 N NaOH for 2hrs at 37°C, 

neutralized with 6N HCI and counted. 

Total RNA Isolation from Tissue Culture Cells 

RNA was isolated from the indicated cell lines using guanidine thiocyanate (GUSCN) 

and CsCI centrifugation (Chirgwin et al. 1979). Frozen cell pellets were resuspended in 4M 

GUSCN and homogenized. This mixture was layered onto a 5.7M CsCI cushion and 

centrifuged in a swinging bucket rotor at 32,000 rpm, 22°C for 18 hrs. The resulting pellet was 

resuspended in diethylpyrocarbonate (DEPC) treated dH20. 

Total RNA Isoiation from Young Adult Mouse Tissues 

BALB/cByJ young adult mice were sacrificed by cervical dislocation and organs were 

dissected from each animal, immediately frozen in liquid nitrogen and stored at -70°C. RNA 

was prepared from the tissue using the GUSCNlCsCI technique as described above. Whole 

cell RNA was separated by electrophoresis (10-20J.1g/lane) as indicated above. Amounts of 

RNA was monitored by staining the gel with ethidium bromide (5J.1g/ml), illuminating with UV 

and photographed. 

Northern Analysis 

Total RNA was separated by 1.5% agarose gel electrophoresis in the presence of 

2.2M formaldehyde and transferred to Nytran filters (Schleicher and Schuell, Keene, NH) using 

10X SSC (1XSSC = 0.15M NaCI, 0.015M NaCitrate, pH 7.0). Filters were prehybridized at 
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42°C and hybridized in the presence of 50% formamide at 42°C to a 32P-labeled cONA probe 

prepared by random priming method using the Oligo-labeling kit (Pharrnacia, Piscataway, NJ). 

Probe fragments were labeled in low-melt Agarose (BioRad). The filters were washed twice for 

15 minutes at room temperature in 6xSSC, 0.1% SOS, twice for 15 min at 37°C in 1xSSC, 1% 

SOS and once for 2 hours at 65°C in 0.1xSSC, 0.1 % SOS and exposed to Konica type A X-ray 

film with two intensifying screens at -70°C. The signals on the autoradiograms were 

quantitated using a densitometer (E-C Apparatus Corp. St. Petersburg, Florida) or the 

Betascope 603 blot analYzer (Betagen, Waltham, MA). 

Southern Analysis 

DNA extracted by phenol/chloroform methods was digested with indicated restriction 

enzymes (Promega), loaded onto a 0.7% agarose gel and fractionated by electrophoresis. The 

gel was then stained with 0.1 uglml ethidium bromide, the DNA fragmented in 0.25N HCI for 8-

10 min., rinsed and then covered with 1.0M NaCI/0.5M NaOH to denature the DNA. Following 

denaturation, the gel was neutralized in 1 M NH40Ac, pH 7.0. and the DNA transferred to a 

Nytran filter by capillary action against 10XSSC. The filter was consequentially baked and 

hybridized with the probe fragments (labelled as above) indicated. 

Nuclear Transcription Assay 

Approximately 1X107 cells were harvested, washed once with ice cold PBS, 

resuspended in hypotonic buffer (20mM Tris-HCI, pH 8.0, 4mM MgC~, 6mM CaCI2, 0.5mM 

OTT) and held on ice for 5 min. An equal volume of lysis buffer (0.6M sucrose, 0.2% Triton X-

100, 0.5mM OTT) was added and the contents were mixed. The cells were dounce 

homogenized (pestle A), transferred to an ice-cold 15ml centrifuge tube, pelleted at 2,000 rpm 

for 3 min at 4°C and then resuspended in 2 mls .of resuspension buffer (0.25M sucrose, 10mM 
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Tris-HCI pH 8.0, 10mM MgCI2, 1mM OTT}. 1X107 nuclei were removed, pelleted and 

resuspended in 100J.11 of reaction buffer (50mM Hepes, pH 8.0, 90mM NH4CI, 5mM MgCI2, 

0.5mM MnC~, 2mM on, 0 .. 1mM EOTA, O.4mM each of ATP, CTP and GTP, 10% glycerol, 

10J.1g/ml BSA). This mixture was added to 100J.1Ci of lyophilized 32p_UTP (ICN, Costa Mesa, 

CAl and incubated at 26°C for 30 min. After 15 min, the reaction was gently mixed. To 

monitor the reaction, 2 J.11 of the mixture were spotted onto OE-81 filter disks at the start and 

finish of each reaction. The filters were washed 5 times in N~HP04' 2 times in H20, twice with 

EtOH, dried and scintillation counted. The reaction was terminated by micfrofuging the nuclei 

for 20 seconds at 4°C and the pellet resuspended in 1 ml of 0.3% SOS and 100J.1g/ml yeast 

tRNA in TE. 1mlof 100mM NaAcetate/20mM EOTA was added to the Iysates and then each 

mixture was extracted with 2 ml of water saturated phenol, incubated for 10 min and 

centrifuged at 3,000 rpm for 10 min. The aqueous phase was removed and place in a fresh 

tube, and the organic phase was extracted again with 1 ml of 50mM NaAcetate, pH 5.0, 10mM 

EOTA and 0.2% SOS. Both aqueous phases were combined. The RNA was precipitated with 

300J.11 of 1 M Tris, pH 8.0, 160J.11 5M NaCI and 9ml of EtOH, pelleted and resuspended in OEPC 

H20. The RNA was again extracted with phenoVchloroform, the aqueous phase was 

precipitated using NaAcetate, and then pelleted. Incorporation of counts was measured and 

equal amounts added to each hybridization sample. The indicated DNA probes were spotted 

onto Nytran filters (Scheicher and Shuell, Keene, NH) using the BIO-DOT microfiltration 

apparatus (BIO-Rad, Richmond, CAl. Subsequently, the membrane was oven dried and 

prehybridized in 3XSSC, 5X Oenhardt's, 200J.1g/ml yeast tRNA, 50% formamide, and 1 %SOS 

overnight at 42°C. Equal counts of the labeled RNA and 4.8% dextran sulfate were then added 

directly to the prehybridization mixture and hybridization was carried out for 3 days at 42°C. 

The membranes were washed 2 times in 2XSSC/0.1 %SOS at 22°C for 15 min each wash and 

then 2 times in 0.1XSSC/0.1% SOS at 65°C for 30 min. The radioactive signals on the 
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membranes were quantified using the Betascope 603 blot analyzer (Betagen, Waltham, MA) 

and exposed to Konica type A film with Cronex intensifying screens (DuPont, Wilmington, DE). 

Analysis of Labeled Proteins in Medium and Extracel/ular Matrix 

Quiescent cultures (10cm dish) were treated with TPA (100ng/ml), DMSO (0.1%), FBS 

(10%) and/or Actinomycin 0 (2.5J..lg/ml) for 6 hours at 37°C. After treatment, cells were labeled 

using methionine-free DMEM containing 3sS-methionine (20J.lCVml, 144CVmmol, NEN, Boston, 

MA) or DMEM containing 3H-proline (2J.lCVml, 22CVmmol, ICN, Irvine, CAl for 3 hours at 37°C. 

The medium was saved and lyophilized in the presence of 1 mM PMSF. To analyze proteins of 

the extracellular matrix (ECM), labeled cells were washed with 10mM Tris-HCI, pH7.4, 0.15M 

NaCI and extracted with 1M urea solution containing 10mM Tris-HCI, pH 7.4, 1mM DIT, 10mM 

EDTA, 1mM PMSF (Ignotz and Massague, 19B~). After swirling for 5 minutes on ice, cells 

were scraped and vortexed for 5 minutes. Supernatants were collected after centrifugation at 

13,OOOxg for 20 minutes. Seventy J.l1 of the ECM fractions were treated with 5 units of 

collagenase (85 units/mg protein) in 50mM Tris-HCI, pH7.4, 12.5mM CaC~, 1.25mM PMSF for 

5 hours at room temperature. Aliquots of medium and ECM fractions were analyzed by 5% or 

10% polyacrylamide gel electrophoresis containing 2M urea and 0.2% SDS (Laemmli, 1970) 

and fluorographed using 1 M sodium salicylate (Chamberlain, 1979). The dried gels were 

exposed to Konica type A X-ray film. 

Whole Cel/lmmunofluorescence 

Cells were grown on sterile 18mm square coverslips #1.5 (Coming). Cultures at BO% 

confluence or quiescence for 5 days in 5% FBS were either treated with TPA (100ng/ml) or not. 

The cells were initially rinsed 3 times in PBS, followed by fixation with 3.7% formaldehyde for 

15 min at 22°C and then another 2 washes with PBS. The coverslips were subsequently 



treated with a 1 :20 dilution of rabbit anti-mouse collagen I (Chemicon, Califomia) for 1 hr at 

22°C. The cells were then rinsed with PBS and treated with a 1 :40 dilution of rhodamine

conjugated goat anti rabbit IgG for 1 hr at 22°C. The secondary antibody was allowed to 

adhere for 1.5hrs at 22°C. The coverslips were rinsed 3 times with PBS and mounted on 

microscope slides with gelvitol (Monsanto, st. Louis, Mo). Cells were then observed with a 

Zeiss standard model 1 B microscope (equipped with an automatic rhodamine and fluorescein 

filter set) and photographed using Ilford black and white, ASA 400 film. M.J.C. Hendrix kindly 

assisted with this procedure. The fluorescence of each slide was quantitated by a BIO-RAD 

confocal laser scanning microscope equipped with an MRC600 image analyzer. Y. Shimizu 

kindly provided assistance with this procedure. 

CAT Assay 
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5X1 06 cells were transfected using the calcium phosphate precipitation technique 

(Sassone-Corsi et aI., 19BB), harvested 4B-72 hrs after transfection and resuspended in 1 ml of 

TEN (40mM Tris-HCI, pH 7.5, 10mM EDTA, 150mM NaCI). Cells were pelleted and 

resuspended in 150,.11 of 250mM Tris-CI, pH B.O. Lysates were generated by freeze/thawing 3 

times and acetylases were inactivated by incuba~ing at 65°C for 10 min. The extract was spun 

for 5 min at 12,000g and the supernatant stored at -20°C. Protein concentrations were 

determined by the BCA assay (Pharmacia). 200-10001l9 of cell extract was used per reaction. 

The reaction mixture consisted of 0.51lCi 14C-chloramphenicol, 250 mM Tris-HCI, pH B.O, 

3.5mg/ml Acetyl CoA for a final volume of 1 BOllI. This mixture was incubated at 37°C from 2 

hrs to overnight and subsequently extracted 2 times with 250111 ethyl acetate. The upper 

phases were pooled and lyophilized. The dry extract was resuspended in 15111 ethyl acetate, 

applied to a TLC plate (Fischer) and chromatographed using a 95:5 (v/v) chloroform:methanol 

solution. Quantitation of radiolabeled, acetylated, chloramphenical residues were quantitated 
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using the Betascope 603 blot analyzer (Betagen, Waltham, MA). 

Preparation of Nuclear Extract 

Method 1: 3T3-L 1 fibroblast cells were grown as described. After 6 days in 5% FBS, the 

cells were treated with TPA (100ng/ml), OMSO (0.01 %) or not treated, washed twice with PBS, 

scraped with a teflon coated razor blade, pelleted, resuspended in buffer A (10mM Hepes-KOH 

pH 7.9, 10mM KCI, 1.5mM MgCIz, 0.1mM EGTA 0.5mM OTT, 0.5mM PMSF, 2/.d/ml antipain, 

2llVmlleupeptin, 21lVml pepstatin A, 0.3M sucrose) and lysed with a dounce homogenizer (B 

pestle). Triton X-100 (0.3%) was added and cells were homogenized once again. The nuclei 

were spun for 10 min at 12,000g, washed 2 times in buffer A and homogenized in 2.5 times the 

volume in buffer X (400mM NaCI, 10mM Hepes-KOH pH 7.9, 1.5mM MgC~, 0.1mM EGTA 

0.5mM OTT, 5% Glyycerol, 0.5mM PMSF). Nuclear proteins were extracted by stirring the 

resuspended nuclei slowly for 30 min at 4°C and spinning for 60 min, 4°C at 100,000g. The 

supernatant was dialyzed against buffer Y (75mM NaCI, 20mM Hepes-KOH pH 7.9, 0.1mM 

EOTA 0.5mM OTT, 20% Glycerol, 0.5mM PMSF) and subsequently frozen in small aliquotes 

at -70°C. 

Method 2: Cells were treated and harvested as in method 1. The pellet was resuspended 

in Buffer A (20mM K-Phosphate buffer, pH 7.5, 0.5mM EGTA, 10% Glycerol, 10mM B-Me, 

0.1% Triton X-100). The cells were dounce homogenized (B pestle), incubated on ice for 10 

min while mixing intermittently. The nuclei were pelleted, the supernatant removed and the 

pellet resuspended in 15111 Buffer C (20mM Hepes, 25% (v/v) glycerol, 420mM NaCI, 1.5mM 

MgCI2, 0.2mM EOTA, 0.5mM PMSF, 0.5mM OTT). This mixture was incubated for 15 min at 

4°C with intermittent shaking. Nuclei were again pelleted, the supernatant saved and this step 



repeated. The supernatant was diluted with 75J.l1 modified Buffer D (20mM Hepes, 20% (v/v) 

glycerol, 100mM KCI, 0.2mM EDTA, 0.5mM PMSF, 0.5mM DTT) per 151,d Buffer C and 

subsequently frozen in small aliquotes at -70°C. 

Mobility Shift Assay 
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One to 3J.lg poly(dldC) was combined with 1-10J.lg nuclear extract and 17J.l1 Buffer D 

and incubated for 15 min at 22°C. 10,000 to 50,000 cpm of labeled probe was then added and 

the mixture incubated further for 30 min. 21,11 of 6X DNA loading buffer (0.25% bromophenol 

blue, 0.25% xylene cyanol, 15% Rcoll type 400) was then added and samples were run in a 

0.5X Tris-borate buffer (O.045M Tris-borate, 0.001 M EDTA)(TBE), 4% polyacrylamide gel 

(prerun for 1 hr at 20mAlgel) at 20mAlgei at 4°C. The gels were soaked in 5% glycerol and 

0.5XTBE solution for 5 min, dried for 1 hr and exposed to Konica type A film. 

Western Analysis 

Quiescent 3T3-L 1 cells were treated with TPA or not. The extracellular matrix (ECM) 

was extracted as described above using 4M urea. Each ECM fraction was dialyzed against 

0.15M urea and 2.5mM Tris-HCI, pH 6.8 for 2 hrs, lyophilized, resuspended in Laemmlis' 

(Laemmli, 1970) loading buffer and separated on a 6M urea 7% SDS polyacryamide gel. The 

proteins were transferred to Immobilon P (Millipore Corp., Bedford, MA) at 200mA for 2hrs. 

The filter was blocked in 1XTBS (25mM Tris-HCI, 145mM NaCI, pH7.5) and 1% milk solution 

and then probed with rabbit anti-mouse collagen I polyclonal antisera (Chemicon, California) 

(Shiba et al., 1987). The filter was then washed in TBS/1 % milk solution. Antigen-antibody 

complexes were detected using the Enhanced Chemiluminescence Detection system 

(Amersham, Illinois). 



CHAPTER 3 

CHARACTERIZATION OF TPA INDUCED COLLAGEN PRO-a2(I) mRNA EXPRESSION IN 

3T3-L 1 AND TPA NON-RESPONSIVE VT-1 CELLS. 
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Non-responsive variant VT-1 cells were selected by mitotic shake-off from a population 

of TPA responsive 3T3-L1 cells (Shmizu et aI., 1986). A eDNA library derived from TPA

stimulated 3T3-L 1 cells was screened by differential hybridization with labeled cDNA of TPA 

stimulated VT-1 cells (Amagai et aI., 1989). In this section, several clones encoding collagen 

types I and'" are characterized by their expression patterns in TPA responsive and non

responsive cells. Expression of pro-a2(1) collagen mRNA is found to be dissimilar in 3T3-L 1 

and VT-1 cells. First, a 4-fold lower level of basal expression is seen in the TPA non

responsive VT-1 cells. Second, TPA elevates the expression of pro-a2(I) significantly. This 

increase occurs at the transcriptional level. Induction of the gene is contingent upon the growth 

status of the cell and is inducible by serum. The increase of expression is independent of 

novel protein synthesis. Two reasons for the differential expression of this gene are discussed. 

Effects of TPA on Pro-a2(/) Steady State mRNA Expression. 

In confluent, quiescent cells, steady state pro-a2(I) mRNA levels were significantly 

different between the parental 3T3-L 1 cells and the variant VT -1 cells (Figs. 3.1 A, 3.1 8 and 

3.1 E). The basal level in 3T3-L 1 cells was 4-fol~ greater than in VT-1 cells, where, by 

comparison, the amounts of pro-a2(I) mRNA were slight. When growth-arrested 3T3-L 1 cells 

were treated with TPA, pro-a2(I) mRNA levels increased to 6 times greater than those found in 

VT-1 cells under the same conditions (Figs. 3.1A, 3.18 and 3.1E). Two transcripts of 5.2 and 

5.7 kb were present. As previously reported, more than one collagen transcript is often seen 
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due to differing 3' polyadenylation sequences (Myers et aI., 1983; Chu et aI., 1985; Aho et aL 

1983). Maximal pro-a2(I) mRNA levels were achieved at 30 min after treatment. Although a 

slight increase of pro-a2(I) mRNA was seen in VT-1 cells (Figs. 3.18 and 3.1E), the maximum 

expression of pro-a2(I) mRNA in 3T3-L 1 cells was significantly higher than that in VT-1 cells. 

Induction of pro-a2(I) mRNA was dependent on TPA concentrations and it was maximum at 

1Jlg/ml (Fig. 3.2). The degree of induction of pro-a2(I) mRNA differed slightly in each 

experiment, but expression was always greater in the presence of TPA. Thus, the basal levels 

of pro-a2(I) mRNA was greater in quiescent 3T3-L 1 cells than in VT-1 cells, and steady state 

levels of pro-a2(I) mRNA increased in response to TPA in quiescent 3T3-L 1 cells and to a 

much lesser extent in VT-1 cells. 

Effects of Serum on Pro-a2(1) mRNA Levels. 

The expression of pro-a2(I) mRNA in response to serum was equivalent in both cell 

lines (Fig. 3.3). This result is consistent with the fact that VT-1 cells grow well in serum. It also 

suggests that the serum inducible cis elements or trans-acting factors required for collagen 

gene induction are functional. 

Influence of Cycloheximide on the TPA-Mediated Increase of Pro-a.2(I) mRNA Levels. 

Expression of the immediate early genes does not require protein synthesis (Nat hans et 

aI., 1988). To determine if de ~ protein synthesis is needed for the increase of pro-a2(1) 

mRNA, 3T3-L 1 cells were treated with cycloheximide and TPA (Figs. 3.4A and 3.48). TPA 

again stimulated pro-a2(I) mRNA expression, although the maximum level was reached at 60 

min in this particular experiment. The pro-a2(I) mRNA induction by TPA and serum was 

consistently seen but the kinetics differed slightly among separate sets of experiments. 

Cycloheximide had IiUle effect on the level of pro-a2(I) mRNA in response to TPA. In a 
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Flg.3.1ABCD. Increase of Pro-a2(1) mRNA by TPA In 3T3-L1 and VT-1 Cells. Quiescent 

3T3-L1 (A and C) and VT-1 (B and D) cells were exposed to 100nglml TPA for 0,10,20,30 

and 60 min (lanes 1-5 respectively) and to 0.1% OMSO for 30 min. (lane 6). Total RNA (10 
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J1g) was analyzed for pro-a2(I) expression by Northern blotting. The sizes (kb) of the pro-a2(I) 

transcripts detected are indicated by 5.2 and 5.7 as determined from the location of the 

ribosomal18S and 28S RNA. To ensure that equal amounts of total RNA were loaded in each 

lane, the gel was stained with EtBr (5J1g1ml) (C and D), photographed and quantities of 18S and 

28S rRNA determined. Lanes 1-6 are as described above. 



140 

120 - 100 <Jg zC: 
80 a::J 

E~ 
C\I! 60 _:t::: 
U€ 

40 « -
20 

0 
0 10 20 30 40 50 60 

Time (min) 

Fig. 3.1 E. Increase of Pro-a2(1) mRNA by TPA In 3T3-L 1 and VT-1 Cells. The 

autoradiogram depicted in Fig. 3.1AB was analyzed by densitometry. The RNA for the 

Northern analysis was derived from non-treated and TPA treated 3T3-L 1 cells (open square) 

and VT-1 cells (solid circle). Values in the presence of DMSO (control) in arbitrary units were 

37.5 for 3T3-L 1 and 6 for VT-1. 
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Fig. 3.2 Pro-a2(1) mRNA Expression Is Dependent on TPA Concentration. Northem 

analysis of total RNA derived from cells treated for 30 min with 1) DMSO (0.1%) 2) TPA 

(10nglml) 3) TPA (100nglml) and 4) TPA (1~glml). 
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Flg.3.3AB. Increase of Pro-a2(I) mRNA In the Presence of TPA or Serum. Quiescent 3T3-

L1 cells (A) and VT-1 (B) cells were exposed to DMSO (0.1%) (lane 1). TPA (100nglml) (lane 

2) or FBS (10%) (lane 3) for 30 min. Total RNA was analyzed for pro-a2(I) expression by 

Northern blotting. 
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Flg.3.4ABCD. The Effect of Cycloheximide on Pro-a2(I) mRNA. Total RNA (1Jig) from 

quiescent 3T3-L 1 cells exposed to TPA (100ng/ml) (A and C), or TPA and cycloheximide 

(10Jig/ml) (B and 0) for 0.5,1,2,6 and 12 hrs (lanes 1-5 respectively) were isolated and 

analyzed for pro-a2(I) mRNA by Northern blotting. Prior to blotting, the gel was stained with 

EtBr as above (C and 0). 
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separate experiment, TPA induction of c-fos, c-jyn and c-myc mRNA was clearly observed (Fig 

6.1) in 3T3-L1 cells and VT-1 cells. These mRNAs were stabilized in the presence of 

cycloheximide (data not shown) in 3T3-L 1 cells. Thus, increased pro-a2(I) mRNA expression 

requires no de nm!Q. protein synthesis. 

Effects of Growth Conditions on the TPA-Mediated Increase of Collagen Pro-a2(I) mRNA 

Levels. 

When proliferating 3T3-L 1 cells were treated with TPA or F8S (10%), no increase of 

pro-a2(I) mRNA was detected (Fig. 3.5A), whereas a typical increase was seen in the fully 

confluent, quiescent 3T3-L 1 cells (Fig 3.58). The level of pro-a2(I) mRNA even slightly 

decreased in proliferating cells after fresh serum addition. Thus, TPA induction of pro-a2(I) 

mRNA expression is specific to the confluent, quiescent stage of 3T3-L 1 cells. 

The TPA-Induced mRNA Increase Is Regulated at the Transcriptional Level. 

In order to determine whether pro-a2(1) mRNA levels are regulated at the transcriptional 

level, nuclear run on analysis was performed. When cells were in a quiescent state, 

background transcription levels were observed (Fig. 3.6 and 3.7). Within 10 min. of TPA 

stimulation, transcription levels of pro-a2(I) were maximal in both 3T3-L 1 and VT-1 cells. 

Expression levels of the early proto-oncogene c-fos, also increased within 10 min of TPA 

stimulation. These results suggest that TPA mediates the increase in steady state mRNA 

levels with increased transcriptional activity. 

Other Mitogenic and Differentiation Factors Also Increase Steady State Pro-a2(I) Collagen 

mRNA Expression. 

The question of whether COL1A2 gene induction was specific for TPA and serum was 
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addressed. Cells were treated with growth factors such as EGF and insulin and differentiating 

factors such as dexamethasone and IBMX. The effects of these agents on steady state levels 

of pro-a2(I) mRNA were examined. Table 3.1 summarizes these results. A (+) symbol 

indicates a signal above background levels. EGF and IBMX had no effect on basal level 

collagen expression. Insulin and DEX induced increased steady state expression of collagen. 

Positive controls, TPA and FBS(10%) also induced collagen expression. Since differentiation 

factors or mitogens other than TPA can stimulate the expression of the COL 1 A2 gene, the data 

suggests that the expression of collagen can be mediated by several different and possibly 

converging signal transduction pathways. 
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Fig. 3.SAB. Effects of TPA on Pro-a2(I) mRNA Expression During Proliferation and After 

Growth Arrest. Total RNA from 3T3·L 1 cells was isolated when cells were subconfluent (A) 

and after 5 days growth arrest in FBS (5%)(B). Total RNA was extracted after 30 min of 

treatment without TPA (control)(lane 1) and in the presence of TPA (100nglml) (lane 2). or FBS 

(10%) (lane 3). 
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Fig. 3.6. Nuclear Run-On Assays Reveal that TPA-Induced mRNA Increases Is Regulated 

at the Transcriptional Level. 3T3-L1 and VT-1 cells were growth arrested and then treated 

with TPA (100nglml) for 10 min or nothing. Nuclei were harvested immediately and 

transcription with 32p-UTP was carried out for 30' min. The labeled mRNA was extracted and 

used for hybridization. The following dilutions (from left to right) of the probes were spotted 

onto Nytran filters: 10, S, 2.S, 1.25 and 0.612J.lg. pAZ1002 contains the pro-a2(I) promoter (-

46 to +54), exon 1 and part of the first intron (Liau et at, 1985; TIE-S contains the pro-a2(I) 

carboxy terminus of COL 1A2 (Amagai, 1989) and pR23 contains the pro-a2(I} promoter and 

SkB of downstream cDNA (+418 to +SOOO). pD31 (p-actin) and pv-fos were used as positive 

controls. 
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Flg.3.7. Schematic Representation of Results Obtained by Nuclear Run-On Assays. 

Nuclear run·ons were analyzed on the Betagen blot analyzer. The counts per minute (cpm) of 3 

assays were averaged for each time point and plotted. 
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Pro-a2~ll Pro-a1 ~Il 

TPA (100ng/ml) + + 

EGF (100ng/ml) 

Insulin (1pg/ml) + + 

FBS (10%) + + 

DEX (0.25).JM) + + 

IBMX (O.5mM) 

DEX/IBMX + + 

Table 3.1. The Influence of Other Growth and Differentiation Factors on Pro-Collagen 102 

mRNA Levels. The data for this table was obtained by Northern analysis of mRNA obtained 

from cells which had been exposed to the indicated growth and differentiation factors for 30 

min. A (+) indicates that the signal was above control levels. 
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CHAPTER 4 

TPA MEDIATED EXPRESSION OF COLLAGEN TYPE I PROTEIN 

mRNA levels of pro-a2(I) increase in the. presence of TPA. In this chapter, it is 

examined whether this result was reflected at the protein level. By labeling quiescent cells with 

3H-proline, type I collagen levels were shown to increase in the presence of TPA and serum. 

This increase was contingent upon mRNA synthesis. Interestingly, VT-1 cells did not show an 

increase but a decrease in the amount of type I collagen expressed in the presence of TPA. 

Serum, however, induced type I levels comparable to the parental 3T3-L 1 cells. 

Immunofluorescence analysis of 3T3-L 1 and VT-1 cells also reflected these results. 

TPA Mediated Expression of Collagen I in the Extracellular Matrix and Secreted into the Media. 

In order to determine whether increased pro-a2(I) mRNA expression was reflected at the 

protein level in the presence of TPA, the extracellular matrix (ECM) was analyzed for newly 

synthesized type I collagen in both 3T3-L1 and VT-1 cells. The ECM components were 

extracted from 3sS-methionine labeled cells and were analyzed by SDS-urea-polyacrylamide gel 

electrophoresis (Fig. 4.1). Among several proteins detected in 3T3-L 1 cells, elevated levels of 

proteins of Mr 155kDa, 185kDa, 190kDa and 205kDa were found after TPA and serum 

treatment (Fig. 4.1A). Collagenase treatment resulted in the selective digestion of these 

proteins. Other proteins were not altered by collagenase treatment. These properties are 

characteristic for type I collagen (Ignotz and Massangue, 1986). Synthesis of collagen was 

stimulated by addition of TPA or serum in 3T3-L1 cells (Fig. 4.1A) but only by serum in VT-1 

cells (Fig. 4.1 B). These results reflect the presence or absence of pro-a2(I) mRNA shown in 

Fig. 3.2. 
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Western analysis using rabbit anti-mouse type I collagen antibody (Shiba et al., 1987) 

also confirmed these bands as type I collagen (Fig 4.3). The antibody used is polyclonal 

mouse collagen type 1 specific. Therefore, the protein bands presented are indeed type 1 

collagen. Steady state collagen levels are depicted in the Western of Fig. 4.3. It is clear that 

VT-1 cells express less pro-a2(I) (lower band) than the parental line 3T3-L 1. These results are 

reflected in the whole cell fluorescence studies following. 

mRNA Synthesis is Necessary for Collagen I Protein Synthesis in the ECM and Media. 

To confirm that the increase in the collagens is contingent upon mRNA synthesis, total 

collagen synthesis in the presence of Actinomycin was monitored. The medium and the ECM 

from 3H-proline labelled cells were examined (Fig. 4.2). In 3T3-L 1 cells, TPA induced collagen 

secretion into the medium and enhanced accumulation into the ECM (Figs. 4.2A and 4.2C). 

Two proteins of Mr 140kDa and 150kDa were found in the media. The differences in Mr of 

collagen found in the media and in the ECM appear to represent processed and unprocessed 

collagens. The synthesis of these proteins was inhibited by Actinomycin D, confirming the 

expression of pro-a2(I) mRNA. In VT-1 cells, no increase in collagen synthesis was observed 

in the presence of TPA in either the medium or the ECM (Fig 4.28 and 4.2D). The basal level 

of collagen in VT-1 cells was slightly lower than that in the parental 3T3-L 1 cells. These results 

are consistent with the basal pro-a2(I) mRNA levels shown in Fig. 3.1. Western analysis 

revealed 4 bands of kDa 210, 195, 175 and 135 (Fig. 4.3). The two central bands of kDa 195 

and 175 correspond most closely to the procollagens a1 and a2 described by Ignotz and 

Massangue (1986). These molecular weights also correspond to those described above. It is 

interesting to note that the lower band (identified as COL 1A2) is expressed much less in VT-1 

cells than in 3T3-L 1 cells. 
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Fig 4.1 AB. Effect of TPA on Expression of the ECM Associated Form of Collagen Types 

I and III. ECM components from 3T3-L 1 (A) and VT-1 (8) cells were analyzed by a 5% SOS

urea polyacrylamide gel electrophoresis. Cells were treated for 30 min. with OMSO (0.1 %). 

(lanes 1 and 2), TPA (100ng/ml) (lanes 3 and 4) and FBS (10%) (lanes 5 and 6). ECM 

components treated with collagenase are shown in lanes 2,4 and 6. Arrows indicate 

collagenase sensitive proteins. These data were kindly provided by Y. Shimizu. 
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Fig 4.2ABCD. Effect of TPA and Actinomycin 0 on Expression of Secreted and ECM 

Associated Forms of Collagen Types I and III. Cells were treated with 0.1 % OMSO (lane 1). 

100nglml TPA (lane 2). 2.5J,1g1ml actinomycin 0 (lane 3) and TPA and actinomycin 0 (lane 4) 

and labelled with 3H·proline for 3 hrs as described in Chapter 2. Media from 3T3·L 1 cells (A) 

and VT·1 (B) and ECM from 3T3-L1 (C) and VT-1 (0) were analyzed by SOS-urea-10% 

polyacrylamide gel electrophoresis. These data were kindly provided by Y. Shimizu. 
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Fig. 4.3. Western analysis of type I collagen In 3T3-L 1 and VT -1 cells. Lanes 1-4 contain 

ECM harvested from 80% confluent 3T3·L 1 (1 and 2) and VT-1 (3 and 4) cells. Lanes 5-8 

contain ECM harvested from quiescent 3T3-L 1 (5 and 6) and VT-1 (7 and 8) cells. Odd 

numbered lanes contain untreated cells, whereas even numbered lanes contain cells treated 

with TPA for 3 hrs. 



Examination of Whole Cell Procollagen I Expression by Immunofluorescence Supports 

Molecular Data 
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In this work, it is shown that transcription and translation of procollagen type I can be 

regulated by TPA. Immunofluorescence using rabbit anti-mouse type I procollagen antibody 

(Shiba et al., 1987) was performed to examine procollagen distribution in 3T3-L1 and VT-1 cells 

(Fig. 

4.4ABCD). The slides were then scanned and the fluorescence measured by a 

confocal laser scanning microscope. The average fluorescent values obtained for each cellular 

condition tested is reflected in Fig. 4.5. Quiescent 3T3-L 1 cells show about 4 times more 

staining for procollagen type I than VT-1 cells. This result reflects those obtained in the 

previous chapter where basal levels of pro-a2(I) mRNA in VT-1 cells were considerably lower 

than in the parental 3T3-L 1 cells. Quiescent 3T3-L 1 cells stimulated with TPA show a dramatic 

increase in procollagen I levels, whereas, in VT-1 cells, contrary to transcription levels (Fig. 3.1 

and 3.5), procollagen I levels actually decrease by 50%. This may reflect message instability or 

increased collagenase/protease activity in these cells. Interestingly, procollagen type I 

distribution differed between the two cell types. In 3T3-L 1 cells, procollagen expression 

appeared perinuclear to the nucleus in a polar fashion. Procollagen distribution in VT-1 cells 

was more diffuse, thus completely surrounding the nucleus at times. 
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Fig. 4.4A. Whole Celilmmunofluorascenca of Collagen Type I In Growing 3T3-L 1 Cells. 

3T3-L 1 cells are at 80% confluence. The first row of each figure depicts cells not treated (Nn 

with TPA and the second row contains cell which were treated with TPA m(100nglml) for 2 

hrs. Magnification X 10 is indicated at the top of each photo. 
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Flg.4.4B. Whole Cell Immunofluorescence of Collagen Type lin Growing VT·1 Cells. 

VT-1 cells are at 80% confluence. The first row of each figure depicts cells not treated (NT) 

with TPA and the second row contains cell which were treated with TPA (T){100ng/mQ for 2 

hrs. Magnification X 10 is indicated at the top of each photo. 
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Fig. 4.4C. Whole Cell Immunofluorescence of Collagen Type I In Quiescent 3T3-L 1 Cells. 

3T3-L 1 cells were quiescent (NT) or treated with TPA (T)(100nglml) for 2 hrs. Magnification X 

10 is indicated at the top of each photo. 
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Flg.4.4D. Whole Cell Immunofluorescence of Collagen Type lin Quiescent VT-1 Cells. 

VT-1 cells were quiescent (NT) or treated w"h TPA (l)(100ng/ml) for 2 hrs. Magnification X 10 

is indicated at the top of each photo. 
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CELL CONDITIONS 

Fig. 4.5. Relative Mean Fluorescence Values of Whole Cell Immunofluorescence 

Compared. Each slide depicting the indicated cells was analyzed by a BioRad laser scanning 

confocal microscope equipped with an MRC 600 Image Analyzer. Values from several different 

fields were obtained for each slide. These values were averaged and the mean values plotted. 

G = growing, NT = no treatment, Q = quiescent and T = TPA treated. Data were kindly 

provided by Y. and N. Shimizu. 
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CHAPTER 5 

THE PRO-a2(I) PROMOTER AND FIRST INTRON CONTAIN PUTATIVE TPA-SENSITIVE CIS 

ELEMENTS. 

The promoter and the first intron of the COL 1A2 gene contain numerous regulatory 

elements which interact with several known trans-acting factors (Hatamochi et al., 1986; Rossi 

et at, 1988; Bornstein and Sage, 1989; Sandell and Boyd, 1990; Sherwood et at, 1990). None 

of the known cis elements or trans-acting factors have been shown to confer TPA 

responsiveness to the COL1A2 gene. Because TPA initiates pro-a2(I) gene transcription in the 

system presented here, it was of interest to determine what cis elements and possibly trans

acting factors modulate its TPA sensitivity. 

Analysis of the Promoter Region and First Intron of COL 1A2 for Regulatory Complexes 

Involved in TPA-Mediated Induction of the Gene 

TPA induces the binding of proteins belonging to the AP-1 family to the TPA responsive 

element (TRE) TGA[C/G]TCA of genes such as transin and collagenase (Angel et at, 1987; 

Lee et at, 1987a; Chiu et al., 1987). Since pro-a2(I) mRNA increases in the presence of TPA, 

the promoter region and the first intron were analyzed for TRE elements. Recent findings 

suggest that AP-1 can bind to TRE-like sequences rather than just the consensus sequence 

indicated above (Kim et at, 1989). A sequence search was performed, allowing 1-2 

mismatches within the original TRE. Using the GCG Sequence Analysis Package Ver 6. 

(Devereux et al., 1984) several sequences similar to the TRE in the promoter and first intron of 

COL 1A2 (Fig. 5.1) were found. This finding suggested that a region within the promoter or first 
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intron might be present, conferring TPA responsiveness to the COL 1A2 gene. These regions 

of prO-a2(I) were analyzed by chloramphenicol acetyl transferase (CAT) reporter gene analysis 

and mobility shift assays. 

CA T Reporter Gene Assays 

Initial studies involved transient expression assays using the CAT reporter plasmid 

pR40 (Fig. 5.1 and 5.2) transfected by calcium-phosphate (Sassone-Corsi et al., 1988) into 

3T3-L 1 cells. pR40 contains the promoter/upstream region and the first intron of COL 1A2. The 

COL1A2 promoter proved to be very weak in our system. This finding was confirmed by B. 

Crombrugghe (personal communication). Using the reporter plasmid pR40, conversion of 

chloramphenicol by CAT was usually 1 % or less and rarely higher than 6%. Nevertheless, CAT 

activity in transiently transfected cells treated with TPA was consistently 2-3 times greater than 

in either DMSO treated or non-treated cells (Fig. 5.2). Activities obtained using pR23 (Fig. 5.1), 

which contains 5kb of COL 1A2 downstream region and pAZ1003, containing just the promoter 

region, were even lower than those obtained with pR40. 

As a positive control alongside cells transfected with pR40, 3T3-L 1 cells were 

transiently transfected with pRSCAT, a reporter plasmid which contains the RSV promoter 

(John Levy, unpublished). 10-30% CAT conversion of chloramphenical was seen using this 

vector. These results indicated that 3T3-L 1 cells were easily transfectable and that reporter 

plasmids which did not give high activity either contained a weak promoter driving the CAT or 

were structurally defective. 

In initial experiments, the reporter plasmid pCH110 (Herbomel et al., 1984) containing 

the p-gal gene, was used as an internal standard for transfection. The p-gal expression of this 

gene was also weak in 3T3-L 1 cells, but detectable after incubation of the reaction for 16 hrs. 

However, the SV-40 promoter contained in this plasmid was TPA sensitive, therefore it could 



not be used as an internal standard for CAT reactions. It was co-transfected with the stable 

transfectants simply to monitor transfection efficiency. To standardize the amount of protein 

used for each CAT reaction, protein concentrations were determined. 
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If cells were stably transfected with pR40 and other COL 1A2 containing reporter 

plasmids, one could halVest many more cells, thus increasing CAT activity present. In addition, 

cells could be made quiescent in the presence of 5% FBS prior to TPA stimulation. Stable 

transfectants were selected by neomycin (neo) resistance from cells transfected with pSV2neo 

(Southern and Berg, 1982), pCH110 (Harbomel et aI., 1984) and the CAT plasmids indicated in 

Fig. 5.1. Neo resistance and p-gal activity indicated that the cells contained the transfected 

plasmids but absolutely no CAT activity was seen in anyone of the transfectants. After 3 

attempts, these experiments were aborted. 

It has been shown that reporter gene vector sequences can interfere with promoter 

activity (John Levy, personal communication). In some multiple cloning site (mcs) sequences, 

elements involved in up-regUlation, such as TREs, and down-regulation were found. Due to the 

low CAT activity, the promC?ter and first intron were cloned into CAT vectors which had no 

apparent sequence that would interfere with promoter driven CAT expression. The COL 1A2 

promoter was cloned into pBL3CAT (Luckow et aI., 1987). To see if thymidine kinase promoter 

activity could be affected by the first intron of COL1A2 in the presence of TPA, the first intron 

was ligated into pBL2CAT (Luckow et aI., 1987) (Fig 5.1). The plasmids were entitled 

pBL3CAT-10 and pBL2CAT+, respectively. pBL2CAT+, which contained the first intron of 

COL 1 A2, did not demonstrate any CAT activity. Therefore, it has not been determined if the 

first intron confers TPA sensitivity in this system, Transient transfection studies with pBL3CAT-

10, which contained the COL1A2 promoter, revealed no overall increased CAT activity in 3T3-

L 1 cells. However, the results obtained using pBL2CAT-10 were consistent to those found 

using pR40 (Fig 5.2). 
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Flg.5.1. Constructs of Pro a2(1) CAT Reporter Plasm Ids pR23, pR40, pAZ1003, pBL3CAT-

10 and pBL2CAT+. All of these plasmids were used in transient and/or stable transfection 

experiments. The region -2000 to +54 contains the COL1A2 promoter and +418 to +1524 

contains the first intronlenhancer region (Rossi and de Chrombrugghe, 1987). 1. TATA box, 2. 

CAAT box, 3. NF-1 binding site and 4. enhancer region within the first intron. Arrows above the 

first intron indicate putative TRE elements. pR40, pR23 and pAZ1003 were kindly provided by 

B. Crombrugghe. 
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Fig. 5.2. Increased CAT Activity Is Seen In 3T3-L1 Cells Transfected with pR40. 5X10s 

3T3·L 1 cells were plated and grown for 20 hrs in 10% FBS and pR40 (1 OJlg/1 Ocm dish) was 

transfected into 3T3·L 1 cells by the calcium phosphate precipitation method. After shocking 

with OMSO, cells were grown in 10% FBS at 37°C for 24hrs after which the media was 
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changed to 1 % FBS for 36 hrs. Cells were not treated (0) or stimulated for 60 min with OMSO 

(0.1%)(0), TPA (100ng/ml)(T). pR40 was kindly provided by B. Crombrugghe. 
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Flg.5.3. TPA Induces pBL3CAT-10 Activity In CHO cells. 
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CHO cells were transfected as indicated above with either 1 (A) or 10 JIg (8) per 1 Oem 

dish of p8L3CAT-10. Cells were grown for 36 hrs in 10% FBS and either not treated (0) or 

treated with TPA (T) for 30 min. TMT = treatment; Axn time = reaction time in hours; 

ON=ovemight (16hrs). 
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To further examine whether the reporter gene plasmids were in fact able to synthesize 

CAT, pBL3CAT-10 was transfected into CHO cells (kindly provided by D. Gardener). CAT 

activity increased substantially and, confirming the result above, pBL3CAT-10 demonstrated 

TPA sensitivity (Fig. 5.3) in these cells as well. CAT activity was contingent upon the amount 

of vector transfected. Two to four percent conversion of chloramphenicol was seen in cells 

transfected with 1J.lg of pBL3CAT-10, and 20-30% conversion was seen in cells transfected with 

10J.lgs. A 1.7- to 2-fold increase in converted substrate was seen when cells were treated with 

TPA for either 30 min or 4 hrs (Fig. 5.3). The duration of TPA stimulation or CAT reaction time 

did not have an effect on the level of CAT activity. This result suggests that the COL 1 A2 

promoter region contains a TPA responsive element. 

Mobility Shift Assays 

CAT reporter assays indicate that the promoter region was affected by treatment of 

cells with TPA. Sequence analysis revealed several TRE-like elements (containing one 

mismatch) in the promoter and first intronlenhancer regions. The two TRE-like sequences in the 

first intron contained only a single mismatch. This finding implied that this region might also be 

TPA sensitive. In order to further explore which regions were involved in conferring TPA 

sensitivity, mobility shift assays were performed. The first 150bp (-100 to +54) and the first 

500bp (-450 to +54) of the promoter were analyzed (Fig. 5.1). The intronlenhancer region was 

divided into three fragments and also analyzed .. Initial results revealed no differential binding of 

proteins using nuclear extract derived from 3T3-L 1 cells treated with DMSO or with TPA for 60 

min. An example of this is illustrated in Fig. 5.4A and B, where the 150bp promoter region was 

analyzed. Four bands are seen in each figure, suggesting that similar DNA binding interactions 

occur when cells are treated with TPA or DMSO. However, recently the 500bp promoter 

fragment was reanalyzed using nuclear protein extract from cells treated with TPA for 8 min. A 
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slightly higher salt concentration was also used for the binding assay (90mM-100mM instead of 

75mM). Extract from cells not treated with TPA revealed shifting of a single band (Fig. 5.5). 

The band disappeared when nuclear extract from cells treated with TPA was used. These 

results need to be repeated to confirm these findings. Nevertheless, the finding that a DNA

protein interaction is alleviated in the presence of TPA suggests that a regulatory protein is 

removed from a cis element within the promoter region -450 to +54 when quiescent cells are 

treated with TPA. The protein(s) present in the band (Fig. 5.4) may represent a DNA-protein 

(complex) which may confer negative regulatory effects on the COL 1A2 gene. 
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Fig. 5.4A. Mobility Shift Assay of -100 to +54 of the Promoter Region of COL 1A2. 

Nuclear extracts were obtained, using method 1, from cells treated with DMSO (0.1%). 10,000 

cpm of end-labeled fragment (-100 to +S4) was used per lane. SJl9, 10Jlg, 1SJlg or 20Jlg of 

dldC was used per lane. The amount of protein used per lane is indicated. Samples were run 

on a 4% polyacrylamide, 1X TAE gel for 4 hrs at 2SmA per gel. The gels were dried and 

exposed to X-ray film overnight. 
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Fig. 5.48. Mobility Shift Assay of -100 to +54 of the Promoter Region of COL 1A2. 

Nuclear extracts were obtained, using method 1, from cells treated with TPA (100ng/ml) for 60 

min. 10,000 cpm of end-labeled fragment (-1~0 to +S4) was used per lane. SJ,lg, 10J,lg, lSJ,lg 

or 20J,lg of dldC was used per lane. The amount of protein used per lane is indicated. 

Samples were run on a 4% polyacrylamide, 1X TAE gel for 4 hrs at 2SmA per gel. The gels 

were dried and exposed to X-ray film overnight. 
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Flg.5.5. Mobility Shift Assay of -450 to +54 PST-I and HINDIII Fragment of the COL1A2 

Promoter. 

Using method 2, nuclear extracts were obtained from quiescent 3T3-L 1 cells either 

treated with TPA for 8 min or not treated. The Pst-I and Hind-III fragment was 32p labeled with 

T4-kinase. 40,00Ocpm and 1 and 4 J.1g of protein was used per lane. 0.5, 1.5 or 3 J.1g of poly 

dldC was used as indicated. Samples were run on a 4% TBE polyacrylamide gel for 2.5 hrs at 

4°C. Gels were dried and exposed to Konica X-ray film overnight. 



CHAPTER 6 

TPA MEDIATED EXPRESSION OF OTHER GROWTH RELATED GENES IN QUIESCENT 

3T3-L1 AND VT-1 CELLS 

Protooncogene mRNA Expression in TPA Treat~d 3T3-L1 and VT-1 cells 
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A cell's mitogenic response to a growth stimulus is a consequence of a complex array of 

signals and resultant gene expression. Much work has been done to correlate mitogenic signal 

transduction pathways to consequential gene expression (Berridge, 1986; Nishizuka, 1986; 

Johnson et aI., 1987; Yoshimasa et aI., 1987). Protooncogenes are widely viewed as genetic 

markers for mitogenic signal transduction pathways due to their apparent association with cell 

growth regulation. 

TPA induces DNA synthesis and cell division in quiescent 3T3-L 1 cells but not in the variant 

VT-1 cells (Shimizu et aI., 1986). Initial studies revealed that PKC activation and PI turnover 

were similar in both cell lines, indicating a post receptor mutation. To determine if TPA was 

capable of transmitting a signal to the nucleus in TPA non-responsive cells, we examined the 

expression of the commonly used genetic markers, protooncogenes c-fos, c-myc and c-jun. 

Similar kinetics for protooncogene expression was observed (Rg. 6.1). There are, however, 

differences in levels of expression and timing of mRNA disappearance. In TPA treated VT-1 

cells, a sustained expression of c-fos and c-jun is seen. Two hrs after TPA treatment, c-fos 

mRNA is virtually undetectable in 3T3-L 1 cells but persists for 6 hrs in VT-1 cells. Maximal 

expression of c-jun occurs at 2 hrs in both cell lines after which mRNA decline is immediate in 

3T3-L 1 cells. In VT-1 cells, however, c-jun mRNA is present through 24 hours. c-myc is the 

only protooncogene tested which does not exhibit sustained mRNA expression. It's level of 

expression, however, is 4 to 5 times more in VT-1 cells than in 3T3-L 1 cells. These results 
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Fig. 6.1. TPA Induction of Protooncogenas c-fos, c-myc and c-Jun mRNA In 3T3-L1 and 

VT-1 cells. Total RNA (5J.1.g) was analyzed for protooncogene mRNA expression. Column a: 

3T3-L1 RNA and column b: VT-1 RNA. Lanes 1-9 represent the following TPA treatment 

times: 0, 10 min, 20 min, 30 min, 60 min, 2hrs, 6hrs, 12hrs and 24hrs. 
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suggest that expression of these genes may be necessary but are not sufficient for a mitogenic 

response. Recently, translocation of PKC to the membrane has been shown to be minimal in 

VT-1 cells (Shimizu et aI., 1989). In light of these findings, the results above suggest there is 

an alternate signal transduction pathway by which TPA mediates protooncogene expression. 

Ornithine Decarboxylase mRNA Expression in 3T3-L 1 and VT-1 Cells 

Ornithine decarboxylase (ODC) is the first rate limiting enzyme in the synthesis of 

polyamines. This metabolic pathway is important for nucleic acid synthesis and DNA replication 

(Tabor and Tabor, 1984). ODC can be used as a genetic marker for TPA activation because it 

is rapidly and immediately activated when mouse skin is treated with TPA (Weeks et aI., 1982). 

TPA treatment of 3T3 cells increases the transcriptional activity of ODC within a few hours after 

drug exposure (Katz and Kahana, 1987). Expression of ODC mRNA in TPA treated 3T3-L 1 

and VT-1 cells was examined (Fig. 6.2). Interestingly, steady state ODC mRNA levels in VT-1 

were 5-fold greater than in 3T3-L 1 cells. The maximal expression of mRNA occurred between 

6 to 12 hrs of TPA exposure. These results further suggest that a TPA dependent signal is 

getting to the nucleus of both TPA responsive and non-responsive cells. 

Transin and hMTlla mRNA Expression in 3T3-Lt and VT-1 Cells 

The finding of a TPA inducible transcription factor AP-1 (FOSlJUN complex), which 

binds to the TPA responsive element (TRE) (Angel et aI., 1987), prompted the question 

whether this protein complex was functional in the TPA non-responsive line. c-jun and o-fos 

mRNA are expressed in both 3T3-L1 and VT-1 cells (Fig. 6.1). The c-jun gene is known to 

contain a TRE element within its promoter region and is therefore autoregulated by AP-1 (Angel 

et al., 1987; Norman et al., 1988). The expression of c-jun mRNA in both the cell lines being 

examined suggests that the AP-1 complex is functional. Expression of two other genes 
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containing upstream TRE elements and known to bind AP-1 were analyzed (Matrisian et al., 

1986; Lee et aI., 1987). Both transin/stromelysin and hMTlla were found to be expressed 

equivalently and induced by TPA in both TPA responsive and non-responsive cells (Fig. 6.3). 

Hybridization of the hMTlla probe to murine mRNA is slight due to a lack of homology between 

the human and mouse form of the gene. These results suggest that the AP-1 complex is 

functional normally in both cell lines. 

TPA-Mediated COL 1A 1 and COL 1A3 Expression in 3T3-L 1 and VT-1 Cells 

Collagen types I and III are both members of the fibrillar class of collagen molecules. 

Collagen type I consists of two a1 (I) chains and one cx2(I) chain whereas type III is comprised 

of only a1 (III) chains (Kuhn, 1987). The cooperative regulation of collagen gene expression is 

critical for collagen fibril formation (Ramirez and de Wet, 1988; Ramirez and di Liberto, 1990). 

Since we have shown that collagen pro-cx2(I) mRNA is TPA inducible and differentially 

expressed in 3T3-L 1 and VT-1 cells, we explored the expression of two other fibrillar collagen 

mRNAs, pro-a1 (I) and pro-a1 (III) (Fig. 6.4 and 6.5). Interestingly, the basal expression levels 

of pro-a1(1) and pro-a1(1II) mRNA were only two-fold greater in 3T3-L1 than in VT-1 cells. TPA 

induced the expression of these mRNAs in VT-1 cells as well as in the parental 3T3-L 1 cells. 

Because the expression pattern of both of these genes is very similar to the expression in the 

parental line, the expression of these collagen chains may not be directly involved in rendering 

VT-1 cells non-responsive to TPA. 

Laminin and Fibronectin mRNA Expression in 3T3-L 1 Cells. 

Laminin and fibronectin are involved in cellular adhesion and are components of the 

ECM (Pearlstein et aI., 1980; Terranova et aI., 1981). Because collagen is TPA inducible in the 

fibroblast system used here, it was questioned whether other ECM proteins were also TPA 
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Fig. 6.2. TPA-Induced ODC mRNA Expression In 3T3-L 1 and VT·1 Cells. Total RNA (5J.1g) 

was assessed for ODC expression by hybridization of Northern blots. pOD-48 (McConlogue et 

aI., 1984) was the probe used for hybridization. ODC mRNA expression in 3T3-L1 is shown in 

column a and VT-1 in column b. Lanes 1-9 represent the following TPA treatment times: 0, 10 

min, 20 min, 30 min. 60 min. 2hrs, 6hrs, 12hrs and 24hrs. Equal loading of total RNA was 

determined by EtBr staining of the gel. 
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Fig. 6.3. TPA-Induced TranslnlStromelysln and hMTIIa mRNA Expression In 3T3-L 1 and 

VT-1 cells. Total RNA (10Jlg) was analyzed by hybridization of TR-1 (Matrisian et al., 1986) 

and hMTlIa (Karin and Richards, 1982) to Northern blots. TR-1 was the probe used for Transin 

expression and pMTIl was used for hMTlIa mRNA analysis. The time of drug exposure is 

given in minutes unless otherwise indicated. Equal loading of total RNA was determined by 

EtBr staining of the gel. 
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Fig. 6.4AB. TPA-Induced Expression of Pro-a1(1) mRNA In 3T3-L 1 and VT-1 Cells. Total 

RNA (5J.lg) was analyzed for mRNA expression by Northern blotting. Pro-a1 (I) mRNA 

expression in 3T3·L 1 (A) and VT-1 (B) was analyzed using pEVE.HO (E. Vuario, unpublished). 

Lanes 1-6 represent the following TPA treatment times: 0, 10 min, 20 min, 30 min, 60 min, and 

2hrs. Equal loading of total RNA was determined by EtBr staining of the gel. 
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Fig. 6.SAB. TPA-Induced Expression of Pro-a1(IIQ mRNA In 3T3-L 1 and VT-1 Cells. Pro

a1 (III) mRNA expression in 3T3-L 1 (A) and VT-1 (8) was examined by Northern analysis by 

using pMCS1.7 (Lieu et aI., 1985). Lanes 1-5 represent the following TPA treatment times: 0, 

10 min, 20 min, 30 min, 60 min, 2hrs, 6hrs and 12 hrs. Lane 9 contains mRNA from cells 

treated with DMSO for 30min. Equal loading of total RNA was determined by Et8r staining of 

the gel. 
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Fig. 6.6 TPA-Induced mRNA Expression of Lamlnln and Flbronactln In 3T3-L 1 Cells. 

Total RNA (5J.lg) was examined by Northem analysis for mRNA expression of Laminin (LAM) 

and Fibronectin (FN) using p1235 (Sasaki et al., 1987) and prlf-1 (Schwarzbauer et a!., 1983) 

respectively, as probes. Lanes 1-5 represent the following TPA treatment times: 0, 10 min, 20 

min, 30 min and 60 min. 
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sensitive. Laminin and fibronectin both exhibited increased mRNA levels when quiescent 3T3-

L 1 cells were treated with TPA (Fig. 6.6). This finding, in conjunction with the increased 

expression of collagen genes, reemphasizes that ECM components playa critical role in TPA 

induced mitogenesis. The expression of these genes was not examined any further. 

Growth and Differentiation Factors Modulate the Expression of Genetic Markers Associated with 

the Mitogenic Response of TPA 

Growth factor induction of protooncogenes has been examined extensively (Greenberg 

and Ziff, 1984; Johnson et aI., 1987). Expression of c-fos, c-myc and c-jun in the presence of 

EGF and insulin was examined here in order to compare their expression pattern to TIE gene 

expression in the presence of these growth factors (Fig. 6.7, Table 6.1 and Fig. 7.8). TPA, 

EGF and 10% FBS all stimulated the expression of o-fos, c-myc and c-jun while only c-myc was 

expressed when cells were treated with insulin (Fig. 6.7). Labelled thymidine incorporation 

experiments indicated that EGF and insulin were not strongly mitogenic, whereas TPA (Fig. 1.1) 

and 10% FBS were. The genetic marker ODC was expressed in the presence of all growth 

inducers except insulin (Fig. 6.7). These results confirm that multiple signalling pathways 

induce expression of many of the same genes. 

3T3-L1 cells are capable of differentiating into adipocytes (Green and Kehinde, 1974). 

Treatment of growth-arrested cells with dexamethasone (DEX) and 1-methyl-3-isobutylxanthine 

(IBMX) induces this differentiation (Russell and Ho, 1976). DEXlIBMX induced expression of 

protooncogenes, genetic markers such as ODC, and the TIE genes have not previously been 

examined in this system. Since 3T3-L 1 cells were capable of differentiation, we wanted to 

determine if any of the above-mentioned TPA inducible genes could also be induced by 

differentiation factors. Interestingly, each gene exhibited a different expression pattern in the 

presence of DEX, IBMX or both (Fig. 6.7 and Table 6.1). Alternatively c-fos mRNA is 



expressed only in the presence of DEX and not with the combination of differentiation factors 

DEXlIBMX. These results suggest that each gene may be modulated differently when 

differentiation signalling mechanisms are initiate~. c-myc and c-jun are expressed when cells 

are treated with both DEX and IBMX. It is possible that the expression of these genes is a 

necessary component of the differentiation pathway, as well as constituentive involvement in 

the TPA induced mitogenic response. 
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Fig. 6.7. Growth and Differentiation Factor Induced mRNA expression of Protooncogenes 

and ODC. Northern analysis was used to examine total RNA (5J,lg) isolated from cells treated 

for 30 min (c-fos) or 2hrs with the following: Lanes 1-8; DMSO (0.1%), TPA (100ng/ml), EGF 

(1 OOng/ml) , Insulin (1J,lglmQ, DEX (0.25J,lM), IBMX (0.5mM), DEX and IBMX and lastly, FBS 

(10%). 
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c-myc c-10s c-jun ODe 

TPA (100ng/ml) + + + + 

EGF (100ng/ml) + + + + 

Insulin (1J,Jg/ml) + 

FBS (10~o) + + + + 

OEX (O.25)JM) + + ·1 

IBMX (O.5mM) + + + 

OEX/lBMX + + 

Table 6.1. Summary of Growth and Differentiation Factor Induced Expression of 

Protooncogenes and ODC. Cells were treated with the indicated factors for either 30min (c

fos) or for 2hrs (c-myc, c-jun and ODC) and total RNA was harvested and expression analyzed 

by Northern hybridization. A (+) indicates that the signal was above control levels. 
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CHAPTER 7 , 

CHARACTERIZATION OF mRNA EXPRESSION OF TWO UNKNOWN GENES TIE-10B AND 

TIE-44 

TPA is known to induce the expression of many genes (Lau and Nathans, 1985; Rabin 

et aI., 1986; Johnson et al., 1987) as is illustrated in this thesis. Differential hybridization of cDNA 

of parental3T3-L 1 and variant VT-1 cells was used to detect genes necessary for a TPA-induced 

mitogenic response. In addition to the collagen genes, this technique yielded two unknown genes 

TIE-10B and TIE-44 (Amagai et aI., 1989). These genes show no homology to any other known 

DNA sequences. In this section, the mRNA expression of these genes are examined in several 

mouse tissues and in the presence of a variety of well known mitogens and differentiation agents. 

TPA-Mediated Increase in the Steady State Levels of the TIE Genes in 3T3-L 1 and VT-1 Cells 

mRNA induction patterns of TIE-1 08 and TIE-44 after treatment of quiescent 3T3-L 1 and 

VT-1 cells with TPA are compared (Fig. 7.1A and B). TIE-10B mRNA is detected as a band of 

4.6 kb (Fig. 7.1A) and increases within 10 min after TPA-treatment. It is maximally induced after 

60 min in 3T3-L 1 cells (Fig. 7.1Aa). In VT-1 cells, a similar induction pattern is seen (Fig. 7.1Ab). 

Unexpectedly, expression levels of TI E-1 OB in VT -1 cells are twice as high than in 3T3-L 1 cells. 

Five transcripts of 5.0,7.5,9.0, 12.5 and 17.5kb (Fig. 7.1B) are detected when filters are 

probed with TIE-44. It has not been determined whether the multiple banding pattern exhibited 

by TIE-44 is due to hybridization of unprocessed TIE-44 mRNA or, alternatively, cross 

hybridization with related species. In 3T3-L 1 cells, TIE-44 is clearly induced within 10 min after 

TPA treatment and maximal induction occurs at 30 min (Fig. 7.1 Ba). No induction of TIE-44 

mRNA by TPA was seen in the VT-1 cells (Fig.'7.1Bb). Upon prolonged TPA exposure, TIE-44 

transcripts remain present in both cell lines. The transcript sizes for these two genes are 
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summarized in Table 7.1. 

TPA Regulation of TIE Gene Expression is, in Part, Transcriptional 

Nuclear run-on assays show that transcription of both TIE genes is initiated by TPA (Fig. 

7.2). An approximate 2-fold increase in TIE-10B and 44 is seen when quiescent 3T3-L 1 cells are 

treated with TPA for 10 min. In TPA-treated VT-1 cells, transcription is increased almost 4 times 

that of quiescent cells. TIE-44 increases only 2-fold. These results do not illustrate as dramatic 

an increase in transcr~ption as the control or collagen genes (Fig. 3.6). This suggests that other 

post-transcriptional mechanisms may also playa role in TIE-10B and TIE-44 gene regulation. 

Influence of Cycloheximide on the TPA-Mediated Increase of TIE Gene Expression. 

To determine if de.!!QYQ. protein synthesis is needed for TIE mRNA induction, quiescent 

3T3-L 1 cells were treated simultaneously with cycloheximide and either TPA or DMSO (Fig. 7.3A 

and B). In the presence of the protein synthesis inhibitor, TPA does not elicit an immediate 

increase of TIE-1 OB mRNA (Fig. 7.3A). This suggests that de!!QY.Q. protein synthesis is necessary 

for an immediate transcriptional response to TPA. Alternatively, cycloheximide causes a large 

accumulation of mRNA after 6 hrs of DMSO or TPA treatment. This suggests that protein 

synthesis may be necessary to maintain El metabolic homeostasis of TIE-10B mRNA. 

Cycloheximide may affect mRNA expression by 1) superinducing TIE-10B mRNA 2) destabilizing 

the mRNA, causing rapid degradation or 3) interfering with the transcriptional process. It is not 

known whether any of these is in effect. The superinduction of message conferred by 

cycloheximide is similar to that which occurs to immediate early genes. 

TIE-44 mRNA is responsive to cycloheximide treatment in 2 ways. In the presence of 

DMSO, mRNA is superinduced (Fig. 7.3Bc), whereas when cells are treated with TPA and the 

protein synthesis inhibitor (Fig. 7.3Bd), less mRNA is present after 60 min. This suggests that 
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Fig. 7.1. TPA-Induction of TIE-10B and TIE-44 mRNA In 3T3-L1 and VT-1 cells. Total RNA 

(5J1g) was examined by Northem analysis for expression of TIE-108 (A) and TIE-44 (8). RNA 

derived from 3T3-L 1 cells is shown in column a and VT-1 in column b. Lanes 1-9 represent the 

following TPA (100ng/ml) treatment times: 0, 10 min, 20 min, 30 min, 60 min, 2hrs, 6hrs, 12hrs 

and 24hrs. 
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TIE-44 

Tissues Cells 

4.6/4.8kb 4.6/4.8kb 

5.0n.S/9.0/12.5/17.Skb s.On.S/9.0/12.S/17.Skb 
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Table 7.1. Summary of TIE mRNA Sizes In Tissues and Cells. Molecular weights of TIE 

mRNAs in tissues and in cells were determined by Northern analysis. 
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Fig. 7.2 AB. Nuclear Run-On Assays Indicate TPA·Medlated Transcriptional Activation of 

TIE·10B and nE-44. 3T3-L 1 (A) and VT·1 (B) cells were growth arrested and then treated with 

nothing or TPA (100nglml) for the indicated times. Nuclei were harvested immediately and 

transcription with 32P·UTP was carried out for 30 min. The labeled mRNA was extracted and 

used for hybridization. The following dilutions (from left to right) of the probes were spotted onto 

Nytran filters: 10,5,2.5, 1.25 and 0.612J.1gs. TIE·10B and TIE-44 probes were provided by M. 

Amagai (Amagai et al., 1989). Controls are indicated in Fig. 3.6AB. 
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Fig.7.3. Effect of Cycloheximide on TPA Induction of TIE mRNA in 3T3-L 1 Cells. 1J.lg total 

RNA was loaded in each lane. Lanes 1-5 represent 30', 60', 2hrs, 6hrs and 12hrs drug exposure. 

Cycloheximide and/or TPA were added concurrently. Column a, lanes (1-5): Total RNA collected 

from cells exposed only to DMSO (O.1%). Lane 0 contains total RNA derived from quiescent 

cells. Column b, lanes (1-5): Total RNA derived from cells exposed to DMSO (O.1%) and 

cycloheximide (10J.lglml). Column c, lanes (1-5): Total RNA derived from cells exposed only to 

TPA (100ng/ml) and Column d, lanes (1-5): Total RNA derived from cells treated concomitantly 

with TPA (100ng/ml) and cycloheximide (10J.lg/ml). 
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protein synthesis is necessary for maintenanc~ of message levels. This finding suggests that 

there are several regulatory mechanisms of TIE-44 which are sensitive to different de .!!m!Q. 

proteins. 

The Effects of TPA and Serum on TIE Gene Expression During Proliferation and After. Growth 

Arrest 

Induction of TIE-44 mRNA synthesis by 10% FBS occurred in cells that were growing 

(90% confluent) as well as quiescent cells (Fig. 7.4). TIE-10B had a similar induction pattern (Fig. 

7.4) Interestingly, increased expression of both genes was delayed when cells were subconfluent 

compared with cells that were quiescent. TPA induction patterns were similar for both TIE-44 

(Fig. 7.5) and TIE 10B (data not shown). These results suggest that the serum and TPA-induced 

expression of these genes is dependent on the growth status of the cell. 

Expression of the TIE Genes in Young Adult Mice 

TIE gene expression was examined for various mouse tissues (Fig. 7.6 and 7.6) and 

summarized in Table 7.2. Both TIE genes were expressed in all tissues. TIE-10B was maximally 

expressed in the lung (Fig. 7.6) and TIE-44 was highly expressed in brain (Fig. 7.7). Interestingly, 

TIE-10B transcripts were of two sizes (approximately 4.6 and 4.8kb) or a doublet (Fig. 7.6). The 

presence of a TIE-10B doublet has also been found in 3T3-L 1 and VT-1 cells (G. Pavlath and I. 

Stuiver, unpublished). This implies tissue specific processing of this gene. A very abundant, high 

molecular weight TIE-44 transcript was detected in the brain and salivary gland. At least two TIE-

44 bands were expressed in every tissue. 

TIE Gene Expression in the Presence of Growth and Differentiation Factors. 

Both TIE genes were induced when quiescent 3T3-L 1 cells were exposed to TPA, EGF, 
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and 10% FBS (Fig. 7.8, Table 7.3). Insulin increased TIE-10B mRNA slightly but had no effect 

on TIE-44 expression. These results again demonstrate that many of the same genes are part 

of several different signalling pathways. 

Simultaneous application of DEX and IBMX induce quiescent 3T3-L 1 cells to differentiate 

into adipocytes. Because little information can be deduced about the TIE genes, it was of interest 

to examine TIE expression when differentiation pathways were activated as well as mitogenic 

ones. Interestingly, TIE-10B is not expressed when DEX and IBMX are used together; (Fig. 7.8) 

however, when cells are treated with these agents separately, mRNA expression increases. This 

gene may not playa role in differentiation, but might be a gene necessary for maintaining cells 

in an undifferentiated state. Alternately, TIE-44 mRNA increases in the presence of IBMX alone 

and DEX and IBMX together. This gene, in contrast to TIE-10B, may be needed for the 

differentiation process. 
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Fig. 7.4. Effects of Serum on TIE mRNA expression During Proliferation and After Growth 

Arrest. TIE mRNA was examined by Northern analysis. 3T3-L 1 cells were grown to 

subconfluence (lanes 1, 2 and 3) or growth arrested (lanes 4, 5 and 6) and subsequently not 

treated (lane 1 and 4), or treated with FBS (10%) for 30min (lane 2 and 5) or for 60 min (lanes 

3 and 6). Each lane contains 5J.lg total RNA. TIE probes are indicated. 
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Fig. 7.5. Effects of TPA on TIE-44 mRNA expression During Proliferation and After Growth 

Arrest. Expression of TIE genes are examined by Northern analysis. 3T3-L 1 cells were grown 

to subconfluence (lanes 1, 2 and 3) or growth arrested (lanes 4, 5 and 6). Cells were treated with 

DMSO (0.1 %) (lanes 1 and 4), or treated with TPA (1 OOng/mQ for 30min (lanes 2 and 5) or 60min 

(lane 3 and 6). Each lane contains 5J.lg total RNA. 
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Fig. 7.6 TIE-10B mRNA Expression In Young Adult Mouse Tissue. 5J.lg total mouse tissue 

RNA was probed by Northern analysis with TIE-10B. Abbreviations are as follows: Li (liver). 8M 

(skeletal muscle). H (heart). L (lung). 8 (spleen). B (brain). 8G (salivary gland) and K (kidney). 
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Fig. 7.7 TIE-44 mRNA Expression In Young Adult Mouse Tissue. 5J.lg total tissue RNA was 

probed by Northern analysis with TIE-44. Abbreviations are as follows: Li (liver), 8M (skeletal 
. 

muscle), H (heart), L (lung), 8 (spleen), B (brain), 8G (salivary gland) and K (kidney). 
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TIE -108 TIE - 44 
Liver + + 
Skeletal Muscle + + 
Heart + + 
Lung +++ + 
Spleen + + 
Brain + + 
Salivary Gland + + 
Kidney + + 

Table 7.2. Summary of TIE mRNA expression In Young Adult Mouse Tissues. Total RNA 

was isolated from the indicated tissues (Figs. 7.6 and 7.7) and expression of TIE genes analyzed 

by Northern analysis. Relative levels of expression are indicated with increased (+) symbols. 
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Fig. 7.8. Summary of TIE mRNA Expression In the Presence of Growth and Differentiation 

Factors. Total RNA (5J.1gs/lane) isolated from cells treated for 2hrs with the following: Lanes 1-8; 

TPA (100ng/mQ. EGF(100ng/ml). Insulin (1J.1g/ml). DEX (0.25J1M). IBMX (0.5mM). DEXand IBMX. 

FBS (10%) and lastly. DMSO (0.1 %). RNA was analyzed by Northern analysis using TIE·1 OB and 

TIE·44 as probes. 
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TIE-10B TIE-44 

TPA (100ng/ml) + + 

EGF (100ng/ml) + + 

Insulin (1lJg/ml) 

FBS (10%) + + 

DEX (0.25pM) + 

IBMX (0.5mM) + + 

DEX/IBMX - + 

Table 7.3. TIE mRNA Expression in the Presence of Mitogen and Differentiation Factors. 

Total RNA was obtained from cells exposed to the indicated growth and differentiation factors 

and TIE and protooncogene expression was analyzed by Northern blotting. A (+) indicates that 

TIE gene expression was above control levels. 
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CHAPTER 8 

DISCUSSION 

The primary focus of this work has been to contribute to the increasing body of 

knowledge regarding the cellular components necessary for the mitogenic response elicited by 

the phorbol ester TPA. The genetic system used to address this question consists of a TPA 

responsive cell line 3T3-L 1 and a genetic variant line VT-1 which is TPA non-responsive 

(Shimizu et al. 1986). The effect TPA has on these two lines has been examined in the 
\ 

extracellular matrix and at three cellular levels: the membrane, the cytoplasm and the nucleus. 

The Ca+2
, phospholipid dependent protein kinase, protein kinase C (PKC) is a serine 

and threonine kinase and has been widely accepted as the cellular receptor for the phorbol 

ester TPA (Niedel et aI., 1983; Leach et aI., 1983; Kikkawa et al., 1983). PKC is activated by 

its interaction with TPA and the cell membrane (Castagna et aI., 1982). There is a well 

established correlation that activation of PKC by mitogens such as TPA leads to the initiation of 

gene transcription and cellular proliferation (Arnagai et al., 1989; Colbum, 1980; Lau and 

Nathans, 1985; Herschmann, 1989; Shimizu et at, 1986; Stuiver et aI., 1991). Recently, seven 

PKC isotypes have been isolated (Nishizuka, 1988) of which intracellular balance is very 

important in maintaining the integrity of the cell (Droms and Malw!' ,;on, 1991; Kikkawa et aI., 

1988). PKCa (type III) is found primarily in fibroblasts (Shimizu and Shimizu, 1989; Leach et 

at, 1989). 

When quiescent cells are stimulated with TPA, there is a rapid translocation of the 

cytosolic PKC to the membrane. Since VT-1 cells were TPA non-responsive, we asked how 

their PKC levels compared to the parental line 3T3-L 1 cells. Initial biochemical studies 

revealed that TPA could bind to its receptor PKC equivalently in both cell lines and overall PKC 

activity and PIP turnover were also similar (Shimizu et at, 1986). Subsequently, the 
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intracellular distribution of PKC was analyzed as well as its ability to phosphorylate its 

substrate, the 80kD protein (Shimizu and Shimizu, 1989). The TPA-mediated PKC 

translocation to the membrane is absent in TPA non-responsive VT-1 cells (Shimizu and 

Shimizu, 1989). The ability of PKC to phosphorylate the 80kD substrate is also diminished in 

these cells. Both of these mutations correlate well with the inability of VT-1 cells to respond to 

TPA as a mitogen. These results imply that TPA-induced mitosis is contingent upon PKC 

which can be translocated to the membrane and which can phosphorylate its substrate, the 

80kD protein. Furthermore, these results suggest that any effect manifested by TPA in VT-1 

cells may be mediated by factors other than PKC. 

To determine what influence TPA had on gene ei.llression, two approaches were taken. 

Differential hybridization was used to select nine TPA inducible early genes (TIE) which were 

expressed by 3T3-L1 cells and not by VT-1 cells (Amagai et aI., 1989). Concurrent to this, 

expression of several genes known to be transcribed during a mitogenic response was also 

analyzed. 

Of the TIE genes selected, COL 1A2 (TIE-S) was studied in greatest detail. Our study 

demonstrated that the basal level of type I procollagen gene expression differed between TPA

responsive and TPA non-responsive cells. Furthermore, addition of TPA to growth-arrested 

3T3-L1 cells caused a rapid and substantial increase in pro-a2(I) mRNA expression (Fig. 3.1). 

Both of these results imply that type I procollagen expression is associated with the cells' 

mitogenic responsiveness to TPA (Stuiver et aI., 1991). 

When a full complement of growth factors are present (i.e. 10% FBS) , both 3T3-L 1 and 

VT-1 cells express pro-a2(I) mRNA and collagen protein to equivalent levels (Figs. 3.3 and 

4.1). This result suggests that although growth-arrested VT-1 cells express very low levels of 

pro-a2(I), the growth factor-associated machinerY necessary for pro-a2(I) expression is intact. 

This finding also suggests that an alternate signalling pathway may be used by TPA for 

inducing the expression of pro-a2(I). This TPA dependent signalling pathway may contain one 
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of the lesions in VT-1 cells. 

Growth factors, particularly fibroblast growth factor (FGF), can be sequestered into the ECM 

(Dimario et al., 1989; Globus et at, 1989; Vlodavsky et al., 1987). Serum and polypeptide 

mitogens such as insulin, epidermal growth factor (EGF) and FGF have been shown to act 

synergistically with TPA to stimulate DNA synthesis in quiescent 3T3 cells (Dicker and 

Rozengurt, 1981). 3T3-L1 cells may harbor a growth potentiating composite of the ECM and 

be TPA-responsive due to their ability to sequester appropriate amounts of growth factors to 

substantiate the mitogenic action of TPA. The consequence of a decreased production of 

collagen may be an incomplete or unbalanced matrix formation. Since the growth-arrested VT-

1 cells have an overall decreased level of collagen production (Fig. 4.5) and exhibit a loss of 

the typical 2:1 ratio of pro-a1 (I) to pro-a2(I), their matrix may be altered and thus not be fully 

capable of sequestering growth factors. Therefore, a sufficient amount of mitogen may not be 

present to cooperate with T~A to induce a complete mitogenic response. 

Ignotz and Massague (1986, 1987) proposed that the cellular action of TGF-p is 

mediated by changes in the ECM as evidenced by increased fibronectin and collagen synthesis 

in a variety of fibroblastic and epithelial cell lines. The increase in collagen synthesis was 

observed several hours after TGF-p addition in contrast to the early induction of collagen 

synthesis that was observed after TPA addition in this study. The results of Blatti et at (1988) 

demonstrated a synergistic effect between growth factors on the expression of fibronectin and 

p-actin, and they proposed that co expression of fibronectin and cytoskeletal actin may be a 

significant early event during the transition of cells from a resting to a proliferating state. 

Vinculin and PI integrin mRNA are also rapidly increased in the presence of serum, EGF or 

PDGF (Bellas et at, 1991). Here, in addition to ~he early induction of COL1A2, it is 

demonstrated that mRNA of several other structural genes COL1A1, COL3A1, laminin and 

fibronectin, also rapidly respond to TPA. The inclusion of collagen and these other matrix 

proteins among the immediate early growth response genes suggests that, in addition to c-fos 
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and c-myc activation, genes involved in restructuring the adhesive interactions of a cell are also 

necessary for a proliferative response (Ben-Ze'ev et aI., 1988, 1990). The activation of these 

genes implies that morphological restructuring of the cell assists progression into S phase. 

Alterations in the extracellular environment can induce an intracellular response (Ben

Ze'ev et al., 1988, 1990; Dahl and Grabel, 1989; Newman and Watt, 1988; Watt et aI., 1988). 

One of the means by which these changes in the ECM are thought to be communicated to the 

cell is via transmembrane receptors called integrins (Ruoslahti and Pierschbacher, 1987; 

Hynes, 1987). Various components of the ECM including collagen are linked to the 

cytoskeleton by integrins (Staatz et aI., 1989; Kunicki et al., 1988; Coller et aI., 1989). The 

integrin receptor complex is comprised of two non-covalently linked subunits, (X and p, which 

combine with each other and generate functionally distinct heterodimeric complexes, many of 

which recognize the Arg-Gly-Asp (RGO) sequence in their ligands (reviewed in Ruoslahti and 

Pierschbacher, 1987; Hynes, 1987). Both integrin subunits have a large extracellular domain, a 

transmembrane domain, and a short cytoplasmic domain. 

These matrix receptors have been shown to interact with various components of the 

cytoskeleton in addition to being substrates for various intracellular kinases (Mueller et al., 

1989; Ruoslahti and Pierschbacher, 1987; Hynes, 1987). Phosphorylation of the cytoplasmic 

domain of the p subunit has been observed in several instances: 1) Integrin subunits are 

phosphorylated on tyrosine residues after transformation with Rous sarcoma virus (Buck and 

Horwitz, 1987; Hirst et aI., 1986; Tapley et aI., 1989); 2) a novel integrin Pa associated with the 

vitronectin receptor contains a serine residue in its cytoplasmic domain which is a substrate for 

PKC in vitro and very likely in vivo as well (Freed et aI., 1989); and 3) the Pla subunit in 

platelets contains an SH-2 domain, which serves as a binding site for phosphorylated tyrosine 

residues (Languino and Ruoslahti, 1991). It is intriguing that not only are growth factor-receptor 

interactions translated into phosphorylation-dephosphorylation events, but possibly structural 

changes as well. Although the mechanism of signal transduction involving the ECM and the 
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cytoskeleton is not known, mechanical signalling to the nucleus, via the cytoskeleton is an 

interesting prospect. 

The exact biochemical interactions necessary for morphological change of the cell is 

not well understood. However, it has been shown that TPA can mediate adherence of 

fibronectin or collagen to the ~P1 integrin by altering the conformation of the integrin, rendering 

it functionally more active (Wilkins et al., 1991). The likelihood that PKC may modulate the 

phosphorylation status of the vitronectin recepto~ is intriguing (Freed et al., 1989). One could 

speculate that membrane associated PKC may also playa role in affecting the morphology of 

the cell. In fact, the spindle-like morphological changes of VT-1 cells were not as apparent as 

in 3T3-L 1 cells in the presence of TPA (Fig. 4.4ABCD). This may be due to the inability of 

PKC to translocate to the membrane in TPA treated VT-1 cells, thus inbibiting the usual 

rounding and elongation of the cell. Therefore, signalling by growth factors, mitogens or the 

ECM itself may be mediated by induced conformational changes in conjunction with ligand 

induced phosphorylation events. 

All of the examples above support the notion that the ECM plays an important role in 

mediating growth factor induced signal transduction. In light of this information, the immediate, 

early induction of the ECM protein collagen by the mitogen and morphogen TPA, seems 

believable. The question of how TPA may induce collagen gene transcription can be 
\ 

addressed. Since TPA alters cellular morphology drastically and immediately, the contraction of 

the cytoskeleton may be the ultimate signal transducer for initiation of collagen gene 

transcription in the nucleus. Nuclear run-on experiments revealed that TPA could induce 

COL 1A2 transcription to maximal levels in both cell lines within 10 min (Fig. 3.6). The fact that 

in TPA stimulated VT-1 cells induction of COL 1A2 is seen, yet PKC does not translocate to the 

membrane nor is it capable of phosphorylating its substrate, implies that TPA may indeed have 

a mechanical means to activate transcription of these ECM genes. This does not however, 

address the different basal levels of collagen expression in the TPA responsive and non-
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responsive lines. 

Very little has been described about the physiological role that PKC may play in 

quiescent or non-mitotic cells. PKC has been found in the nucleus where phosphorylation 

activity has been observed (Leach et at 1989, Shimizu and Shimizu, 1989). PKC has also 

been shown to phosphorylate histones in vitro (Patskan and Baxter, 1986; Butler et at, 1986) 

and mediate phosphorylation events of DNA topoisomerase I in vitro (Samuels et al., 1989) and 

in vivo (Samuels and Shimizu, 1992). This suggests that PKC may playa direct role in 

transcriptional regulation. Basal levels of steady state COL1A2 mRNA differed significantly 

between 3T3-L 1 and VT-1 cells. Although it is entirely possible that the differential expression 

of COL 1A2 may simply reflect cell type specific gene expression, the inactive PKC found in VT-

1 cells offers an interesting alternative hypothesis. Since VT-1 cells express a potentially 

mutant form of PKC, and if it is assumed that metabolic levels of collagen expression are 

mediated by PKC, then the low levels of COL 1A2 expression in VT-1 may reflect the effects of 

a non-functional PKC. These effects may be mediated either by a mutant form of PKC and/or 

an imbalance of PKC isozymes. If this assumption is made then it may be suggested that 

basal levels of COL1A2 may be regulated by PKC. This hypothesis can be tested in the future 

by using PKC inhibitors and monitoring basal expression levels of collagen as well as other 

genes. 

In fibroblasts and other anchorage dependent cells, certain genes involved in cell 

proliferation are regulated by cell density. Expression of c-myc mRNA is low in growth

arrested 3T3 cells but a sharp increase is seen after mitogenic stimulation (Dean et at, 1986). 

The ability of TPA to induce collagen synthesis is also contingent upon the cellular growth state 

(Fig. 3.5). Previous studies report a TPA-mediated down regulation of pro-a2(I) mRNA and its 

synthesis (Rabin et ai, 1986; Sobel et at, 1983). In these other systems, cells are either 

actively proliferating (Rabin et ai, 1986) or exposed to TPA for extended periods of time (Sobel 

et al., 1983). In proliferating or subconfluent 3T3-L1 cells, pro-a2(I) mRNA remains at a basal 
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level even after TPA treatment (Fig. 3.5). When 3T3-L 1 cells are in a density-dependent 

growth arrest, TPA is able to induce pro-a2(I) mRNA expression (Fig. 3.5). This result implies 

that pro-a2(I) mRNA expression may be associated with density dependent TPA-induced 

initiation of cell division. 

Various upstream regions, such as the serum responsive element and the TPA

responsive element (TAE), and their respective binding proteins such as the serum responsive 

factor and AP-1 have been shown to be involve~ in gene regulation when cells are in the 

presence of serum or TPA (Angel et al., 1987; Norman et at, 1988). Since pro-a2(I) gene 

expression was TPA-sensitive in our system using 3T3-L 1 cells, we examined its sequence for 

TRE elements which may be located in its 5' flanking region or downstream of the 5' initiation 

site. A sequence search using the GCG Sequence Analysis Package, Ver. 6 (Devereux et at, 

1984) revealed several TRE-like sequences within the available sequence data of COL1A2 

(Rossi and de Crombrugghe, 1987). Two were localized in the first intron and enhancer. This 

finding was confirmed by Sherwood et al. (1990). Localization of TAE-like elements within 

regulatory domains of COL 1A2 implies that TPA-induced collagen gene transcription may be 

regulated by a combination of up and downstream TPA-responsive cis acting elements. We 

examined the first intron by mobility shift analysis and found no differential band patterns of 

protein-DNA complexes using nuclear extract obtained from TPA treated and non-treated 3T3-

L 1 cells (Fig. 5.4A and B). 

The COL 1 A2 promoter is known to contain at least 4 sequence motifs which can 

potentially bind protein: a TATA box, a CCAAT box, an SP-1 binding domain and an NF-1 

binding site (Bornstein and Sage, 1989; Hatamochi et at, 1988; and Rossi et at, 1988). We 

examined the promoter region by mobility shift assays. Initial results revealed 4 bands but 

again no difference in migration or number of protein-DNA complexes when nuclear protein 

from TPA or DMSO treated cells was used (Fig. 5.4A and B). There are several reasons why 

no differential band pattern was initially seen. First, 1 hr treatment with TPA may have been 
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too lengthy since COL 1 A2 gene transcription is intitiated within 10 min of TPA exposure (Fig . 

. 3.6 and 3.7). Secondly, salt concentrations of the binding buffer may not have been allowed for 

optimal protein-DNA interactions. Lastly, this method of detection may not be sensitive enough 

for this system. 

The first two possibilities were addressed by using nuclear protein extracted from cells 

treated with TPA for 8 min and raising the salt concentration by 50mM. Preliminary results 

revealed a single band in quiescent cells but in cells treated with TPA, the band disappeared 

(Fig. 5.5). Of concern is that only one band appeared and not four as seen in previous results. 

It may be that binding of other regulatory proteins occurs later than 8 min after TPA treatment 

or that the different salt concentration had an effect (or both!). Nevertheless, these results are 

preliminary and must be repeated. These results also suggest that a trans-acting factor, which 

regulates transcription in a negative manner, may confer TPA responsiveness to the COL 1A2 

promoter. 

The promoter was further studied using CAT reporter gene assays. Initial results 

revealed that CAT activity of plasmids pR40 (COL 1 A2 promoter and first intron) increased in 

the presence of TPA. pBL3CAT-10 (COL 1A2 promoter) increased in the presence of TPA. 

The percent conversion from unacetylated to acetylated was around 0.5 to 3%. To determine 

whether the promoter was functional and to eliminate any possible interference by the original 

vector sequences, the promoter was cloned into pBL3CAT (Luckow and Schutz, 1987). 

Transient transfection experiments using 3T3-L 1 cells indicated that activity was still low, but 

that the promoter was TPA sensitive. pBL3CAT alone did not demonstrate any CAT activity 

since it lacks a promoter. No CAT activity was seen in stably transformed cells. CAT activity 

increased in CHO cells in addition to confir.ming TPA sensitivity (Fig. 5.3). These results 

support the finding that a region within the first -400bp of the transcription start site of the 

COL1A2 gene contains a TPA sensitive region. 

Interestingly, when TGF-p stimulates collagen gene transcription, a trans-acting factor 
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interacts with a segment of the promoter between -350 and -300 overlapping a nuclear factor 1 

(NF1) binding site (Rossi et aI., 1988). More recently, de Crombrugghe and his colleagues 

reported that mouse COL 1A2 gene expression is regulated by a complex of two DNA binding 

proteins A (39kDa) and B (41kDa) which bind to a CCAAT motif at -80 of the promoter region 

(Hatamochi et aI, 1988). As PKC was shown to accumulate in the nuclei of mouse fibroblasts 
\ 

after TPA stimulation (Leach et aI., 1989, Shimizu and Shimizu, 1989), the rather intriguing 

possibility that anyone of the protein factors discussed above may be regulated by 

phosphorylation via activated PKC is raised. 

Thus, low levels of pro-a2(I) mRNA and procollagen protein, in conjunction with the 

inability of TPA to induce wild type levels of expression the COL1A2 gene may be in part 

responsible for the TPA-non responsiveness of VT-1 cells. TPA's ability to induce a mitogenic 

response is associated with its ability to enhance collagen synthesis in 3T3-L 1 cells. The 

mechanism by which TPA achieves increased pro-a2(I) mRNA synthesis may not be mediated 

by PKC but basal metabolic transcription may. In summary, the TPA-mediated response in VT-

1 and 3T3-L 1 cells appears to be contingent upon a collagen gene activation pathway, the 

status of the ECM, the cell growth state and the activation of PKC. 
\ 

It is now accepted that mitogenic agents such as TPA and EGF activate more than one 

signal transduction pathway (Yoshimasa et aI., 1987). Although similar sets of events are 

promoted, signal transduction pathways leading to cellular responses are likely to differ. 

Varying quantitative combinations of primary response gene products may differentially activate 

secondary response genes, resulting in distinct cellular responses. 

Until recently, it was thought that TPA-mediated all of its effects by activation of PKC. 

There are several documented cases now which challenge this theory. TPA, but not OAG, 

induces differentiation of HL-60 monomelanocytes into macrophages, even though both activate 

PKC (Mitchell et aI., 1986, Calabretta, B. 1987). Long-term treatment with TPA downregulates 

the activity and cellular concentration of PKC (Nishizuka, 1989). It has been suggested that 
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hyperplasia may be mediated by the downregul~tion of PKC since the enzyme occurs at lower 

levels in neoplastic than in normal cells (Droms and Malkinson, 1991). In other words, 

sustained hyperplasia, not PKC, correlates with tumor promotion. In PKC downregulated 

states, it has been shown that the immediate early inducible c-fos can be activated 

independently of PKC (Muldoon et al, 1990; Rozengurt and Sinnett-Smith, 1983; Stumpo and 

Blackshear, 1986). Our system also supports the theory that there are PKC independent 

signalling pathways mediated by TPA . 

It has been shown (Shimizu and Shimizu, 1989) that there is a loss of TPA-induced 

membrane associated PKC activation in VT-1 cells. Yet, TPA treatment of quiescent VT-1 cells 

induces the transcriptional activation of several protooncogenes c-fos, c-myc and c-jun and 

other genes related to the mitogenic process (Fig. 6.1, 6.2 and 6.3). Unless PKC acts as a 

negative regulator for this set of genes, one cannot say that the PKC signal transduction 

pathway is fully responsible for protooncogene induction. As suggested above, PKC may not 

be the only means by which TPA initiates a signal transduction pathway. It may be through 

alternate pathways that these genes are induced, particularly in the variant cell line. Their 

expression in VT-1 cells suggests that these genes may be necessary but not sufficient for TPA 

induction of mitogenesis. There have been several other reports that protooncogene 

expression may be necessary but not sufficient for a mitogenic response (Johnson et at, 1987). 

It has already been implied in the case of c-myc that it may playa role solely as a competence 

factor (Eisenman and Thompson, 1986; Baserga and Surmacz, 1987) for the cell and therefore 

may not have direct involvement in TPA's mitogenic response. 

Relative PKC levels have been compared in normal and tumorigenic tissues and cells 

(reviewed in Droms and Malkinson, 1991). Highly transformed and/or tumorigenic cells 

exhibited lower PKC activities than their normal counterpart. However, higher PKC activities 

have also been correlated with increased cellular transformation (Hirai et at, 1989). 

Nevertheless, these data suggest that PKC is involved in regulating mitotic events. Our results 
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further substantiate the suggestion that functional PKC is needed to drive the cell through 

mitosis. Immediate early gene expression may, however, be contingent upon a PKC 

independent TPA inducible mechanism. As previously suggested, TPA may mediate its signal 

via ECM-cytoskeletal interactions. 

During adipocyte differentiation, the transcriptional activation of lipid binding protein aP2 

occurs. o-fos has been shown to participate with nucleoprotein complex in binding the fat 

specific element (FSE) of aP2 (Distel, R.J. et at, 1987). Using DEX and IBMX as promoters of 

adipocyte differentiation (Russell and Ho, 1976), we have assessed transcriptional activation of 

several genes, including c-fos (Fig. 6.7). c-fos mRNA expression does not increase in the 

presence of DEX and IBMX. This finding does not preclude the fact that these agents may 

activate the FOS protein. The observation of increased mRNA expression of certain genes 

when quiescent 3T3-L 1 cells are treated with DEX and IBMX can only suggest that these 

genes may be involved in the differentiation process. Further work needs to be done at the 

protein level in order to determine the actual components directly involved in adipocyte 

differentiation. Growth factors assist the differentiation process (Gamou and Shimizu, 1986). 

Cells stimulated to differentiate go through the cell cycle and enter Go state (Gamou and 

Shimizu, 1985). It would seem logical that since growth factors are also necessary for 

differentiation, that differentiation would induce an overlapping set of genes with those 

expressed in the presence of growth factors alone. Our data supports this hypothesis. 

Two other independent clones isolated by M. Amagai et a!. (1989), TIE-10B and -44, 

showed no homology with any known DNA sequences. In this study, several unknown genes 

have been characterized at the mRNA levels in terms of their size, TPA inducibility, 

cycloheximide sensitivity, inducibility by EGF, insulin and serum in 3T3-L 1 cells and expression 

patterns in mouse tissues. Based on these results, as well as, the partial sequence analysis 

(Amagai et at, 1989), the two TIE genes were proven to be not previously seen in other 

systems where TPA-inducible genes were studied (Lim et at, 1979; Arya et at, 1984; Kwon 
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and Weissman, 1984; Angel et aI., 1986). Both "TIE genes are inducible by TPA (Fig. 7.1). 

The expression pattern of TIE·44 in 3T3·L 1 cells compared to VT·1 is consistent with the 

selection strategy used to isolate the TIE clones (Amagai et aI., 1989). There is clearly a 

reduced level of TIE·44 expression in VT·1 cells exposed to TPA. This reduction of expression 

in the TPA non·responsive line provides a direct association of these genes with the TPA 

mitogenic response. Whether these genes encode TPA dependent competence factors or any 

factor necessary for the cell to traverse the cells cycle still needs to be addressed. 

The apparent delay of TPA induction of TIE·10B mRNA in the presence of 

cycloheximide may either be an actual delay in TPA's ability to induce mRNA in the presence 

of cycloheximide or may in fact be a total interference of cycloheximide on message induction. 

The mRNA that we see may be an accumulation of message already present. Therefore, de 

~ protein synthesis is needed for TPA·induced TIE·10B mRNA. The accumulation of basal 

level mRNA of all the TIE genes by elimination of de ~ protein synthesis indicates that 

proteins involved in regulation of TIE mRNA turnover in the resting state are synthesized when 

cells are quiescent (Fig. 7.3). 

As discussed earlier, fibroblast cells are regulated by cell density. Gene expression is 

contingent upon whether the cell is actively proliferating or in a state of quiescence (Rg. 7.4 

and 7.5). Both TIE gene mRNAs were induced by serum and TPA in proliferating and growth 

arrested cultures. The timing of the increase in mRNA was much earlier in growth arrested 

cells. The expression patterns of these genes under different cellular conditions suggest that 

TIE gene expression is contingent upon the growth status of the cells. 

Expression of TIE·10B in mouse tissue is most pronounced in lung tissue (Rg. 7.6). 

Expression of TIE·44 was seen in differentiated 02·C12 myotubes but not myoblasts (G. 

Pavlath, unpublished results). The global expression of both of the TIE genes in mouse tissue 

(Fig. 7.6 and 7.7) indicates that these genes may be necessary for basic cellular function. 

Shown in Table 7.3, EGF and FBS can induce the expression of specific TIE genes. 
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In addition, drugs used to initiate adipocyte differentiation, influenced TIE gene expression. c-

fos (Dista! et at, 1987; Sassone-Corsi and Verma, 1987) contains multiple upstream regulatory 

regions which allow it to respond to more than one set of stimuli. The differential sensitivity of 

each of these genes to a variety of factors involved in mitogenesis and differentiation, imply that 

each of the TIE genes may be sensitive to regulatory components within other growth related 

signal transduction pathways. 

Although the mRNA expression patterns exhibited by TIE-10B (Rg. 7.1A) are not 

consistent with the selection procedure used to isolate the TIE clones, its novelty makes it a 

gene of interest. Because TIE-10B is expressed to a greater degree in the TPA non

responsive line, one may speculate that it may be an overexpressed negative regulatory gene. 

Its high level of expression may lead to complete cessation rather than a regulated response to 

TPA. TIE-10B mRNA can be induced by TPA and FBS during cell proliferation, which lends 

further support to the notion that it may be involved in growth regulation. This hypothesis will 

be tested once the entire gene is cloned. 

There have been several failed attempts to clone and sequence the full length of TIE-

10B gene from mouse cells. In rat hepatoma cells, TIE-10B is also expressed (Y. Shimizu, 

unpublished). Subsequently, a rat hepatoma library was also screened for the gene. The initial 

results have yielded no inserts. The sequence information we have from mouse cells thus far 

(2.Skb}(Amagai and Shimizu, unpublished) reveals no open reading frames and the S' or 3'end 

remain elusive. The sequence is also AT rich. Because of these findings, we would like to 

suggest that TIE-10B may not be an mRNA which encodes a protein, but an RNA possibly 

involved in protein synthesis, catalysis or a component of a riboprotein. Determination of the 

full length sequence is necessary to show if this suggestion is correct. 

The subset of unknown genes initially consisted of three TIE sequences. During the 

characterization of these genes it was noticed that, in one case, the mRNA expression pattern 

and transcript molecular weight matched that of COL 1 A 1. Subsequently, by Southem blotting 
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and restriction map analysis, TIE-4 was shown to be COL1A1. Because no sequence 

homology was found, we would like to suggest that the 3' untranslated region of this gene was 

cloned and that TIE-4 is actually COL1A1. Thus, the mRNA expression of the two unknown 

TIE genes reveals that these genes are TPA inducible and that they may belong to the family 

of immediate early genes. Whether they are absolutely necessary for a TPA-induced mitogenic 

response is at present not known. Once the full length cDNAs are obtained, further analysis 

can be performed. 

In conclusion, we have demonstrated that TPA stimulates the expression of the 
\ 

extracellular matrix protein, collagen, in addition to several other known and unknown genes. 

The typical view of PKC as a receptor and signal mediator for TPA is challenged by some of 

the data presented here, and alternative roles have been discussed. A proposed model for 

TPA-induced regulation of signal transduction and gene expression is depicted in Fig. 8.1. The 

TPA-induced expression of collagen may involve a negative regulatory protein as well as many 

other factors. Collagen has not previously been shown to be induced by TPA and low level 

collagen expression is correlated with TPA non-responsiveness. The analysis of its regulation 

by TPA will add another spicy dimension to the melting pot of TPA's pleiotropic effects. 



/ 

! 
VIT~ONE~IN--4 

Fig. 8.1. Proposed Model of TPA-Medlated Signal Transduction: Involvement of PKC 

and the Extracellular Matrix. 
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APPE~DIXA 

ABBREVIATIONS 

AP-l, activator protein 1; concensus sequence TGAC/GTCA 

CAT, chloramphenical acetyl transferase 

CRE, cAMP response element 

COL1Al, collagen type I, the al subunit gene 

COL lA2, collagen type I, the a2 subunit gene 

COL3A 1, collagen type III, the al subunit gene 

DAG, diacylglycerol 

DEPC, diethylpyrocarbonate 

DMEM, Dulbecco's modified Eagles medium 

DMSO, dimethylsulfoxide 

ECM, extracellular matrix 

EGF, epidermal growth factor 

FBS, fetal bovine serum 

FN, fibronectin 

GUSCN, guanidine thiocyanate 

LAM, laminin 

NF-l, nuclear factor 1, binding site: TTCCCCTCCTCCCTCCC 

NT, no treatment 

ODC, ornithine decarboxylase 

pBL3CAT, CAT vector with COL1A2 promoter (-2000 to +54bp) 

PI, phosphotidylinositol 

PKC, protein kinase C 
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PMSF, phenylmethylsulfonyl fluoride 

pR40, CAT vector with COL1A2 promoter and first intron 

SP-1, specific factor 1, binding site: GGGGCGG 

SV-40, simian virus 40 

TGFp, transforming growth factor p 

TIE, TPA Inducible Early genes 

TPA, 12-O-tetradecanoylphorbol-13-acetate 

TRE, TPA responsive element 

116 



CHAPTER 9 

REFERENCES 

Aho, S., Tate, V. and Boedtker, H. (1983). Nucleic Acids Res. 11:5443-5450. 

Almendral, J.M., Sommer, D., Macdonald-Bravo, H., Burckhardt, J., Perera, J. and Bravo, A. 
(1988). Mol Cell BioI. 8:2140-2148. 

117 

Amagai, M., Inokuchi, Y., Nishikawa, T., Shimizu, Y., and Shimizu, N. (1989). Somat. Cell Mol. 
Genet. 15:153-158. 

Angel, P., Baumann, I., Stein, B., Delius, H., Rahrnsdorf, H.J., and Herrlich P. (1987). Mol. 
Cell., BioI. 1:2256-2266. 

Angel, P., Poting, A., Mallick, U., Rahrnsdorf, H.J., Schorpp, M. and Herrlich, P. (1986). Mol. 
Cell. Bioi. §. :1760-1766. 

Angel, P., Imagawa, M., Chiu, A., Stein, B., Imbra, A.J., Rahmsdorf, H.J., Jonat, C., Herrlich, P. 
and Karin, M. (1987). Cell ~:729-739. 

Arya, S.K., Wong-Staal, F., Gallo, R.C., (1984). Mol. Cell. BioI. .1:2540-2542. 

Ashendel, C.L., Staller, J.M. and Boutwell, A.K. (1983). Biochem. Biophys. Res. Commun. 
111:340-345. 

Ballester, R. and Rosen, O.M. (1985). J. BioI. Chem. 260:15194-15199. 

Barber, J.R., and Verma, I.M. (1987). Mol. Cell BioI. 1:2201-2211. 

Baserga, A. and Surmacz, E. (1987). Bio/technology .2,:1355-1358. 

Bell, A.M. (1986). Cell 45:631-632. 

Bellas, A.E., Bendori, A. and Farmer, S.A. (1991). J. Bioi Chem. 266:10008-10014. 

Ben-Ze'ev, A. (1986). TIBS 11:478-481. 

Ben-Ze'ev, A., Reiss, A., Bendori, R. and Gorodecki, B. (1990). Cell Reg. 1:621-636. 

Ben-Ze'ev, A., Robinson, G.S., Bucher, N.L.A. and Farmer, S.A. (1988). Proc. Natl. Acad. Sci. 
(USA) 85:2161-2165. 

Berridge, M.J. (1986). Cancer Surveys .2,:413-430 

Bissell, M.J. and Aggeler, J. (1987). Mechanisms of Signal Transduction by Hormones and 
Growth Factors. Alan A. Liss, Inc. pp. 251-262. 

Blackshear, P.J., Wen, L., Glynn,B.P., and Witters, L.A. (1986). J. BioI. Chem. 261:1459-1469. 



Blatti, S.P., Foster, D.N., Ranganathan, G., Moses, H.L. and Getz, M.J. (1988). Proc. Natl. 
Acad Sci. (USA) 85:1119-1123. 

Bohmann, D. Bos, T.J., Admon, A., Nishimura, T., Vogt, P.K. and Tijan, R. (1987). Science 
238:1386-1391. 

Bohmann, D. and Tijan, R. (1989). Cell 59:709-717. 

Bornstein, P. and Sage, H. (1989). Prog. Nucleic Acid Res. Mol. Bioi. 37:66-106. 

Boyle, W.J., Smeal, T., Defize, L.H.K., Angel, P., Woodgett, J.R., Karin, M. and Hunter, T. 
(1991). Cell.§i:573-584. 

Buck, C.A. and Horwitz, A.F. (1987). Annu. Rev. Cell Bioi. ~:179-205. 

Butler, A.P., Byus, C.V. and Siaga, T.J. (1986). "J. BioI. Chern 261:9421-9425. 

Calabretta, B. (1987). Mol. Cell. BioI. 1:769-774. 

118 

Castagna, M., Takai, Y., Kaibuchi, K., Sa no, K., Kikkawa, U. and Nishizuka, Y. (1982). J. BioI. 
Chern. 257:7847-7851. 

Chamberlain, J.P. (1979). Anal. Biochem. 98:132-135. 

Chirgwin, J., Aeyble, A., McDonald, R. and Rutter, W. (1979). Biochemistry 18:5294-5299. 

Chiu, R. Angel, P., Karin, M. (1989). Cell 59:979-986. 

Chiu, R., Imagawa, M., Imbra, R.J., Bockoven, J.R. and Karin, M. (1987). Nature 329:648-651. 

Chu, M.L., de Wet, W., Bernard, M., and Ramirez, F. (1985). J. Bioi. Chem. 260:2315-2320. 

Cohen, D.R., Ferreira, P.C.P., Gentz, R., Franza, B.R.Jr., and Curran, T. (1989). Genes Dev. 
~:173-184. 

Colburn, N.H. (1980). Carcinogenesis-A Comprehensive Survey, Vol. 5. Raven Press, NY, 
pp.33-56. ' 

Coller, B.S., Beer J.H., Scudder, L.E. and Steinberg, M.H. (1989). Blood 48:182-192. 

Curran, T., MacConnell, W.P., van Straaten, F., and Verma, I.M. (1983). Mol. Cell Bioi. ~:914-
921. 

Curran, T. and Franza, B. R. Jr. (1988). Cell §§.:395-397. 

Dahl, S.C. and Grabel, L.B. (1989). J. Cell Bioi. !!:183-190. 

Dean, M., Levine, R.A., Ran, W., Kindy, M.S., Sonenshein, G.E. and Campisi, J. (1986). J. 
Bioi. Chern. g§1:9161-9166. 

Dicker, P. and Rozengurt, E. (1981). J. Cell. Phys. 109:99-109. 



Dimario, J., Buffinger, N., Yamada, S. and Strohman, R.C. (1989). Science 244:688-690. 

Devereux, J., Haeberli, P. and Smithies, O. (1984). Nuc. Acids Res . .1,g:387-395. 

119 

Distal, R.J., Ro, H. Rosen, B.S., Groves, D.L. and Spiegelman, B.M. (1987). Cell 49:835-844. 

Droms, K.A. and Malkinson, A.M. (1991). Molec. Carcin . .1:1-2. 

Eisenman, R.N. and Thompson, C.B. (1986). Cancer SUlVeys §.:309-327. 

Freed, E., Gailit, J., van der Geer, P., Ruoslahti, E. and Hunter, T. (1989). EMBO ~:2955-2965. 

Gamou, S. and Shimizu, N. (1985). Growth and Differentiation of Cells in Defined Environment, 
ed. Murakami, H., Yamane, I., Barnes, D.W., Mather,J.P., Hayashi, I. and Sato, G.H., 
KodanshalSpringer-Verlag, pp. 173-178. 

Gamou, S. and Shimizu, N. (1986). Cell Structure and Function 11:21-30. 

Green, H. and Kehinde, O. (1974). Cell 1:113-116. 

Greenberg, M.E. and Ziff, E.B. (1984). Nature 311 :433-438. 

Globus, R.K., Plouet, J. and Gospodarowicz, D. (1989). Endocrinology 124:1539-1547. 

Hatamochi, A., Golumbek, P.T., Shaftingen, E.V. and de Crombrugghe, B. (1986). J. BioI 
Chern. 261:11310-11314. 

Hatamochi, A., Golumbek, P.T., Shaftingen, E.V. and de Crombrugghe, B. (1988). J. BioI. 
Chern. 263:5940-5947. 

Hecker, E., Fusenig, N.E., Kunz, W., Marks, F. and Thielmann, H.W., (1982). Carcinogenisis-A 
Comprehensive SUlVey Vol 7. 

Herbomel, P. Bourachof, B. and Yaniv, M. (1984). Cell 39:653-662. 

Herschmann, H.R. (1989). TIBS 14:455-458. . 

Hirai, M., Gamou, S., Kobayashi, M. and Shimizu, N. (1989). Jpn. J. Cancer Res. 80:204-208. 

Hirai, M. and Shimizu, N. (1990). 8iochem. J. 270:583-589. 

Hirst, R., Horwitz, A., Buck, C. and Rohrschneider, L. (1986). Proc. Nat!. Acad. Sci. (USA) 
83:6470-6474. 

Hyatt, S.L., Klauck, T. and Jaken, S. (1990). Mol. Carcinog. ~:45-53. 

Hynes, R.O. (1987). Cell ~:549-554. 

Ignotz, R.A. and Massague, J. (1986). J. BioI Chem. 261 :4337-4345. 

Ignotz, R.A., and Massague, J. (1987). Cell 51:189-197. 



Jaken, S., Leach, K. and Klauck, T. (1989). J. Cell Bioi. 109:697-704. 

Johnson, M.D., Housey, G.M., O'Brian, C.A., Kirschmeier, P.T., Weinstein, I.B. (1987). 
Environmental Health Perspectives 76:89-95. 

120 

Johnson, M.D., Housey, G.M., O'Brian, C.A., Kirschmeier, P.T. and Kikkawa, U. and Nishizuka, 
Y. (1986). Ann. Rev. Cell BioI. £:149-178. 

Karin, M. and Richards, R.1. (1982). Nuc. Acids Res. 10:3165-3173. 

Katz, A. and Kahana, C. (1987). Mol. Cell. Biol .. I:2641-2643. 

Kelly, K., Cochran, B.H., Stiles, C.D., and Leder, P. (1983). Cell 35:603-610. 

Kim, S., Denhez, F., Kim, K.Y., Holt, J.T., Sporn, M.B. and Roberts, A.B. (1989). J. BioI. Chem. 
264:19373-19378. 

Kikkawa, U., Takai, Y., Tanaka, Y., Miyake, R. and Nishizuka, Y. (1983). J. Bioi. Chem. 
258:11442-11445. 

Kikkawa, U., Ogita, K., Shearman, M.S., Ase, K., Sekeguchi, K., Naor, Z., Kishimoto, A., 
Nishizuka, Y., Saito, N., Tanaka, C., Ono, Y., Fujhi, T. and Igarashi, K. (1988). Cold Spring 
Harbor Symposia on Quantitative Biology Vol. 7. Cold Spring Harbor Laboratory, pp.97-102. 

Kishimoto, A., Mishiyama, K. and Nakanishi, H. (1983). J. BioI. Chern. 258:1156-1164. 

Knopf, J.L., Lee, M., Sultzman, L.A., Kriz, R.W., Loomis, C.R., Hewick, R.M. and Bell, R.M. 
(1986). Cell 46:491-502. 

Kruijer, W., Cooper, J., Hunter, T. and Verma, I.M. (1984). Nature 312:711-716. 

Kuhn, K. (1987). In Biology of Extracellular Matrix:Structure and Function of Collagen Types. ed 
Mayne, R. and Burgeson, E., Academic Press, Orlando, Florida, pp. 1-42. 

Kunicki, T.J., Nugent, D.J., Staats, S.J., Orchelowski, R.P., Wayner, E.A. and Carter, W.G. 
(1988). J. Bioi Chem. 262:4516-4519. 

Kuo, J.F., Andersson, R.G.G., Wise, B.C. and Mackerlova, L. (1980). Proc. Natl. Acad. Sci. 
(USA) 77:7039-7043. 

Kwon, B.S. and Weissman, S.M. (1984). J. Virol., 52:1000-1004. 

Laemmli, U.K. (1970). Nature (London) 227:680-685. 

Landshulz, W.H., Johnson, P.F. and McKnight, S.L. (1989). Science 243:1681-1688. 

Languino, L.R. and Ruoslahti (1991). Submitted. 

Lau, L.F. and Nathans, D. (1985). EMBO J . .1:3145. 

Lau, L.F. and Nathans, D. (1987). Proc. Natl. Acad. Sci. (USA) !M.:1182-1186. 



121 

Leach, K.L., James, M.L. and Blumberg, P.M. (1983). Proc. Natl. Acad. Sci. (USA) 80:4208-
4212. 

Leach, K.L., Powers, E.A., Rutt, V.A., Jaken, S. and Kaufmann, S. (1989). J. Cell Bioi. 
109:685-695. 

Lee, W., Haslinger, A., Karin, M. and Tjian, R. (1987). Nature 325:368-372. 

Lee, W., Mitchell, P. and Tijan, R. (1987). Cell 49:741-752. 

Liau, G., Yamada, Y. and de Crombrugghe, B. (1985). J. BioI. Chern. 260:531-536. 

Lim, R.W., Varnum, B.C., Herschman, H.R. (1979). Onccogene, 1:63-270. 

Luckow, B. and Schutz, G. (1987). Nucleic Acids Res. 115:5490-5496. 

Masur, S.K., Sapirstein, V. and Rivero, D. (1985). Biochim. Biophys Acta 821:286-296. 

Matrisian, L. M., Leroy, P., Ruhlmann, C., Gesnel, M.C., and Breathnach, R. (1986). Mol. Cell. 
BioI. .2,: 1679-1686. 

McConologue, R., Gupta, M., Wu, L., Coffino, P. (1984). Proc. Natl. Acad. Sci. (USA) 81:540-
544. 

McKeon, C., Schmidt, A. and de Chrombrugghe, B. (1983). J. Bio.Chem. 259:6636-6640. 

Miller, A.D., Curran, T. and Verma, I.M. (1984). Cell 36:51-60. 

Miller, E. J. (1985). Ann. N.Y. Acad. Sci. 460:1-13. 

Mitchell, R.L., Henning-Chubb, C., Huberman, E. and Verma, I.M. (1986). Cell 45:497-504. 

Miyata, Y., Nishida, E. and Sakai, H. (1988). Exp. Cell Res . .1Z§.:286-297. 

Mueller, S.C., Kelly, T., Dai, M., Dai, H. and Chen, W.T. (1989). J. Cell BioI. 109:3455-3464. 

Muldoon, L.L., Pribnow, D., Rodland, K.D. and Magun, B.E. (1990). Cell Reg. 1:379-390. 

Muller, R., Bravo, R., Burckhardt, J. and Curran, T. (1984). Nature 312:716-720. 

Myers, J.C, Dickerson, L.A., de Wet, W.J., Bernard, M.P., Chu, M.L., Di Liberto, M., Pepe, G., 
Sangiorgi, F.O., and Ramirez, F. (1983). J. Bioi Chem. 258:101128-10135. 

Nakabeppu, Y., Ryder, K. and Nathans, D. (1988). Cell 55:907-915. 

Nathans, D., Lau, L.F., Christy, B., Hartzell, S., Nakabeppu, Y. and Ryder, K. (1988). Cold 
Spring Harbor Symposia on Quantitative Biology. Vol Lillo Cold Spring Harbor Laboratory, 
pp.893-900. 

Newman, P. and Watt, F.M. (1988). Exp. Cell Res. 178:199-210. 

Niedel, J. E., Kuhn, L.J. and Vandenbark, G.R. (1983). Proc. Natl. Acad. Sci., (USA) !!Q.:36-40. 



Nishizuka, Y. (1984). Nature 308:693-698. 

Nishizuka, Y. (1986). Science 233:305-312. 

Nishizuka, Y. (1988). Nature ~:661-665. 

Nishizuka, Y. (1989). JAMA ,g§g:1826-1833. 

Norman, C., Runswick, M., Pollock, A. and Treisman, A. (1988). Cell 55:989-1003. 

Ohkubo, H., Vogeli, G., Mudryj, M., Awedimento, V.E., Sullivan, M., Pastan, I., and de 
Chrombrugghe, B. (1980). Proc. Natl. Acad. Sci. (USA) 77:7059-7063. 

Patskan, G.J. and Baxter, C.S. (1985). J. Bioi. Chern. 260:12899-12903. 

Pearlstein, E., Gold, 1.1. and Garcia-Pardo, A. (1980). Mol. Cell. Bioch. 29:103-28. 

Phaire-Washington, L., Wang, E. and Silverstein, S.C. (1980). J. Cell Bioi. 86:634-640. 

Prockup, D.J. and Kivirikko (1984). New Engl. J. Med. 311 :376. 

Quantin, B. and Breathnach, A. (1988). Nature 334:538-539. 

122 

Rabin, M.S., Dhoherty, P.J. and Gottesman, M.M. (1986). Proc. Natl. Acad. Sci. (USA) 83:357-
360. . 

Ramirez, F. and di Liberto, M. (1990). FASEB J . .1:1616-1623. 

Ramirez, F. and de Wet, W. (1988). Ann. N.Y. Acad. Sci. 453:109-116. 

Rauscher, F.J. III, Cohen, D.A., Curran, T., Bos, T.J., Vogt, P.K., Bohmann, D., Tijan, A. and 
Franza, B.A. Jr. (1988). Science 240:1010-1016. 

Robinson, J.M., Badwey, J.A., Karnovsky, M.L. and Karnofskey, M.J. (1987). J. Cell BioI. 
105:417-426. 

Robinson, J.M., Badwey, J.A., Karnovsky, M.L. and Karnofskey, M.J. (1985). J. Cell Bioi. 
101 :1 052-1 058. 

Rodriguez-Pena, A. and Rozengurt, E. (1984). Biochem. Biophys, Res. Comm. 120:1053-1059. 

Rodriguez-Pena, A. and Rozengurt, E. (1986). EMBO J., 5:77-83. 

Rossi, P. and de Crombrugghe, B. (1987). Proc. Natl. Acad. Sci. (USA) 84:5590-5594. 

Rossi, P., Karsenty, G., Roberts, A.B., Roche, N. S., Sporn, M.B. and de Crombrugghe, B. 
(1988). Cell 52:405-414. 

Rozengurt, E., Rodriguez-Pena, A. and Smith, K.A. (1983). Proc. Natl. Acad. Sci. (USA) 
80:7244-7248. 

Rozengurt, E. and Sennett-Smith (1983). Proc. Natl. Acad. Sci. (USA) 80:2936. 



Rozengurt, E. (1986). Science 234:161-166. 

Ruoslahti, E. and Pierschbacher, M.D. (1987). Science ~:491-496. 

Russell, T.R. and Ho, A.J. (1976). Proc. Nat! Acad. Sci. (USA) ~:4516-4520. 

Ryder, K., Lau, L.F. and Nathans, D. (1988). Proc. Natl. Acad. Sci. (USA) 85:1487-1491. 

Ryder, K., Lanahan, A., Perez-Albuerne, E. and Nathans, D., (1989). Proc. Nat!. Acad. Sci., 
(USA) 86:1500-1503. 
Samuels, D.S. and Shimizu, N. (1992). J. BioI. Chem. In press. 

123 

Sandell, L.J. and Boyd, C.D. (1990). Extracellular Matrix Genes. Academic Press, Inc. pp: 1-
55. 

Sasaki, M., Kato, S., Kohno, K., Marrtin, G.A., Vamada, V. (1987). Proc. Nall. Acad. Sci. (USA) 
M.:935-939. 

Sassone-Corsi, P. and Verma, I.M. (1987). Nature 326:507-510. 

Sassone-Corsi, P., Ransone, L.J., Lamph, W.W., Verma, I.M. (1988). Nature 336:692-695. 

Schwarzbauer, J.E., Tamkun, J.W., Lemiscka, I.A. and Hynes, A.O. (1983). Cell~:421-431. 

Sherwood, A.L., Bottenus, A. E., Martzen, M.R. and Bornstein, P. (1990). Gene 89:239-244. 

Shiba, V., Sastrodihardjo, S., Sasaki, V. and Kanno, V. (1987). Cell Struct. Funct. jg:549-558. 

Shimizu, V.and Shimizu, N. (1980). Somat. Cell Genet. .2:583-601. 

Shimizu, V., Fujiki, H., Sugimura, T. and Shimizu, N. (1986). Cancer Res. 46:4027-4031. 

Shimizu, V. and Shimizu, N. (1989). Somat. Cell Mol. Genet. 15:321-329. 

Sobel, M.E., Dion, D.L., Vuust, J. and Colburn, N.H. (1983). Mol. Cell. Bioi. ~:1527-1532. 

Southern, P.J. and Berg, P. (1982). J. of Molec. App. Genet. 1:327-341. 

Staatz, W.O., Rajpara, S.M., Wayner, E.A., Carter, W.G. and Santoro (1989). J. Cell BioI. 
108:1917-1924. 

Stuiver, I., Shimizu, V., and Shimizu, N. (1991). Biochem. J. 278:369-373. 

Strulovici, B., Daniel-Issakani, S., Baxter, G., Knopf, J., Sultzman, L., Cherwinki, H., Nestor, 
J.JA., Webb, D.R. and Ranson, J. (1991). J. Bio. Chern. 266:168-173. 

Stumpo, D. J., and Blackshear, P.J. (1986). Proc. Natl. Acad. Sci. (USA)83:9453-9457. 

Tabor, C.W. and Tabor, H. (1984). Annu. Rev. Biochem. 53:749-790. 

Takai, V., Kaibuchi, K., Tsuda, T. and Hoshijima, M. (1985). J. Cell. Biochem. 29:143-155. 



124 

Tapley, P., Horwitz, A., Buck, C., Duggan, K. and Rohrschneider, L. (1989). Oncogene ~:325-
333. 

Terranova, V.P., Rohrbach, D.H. and Martin, G.F.l. (1981). Cell gg,:719-726. 

Van Beveren, C., Van Straaten, F., Curran, T., Muller, R. and Verma,I.M. (1983). CeIl32:1241-
1255. 

Vlodavsky, I., Folkman, J., Sullivan, R., Fridman, R., Ishai- Michaeli, R., Sasse, J. and 
Klagsbrun, M. (1987). Proc. Nat!. Acad. Sci. (USA) M,:2292-2296. 

Vogt, P.K., Box, T.J. and Doolittle, R.F. (1987). Proc. Natl. Acad. Sci. (USA) 84:3316-3321. 

Watson, P.A. (1991). FASEB J. 2:2013-2019. 

Watt, F.M. (1986). TIBS ,11:482-485. 

Watt, F.M., Jordan, P.W. and O'Neill (1988). Proc. Nat!. Acad. Sci. (USA) 85:5576-5580. 

Ways, D., Dodd, R. and Earp, H. (1987). Cancer Res. 47:3344-3350. 

Ways, K., Riddle, R., Ways, M. and Cook, P. (1991). J. BioI. Chern. 266:1258-1264. 

Weeks, C.E., Herrmann, A.l., Nelson, F.R. and Siaga, T.J. (1982). Proc Natl. Acad. Sci. (USA) 
79:7028-6032. 

Weinstein, I.B. (1987). Environ. Health Perspect. 76:89-95. 

Werth, O.K., Niedel, J.E. and Pastan, I. (1983). J. BioI. Chem ~:11423-11426. 

Wilkins, J.A., Stupack, D., Stewart, S. and Caixia, S. (1991). Eur. J.lmmunol. 21:517-522. 

Witters, L.A., Vacter, C.A. and Lienhard, G.E. (1985). Nature 315:777-778. 

White, J.G. and Estensen, R.D. (1974). Am. J. Pathol. 75:45-60. 

Yayon, A., Klagsbrun, M., Esko, J.D., Leder, P. and Ornitz, D.M. (1991). Cell 64:841-848. 

Yoshimasa, T., Sibley, D.R., Bouvier, M., Lefkowitz, R.J., Caron, M.G. (1987). Nature 327:67-
70. 

Zerial, M., Toschi, L., Rysseck, R.P., Schuermann, M., Muller, R. and Bravo, R. (1989). EMBO 
J. ,!!:105-113. 


