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Abstract

Structure, expression and function of the chicken proto-oncogene c-ras

by

Jianmin Chen 

Advisor: Lu-Hai Wang, Ph.D., Professor

Proto-oncogene c-ros is the cellular counterpart of the transforming gene v-ros of 

avian sarcoma virus UR2 (Neckameyer et al., 1986; Chen et al., 1991). The transforming 

protein of UR2 is a  gag-ros fusion polypeptide of 68-kDa with protein tyrosine kinase 

(PTK) activity (Feldman et al., 1982; Jong & Wang, 1987). Previous studies have shown 

that c-ros codes for a  receptor-like PTK molecule (Neckameyer et al., 1986; Matsushime 

et al., 1986). However, the physiological function and potential ligand of the c-ros product 

remains unknown. In order to understand the function of the c-ros proto-oncogene, 

following aspects of c-ros were explored in my PH.D work:

1. Isolation and cloning of the c-ros cDNA. Using the \r-ros DNA as a probe to screen 

chicken kidney cDNA libraries, I have isolated several overlapping cDNA clones and 

determined their sequences (Chen et al., 1991). Nucleotide sequence of the 8.1-kb c-ros 

cDNA shows that it codes for a transmembrane (TM) PTK molecule of 2311 amino acids 

(aa).

2. Functional characterization of the c-ros protein. Expression study showed that c-ros 

product is a  260 to 280-kDa glycosylated protein with very low kinase activity in the 

absense of ligand stimulation. The biochemical and biological properties of the c-ros 

protein and one of its activated variant were analyzed.

3. Analysis of the c-ros expression in vivo. Analysis of the c-ros RNA expression in 

various chicken tissues by RNase protection assay (RPA) and in situ hybridization showed



that the c-ros expression is under tight temporal and spatial regulation. The tissue and cell 

type specific expression of c-ros suggests that it may play important roles in their 

development and mature functions.

4. Clonning and charaterization of the c-ros promoter. A genomic DNA fragment 

corresponding to the potential c-ros promoter was isolated. Experiments of primer 

extension, RNase protection and functional demonstrations (CAT assay) were performed 

to verify that this region is indeed the c-ros promoter. One positive regulatory region was 

mapped by analysis of a  series of deletion mutant.
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Chapter I. Introduction

I. Oncogene and tumour suppressor gene

II. Protein tyrosine kinases (PTKs) and their signal transduction

III. Viral oncogene v-ras and proto-oncogene c-ros

I. Oncogene and tumor suppressor gene 

Oncogene and proto-oncogene

Oncogenes described to date encode proteins that fall into four classes: growth 

factors, growth factor receptors, transducers of growth factor responses and transcription 

factors that mediate growth factor induced gene expression (Cantley et al., 1991). The 

normal cellular counterpart of oncogenes are proto-oncogenes, whose products are mainly 

involved in cellular signaling pathway (Hunter, 1991), controlling cell growth and 

differentiation. Genetic alteration of a proto-oncogene can covert it to an oncogene and 

cause uncontrolled cell growth or termination of differentiation.

Oncogenes can be dominant or recessive. Dominant mutation will cause gain of 

function (eg. ras gene ) ,  whereas recessive mutation will lead to loss of function (eg. Rb 

gene). The latter are now widely recognized as tumor suppressor genes. The 

mechanisms of tumorigenesis include the following possibilities: point mutations usually 

activate proto-oncogenes; deletions are mainly involved in tumor suppressor gene 

inactivation; chromosomal translocation could activate oncogenes or inactivate tumor 

suppressor genes; and gene amplification can cause oncogenic activation (Bishop, 1991).

The first class of oncogenes is growth factor or growth factor-like molecules, sis 

(ie. PDGF B chain) is the first member of this family identified. It is widely accepted that 

oncogenic activation by growth factor is mainly through autocrine stimulation. The latest



members of this class include intA , int-2, hst and FGF-5.

The second class of oncogenes encode mutant forms of growth factor receptors, 

many of which are receptor PTKs. Details will be discussed in the second part of this 

chapter.

The third class encode a  large number of distinct molecules which are involved in 

different aspects of intracellular signalling. Among them, src, fps and abl represent 

nonreceptor PTKs; H-ras, K-ras and N-ras represent membrane associated G proteins; 

mos and raf represent cytoplasmic protein serine/threinine kinases; Crk, Nek, She and 

GRB2/Sem5/Ash represent cytoplsmic adaptors or regulators. Specific mutation, deletion 

or fusion with other protein may activate the oncogenic potential of these signalling 

molecules.

The final class is nuclear transcription factors. Among them, fos, jun, myc, myb 

and rel are well characterized, jun, fos and myb are activated because of the mutations 

that result in the loss of their negative regulatory elements. In contrast, for v-re/, the loss 

of the positive effector domain leads to the dominant negative prevention of expression 

of genes required for differentiation of cells. In many examples of human lymphomas, 

constitutive expression of c-myc leads to transformation.

Tumor suppressor gene and human cancer

Evidence for tumor suppressor genes comes from three sources: cell hybrids, 

familial cancer and loss of heterozygosity (Marshal, 1991). Cell hybrid experiments 

showed that normal cells could suppress the tumorigenic ability of certain tumor cells, 

suggesting that loss of certain normal gene functions could cause tumor (Harris, 1988). 

Recently, suppression of tumorigenicity was demonstrated by introducing a normal 

chromosome into some tumor cells (Sugawara et al., 1990). The identification of tumor
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suppressor genes through studies of familial cancers such as retinoblastoma (Friend et 

al., 1986; Lee et al., 1987)) or loss of heterozygosity in colon cancers and colorectal 

carcinomas (Fearon and Vogelstein, 1990) supported the idea that inactivation of tumor 

suppressor genes is a  major causal event in development of certain human cancers. 

Some tumor suppressor genes and their possible normal function will be discussed in the 

next section.

The Rb gene was recently shown to be responsible for familial and sporadic 

retinoblastoma (Friend et al., 1986; Lee et al., 1987). Inactivation of Rb gene can also 

be found in small cell carcinoma of the lung, bladder cancer and breast carcinoma 

(Marshall, 1991). It was shown that unphosphorylated Rb protein p105 prevented cell 

cycle progression through G1 and this activity was regulated by phosophorylation. There 

is new evidence suggesting that Rb could act as a major switch in cell cycle regulation 

(Wen-Hua Lee's unpublished results). Very recently, Rb was also shown to be present in 

the transcriptional complex of E2F (Bagchi et al., 1991; Chellappan et al., 1991). 

Homozygous Rb- mice died at day 15 of embryonic stage, resulting from abnormalities in 

nervous and hemotopoeitic systems (Lee et al., 1992; Jacks et al., 1992; Clarke et al., 

1992). The appearance of pitutary gland tumors in heterologous Rb+/Rb- mice reflects 

different Rb function in different species. In fact, no retinoblatoma developed in these 

mice.

Loss of heterozygosity of p53 is frequently associated with astrocytomas, breast 

cancer, small cell lung cancer and colon cancer (Marshall, 1991). Inactivation of p53 could 

occur by point mutation or deletion, or dominant negative mutations that inhibit the normal 

p53 function (Eliyahu et al., 1988). There was evidence suggesting that p53 could function 

as a transcriptional activator (Fields and Jang, 1990; Raycroft et al., 1990). p53 was also
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shown to bind some specific DNA sequences (Bargonetti et al., 1991; Kern et al., 1991; 

El-Deiry et al., 1992) and activate transcription in vitro (Farmer et al., 1992). Very recently, 

p53 was suggested to play a role at a  certain cell cycle check point (Kastan et al., 1992). 

Homozygous p53-deficient mice are normal in their early life, but tend to develop a variety 

of neoplasms by 6 months of age (Donehower et al., 1992).

The functions of most of the other tumor suppressor genes identified so far remain 

unknown. NF1 for neurofibromatosis type 1 (Xu et al., 1990a) was recently shown to have 

GTPase activation activity (Xu et al., 1990b). WT1 for Wilm’s tumor (Pridchard-Jones et 

al., 1990), a tissue-specific transcription factor containing four zinc fingers, was recently 

shown to be able to regulate expression of human IGFII (Drummond et al., 1992). DCC 

(deleted in colerectal carcinoma) (Fearon et al., 1988) encodes a  protein sharing 

homology to neural cell adhesion molecules. DP2.5 was identified to be the gene 

responsible for familiar adenomatous polyposis coli (FAP) (Joslyn et al., 1991), but there 

was no clue to what its function might be from its primary sequence. NF2 for 

neurofibromatosis was identified to be a  novel mesin-, ezrin-, radixin-like gene whose 

product was proposed to link cytoskeletal components with proteins in the cell membrane 

(Trofatter et al., 1993). The tumor suppressor gene for the von Hippel-Lindau disease was 

just cloned (Latif et al., 1993) and shows no homology to other proteins.

II. Receptor protein tyrosine kinases and their signal transduction

Protein tyrosine kinases (PTKs) represent the products of the largest family of the 

60 or so oncogenes and proto-oncogenes known to date. They can be further divided into 

receptor and non-receptor PTKs (Hanks et al., 1988; Storm & Bose, 1989). These two 

PTKs transmit extracellular stimuli such as from growth factors intracellularly via a
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cascade of reaction leading to changes in cellular metabolic activity and growth rate. 

Change in their normal functions due to over-expression or structural alterations often 

leads to uncontrolled cell growth, transformation and oncogenicity (Bishop, 1991; Cantley 

et al., 1991; Cross & Dexter, 1991; Hunter, 1991). Understanding pathways of signal 

transduction mediated by those PTKs is essential in elucidating the mechanisms of cell 

growth and oncogenic transformation.

Receptor Protein Tyrosine Kinases

A typical receptor PTK (RPTK) consists of an extracellular (EC) ligand binding 

domain, a  transmembrane (TM) domain and cytoplasmic domain containing catalytic and 

substrate interacting regions. Binding of the ligand triggers structural alteration of these 

molecules such as oligomerization (Yarden & Ullrich, 1988; Ullrich & Schlessinger, 1990), 

resulting in autophosphorylation, activation of kinase activity, substrate association and 

finally passage of the signal to subsequent messengers most of which are yet to be 

identified. Oncogenic variants of these receptor PTKs include deletion of large portions 

of the EC domain (v-e/t>B/EGFR, y-fms!CSF-1 receptor, v-ros/c-ros, v-kit/c-kit, trk), single 

amino acid substitutions in the TM domain (neu), and mutations and truncations in the 

cytoplasmic domain (erbB/EGFR, v-ros, v-frns), all of which result in constitutive PTK 

activation in the absence of ligand stimulation. The receptor PTK oncogenes or proto­

oncogenes for which their normal ligands are known include v-erf)B/epidermal growth 

factor receptor (EGFR) (Downward et al., 1984; Ullrich et al.,1984), v-fms/monocyte colony 

stimulating factor-1 receptor (CSF1-R) (Sherr et al., 1985), v-M/master cell growth factor 

receptor (Flanagan et al., 1990; Zsebo et al., 1990; Huang et al., 1990), trk/nerve growth 

factor receptor (NGFR) (Klein et al., 1991; Kaplan et al., 1991), MB/Neurotrophin-3 (NT-3) 

and brain derived growth factor (BDNF) receptor (Klein et al., 1991; Glass et al., 1991;



Sqainto et al., 1991; Soppet et al., 1991; Hempstead et al., 1991), frfcC/NF3 receptor 

(Lamballe et al., 1991), platelet-derived growth factor receptor (PDGFR) (Doolittle et al., 

1983; Waterfieldet al., 1983); met/Hepatocyte growth factor receptor (Naldini et al., 1991), 

insulin and insulin-like growth factor I receptor (IR and IGFR) (Wang et al., 1987; Kaleko 

et al., 1990), erbB2 or HER2/Neu diffentiation factor receptor or heregulin (Peles et al., 

1992; Wen et al., 1992; Holmes et al.,1992), and Flk-1 (fetal liver kinase)/ VEGF receptor 

(Vascular endothelial growth factor receptor) (Millauer et al., 1993). However, ligands for 

other receptor-like PTKs including ros, sea and ret (Reddy et al., 1988; Cooper, 1990) 

remain unknown.

Many RPTKs function in growth control and the maintenance of normal 

homeostasis (Yarden & Ullrich, 1988). However, more and more RPTKs have been 

shown to be important for the development and differentiation. In Drosophila, DER(EGFR) 

has been proven to be important in early embryogenesis and eye devlopment; sevenless 

is critical for the differentiation of the photoreceptor R7 and torso, is important for 

establishment of terminal structures of the early embryo (Schejter & Shilo, 1989; Price et 

al., 1989; Basler et al., 1991; Sprenger et al., 1989). In C. elegans, let-23 (EGF receptor 

homolog) was shown to be the receptor for the inductive signal required for the vulval 

formation (Aroian et al., 1990). In the mouse, the c-kit (W locus) and steel (ligand for c- 

kit) are required for the proliferation and migration of various stem cells (Anderson et al., 

1990; Martin et al., 1990). Hepatocyte growth factor/scatter factor and its receptor Met was 

shown to be able to control the differentiation of epithelial cells into branching tubules 

(Montesano et al., 1991). Trk, upon NGF stimulation, could mediate the formation of 

neurites from sympathetic neurons (Kaplan et al., 1991; Klein et al., 1991). Recent 

studies suggest that VEGF, ligand for the Flk-1, is a  major regulator of vasculogenesis
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and angiogenesis (Millauer et al., 1993).

Signal transduction for RPTKs

After years of intensive search of substrates for normal and oncogenic PTKs, a 

scheme of signal transduction for RPTKs has gradually come to light. The initial activation 

of kinase activity and autophosphorylation following ligand stimulation, appears to enable 

the RPTKs to associate with and/or phosphorylate their substrates.

One of the central components in the earlier events of signalling process is 

phosphoinositol-3-kinase (PI-3-Kinase)(Cantley et al., 1991; Berridge et al., 1984; Berridge 

& Irvine et al., 1989; Majerus et al., 1990). Other important components include 

phospholipase C-y1 (PLCyl), GTPase activating protein (GAP) and c-raf product p74 

(Adari et al., 1988; William et al., 1989; Margolis et al., 1989; Meissenkelder et al., 1989; 

Morrison et al., 1988; Ellis et al., 1990; Kaplan et al., 1990; Kypta et al.,1990). Recently, 

c-src was placed downstream of siganl transduction of PDGFR (Kypta et al., 1990). The 

most recent finding suggested that PI-3-K and PLCyl are the downstream mediators of 

mitogenic signal of PDGF receptor (Valius and Kazlauskas, 1993).

From the study of the oncogene crk, coding for a  PTK negative and SH2/SH3 

sequence-containing protein (Koch et al., 1991; Mayer & Hanafusa, 1990; Anderson et al.,

1990) as well as cloning and sequencing of other signal transducing molecules including 

She, Nek, Grb2/Sem-5/AshlDrk (Koch et al., 1991), it becomes evident that SH2 

sequences are involved in the interaction between the RPTKs and their substrates. 

Meanwhile, tyrosine phosphorylation of the receptor and/or the substrate molecules is 

important for their association (Koch et al., 1991). Not surprisingly, each receptor PTK has 

its own specific interacting components. For example, while activated PDGFR binds to all 

four components mentioned above, others such as IR, EGFR and CSF1-R bind only to



a subset of the four (Cantley et al., 1991). How those signalling proteins transmit the 

message is not completely clear.

The capability of the native and oncogenic PTKs to associate with PI-3-Kinase 

seems to correlate well with their normal and transforming functions, respectively (Cantley 

et al., 1991). PDGFR, EGFR, c-Kit and CSF1R were found to associate with PI-3-kinase. 

PQQgag-ros ancj jts c |o se |y related RPTKs, insulin receptor and IGFR, have been shown to 

be associated with Pi-3-Kinase as well (Fukui et al 1989; Endemann et al., 1990; 

Ruderman et al., 1990; Liu et al., 1992). The cDNAs encoding the PI-3-Kinase subunits 

p85 and p110 were recently cloned (Escabedo et al., 1991; Otsu et al., 1991; Skolnik et 

al., 1991; Hiles et al., 1992). The regulatory subunit p85 has a  structure of SH2-SH3-SH2, 

which can directly associate with activated receptors through the SH2-pTyr interaction. 

Some receptors such as IR associate with PI-3-Kinase through another adaptor molecule 

called IRS-1 which is a  major substrate of activated IR (Sun et al., 1991). The p110 

catalytic subunit shares great homology with Vps34p, a  yeast protein involved in the 

sorting proteins to the vacuole, and recently, the Vps34p was shown to contain P 1-3- 

Kinase activity, suggesting that P 1-3-Kinase may play a  role in intracellular protein sorting 

(Schu et al., 1993).

The finding that GAP promotes the GTPase activity of ras and inactivates ras-GTP 

complex provides a link between the PTK and G protein signalling pathways (Cantley et 

al., 1991). The GAP has two SH2 domains and one SH3 domain and the SH2 domains 

have been shown to be able to mediate the association of the GAP to the activated 

PDGFR and EGFR (Fantl et al., 1992). Growth factors like EGF and PDGF can induce 

the association of GAP with two phosphorylated cellular proteins, p62 and p190 (Ellis et 

al., 1990; Moran et al., 1990). p62 is a  putative nucleic acid binding protein (Wong et al.,



9

1992) and p190 which shares homology with other GAP-like proteins including Bcr and 

n-chimaerin may link rasGAP to the nucleus (Broach et al., 1991; Settleman et al., 1992; 

Hall et a l , 1992). Whether GAP is a  upstream or downstream component in the ras 

pathway is not clear because recently there has been evidence suggesting that GAP could 

be downstream component of the ras signaling pathway, ie. the SH2 and SH3 domain of 

GAP are responsible for ras-dependent inhibition of muscarinic atrial potassium channel 

currents (Martin et al.,1992). The most recent reports placed the adaptor molecule Grb2 

in the ras signalling pathway (Lowenstein et al., 1992). Grb2 binds to the activated 

receptor either directly through its own SH2 domain or through another SH2-containing 

adaptor molecule called She which was stronly phosphorylated upon the receptor 

activation. The Grb2 in turn will bind to the Sos protein which is the activator of Ras that 

promotes the GTP/GDP exchange. It was shown that the C-terminal proline-rich domain 

in the Sos protein binds to the SH3 domain of the Grb2 molecule (Egan et al., 1993; 

Rozaki-Adcock et al., 1993; Li et al., 1993; Gale et al., 1993). Most recently, the vav 

proto-oncogene containing SH2 and SH3 domains was shown to confer guanine 

nucleotide exchange activity (Gulbins et al., 1993). It was suggested that the SH3 domain 

may function to mediate protein-protein interactions, perhaps serving to couple the 

signalling of RPTKs to systems regulated by small GTP-binding proteins (Mayer and 

Baltimore, 1993).

Recently, some cytoplasmic protein tyrosine phosphatases (PTP) containing 2 

consecutive SH2 sequences N-terminal to the phosphatase catalytic domain were shown 

to be recruited to some activated receptors, linking this type of PTPase to the signal 

transduction pathway of RPTKs. Among them, PTP1C (also known as SH-PTP1, SHP 

and HCP) (Shen et al., 1991;Mathews et al., 1992; Plutzky et al., 1992; Vi et al., 1992)
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specifically expressed in the hematopoeitic and epithelial cells can bind to activated EGF 

receptor(Shen et al., 1991) and chimeric EGFR/Neu receptor (Vogel et al., 1993). PTP1D 

(Vogel et al., 1993), also known as Syp (Feng et al., 1993) was believed to be the 

mammalian homolog of the Drosophila gene csw (Perkins et al., 1992). The PTP1D was 

widely expressed throughout the mouse embryonic development and in adult tissues 

(Feng et al., 1993; Vogel et al., 1993). Whereas PTP1C led to partial and complete 

dephosphorylation of EGF-R, PDGFR, IR and IGFR (Vogel et al., 1993), PTP1D failed to 

dephosphorylate the above RPTKs. In contrast, PTP1D could associate with several 

activetd receptors including EGFR, PDGFR, Her2-Neu, c-Kit and was activated upon 

binding to the activated PDGFR (Vogel et al., 1993). It thus suggests that PTP1D has a 

positive rather than negative control in the PDGFR signalling (Vogel et al., 1993).

p74rat along with a  number of ser/thr protein kinases such as microtubule- 

associated protein kinases (MAP2 kinase) and a series of newly characterized ser/thr 

kinases (er/cs) (Boulton et al., 1991) serve to transmit signals from tyrosine 

phosphorylation into ser/thr phosphorylation. Raf-1 can be tyrosine-phosphorylated upon 

PDGF stimulation and become associated with the activated receptor (Morrison et al., 

1989 & 1990). The fact that antisense RNA of c-raf and its dominant negative Raf-1 could 

inhibit serum-induced NIH3T3 cell proliferation and block ras-induced cell transformation 

strongly suggests that Raf-1 is a  downstream signal transducer of Ras (Kolch et al.,

1991). There is evidence supporting that, between c-raf and MAP Kinase, there could 

exist other components such as MAPKK (MAP Kinase Kinase). Very recently, the MAPKK 

was molecularly cloned by several groups (Gomez & Cohen, 1991; Crews & Erickson, 

1992; Crews et al., 1992; Alessandrini et al., 1992). The latest evidence suggests that 

GTP-bound Ras, Raf and MAPKK could form a complex, thus connecting the ras pathway
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to the ser/thr phosphorylation signalling pathway. Growth factors such as insulin, EGF, 

NGF and phobol esters activate MAP kinase by increasing its tyrosine and threonine 

phosphorylation. Activated MAP kinase then phosphorylates another serine/threonine 

kinase Rsk (ribosomal S6 protein kinase) (Sturgill et al., 1988; Sturgill & Wu, 1991; Gomez 

& Cohen, 1991; Chen et al., 1992). A fraction of the activated MAP kinase and Rsk enter 

the nucleus (Blenis, 1991; Chen et al., 1992) which could connect the ras signal 

transduction pathway to some nuclear proto-oncogene products, i.e. transcriptional factors. 

Among them jun and fos have been shown to be activated through PKC and PTK 

pathways (Cantley et al., 1991; Hunter, 1991).

Genetic evidence for the relationship between the substrates and their upstream 

components is largely lacking. However, the requirement of raf homologous gene polehole 

in Drosophila for the function of the fly EGFR homolog DER (Ambrosio et al., 1989; Rogge 

et al., 1991) supports the notion that raf is a  downstream component of the EGFR 

signalling. The genetic study in fly eye devlopment also suggests that Grb2, sos, ras and 

c-raf are the downstream components in the sevenless signalling (Simon et al., 1991; 

Rogge et al., 1991; Bonfini et al., 1992; Olivier et al., 1993; Simon et al., 1993; Dickson 

et al., 1992). Similar signaling transduction pathway was identified in the system 

governing the vulval development of the Caenorhabditis elegans in which let-23, let-60 

and sem-5 are the homolog of the vertebrate EGFR, ras and Grb-2, respectively (Aroian 

et al., 1990; Han & Sternberg, 1990; Beitel et al., 1990; Clark et al., 1992).

III. Viral oncogene v-/osand proto-oncogene c -ros

Avian sarcoma virus (ASV) UR2 is a  replication-defective virus which was isolated 

together with its associated helper virus UR2AV from a  spontaneous chicken tumor
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(Balduzzi et al., 1981). The genome of UR2 contains 1.2-kb stretch of transformation- 

specific sequence, called ros (Wang et al., 1982). UR2 was presumably generated by 

recombination between UR2AV and c-ros at the expense of most of the replicative 

sequences in UR2AV. As a  result, ros was fused to the 5' region of the UR2AV sequence 

which codes for portion of the viral structural protein p19 (Wang et al.,1982). The fused 

p19 and ros sequence in UR2 codes for a  68-kDa protein called p685a9'ras resembling 

RPTKs (Neckameyer & Wang, 1985). The pBB9aaros is a  TM molecule with the p19fla° 

portion protruding extracellularly (Jong & Wang, 1987). No post-translational processing 

or modification of P68, except phosphorylation, could be detected (Feldman et al., 1982; 

Garber et al., 1985). p68ffap ras can be immunoprecipitated with antibodies against viral gag 

and is associated with a  protein tyrosine kinase activity capable of phosphorylating itself 

and foreign substrates including rabbit IgG and a-casein at tyrosine residues (Feldman 

et al., 1982; Garber et al., 1985). The in vitro phosphorylated P68 migrates in SDS-PAGE 

as multiple species, suggesting that there are more than one phosphate-acceptor tyrosine 

residues (Jong & Wang, 1991). P68 kinase activity is different from those of other ASVs 

in its pH optimum, cation preference and phosphate donors (Feldmane et al., 1982). By 

subcellular fractionation, P68 was found to be mostly associated with the membrane 

fractions and became membrane associated very rapidly during its biosynthesis (Garber 

et al., 1985). Furthermore, the p19 portion was found to be essential for the transforming 

ability of P6B9a9ros but not important for its membrane association (Jong & Wang, 1990). 

The transmembrane domain of pBB9a9ros was also found to be important for its 

transforming activity most likely due to the role of the TM domain in directing initial 

membrane association of P68 (Jong & Wang, 1991). P68 was reported to be able to 

associate with PI-3-kinase (Fukui et al., 1989; Zong & Wang, unpublished results).
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A recombinant DNA clone containing chicken cellular sequences homologous to 

v-ros was isolated from a genomic DNA library (Neckameyer et al., 1986). Later, a  2-kb 

3’ cDNA clone was isolated from a chicken kidney cDNA library (Podell & Sefton, 1987). 

Comparison of the nucleotide sequences of v-ros and c-ros shows 3 differences: (1) v-ros 

is truncated 7 aa before the TM domain and fused to gag. (2) v-ros contains a 9 

nucleotide insertion within the the TM domain. (3) v-ros has an internal 36 nucleotide 

deletion between nucleotide 6918 and 6953 (Fig. 3-2) and a  3' 27 nucleotide terminal 

truncation and fusion to the env sequence. Based on the comparison of the sequences 

in the PTK domains, c-ros was found to share the greatest homology with insulin receptor 

(Ebina et al., 1985; Ullrich et al., 1985), insulin-like growth factor I receptor (Ullrich et al., 

1986) and Drosophila sevenless protein (Basler & Hafen, 1988; Bowtell et al., 1988) 

among the known members of the PTK family. However, the presumed ligand for the c- 

ros product remains unknown.

Previous studies indicated that the expression of c-ros was highly regulated in 

chicken and was only detectable in kidney (Shibuya et al., 1982; Neckameyer et al., 1986) 

where a 8.3-kb mRNA was observed (Podell & Sefton, 1987). Most recently, a  study of 

c-ros expression in rat, however, showed that it was expressed in lung, heart and testis 

in addition to kidney and tissue-specific alternative splice forms were observed 

(Matsushime & Shibuya, 1990). A survey of c-ros expression in various human tumor cell 

lines revealed a  high incidence of elevated c-ros expression in glioblastoma cell lines 

(Birchmeier et al., 1987). In some of them, portions of the c-ros gene were found to be 

rearranged. Confirmation of tumorigenic potential of the c-ros gene was supported by the 

activation of c-ros via DNA rearrangement during NIH 3T3 cell transfection and nude mice 

passage of a  mammary carcinoma cell line-derived DNAs (Fasano et al., 1984; Birchmeier
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et al., 1986). Interestingly, the truncation point of that DNA rearrangement matches 

precisely with that of the spontaneous transduction of c-ros by avian retrovirus in UR2 

(Neckameyer et al., 1986) which was suggested to have arisen by splicing between viral 

and c-ros sequence (Neckameyer et al., 1986). The human c-ros gene was mapped to 

the chromosome region 6q16-6q22 (Nagarajan et al., 1986). It thus maps at the vicinity 

of the c-myb gene which is located at the long arm of the chromosome 6. The possibility 

that c-ros may be involved in the chromosome 6q deletion and rearrangement in various 

malignancies was raised (Nagarajan et al., 1986).

cDNAs for proto-oncogene c-ros were recently identified and molecularly cloned 

from different species, including human, rat and chicken (Birchmeier et al., 1990; 

Matsushime & Shibuya, 1990; Chen et al., 1991). Partial cDNA clones for mouse c-ros 

were isolated (Sonnenbreg et al., 1991; Tessarolo et al., 1992). A cDNA of 8-kb was 

isolated and cloned from a glioblastoma cell line which might represent human c-ros 

cDNA. However, whether there were mutations in this human gene remains to be 

determined (Birchmeier et al., 1990). The c-ros cDNA sequences encodes a large RPTK 

sharing high homology with that of the Drosophila sevenless protein. The predicted c-ros 

protein contains one N-terminal signal peptide and one internal TM domain. The large EC 

domain (more than 1800 aa) contains multiple cystein residues and potential N-linked 

glycosylation sites. A cysteine-rich motif was identified within the first 100 aa of chicken 

c-ros cDNA (Chen et al, 1991). The spatial distribution of cystein residues in this motif was 

conserved in both rat and human c-ros cDNA, but not in the sevenless protein. Notably, 

eight fibronectin type-ill repeats were conserved among sevenless, chicken, rat and 

human c-ros proteins (Norton et al., 1990; Sonnenberg et al., 1991; and this study). It has 

been known that the type III repeats of fibronectin participate in activities such as binding
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to cell surface integrins and heparin, however, the function of those eight FN repeats in 

either sevenless or c-ros proteins is unknown. The kinase domain of c-Ros shares the 

greatest homology with the sevenless protein, and less to those of IR and IGFR. The four 

RPTKs also share another charateristic cluster of 3 tyrosine residues presumed to be the 

major autophosphorylation sites. It was thus suggested that c-Ros, Sevenless, IR and 

IGFR are closely related members of RPTK family (Chen et al., 1991). However, another 

characteristic 6 aa insertion in the c-ros kinase domain is shared only with Sevenless but 

not with IR and IGFR, suggesting that c-ros and sevenless have a closer genetic 

relationship.

The tissue-specific expression of c-ros in mouse was recently characterized by 

RNase protection and in situ mRNA hybridization (Sonnenberg et al., 1991; Tassarollo et 

al., 1992). It was shown that c-ros was expressed in kidney, intestine, lung and testis. 

The expression of c-ros was under a  tight temporal and spatial regulation. The c-ros 

mRNA was mainly localized in the epithelial cells of the kidney collecting ducts and villi 

and crypts of the intestine. The onset and the pattern of c-ros expression in the kidney 

was coincident with a well known reciprocal epithelial/mesenchymal induction event during 

the kidney organogenesis. Based on the above phenomenon and the nature of the ligand 

for the Drosophila homolog Sevenless, which is a TM protein expressed on the 

neighboring cell surface of R7 precursor cells (Kramer et al., 1991), it was suggested that 

the ligand for c-Ros is very likely to be localized on the cell surface of the mesenchyme 

cells surrounding the epithelial cells of the branching collecting ducts (Sonnenberg et al., 

1991; Tessarollo et al., 1992).

To study the biological function and search for the ligand of the c-ros product, I 

have isolated c-ros cDNA clones and determined their entire sequences. The c-ros
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product shares a  remarkable sequence and structural homology with the Drosophila 

sevenless protein. Functional study of c-ros protein demonstrates that the c-ros protein 

is a  cell-surface protein with kinase activity. The putative c-ros promoter was isolated and 

shown to be functionally active. The tissue-specific expression pattern of c-ros was 

examined using RNase protection assay and in situ mRNA hybridization. Our data 

suggest that c-ros may play roles in the development and mature functions of kidney, 

intestine, bursa, lung, and possibly the thymus and testis.
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Chapter II. Materials and Methods

Cell line and virus

COS-1 and COS-7 were maintained in DMEM with 10% fetal calf serum. Chicken 

embryo fibroblasts (CEF) were maintained in F10 medium supplemented with 5% calf 

serum and 1% chicken serum. The preparation of CEF and colony formation assay of 

virus-infected CEF were performed according to published procedures (Hanafusa, 1969). 

The retrovirus UR2, SrcXRos and VCros were described before (Jong & Wang, 1987; 

Jong & Wang, 1991; Zong et al., 1993).

Antiserum and purified antibodies

a-Ros antiserum 219 was described before (Jong & Wang, 1987). Pure a-Ros IgG 

was purified by affinity chromatography on a  lacZ/Ros c-terminus fusion protein coupled 

affinity column. a-pTyr antibody Py20 is purchased from ICN and PT22-1 was made in 

collaboration with Dr. Tom Moran. a-Shc antiserum is a kind gift from Dr. Tony Pawson. 

Monoclonal a-PLCy1 is purchased from UBI. Monoclonal Ab 5C2 was generated in 

collaboration with Dr. Moran. RC20 (Transduction laboratories) is a  recombinant a-pTyr 

Py20 conjugated with alkaline phosphatase.

RNA preparation and dot blot hybridization

Total RNAs from various tissues were isolated by guanidinium thiocyanate 

extraction followed by centrifugation on a cesium chloride cushion according to the 

published methods (Glisin et al., 1974; Ullrich et al., 1977). Polyadenylated RNAs were 

isolated as described previously (Wang et al., 1974; Wang et al., 1981). The dot blot 

analysis was done following the procedure provided by the supplier of the nitrocellulose 

paper (Schleicher and Shuell). Hybridization was performed in a  solution containing 0.75 

M NaCI, 50 mM sodium phosphate (pH 7.4), 5 mM EDTA, 0.2% sodium dodecyl sulfate
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each of ficoll, polyvinylpyrrolidone and bovine serum albumin and 3ZP-labelled v-ros 

riboprobes. The hybridization was performed at 60°C for 12 to 16 hours. The riboprobes 

were prepared from 5' v-ros DNAs subcloned in pGEM3 vectors using 17 RNA 

polymerase. The EcoRV cut 5' v-ros DNAs were chosen to exclude the region containing 

the conserved PTK domain to minimize cross hybridization with other PTK gene encoded 

messages. The specific activity of riboprobes ranged from 5X108 to 1X109 cpm per pg 

DNA. Filters were washed 3 times in a  solution (1X SSPE) containing 0.15 M NaCI, 10 

mM sodium phosphate (pH7.4), 1 mM EDTA and 0.1% SDS at 65°C for 20 minutes each 

time followed by washing in a  solution of 0.1 X SSPE and 0.1% SDS at 60°C for 50 

minutes. After rinsing the filters in a  buffer containing 0.5 M NaCI, 10 mM Tris.HCI 

(pH7.4), 1 mM EDTA, they were incubated in the same buffer containing 20 pg per ml of 

RNase A at 37°C for 30 minutes. Finally, the filters were rinsed in the same buffer without 

RNase and dried and processed for autoradiography.

Construction of cDNA libraries

For the oligo(dT)-primed library, 15 pg of polyadenylated kidney RNA was mixed 

with 5 pg of oligo(dT)12.18 and cDNA synthesis was carried out as described (Watson & 

Jackson, 1985; Dorai & Wang, 1990). The cDNAs were ligated to phage vector Xgt10 at 

the EcoRI sites. A library of 3.5X107 recombinant phages was obtained. For the ros 

oligonucleotide-primed cDNA library, a  15-mer deoxyoligonucleotide representing the 5' 

v-ros sequence was synthesized and used to prime cDNA synthesis from 6 pg of kidney 

polyadenylated RNA. After first strand cDNA synthesis, the second strand DNA synthesis 

and subsequent linker ligation was performed using a  commercial cDNA synthesis kit 

(Pharmacia) according to the conditions suggested by the manufacturer. In this method
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a linker containing staggered and dephosphorylated EcoRI and an internal Notl site was 

used. It thus avoided polymerization of linker and omitted the steps of methylation and 

EcoRI digestion following linker ligation. The cDNAs were then phosphorylated and 

ligated to dephosophorylated EcoRI arms of phage XZAPII DNAs (Stratagene). A library 

of 1.6X106 recombinant phages was obtained.

Isolation of cDNA clones

A EcoRV DNA fragment derived from the 5' v-ros (Neckameyer & Wang, 1985) 

was used as a  probe to isolate a  phage clone 84-1 containing the 3' 3-kb c-ros cDNA 

insert from the oligo(dT)-primed library. A probe derived from the 5' region of this initial 

cDNA clone was used to isolate further upstream cDNA clones from the oligonucleotide- 

primed library. With such a "cDNA walking" strategy, several overlapping upstream 

clones were isolated. All the cDNA inserts except the initial 3-kb clone were subcloned 

into the plasmid vector pBluescript SK(-) by being rescued into phagemid with helper 

phage R408 or VcsM13 according to conditions provided by the supplier (Stratagene). 

Nucleotide sequencing

Two strategies of sequencing were undertaken. The cDNAs were digested with 

appropriate restriction enzymes and subcloned into M13 phage vectors for sequencing. 

Alternatively, individual full-length cDNA inserts were unidirectionally deleted from either 

end using exolll (Henikoff, 1984) and S1 nuclease (Stratagene, BRL and USB) and then 

religated after blunting the ends to generate a series of overlapping deletion clones. 

Clones spanning the entire insert and with less than 200 bp overlapping between adjacent 

clones were isolated for sequencing. Final sequence was constructed after sequencing 

both directions of each cDNA insert using Sanger's dideoxy method (Sanger et al., 1977). 

The RACE clones were sequenced using primer in the vector pBluescript and primer
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JMC4. For the 2.5-kb Hindlll genomic DNA fragment containing the potential c-ms 

promoter, the restriction sites as shown in Fig. 6-1 were utilized to subclone those 

fragments into pBluescript SK+ or SK- and the sequencing was done using the primers 

in the vector.

Construction of full length c-ros cDNA from overlapping kidney cDNAs

Four previously described overlapping cDNA clones 5b, 19b, 10a and 84-1 (in 5' 

to 3' order) (Chen et al., 1991) were used to construct the full length c-ros cDNA in 

plasmid pBluescript SK(+) or SK(-) (Stratagene) (Fig. 4-1 A). This was done by using the 

unique BstBI site in clone 5b, 19b and 10a, the unique Sacl site in 3' end of 19b and 84-1 

to form the full length cDNA. Most of the 5' and 3' non-coding sequence of the resulting 

full length cDNA was then deleted by using PCR method with a  pair of synthesized 

oligodeoxynucleotides each containing a  Notl site. The resultant plasmid was called 

pSKros.

Construction of expression plasmids for c-ros and mutant ppros

For transient expression of c-ros in the COS-7 cell, pECE vector (Ellis et al., 1986) 

containing SV40 early promoter, SV40 replication origin and polyadenylation signal was 

used. The 7-kb full length c-ros was freed by Notl digestion and inserted into a modified 

pECE vector containing a Notl site in the polylinker region, resulting in pECEros (Fig. 4- 

1B). The deletion variant ppros was initially engineered in pSKros by deleting 4983 bops 

of the EC sequence flanked by Pstl and Pvull sites to produce pSKppros. The ppros 

sequence was then excised for pSKppros by Notl digestion and inserted into the 

expression vector pRc/CMV (Invitrogen) under the control of the human cytomegalovirus 

(CMV) early promoter and enhancer. The resulted plasmid was named as pCMVppros 

(Fig. 4-1B). Similarly, the full length c-ros cDNA was inserted into the pRC/CMV to
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generate pCMVros (Fig. 4-1B).

Construction of retroviral expression plasmids

For expression of c-ros proteins in CEF, the full length c-ros and ppros were 

introduced individually into the pUIGFRAATG in which the gag initiation codon was 

mutated (Liu et al., 1992,1993). The resulted plasmids are called pUfcros and pUppcros 

respectively (Fig. 4-1C). These plasmids encode the full length or 5' internally deleted c- 

ros proteins using its native initiation codon. The c-ros sequence is flanked by the viral 

long terminal repeats (LTRs) in these plasmids and can be transfected directly into CEF 

for their expression.

Establishment of permanent c-ros expressing cell line

The c-ros expression plasmid pCMVros was transfected into COS-1 cells (Gluzman 

et al., 1981) as described above. After 2 weeks of selection in the presence of 400 pg/ml 

G418, the single colonies were picked up and amplified. Western Blotting was then 

performed to screen for the ros positive clones. Clone CMVros6 was thus selected and 

used for further protein analysis.

Extraction of protein from tissues and assay for the c-ros protein

One gram of tissue (kidney or intestine) was suspended in 5 ml of PBS/1 mM 

PMSF and homogenized with a  polytron at high speed for 1 min. The pellet was 

resuspended in 5 ml of RIPA lysis buffer, sonicated and extensively vortexed. After 

centrifugation for 10 min at 7000 rpm (JA17 rotor), the supernatant was incubated with 3 

pg purified rabbit a-Ros IgG in cold room overnight followed by addition of 50 pi of protein 

A-sepharose beads and incubation for more than one hour. The immunoprecipitate was 

washed extensively and subjected to kinase assay.

Fluorescence immunostaining of ros proteins transiently expressed in COS-7 cells
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48 h after transfection, cells in 3.5-cm dishes were washed three times with PBS, 

fixed with 4% paraformaldehyde/PBS at room temperature for 10 min. The fixed cells were 

washed three times with PBS and permeablized with cold methanol for 10 min before 

being washed with PBS. The cells were blocked with 5% goat serum/PBS for half an hour 

and sequentially incubated with purified a-Ros antibody, biotinylated donkey a-rabbit 

antibody and avidin-FITC. DAP I was used to specifically stain the nucleus.

Biotinylation of cell surface proteins

Transient transfected COS-7 cells or UR2 and SrcXRos (JONG & Wang, 1991) 

transformed CEF cells in 6 cm dishes were washed with cold PBS three times and put on 

ice. 1 ml of PBS containing 0.4 mM Sulfo-NHS-biotin (Pierce) was added and incubated 

for 2 hours on ice with occasional mixing. The unreacted Sulfo-NHS-biotin was quenched 

with the addition of regular DMEM medium. After extensive wash with PBS, the cells were 

lysed in RIPA buffer and a-Ros immunoprecipitates were subjected to SDS-PAGE and 

transferred to nitrocellulose (NC) paper. The blot was incubated with avidin-alkaline 

phosphatase (Boehrenger Mannheim, 1:5000 dilution) and developed by method provided 

by the manufacturer (Promega).

PI-3-kinase assay

The PI-3-kinase assay was done essentially as described previously (Liu et al., 

1992). In brief, UR2 transformed CEF or ppros transfected CEF were lysed in Nonidet P- 

40 (NP40) buffer (20 mM Tris-HCI, pH7.5, 5 mM EDTA, 150 mM NaCI, 1% NP40, 1 mM 

NajjVO,,, 1 mM phenylmethanesulfonyl fluoride (PMSF), 100 mM NaF, 50 mM sodium 

pyrophosphate). After clearing of the cell lysates by centrifugation at 12,000g for 10 min, 

the supernatant was incubated with a-Ros antiserum (1:1,000 dilution) for 1 hour at 4°C. 

15 pi of protein A-agarose beads (Repligen) was added and the mixture was incubated
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for 1 hour at 4°C. The immunoprecipitates were washed as described previously (Fukui 

et al., 1989), and the washed beads were resuspended in 25 pi of TGN buffer (20 mM 

Tris-HCI, pH7.5, 100 mM NaCI, 0.5 mM EGTA). 10 pg of the substrate PI (20 pg/pl in 

dimethyl sulfoxide, Avanti Polar Lipids, Inc.) was then added to the resuspended 

immunoprecipitates and mixed to make micelles of PI. The mixture was incubated at room 

temperature for 10 min. Pre-mixed [y-32P]-ATP (10 pCi/assay, NEN) and MgCI2 (final 

concentration 20 mM) were then added, and the mixture was incubated at room 

temperature for 10 min. PIP was extracted and analyzed on a  thin layer chromatography 

silica gel 60 plate (Merck) exactly as described previously (Fukui et al., 1989).

Protein analysis

Fractionation and sucrose gradient sedimentation was done according to the 

published methods (Jong & Wang, 1990).

For metabolic labeling, cells were transferred at 50% confluence one day earlier 

or used directly 48 hours after transfection. Cells were starved for 2 hours in Met-free 

MEM followed by [35S]-Met labeling at 100 pCi/ml for 4 hours. In the case of the pulse- 

chase experiment, cells were labeled with 200 pCi/ml [35S]-Met for 20 min before complete 

medium was added for chasing. For tunicamycin treatment, cells were pretreated with the 

drug at a  concentration of 10 pg/ml for 2 hours and continued throughout the labeling 

period.

For immunoprecipitation (Garber et al., 1985), labeled cells were extracted with 

RIPA (50 mM Tris-CI pH-7.5, 150 mM NaCI, 5 mM EDTA, 1% Triton X-100, 0.1% SDS, 

1% sodium deoxycholate, 1% Trasylol and 1 mM phenylmethyl sulfonyl fluoride). The a- 

Ros antiserum (Jong & Wang, 1987) was then added to cleared supernatant of the cell 

extract for another 45 min, followed by protein A-sepharose (Pharmacia) binding for
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another 45 minutes. The immune complex was washed with high salt RIPA (300 mM 

NaCI) three times and low salt RIPA (10 mM NaCI) once before it was boiled in the 

sample buffer for SDS-PAGE (Laemmli et al., 1970).

For kinase assays (Feldman et al., 1982), unlabeled cells were extracted with RIPA 

containing 0.05% SDS and the cell extract was immunoprecipitated as describe above. 

The immune complex was then washed three times with high salt RIPA, and twice with 

kinase buffer containing 50 mM Tris-HCI (pH8.0) and 10 mM MnCI2. The kinase reaction 

was carried out in the presence of 5 pCi [y-P32] ATP at room temperature for 15 minutes. 

After kinase reaction the immune complex was further washed with RIPA as described 

above before SDS-PAGE.

Western blot analysis was done according to the method described by Hamaguchi 

et al. (1988) with the following modifications. The blots were blocked at room temperature 

for 2 minutes with 5% nonfat dry milk in 1XTBST (10 mM Tris-HCI pH8.0,150 mM NaCI, 

0.1% Triton X-100, 0.02% Sodium azide). Binding with different antibodies was performed 

in 1XTBST with 5% nonfat milk overnight in cold room or on hour at room temperature. 

Then the blots were rinsed with blocking solution. If necessary, the filter was incubated 

with secondary antibodies (usually rabbit a-mouse IgG) for one hour at room temperature. 

Finally, the blot was incubated with 1 pCi of [125l]protein A (ICN) in 1XTBST containing 5% 

milk at 37°C for 1 hour. The blot was washed thoroughly, dried and autoradiographed with 

an intensifying screen at -70°C.

Construction of pCMVrosAP and pCDMrosFc and production of RosAP and RosFc

Details are described in the Results and Discussion of chapter 4.

Preparation of various c-ros riboprobes

The isolation of the genomic clone corresponding to the 5' c-ros will be described
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elsewhere (Chen, J., Tong, J., and Wang, L.-H., unpublished results). A 1.3-kb genomic 

Hindlll-Mscl fragment was subcloned into the Hindlll and Sail (blunted with klenow) sites 

of pBluescript SK+ (SK+) (Invitrogen), which was called pSKrospro. Probe A was 

synthesized with T7 RNA polymerase using the Clal digested pSKrospro as template. 

Probe A contains 809 nt from genomic sequence and some from the vector. Probe B was 

synthesized with T7 RNA polymerase using the Sacl linearized cDNA clone 5b in SK+ 

which contains 231 nt from 5b (Chen et al., 1991). The 0.48-kb Xbal-Hindlll fragment in 

cDNA clone 10a was cloned into SK+, resulting in plasmid pSKXH. Probe C was 

synthesized from the Spel linearized pSKXH containing 235 nt of c-rns. Probe E has 

sense and anti-sense orientations. The sense probe was synthesized with the T3 RNA 

polymerase using Hindlll linearized pSKXH as template, and the antisense probe, using 

T7 RNA polymerase with Xbal digested pSKXH as the template. Both E probes contain 

about 480 nt from c-ros. Probe D was synthesized with T3 RNA polymerase and contains 

189 nt from 3' c-ros cDNA including 29 nt of non-coding sequence. Probe N was 

synthesized with T7 RNA polymerase using the Pvull linearized clone 2a in SK+ (Fig. 3-2), 

which contains 503 nt of clone 2a.

Northern blot analysis

For Northern analysis, 6 pg of poly(A)+ RNA was denatured and fractionated by 

electrophoresis in a  1% agarose/2.2 M formaldehyde gel (Sambrook et al., 1989). 

Subsequently the gel was denatured with 0.1 N NaOH, neutralized with 20X SSC and 

transferred onto a  nitrocellulose membrane by capillary action and then baked at 80°C for 

2 hrs. Following prehybridization, the blot was hybridized with a  32P-labeled antisense 

riboprobe corresponding to the 500 nt of the 3' end of the c-ros cDNA clone 2a (Fig. 3-2). 

Hybridization was carried out overnight at 72°C in the presence of 50% formamide, 5X
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SSC, 0.1% SDS, 5X Denhardt's solution and 200 pg/ml denatured salmon sperm DNA. 

The membrane was then washed in 0.1 X SSC at increasing temperatures up to 80°C and 

exposed at -70°C for 3 days using an intensifying screen.

RNase Protection Assay

RNase Protection Assay (RPA) was performed with the RPA kit (Ambion) 

according to the manufacturer’s  instruction. In short, 30 pg of total RNAs were mixed with 

1X10s cpm 32P-labeled antisense riboprobe, precipitated and resuspended in 20 pi 

hybridization buffer containing 40 mM PIPES (pH6.4), 1 mM EDTA, 0.4 M NaCI and 80% 

formamide. After overnight hybridization at 50°C, RNase A/T1 digestion was performed 

at 37°C for 30 minutes followed by protease K digestion and phenol/chloroform extraction. 

The protected RNA fragments were precipitated and resuspended in 10 pi loading buffer 

and separated by electrophoresis in a 6% polyacrylamide/urea gel at 15 Watts for 2 hrs. 

After fixation and drying, the gel was exposed at -70°C for desired time under an 

intensifying screen. 

mRNA in situ hybridization

In situ hybridization was done according to the method developed by Tiedge 

(1990) with the following modification. The fresh chicken tissue was dissected, embedded 

in OCT medium, quickly frozen in dry ice/acetone bath, sectioned at 5 microns and stored 

at -70°C before subjected to hybridization. The frozen sections were fixed with 4% 

paraformaldehyde in PBS at room temperature for 20 minutes before UV-illuminated at 

30 W from 30 cm for another 20 minutes. The sections were pre-hybridized in the buffer 

containing 1.2 M NaCI, 20 mM Tris/HCI (pH7.5), 0.04% ficoll, 0.04% polyvivylpyrrolidone, 

0.2% BSA, 20 mM EDTA (pH7.5), 1 mg/ml salmon sperm DNA (Sheared), 1 mg/ml total 

yeast RNA and 0.1 mg/ml yeast tRNA at 50°C for 1 hr, and the [35S]-UTP labeled



riboprobe was added at a  concentration of 2500-5000 cpm per ml in the hybridization 

buffer containing 1.2 M NaCI, 20 mM Tris/HCI (pH7.5), 0.04% ficoll, 0.04% 

polyvivylpyrrolidone, 0.2% BSA, 20 mM EDTA(pH7.5), 0.2 mg/ml salmon sperm DNA 

(Sheared), 0.1 mg/ml total yeast RNA and 0.1 mg/ml yeast tRNA. After overnight 

hybridization, the sections were washed sequentially in 2X SSC at 50°C for 1 hr, RNase 

A digestion in the buffer containing 0.5 M NaCI and 10 mM Tris/HCI (pH 8.0) at 37°C for 

1 hr, 2X SSC at 50°C for 1 hr, 0.1X SSC, 14 mM 2-mercaptoethanol and 0.05% Sodium 

pyrophosphate at 50-65°C for 3 hrs, and finally cooled down at room temperature 

overnight. The dried sections were first exposed to X-ray film at room temperature to 

determine the exposure time for the NBT2 emulsion before being dipped in NBT2 

emulsion, exposed in dark at 4°C for 10-20 days and then developed. Nuclei were stained 

by crystal violet. The slide pictures were taken under a  Leitz microscope.

Primer extension and RPA for mapping the transcription initiation site

Primer extension was performed according to the method described in Sambrook 

et al. (1989) with following modifications. 1X105cpm 32P-labeled oligodeoxynucleotide 

JMC54 (5'-CCATACAAACTCCTTCAAGTCTAGGTGACA-3') complementary to the cDNA 

sequence from nucleotide +182 to +151 (Fig. 6-2) was annealed with 50 pg total RNA in 

30 pi hybridization buffer containing 40 mM PIPES (pH 6.4), 1 mM EDTA (pH 8.0), 0.4 M 

NaCI and 80% formamide at 30°C for 12-15 hours. After precipitation, the reverse 

transcription was performed using Mo-MuLV reverse transcriptase (BRL) at 37°C for 1 hr. 

After RNase digestion and subsequent phenol/chloroform extraction, the product was 

precipitated and resuspended in 10 pi loading buffer, denatured at 100°C for 5 min, and 

separated by electrophoresis in a  6% polyacrylamide/urea gel. The fixed and dried gel 

was then exposed at -70°C for 7 days under an intensifying screen.
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RPA was performed as described earlier. In order to make the probe A protected 

product have the same 5' end as the primer extension product by JMC 54, the 2.5-kb 

Hindlll fragment in pBluescript SK(+) was cut with Mscl (fig. 6-1) and Sail (this site is in 

the vector) and self ligated to yield plasmid pSKrospro. The plasmid was linearized with 

Clal (Fig. 6-1) and the antisense riboprobe was made by using T7 RNA polymerase. 

Cloning of the 5* cDNA

The 5' RACE method (Frohman et al., 1988) was used to isolate clones 

corresponding to the 5' untranslated region of the c-ros mRNA. In short, 2 pg chicken 

kidney mRNA was reverse-transcribed  with RT primer JMC1 (5'- 

AGCTGCAGCTGAGAGGTTAT-3'). The first strand cDNA was then tailed with dATP 

using terminal transferase (BRL). Reaction mixture was diluted to 500 pi with TE buffer 

and 10 pi was amplified for 30 cycles using 200 ng gene-specific primer JMC2 (5- 

CGGAATTCATATGCATCCTCTGCACGA C-3’) upstream of the RT primer, 50 ng dT14- 

adapter primer(5'-GATCTAGAGTCGACATCGATTTTTTTTTTTTTTT-3'), and 200 ng 

adapter primer (5'-GATCTAGAGTCGACATCGAT-3') (Dorai & Wang, 1991). The PCR 

product was purified, blunt-ended and ligated into plasmid pBluescript SK(+) (Stratagene). 

After transformation, about 500 colonies were screened using 32P-labeled 

oligodeoxynucleotide JMC4 (5'-GGGTCGACAATCCATTCCTTGAACAA-3') and 4 clones 

turned out to be positive. Plasmid DNA was then prepared and sequenced.

Isolation of Genomic Clones

A chicken genomic library (Vennstron & Bishop, 1980) was screened using the 

most 5' 0.7-kb cDNA as probe to isolate the c-ros promoter region. Out of 2X105 plaques, 

3 positive clones were picked. The 15-kb clone 6a which is positive for a  5' cDNA primer 

JMC4 was amplified for further study. A JMC4 positive 2.5-kb Hindlll fragment was then
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subcloned and sequenced (Fig. 6*1).

Cat Expression Vectors and CAT Assay

The putative ros promoter region Hindlll-Xbal fragment (1.3-kb)(Fig. 6-1 and 6-2), 

of which a 3' Xbal site was added by PCR, was subcloned into the pCat-enhancer 

(Promega) vector between Hindlll and Xbal sites. The resulting plasmid was called 

pCatHind. The vector pCat-enhancer (Promega) contains a  SV40 enhancer at the 3' of the 

Cat gene which stimulates a  foreign promoter inserted before the Cat gene. Since the 

basic vector has a high basal CAT activity when transfected into COS-7 cell, a  0.13-kb 

Hpal-BamHI fragment from pSV2Cat (Gorman et al., 1982) containing the SV40 

polyadenylation signal (SVpA) was then inserted between Hindlll and BamHI to reduce 

the background caused by some non-specific transcription initiated upstream of the Cat 

gene. The new plasmid was called pCatpA (Fig. 6-4A). A series of deletion mutants were 

generated by deleting 5' distal region between BamHI and Clal, P ad  or Xbal sites, and 

named pCatpACIa, pCatpAPac and pCatXba, respectively (Fig. 6-4B). Some other deletion 

mutants were generated by PCR method (Fig. 6-4B). 20 pg each of the plasmids together 

with 2 pg of pLacZ was transfected into COS-7 cells using calcium phosphate method. 48 

hrs after transfection, cell extracts were subjected to CAT assay, and duplicate aliguotes 

of the cell extracts were used for assay of the galactosidase activity. 48 hours later, the 

cells were collected and lysed by repeated freezing and thawing for three times. After 

pelleting the cell debries at 4°C, the supernatant protein concentration was measured and 

10 pg protein was used for each CAT assay in a reaction mixture containing 2 pi of [14C]- 

Chloramphenicol (0.1 pCi, ICN), 200 ng Acetyl-CoA (Boehringer manheim) and 0.25 M 

Tris/HCI (Gorman et al., 1982). The CAT activity was obtained by determining the 

percentage of Cholorophenicol that was acetylated. The (3-galactosidase assay was



performed as previously described (Chen et al., 1991). 10 pg of total protein extract was 

incubated with 0.77 mM 4-methyl-umbelliferyl-p-D-galactoside in a  final volume of 230 pi 

of buffer Z (60 mM Na2HP04, 40 mM NaH2P04, 10 mM KCI, 1 mM MgS04, 50 mM 2- 

mercaptoethanol, pH7.5) at 37°C for 25 min in a Titer-tek, Fluoroskan II. The absolut 

fluorescence units were used to normalize each CAT activity.
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Abstract

Our earlier study predicted that proto-oncogene c-ros codes for a  receptor-like 

protein tyrosine kinase. To further understand its protein structure and physiological 

function, we have analyzed its expression in various tissues of chicken and have isolated 

and sequenced cDNA clones containing the entire coding region of the gene. Confirming 

our earlier study, we found that kidney is the organ that expresses the highest level of c- 

ros mRNA. In addition, we found a lower level of expression in gonad, thymus, bursa and 

brain. A distinctive 8.3-kb c-ros mRNA is present in kidney. No detectable amount of c- 

ros mRNA was found in the rest of tissues examined. Nucleotide sequence of the c-ros 

cDNA predicts that it codes for a  TM PTK molecule of 2311 aa. The EC domain consists 

of 1873 amino acids which share 20 to 43% homology with that of the Drosophila 

sevenless protein and PTK domains of the two genes have 58 to 74% homology. The EC 

domain containing 37 potential N-linked glycosylation sites is preceded by a 5' 

hydrophobic sequence resembling a  typical signal peptide. An internal hydrophobic 

domain of 26 amino acids, the presumed TM domain, is followed by a  spacer sequence 

of 58 amino acids, a  PTK domain of 270 amino acids and a  carboxyl tail of 84 amino 

acids. Overall, our result indicates that c-ros codes for a  glycosylated TM PTK molecule 

which shares a  remarkable sequence and structural homology with that of Drosophila



sevenless protein.
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Introduction

Proto-oncogene c-ros is the cellular counterpart of the transforming gene v-ros of 

avian sarcoma virus UR2 (Wang et al., 1982; Neckameyer & Wang, 1985; Neckameyer 

et al., 1986). Previous sequence analysis of the v-ros DNA and partial genomic clones of 

the c-ros suggested that c-ros codes for a receptor-like PTK molecule (Neckameyer et al., 

1986; Matsushime et al., 1986). Based on the comparison of the sequences in the PTK 

domains, c-ros was found to share the greatest homology with insulin receptor (Ebina et 

al., 1985; Ullrich et al., 1985), Insulin-like growth factor I receptor (Ullrich et al., 1986) and 

Drosophila sevenless (Basler & Hafen, 1988; Bowtell et al., 1988) among the known 

members of the PTK family.

Previous studies indicated that the expression of c-ros was highly regulated in 

chicken and was only detectable in kidney (Shibuya et al., 1982; Neckameyer et al., 1886) 

where a  8.3-kb mRNA was observed (Podell and Sefton, 1987). Most recently, a  study 

of c-ros expression in rat, however, showed that it was expressed in lung, heart, and testis 

in addition to kidney and alternative splicing was observed among those tissues 

(Matsushime and Shibuya, 1990).

However, the physiological function and the potential ligand of the c-ros product 

remains unknown. To explore those questions, we have further studied the c-ros 

expression in chicken using riboprobe hybridization and have isolated c-ros cDNA clones 

and determined its entire coding sequence. Our results indicate that c-ros product shares 

remarkable sequence and structural homology with that of the Drosophila sevenless 

protein.
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Results

Tissue-specific expression of c-ros

Previous analyses by liquid hybridization (Shibuya et al., 1982) and Northern 

analyses (Neckameyer et al., 1986) identified kidney as the sole organ in chicken that 

expresses a  significant level of c-ros mRNA. Our previous kinetic study indicated that the 

level of c-ros mRNA in kidney peaked at 10 to 14 days post hatching and maintained a 

slightly lower, but constant level thereafter (Neckameyer et al., 1986; and our unpublished 

data). To further investigate the tissue-specific expression of c-ros, in the current study, 

we used slot blot hybridization with riboprobes to reinvestigate the question. Our result 

confirmed that kidney is the tissue having the highest level of c-ros mRNA (Fig. 3-1 A). 

In addition, much lower but significant levels of RNAs were also observed in gonad, 

thymus, and bursa. The kidney mRNAs were analyzed by Northern blotting as well. A 

8.3-kb mRNA species was reproducibly detected in different mRNA samples (Fig. 3-1B 

& C). Our result confirmed that reported previously by Podell and Sefton (1987). 

Substantial degradation of mRNA was observed in current and previous studies mentioned 

above. This is consistent with the presence of multiple mRNA instability motifs in the 3' 

c-ros mRNA (see below).

Isolation and restriction mapping of c-ros cDNA clones

Clone 84-1 representing the 3’ 3-kb c-ros mRNA was isolated from the oligo(dT)- 

primed library. All the other 6 overlapping clones were isolated from the oligonucleotide- 

primed library. Their relationship was established first by restriction mapping (Fig. 3-2) and 

was further confirmed by sequencing. Except for clone 84-1, all the rest were rescued into 

phagemid vector pBluescript SK(-) for quantitative preparation and nucleotide sequencing. 

The total length of these overlapping cDNA clones is 8.12-kb.
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Nucleotide sequence and predicted product of the c-ros cDNA

The nucleotide sequence (Fig. 3-3) covering the entire cDNA clones was derived 

by the sequencing strategy described in the materials and methods. All regions were 

sequenced in both directions. We predict from the sequence that c-ros codes for a 

polypeptide of 2311 amino acids. The sequence represents the only uninterrupted open 

reading frame spanning the bulk of the cDNA with the initiation codon conforming to the 

Kozak rule (Kozak, 1984). Two long stretches of hydrophobic region are present (Fig. 3-3 

& 3-4). One is located at the N-terminus and the other is located internally. Each of them 

has an average hydrophobicity of greater than 1.5 (Fig. 3-4) and is presumed to function 

as signal peptide and transmembrane domain respectively. Excluding the presumed signal 

peptide, the unmodified c-ros protein is expected to have a  molecular weight of 252,000 

daltons. The predicted extracellular domain of 1873 aa contains 37 potential N-linked 

glycosylation sites composed of Asn-X-Ser/Thr (marked by open stars in Fig. 3-3) 

(Kornfeld & Kornfeld, 1985) and 34 cysteine residues (marked by closed stars in Fig. 3-3). 

Ten of the cysteine residues are within the N-terminal 100 amino acids. However, this 

cysteine rich region shares no homology with those of insulin receptor (Ebina et al., 1985; 

Ullrich et al., 1985), sevenless protein (Basler & Hafen, 1988; Bowtell, et al., 1988) or EGF 

receptor (Ullrich et al., 1984). Interestingly, a  cysteine-rich domain is also present in the 

N-terminus of predicted products of rat and human c-ros cDNAs respectively (Matsushime 

& Shibuya, 1990; Birchmeier et al., 1990). No potential cleavage sites similar to those of 

insulin receptor (Ebina et al., 1985; Ullrich et al., 1985), IGFI receptor (Ullrich et al., 1986) 

or sevenless protein (Basler & Hafen, 1988; Bowtell et al., 1988) are present in the 

predicted extracellular domain of the c-ros product.

The intracellular domain consists of 412 aa including the PTK domain of about 270
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aa and a  carboxyl tail of 86 aa. The conserved PTK domain Is about 60 aa downstream 

from the transmembrane domain.

Our cDNA clone contains a 3' non-coding sequence of 1013 nucleotides. Within 

this region there are three AATAAA motifs for polyadenylation and the third one used in 

polyadenylation in our cDNA clone is different from that of a previously reported cDNA 

clone (Podell & Sefton, 1987). These results indicate that there exists 3' heterogeneity 

among the c-ros mRNAs due to choice of polyadenylation sites. In addition, there are 

seven A(U)nA mRNA instability motifs that may be involved in post-transcriptional 

regulation of gene expression (Shaw and Kamen, 1986) within this region. This is 

consistent with the observed lability of chicken c-ros mRNA (Fig. 3-1; Neckameyer et al., 

1986; Podell & Sefton, 1987). Interestingly, such motifs are not present in the reported 

3' non-coding sequence of the rat c-ros cDNA (Matsushime & Shibuya, 1990). A 

Comparison of our cDNA sequence with the sequence of a 3' 2-kb cDNA clone reported 

previously (Podell & Sefton, 1987) indicates that there exist 8 differences in the 3' non­

coding tail. We have individually confirmed the sequences at positions of difference in our 

cDNA clone. The reason for those differences are not clear. In addition, the penultimate, 

instead of the same, polyadenylation site shown in the previous cDNA clone (Podell & 

Sefton, 1987) is used for polyadenylation in our cDNA clone.

Comparison of the c-ras protein with other PTKs

Comparison of the amino acid sequence of the c-ros with those of known PTKs 

revealed that sevenless has the highest homology (data not shown). Fig. 3-5 shows the 

aa sequence homology among chicken c-ros, rat c-ros and sevenless proteins. As 

expected, the PTK domains of the three proteins share high degree of homology (75% 

identity and 88% homology if conserved aa are included). In addition, the ros proteins
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also share considerable homology with the sevenless protein in their extracellular domains 

(20% identity and 43% homology if conserved aa are included). By contrast, very little 

homology is present in their carboxyl tails and the rat c-ros carboxyl tail is 50 aa longer 

than that of the chicken c-ms.

Comparison of the sequences in catalytic domain of c-ros product with those of 

various PTKs reveals certain features: 1) the cytoplasmic domain of c-ros product does 

not contain the SH2 and SH3 regions shared by PTKs of src family and a  number of non 

PTK molecules (Sadowski & Pawson, 1986); 2) as pointed out previously, the PTK 

domain of v-ros protein contains a  unique 6 aa insertion in comparison with a  series of 

cytoplasmic and receptor PTKs (Neckameyer & Wang, 1985). This feature of 5 to 6 aa 

insertion in the PTK domain of ros proteins is shared with the sevenless protein, but not 

with IR and IGFR proteins (Fig. 3-6). On the other hand, the ros proteins lack the 

extended insertion sequence, called Kl, interrupting the kinase domain, a characteristic 

shared by c-fms, PDGF receptor and c-kit proteins (Hampe, et al., 1984; Woolford et al., 

1988; Doollitle et al., 1983; Besmer, 1986); 3) the presumed major autophosphorylation 

sites of ros proteins contain three instead of one tyrosine residues (Fig. 3-6). This 

characteristic is shared with sevenless, IR and IGFR proteins.
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Discussion

Our predicted chicken c-ros product shares a  remarkable sequence and structural 

homology throughout the entire molecule with the Drosophila sevenless protein. In 

addition, the sequence and several structural features in the cytoplasmic domain, 

particularly the PTK region, are also very similar to those of insulin receptor and IGFI 

receptor.

Both the predicted ros product and the sevenless protein have extremely large 

extracellular domains with numerous potential glycosylation sites. However, the spatial 

distribution of cysteine residues is different between the two proteins except that both 

have a cysteine-rich region in their N-termini. Interestingly the punctuation of several 

exons in the PTK domains, where information on genomic clones from sevenless and ros 

are available (Neckameyer et al. 1986; Matsushime et al., 1986; Matsushime and Shibuya, 

1990), is identical between them.

In the cytoplasmic domain certain structural features are shared among ros, 

sevenless, IR and IGFR proteins. They include the length of the spacer between the TM 

and PTK domains, the lack of SH2, SH3 domains and large kinase insertions, as well as 

the presence of multiple tyrosine residues at the presumed major autophosphorylation 

sites. By contrast, the characteristic five to six aa insertion in the PTK domain of ros is 

only shared with sevenless, but not with IR or IGFR. These observations suggest that 

ros, sevenless, IR and IGFR are closely related members of the receptor PTK gene 

family, and particularly, ros and sevenless appear to share an even closer homology. It 

remains to be seen whether sevenless represents the Drosophila counterpart of the 

chicken and mammalian c-ros genes.

A typical signal peptide sequence is present in the N-terminal region of ros and
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sevenless protein respectively. The signal peptide in sevenless is about 50 aa 

downstream from the N-terminus (Basler & Hafen, 1988; Bowtell et al., 1988) and instead 

of being cleaved, the sequence was proposed to insert into the membrane of R7 or its 

neighboring photoreceptor cells of Drosophila (Basler & Hafen, 1988; Simon et al., 1989). 

The signal peptide of ros proteins by contrast is located at the N-terminus and is likely to 

be cleaved at the early stage of protein synthesis and processing. Moreover, the 

sevenless protein was shown to be initially synthesized as a 280-kDa glycoprotein, 

followed by cleavage into a  220-kDa extracellular and a  58-kDa intracellular subunits, and 

the 58-kDa subunit was further processed into 48- or 49-kDa protein with simultaneous 

degradation of the rest of the protein (Simon et al., 1989). No sequences corresponding 

to the cleavage signal sequences in sevenless, IR or IGFR (Simon et al., 1989; Ebina et 

al., 1985; Ullrich et al., 1985; Ullrich et al., 1986) are present in the ros product. Initial 

characterization of the human c-ros protein in glioblastoma cell did not reveal any 

processing of the primary 280-kDa product (Sharma et al., 1989). However, further 

analysis of the ros protein in normal cells is needed to clarify the differences.

The function of the sevenless gene has been well established genetically and 

shown to be required for the development of the photoreceptor cell R7 of Drosophila 

ommatidia (Rubin, 1989). Despite the fact that sevenless is expressed in many 

Drosophila tissues including photoreceptor cells other than R7, its expression in R7 cells 

is crucial for their differentiation into photoreceptor cells. Recently, it was shown that 

expression of another gene, called boss, in the R8 cell was required for its neighboring 

cell to become R7 (Reinke & Zipursky, 1988). The boss gene product was thus 

suggested to be the ligand of sevenless protein. The potential ligand of the c-ras protein 

is unknown and whether there exists a  similar signal transducing pathway for c-ros
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remains to be seen. However, repeated efforts to detect expression of c-ros in chicken 

eye tissues have so far yielded negative results (Neckameyer et al., 1986; and this 

study). Instead, c-ros has been shown to be expressed in kidney, gonad, thymus and 

bursa of chicken (Fig. 3-1) and lung, heart, kidney and testis of rat (Matsushime & 

Shibuya, 1990). This discrepancy may be due to functional divergence of the gene in 

Drosophila versus higher animals. Alternatively, c-ros may be closely related to, but not 

the counterpart of, the gene sevenless.

Distinct cDNAs were isolated from various tissues of rat, suggesting that alternative 

splicing may yield different forms of c-ros proteins(Matsushime & Shibuya, 1990). Our 

cDNA sequence corresponds to that isolated from rat heart which contain a  21 aa 

insertion in comparison with that from lung and kidney (Matsushime & Shibuya, 1990). 

The 21 aa insertion in our kidney c-ros cDNA (flanked by the closed triangles between 

position 431 and 451 in Fig. 3-3) is present in all three different clones that we have 

isolated (2a, 1c & 5b). In addition to alternative splicing, multiple polyadenylation sites 

appear to be used for 3' end processing as mentioned above. An intriguing difference 

between chicken and rat c-ros mRNAs is the apparent absence of mRNA instability motifs 

and multiple AAUAAA polyadenylation signals in the latter c-ros mRNA. The presence of 

instability motifs may account for the observed high tendency of degradation of the 

chicken c-ros mRNA. But it may not fully explain the low abundance of c-ros mRNA in 

various chicken tissues. The significance for those differences between chicken and rat 

c-ros mRNAs is unclear.
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Fig. 3-1 Expression of c-ros in chicken tissues. (A) 10 pg of polyadenylated RNA from IQ- 

14 day old chickens were analyzed by slot blotting and hybridization with v-ros riboprobe 

(A and B) or a  chicken actin DNA probe (C). A and B were treated with RNase 

subsequent to hybridization. 1 pg of polyadenylated RNA from uninfected or UR2 

transformed CEF and 1 pg of yeast tRNA were included as controls. Lane A and B are 

the same strip with different times of exposure. Lane A is a  14 h exposure, lane B is a 

20 h exposure. The origins of mRNAs are: B, brain; R, retina; G, gonad; K, kidney; L, 

liver; M, muscle; BM, bone marrow; Bu, bursa; S, spleen; T, thymus. (B & C) Two 

separate Northern analysis of kidney polyadenylated RNAs. 8 pgs of mRNA was used 

and the filters were probed with a  32P-labeled v-ros DNA.
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Fig. 3-2 Isolation of c-ros cDNA clones. The open box depicts the derived structure of 

the c-ros product. The two blackened vertical bars represent the two hydrophobic 

sequences. EC stands for extracellular domain. TPK stands for protein tyrosine kinase 

domain. Several overlapping clones were isolated from two 14-day chicken kidney cDNA 

libraries (see materials and methods). Abbreviations for restriction enzyme sites are: P, 

Pstl; E, EcoRI; S, Sacl; H, Hindlll; X, Xbal.
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Fig. 3-3 Nucleotide and derived amino acid sequences of the c-ros cDNA. The sequence 

was constructed from sequencing data of the cDNA clones shown in Fig. 3-2. The closed 

and open stars denote cysteine resides and potential N-linked glycosylation sites, 

respectively, in the extracellular (EC) domain. Two stretches of hydrophobic sequences 

are highlighted by closed diamonds above them. The two closed triangles in the EC 

domain define a 21 aa sequence corresponding to an identical insertion in rat heart c-ms 

cDNA, but absent in rat lung cDNA. The closed circles in the intracellular domain denote 

the sequence motifs for ATP binding. The asterisks point to the presumed major 

autophosphorylation tyrosine residues. The 6 aa insertion is highlighted by an overline. 

The mRNA instability motifs A(U)nA as well as the polyadenylation addition signal AATAAA 

in the 3' non-coding region are underlined.



AGCTTCTTCAACGAATCGATTGTAAACAAACAATTAAA
AATATTTAATAAATACTAAAGTACAAATTTCGTAGTCGTGTCTCTGTCACCtACTCTtCAAGGAGTlTCTAtGGCCAAGCCAACGAACCAATCAGACTCAAAGATCAAATTTCTCAACTT «••«*»♦»•««««•«»»»«***»«»•««*»•*»*««»««»«»»««»»•««» * *
KetArqAariAIaCyaLAULeuLeiiAaftArqLcuCIyAIaPharyrPhelXaTrpIXtScrAIaAaaTya'CyaSerPhaSarLyaABnCyaCIrtAapLcuCyaThrSf rAanLauGIuCXy 
ATCAGGAACGCTTCCCTCCTCCTGAACAGACTTGGTGCTTTTTACTTCATTTCGA1TTCTCCTCCATATTCTTC1T7CTCAAAAAATTGTCAAGACCTATCTACAAGTAACCTGCAACGA 

*  *  * * #  
cluL«uGlyllaA]aAant*uCyaAanValSarAaplleAanValAlaCyaThrGlnGlyCyaGlnphaTrpAanAlaThrcluClnValAanCyaProL«uLyaCyaAantyaTArTyr 
CAACTtGGAATtCCTAACCTTTGCAATCTtACTGACATCAAlGTGGCATGTACACACGCATGTCACTTITGGAATCCAACAGAGCAAGTCAATTCCCCACTCAAATGTAACAAGACATAC 

* *  * *  
ThrArGGluCyaGluThrvalsarCyatyaPhaGlyCyaSatArGAlaGluAapAlalytGlyValcluAlaGlnAanCyaUuAanLyaProGlyAlaPtoPhaAlaSarSarntcly 
ACCAGAGAATGTGAGACAGmCCTCCAACnTCCCtCTACTCCTCCACAGGATGCATATCCTGTICAACCACAGAACTCmGAACAAGCCTGCAGCACCAmCCATCCTCCATTGGA * *
SetHlaAanllaIlitl*uGlytrpI.yaProAlaAanIl«SarGluValLyaTyrIlaIlaGlnTrpl.yaPheHlaGlnlauPtoGlyAapTfpArflTyrThtGluValVal8arGluThr
AGCCACAAtATCACACTCCGTTCGAACCCAGCTAATATCTCTCACCTTAAATATATIATCCAGTCGAACTTTCATCACCTCCCTGCACACTCGACATACACACACGTCGTATCTGAAACT

SarTyrThrVaXLyaAapLvuGXnAXaPhaThrCIuTyrCXuPhcArqValVaXTrpIXtllaThrsarcXnLauCInLauHXaSarProProSarProSaa'TyrArqThtKLaAlasar
TCATATACACTCAAGGACCTTCAAGCCTTCACAGAGTATCAGTTTCCAGTAGTTTCCATCATAACCTCTCAGCTCCAGCTCCATTCTCCACCAACTCCCAGTTACCGCACCCATCCTTCT

GlyValProThrThrAIaProXXallatyaAapIIecXnSarSerSerProAanThrValGXuValsarTrpPhaProProLauPhaProAanClyLauIXcValciyTyrAanliuval 
GCACTTCCTACTACACCTCCCATCATTAAAGATATTCACACTICAAGTCCAAACACTCTTGAAGITAGITCGTTTCCACCACTTTTTCCCAATCGATTCATTCTTCCATACAACTTGGTC 

*  #  
tauThrScrCluAanHlacluLauLauArqAlaSarArqClyHi aSerPhaCInPhaTyrsarThePMPraAtnSarThrTyrAtqPhtSarXXaVaXAXaVaXAanGXuAXaGXyAXa 
CTGACCACTGACAATCATCAACTGTTCAGAGCATCCAGACCGCACAGCTTTCAGTTCTACTCTACCTfCCCAAACACCACTTACACGTTCAGTATTCTAGCTGTTAATCACCCTGCACCT*
CIyProProAIaGIuAlaAanIX*ThtThtPtaGIuSarLyaValLyacXuLyaAXaLyaTrpUviPhaLausaaAtqAanGXnlatUuAtqI.yaAtqTyrHatcXuHXaPhaLauGXu 
CCACCCCCTCCACAAGCCAACATCACAACACCCGAATCCAAAGTTAACGAAAAAGCAAAATGCCTCTTTCTATCCACAAACCAGTCTTTAACCAAAACATACATCCAACATTTCCTTGAA * *
AXaAIaHltCyaUuClnAinGXyllallaKlaHltAanlXaThrCXylXaSaiValAanValTyrGXnClnValVaXTyrPXiatarCXuCIyAantarllaTipVaXLyaGXyValval
CCACCCCACTCTCTGCAAAATCGTATAATACACCACAACATTACAGCAATTTCTCTCAATGTTTATCAGCAAGTTGTCTATTTTTCTCACCCCAATTCCATCTCGGTCAAACGACTTCTC

AapKatSatAapVaXSarAaptauThrLauPhaTyrThrCXyTrxaGXyAanlXaThrSarllatarValAapTrpLauTyrClnArqHatTyrPhaVaXHatAanGluLyalXaHlaVal 
CATATCTCTCATGTATCTCACTTAACACTCTTTTATACTCCCTGGCCGAACATTACATCAATCTCACTACATTCCCTTTACCACACCATCTACTTTGTCATGAATCAAAACATACATCTT 
*  #  *  ▼  * 

CyaGInUpuGIuAanCyaThrAIaAIaCIuAapIIaThtProProTyrGIuTlirSatPfoAiqLyallaValAIaAapProTyrAanCIyTyrllaHiaCyaUuLauGIuAapGIylla 
TGTCAGT7ACAGAACTCCACAGCACCTCAACACATCACTCCTCCTTATGACACATCTCCTAGCAACATTCTACCTCATCCCTATAATCCGTATATTTTCTCTCTTCTGCACCATGCTATA 

▼  ☆  
TyrArqAlaAanGauProLauPhaProAapThrAXaSarAlaAIaSarLauValValLyaSarNXaThrLauArqAapPhaHatlXeAanPhaClnSarLyaArqLautXaPhaPhaAan 
t a c a c a c c a a a c c t t c c a c t c t t t c c t c a c a c t g c c t c a g c a g c t t c a c t a g t t c t c a a a t c c c a c a c t t t c a c a c a c t t c a t c a t c a a c t t c c a c t c t a a g a g a c t c a t t t t c t t c a a c

X.yaTArGIuGInAIaPhaVaISarCIypnaUuAapGIySarGIuPhaHlaThrUuArqAIaHlaVaIProUuAapAapHatGIuSatPliaVaXTyrGIuAapAanIIaPhaThrVaX
AAAACACAACAGCCCTTTCTGTCCCCTTTTCTTCATCGTTCACAATTTCACACTCTCCCACCACACCTCCCACTTGATGACATGGACACCTTTGTTTATCAGCATAACATATTTACTCTCaa
TArAapClyArqAlaVaXPhaHlaGluClutlaSarGXnValGlySarSarSarPhaAancluTyrValVaXAapCyasarLauGXuTyrProGIuTyrPhaCXyPhaGlyAanLauLau
ACAGATCGCCCGCCAGTTTTCCATCAGCAGATCTCACAAGTGGCAACTTCTACCTTCAACCACTATCTTGTACATTCCACTTTCGAATATCCACACTATTTTCCCTTTGGCAATTTCCTT

PhaTyrAIaAXaSarThrCInProTyrProLauPrDThrUuProArqUuVaIThrVaIL«uPhaCIySarAapGInAXaVaIIXaSarTr(>SarProProCXuTyrThrIXaGXyThr 
77C7A7CCACCA7CAAC7CACCC77A7CC777ACCAAC7C77CC7CCGC77C7CACAG7AC7C777CCA7CCCA7CAACC7G7CA7CACC7CGAC7CCACC7CAA7ACACAA77GGAACC 

*  <r
SarArqSarAXaTrpCXnAanTrpThrTyrAapValLyaValSarSarcInSarThrPhacXuCIuGXuTrpVaXVaXSarAanXIaThrAapThrArqPhaAXaVaXLyaAanLauVaX 
AGTCCGTCTGCTTCGCAGAACTCCACCTATCATGTGAAAGTGTCATCTCAAACTACTTTTCACCACCAATCCCTTGTCTCAAACATTACTGACACCAGCTTTCCCGrCAACAATCTCCTC

sarPhaThrGIuTyrCXuHatSatValArqAlaVaXSarprDAXaCIyGIuGXyPtoTrpSarGIuProPhaArqGXyHatThrrhaCIuGXuAXaGXuGXuCXuProTyrlXatauAXa
ACCTTCACAGAGTATCAGATCTCACTCAGAGCCGTGTCTCCTCCTGCTCAAGCACCATGCTCACACCCATTTAGAGGCATCACATTTCAA6AACCTCAACAACAACCTTACATATTCCCA

it <7
VaXGIyAlaGXuCIyX^uTrpLyaGInArqLcuAapSarTyrGXyProCXyCIuPhaLauTyrProHxallaArqAanllaSarAapLauAapTrpTyrAanAapThrLauTyrTrpStr
CTACCCGCGCAACCGCTCTCCAAGCAGCGTCTCGATAGCTACCGGCCAGGGCAATTCCTTTATCCTCATATTAGAAATATTTCACACCTCGACTCGTATAATCACACTCTCTATTGGAGT

aa
AanSerHelGIyLyaVa!GInThrTrp5arHtlAanLyaLyaGIuG!yThrThrGIuAanSarTyiVa!ProAap!IaLyaAanA!aArqHalUuAXaPhaAapTrpX*uCIyC!ncya
AA77CCA7GCCGAAAC77CAGACC7GG7CAA7CAA7AAGAAAGAGGG7ACCAC7GAGAACAC77A7G7ACC7GACA7CAAAAA7CCAACAA7G77GCCC777GAC7GGC7GGCACAA7GC

LauTytTipAlaGIylyaAIaAanThrllaTyrArqLyasarUuUuGIyAapHiaHttAapvalVaXAXaHXaVaXValTyrValVallyaAapUuAIaVaXAapSarVaXAanGXy
77GTA77CGGC7GGCAAAGCAAATACGATC7AtAGAAAA7CAC7GC7ACGACACCA7A7CCAyC77G7CGCCCA7C77G7A7A7G7AG7CAAGGA7C7AGCCC7GGA77CAG7GAA7CGC

TyrXeuTyrTrpAIaThrThrTyrTPrValGXuSarAIaArqLauABnGIyGXuGIuTyrUuXIaUuGInGIuKxaLauGInPhaSarGXyLyaGInValValGXyLauAXaLauAap
7A777G7A77GCGCCACAACG7A7ACAG7GGAGAG7CCAACAC7GAA7CGACAAGAG7ACC77A7A77ACACCACCA7C7ACAG7777C7GCAAAACAGG7CC77CG777AGC777CCA7

♦  *  aa
X^uThrSarGIyPhaX^uTyrTrpUauVaXGInAapGXyLauCyaUauAantauTyrArqlXaSarllaCyaLyaGIuSarCyaGIyAanllaHatVaXThrGXuIIaSarAXaTrpSar 
CTCACCTCTGGTTTTCTTTACTGGCTTGTGCAACATCGTCTATCCCTAAACCTATACACAATrTCTATf TGCAAAGAAAGTTGTGGTAATATCATGGTCACAGAAATCTCAGCATCGAGT *
VaISerGIuVaI5arGIriAanAIaL«uGInTyrTyrSerGIyArqGeuPhaTrpIl8AanArqtauI.yaPhalXaThrTtarGInGXuLauAanGIn5arXXaSarIIaProPheSarGIu
CTTTCGGAAGTATCTCAGAATGCACTCCAGTATTACAGTGGTCGTCTGTICTGGATIAATAGGCTTAAATTCATTACAACTCAGCAACTCAACCACACCATTAGCATTCCCTTTTCAGAA*
ProAXaGIuPPeAIaAIaPhaThrLeuVaXHiaTPrSarLeul.yaProLauProGXyAanPhaSaaPhaThaProLyaVaXIX«PtQStrSatVaXPaoGXuS«r5ecPtiaLyaIXctya
CCACC7GAG777GCAGCC777ACCC77G77CACAeA7CAC77AAACC777GCCAGCAAA777C7C7777ACACCAAAAG7CA77CCAAG77CCG7GCCAGAA7C77C777CAAGA77AAA

it It aa *
SerSerGXyAanSarPhaHlsllelleTtpAanAIaSatTtuAtpvaXGlnTBpGXyThtVaXPtaaTyaCyaVaXGXySerAanAXalauGXTMalArqTairX^uGXuSerGXuATqCya
c g a a a t i c t t c a a g i i t t c a c a t c a t i t g c a a i g c c t c c a c a g a t g t g c a a t g g g g a a c i g i c t t i i a c t g c g t c c g a t c a a a i g c t c i a c a a a t g a g c a c t t t g c a g a g t g a a c g g t g c

X.auHxaPrDHxaAapLau'XatiVaXPTOSatTyrX.yaVaXAapTipLauGXuProPhtThrtauPhaAapPlacSarVaXThrProTyrThrTyrTrpGXyLyaAXaProTrirThrSarVal
CTCCATCCCCATGACCICACAGTTCCATCCTACAAAGTTGATIGGCTCGAACCATTCACACTCTTTCATTTTAGTGTCACTCCGTACACATACTGGGCCAAGGCACCAACAACATCTGTG

TyrLcuArqAXaProGXuGXyValProSerAXaProAIaAanProArqIXaTyrVaXLauHxaSarAanThrHXaGIuGIyGXuGIuLyavaXLauyaXGXuUuArqTrriAapLyaPrD
TATCTTCGACCCCCTGAAGCAGTTCCTTCAGCCCCTGCAAACCCTAGAATATATGTGTTGCATAGTAACACACATCAAGGTGAAGAGAAAGTCCTTGTCGACCTCAGATCCCACAAACCT*
GIuAtqAapAanGIyVaItauThaGXnPhaArqVaXTyrTyrGInl«ulauTyrGIuSatGIyAXaAIaAapThtUuHatGXuTrpAanVaISarAapvaIl.yaPtoIhrAIaUuLau
GAAAGGGACAATGGAGTATTAACACAATTCAGGGTTTACTATCAACTGITGTATGAGAGTGGIGCTGCTCACACICICATGGAGTGCAATGTGACCCATCTCAAACCCACTGCATtGCTC*
ptieSarllaArqAapGXuHlaPtoArqUuIhrVaXArqPhaGInValGInAIaPhaTtirSarValGIyProGIyPioMetSarAapValAIaGXnArqAanSarSatAapIIaPhaPro
t t t t c a a t c a g a c a t g a g c a t c c t a g g c t c a c a g t a a g g t t t c a g g t g c a a g c t t t t a c a t c t g t g g g t c c a g g a c c t a t g t c t g a t g i a g c a c a c a g g a a t t c a i c a g a t a t t t i c c c i* * 
VaXProTPrUuXIaimpheSarSarAanX-yaUuPhaUuThrAapIIeAapSarAanHiaThrHelrpGloValUuIhrAanArqAanllaLyaAapIIaCyaTyrlhtAIaAap 
gtcccaactcttataactttttcttccaacaagttgtttcttactgacatagacagtaatcataccatatgggaagttttgacaaatacaaatataaaggacatctgttatactgctgat



it
ABpAfpLy4V4lTyr7yr!l*l*uCluAapS«rL«uPhal*uL«uA8nV*161n5atThr9ar61i>s»rClnLeuPh»GluA8pV4lPh«bauArgA*riV«lThrAlatl«7hrValABp 1240 
GATCACAAACTG7AY7A7A7CCTACAACAC?CTC7TT7TC7TCT6AATC7ACACAG7AC7TCAGAG7C7CAC7TC7TCCAAGATC7A7TTCTTCCCAATG7CACACCCA7CACAC?AGAT a m

it
rrpIltAUArgHiaUuPhaValAlaMatLyaThrSarTrpAafiCluThrGlnValPhaPhalUAaplcuCluUuLyaThrLyaSarMuLyaAlaUiiAantlaClnUuClyLya 1210 
TCCA7TCCAACACATC7C777C7TCCCATCAAAACC7CA7CCAATCAAACTCAAGTAT7777TAT7CATCTCCACC7CAACACAAACTCCTTAAAAGCA77CAACATACAC77CCCTAAA 3991 

it it
ArgAan5*rThrl2aSar9«rL*uL«uSarTyrProPhaL«utarArgl«u7yrTrpXlaCluGluL«uA8pTyrClySarArgttatPh*TyrTyrAapllaL«uAanABnThrHatTyr 1320 
CCTAATTCAACTATATCATCTCTAC7G7CA7A7CCC777T7AACCCGC77G7A7TCGATTCAAGAGCTTGATIATCCCACCCCCATCTTTTATTATGATATACTGAATAATACCATCTAC 4119

♦  *
HiBXltLcuClyTyrCluSarValCluCluLyaMttArgAanTyrCyBAtnCyBAanValAlaCluAlaCluLtuClyArgProXlaSarXlaAapVtlYhrAapXlalyaLyaProGln 13(0 
CACATTTTCGCATACCAATCAGTACAACAAAAGATCACGAACTACTCCAACTGTAACGTG6CAGAAGCACAGCTACGAAGACCTATAAGTATAGATCTAACTGACATCAACAAACCCCAA 4231i  9
LaulcuPhallaArgeiyArgABpCluIlaTrpAlaSarAapVilAapClyCyiHlaCyaYrpArgXltlhrLyatlaProSarPhaClnClyTtirLyBXlaClySarLauThrVilAip 1400 
CYCC7C77TA7CACAGCAACAGATCAAATA7CCGCCTCACA7G7CGA7C077CCCACTCCTC6A6CAT7ACCAACA7ACCAAC7T7TCAACC7ACAAAAA7TCCAACCT7CAC7G7ACAT 43SI

it
LyaClnPh*tl«TyrTtpThrUftGltiLyaLyaGlutyrThrCluIl«CyaL«uAlaAapLyaGluSarThrArgHlaI«rL«uClnArgt.yaAlaAanKlaGluL«uLyatl*l«uAla 1440 
AAACAATTTATATATTCCACCATTCAAAAGAACGAATACACACAAATTTGTCTAGCACATAAACAAAGCACAACACACrcrCTTCACACCAAAGCAAATCATCAGCTCAAAATCTTAGCC 4471

*  it
TyrSarSarAUHttClnStrTyrProAaptyatyaCyaUuThrProLcuUuAapThrCluLyaProThrllaUuAapThrrhrAanTlirSarPhaThrUuSarUuPzoSarVal 1410 
TACAGCTCACCAATCCAATCATATCCACATAACAACTCCCTGACTCCATTACTACACACTCAGAAACCTACTATCCTCGATACAACAAACACTACTTTTACGTTAACCTTACCATCTCTC 4399 

*  ☆  
IhrYhrClnClnLtuCyaProSarXlaSarClnProThrProThrTyrLauValPhaPhaAtgClullalhrSarAanHlaCluAsnlarTftrTytHlaPhaStrThrLpuLtijClnLya 1320 
ACAACACAGCACCTATCCCCCACCATATCCCACCCTACACCAACATATCTCCTATTTTTCACACAAATAACTACCAACCATCACAACTCCACCTACCATTTCTCTACTCTACTCCAAAAA 4711

ThrUuCluIlaClnCluProIlaAlaValllaAaAAanUuLyaProPhtSarThrTyrAlallaClnValAlaValLyaAanTyrTyrSarAanGlnAanClnUuAlaValGlyArg 15(0 
ACTTTGCAAATTCACGAACCTATTGCTCTCATAAACAACCTAAAACCATTTTCAACGTACCCCATACAACTTCCTCTCAAAAACTACTATTCAAATCAAAACCACCTGGCTGTAGGAACG 4131

it
CluAlAlltSarYhrYhrUuTyrClyValProCluClyValAapSarllaLyaYhrValValUuSarAapThrYhrllaAanXlpSarTrpSarGluProUuCluProAanGlyPro 1(00 
CACCCAATCACCACAACTCTATATGCACTACCAGACGCACTTCATTCCATTAACACACTCCTTTTCTCCCACACTACTATCAACATATCTTCCACTCAACCTCTGCACCCAAATCCACCT 4931

it
LcuGluSarllaArgTyrClnXlaSarValABnLPUt^uSarLauPhtProGluAliProLauArgLyaSarCluPhaProAanGlyYhrLtuSarYrpSarValSerAapLtijClnSat 1(40 
CTAGAATCCATCCCCTATCAAATCTCTGTCAATTTATTCTCTTTGTTCCCAGAAGCTCCCTTGCCAAAAAGTCAATTTCCAAATCCCACCCTTTCATCCTCTGTCACTCATCTCCACTCT 3071

ClyThrAinAanL^uPhtLyaValLauAUPhaHlaProAanGluAanTrpPhcSarGluSvrValProValllaAULyaThrPhaCluThrProtauSarProSarAanllallaPro 1(10 
CGAACAAACAATTTGTTCAAGCTTCTTGCTTTTCATCCCAATCACAACTGGTTTTCTCAAAGTCTCCCTCTTATTCCAAAAACTTTTCACACTCCACTTTCACCTTCCAATATAATCCCC 5191 

☆  ☆  
ArgAtnThrStrPhaClnUuCluTrpArgAlaProUuHlan«ABnClyThrSarPhaTrpPhtCluUuSarLyaTrpClAThfArgS*rA*pTrpPhaStrProAl*SarThfThr 1720 
AGAAATACTAGTTTCCAGCTACAATCCACACCTCCTCYCCACATCAATGCAACCACCTTCTCGTTTGACCTCACTAACTCCCAAACAACAAGTCACTGCTTTTCACCTGCAACCACTACA 3311 

*  it it
CyaThrValclyProValTyrThrCyaAanUuTArGlyThrUuPreSarAlaAanTyrUuValArgAUThrValValTycValThrGlyKatLyaSarThrsarSarPtoThrSar 17(0 
TGCACTCTACGCCCTCTTTACACATGCAATCTCACTGCAACTCTTCCTTCTCCCAATTATCTTGTAACAGCAACACTACTATATCTTACACGAATCAAAACCACTTCCTCTCCAACAACC 3431

it it
PhtLyaThrThrAlaGlyV*lPros«rLyaProGlyThrProLyaArgAlaCluAapS«rt.yaAanSarValGlnTrpCluLyaAlaGluAapAanGlySarAanL«uThrTyrTyrll« 1100 
TTTAAAACTACACCTCGTGT7CCCACTAACCCAGCAACACCCAAAACAGCACAACACTCTAAAAACTCTGTACACTGCGAAAACCCTCAACACAATCCAAGCAACCTCACCTACTACATC 5351

it *  *
UuClusarArgLyaGlnSarClyAanThrAanLyaVallyaSarLcuTrpValValValTyrApnGlyStrCyaAtpAanllaGyaThrTrplyaAUCluAanLtuGluGlyThrPh* 1140 
TTAGAAACCAGAAACCACTCTCCCAACACCAACAAAGTGAACTCCTTATCGCTGCTGCTTTACAATCGTTCTTGTCACAACATTTCCACATGCAAGGCCCACAACTTACAAGCAACTTTT 3(71♦♦♦♦♦♦♦♦♦♦♦♦♦♦
ClnPhtArgAlaAlaAlaAUAanMatUuGlyUuGlyCluTyrSarAipThrlarLyaAapnaValUuAlaLyaAipThrValThrlarPrpAipllaThrAUIlaValAUVal 1110 
CACTTCACACCACCACCTCCAAATATCCTCCGGCTTGGTCAATACAGTGACACAACCAAACATATTCTCTTCCCTAAACATACTGTCACCTC7CCACATATCACTCCTATTCTTCCTCTC 5791

llvGlyAUValvalltuGlyLcuThr 11*11*1 laLPuPhaGlyPhaValTrpHlaGlnArgTrpLyaSarArglyaProAlaStrThrClyGlnlltValUuValLyaGluAapLya 1920 
A77CCACCAG7TG7ACTGGGCT7CAC7A7AA7CATAC7G777GGTTT7C7A7GGCACCAAACA7CGAAA7CCAGAAAACCACCCTCAACTGGCCACAT7G7GC77C7CAAGGAACA7AAA 3911

GluLpaAlaClnLauArgGlyMatAUGluThrValclyLauAlaAanAlaCyaTyrAlaValSarThrLtuProStrGlnAUClullaGluSarLauProAlaPAaProArgAapLya 19(0 
CAATTACCTCAACTTACGCGAATCCCTCACACAGTGCCATTACCCAATGCTTGTTATCCTCTCACCACTCTTCCTTCTCAACCAGAGAT7CAGTCATTGCCACCTTTTCCTCCCCACAAA (031 

•  •  •  •  
LPuAanUuHiaLyaUuUuGlySarGlyAlaPhaGlyGluValTyrGluGlyThrAlaUuAapUaLcuAlaAipGlySarGlyGluSarArgValAlaValLyaThrUuLyaArg 2000 
CTCAACTTACACAAGTTGTTAGCAAGTGGAGCATTTGGACAGGTGTATCAAGGGACTCCATTAGATATCCTGGCACATCCAAGTCCAGAATCCACAGTAGCAGTCAACACTTTCAACACA (131

GlyAUThrABpGlnGluLyaSprCluPhtUuLyaGluAlaHlaLPuMatSarLyaPhvAapHiaProHialltUuLyaUuUuGlyValCyaUuUuAanGluProGlnTyrLau 2040 
CGTGCAACAGACCAACAGAAGAGTCAATTCTTGAACCAGGCACACTTAATGAGTAAATTTGATCATCCCCACATTCTCAAGCTACTTGGAGTGTGTCTGT7AAATCAACCTCAGTACCTT (271

ll*L*uGluL«uMatGluGlyGlyAapl«uL«uStrTyrt*uArgClyAlaArglyaGlnLyaPhaGlns*rProL«uL«uThrL*uThrAapt«uL«uAapU«CyaLeuAspnaCya 2010 
ATACTGCACCTCATCCAACCAGCAGATCTGCTTAGCTATTTACGACCAGCCACAAACCAAAACTTCCACAGTCCCTTACTCACATTCACTGA7CTCTTGCATATATGCTTCCATATTTGC (391

LyaClyCyaV4lTyrUuGluLyaMaCArgPhan*HlaArgAapL«uA)aAUArgAanCyaUuValSarGlut.yaGlnTyrGlySarCyaSarArgV«lV4lLya!UClyAapPht 2120 
AAAGGTTGTGTCTATTTAGAGAAAATCCGTTTCATACACAGGGACCTGGCTGCTCCCAACTGCCTTGTGTCTCACAACCAATATCCGAGCTGCTCCCGAGTGGTAAACATTCGTGATTTT (511 

•  •  •
GlyLeuAlaArgAapUaTyrLyaAanAapTyrTyrArgtyaArgGlyGluClyLauIlaAanValArgTrpMatAUProGluSarLPUIlfAapGlyValPhaThrAanKiaSarAap 21(0 
CCACT7GCCAGAGATA7C7ATAXAAATGAT7AC7ACACGAAAAGAGGAGAAGGCCTAATAAATGTCAGATCGATCCCTCCTGAAACCCTCATTGATGGCGTCTTTACAAATCACTCTGAT ( 0 9

ValTrpAlaPhaGlyValLcuValTrpGluYhrtvuYhrLcuGlyGlnGlnProYyrProGlyLtuSarAanllpGluValLPuHiaHiaValArgSarGlyGlyArgLvuGluScrPro 2200 
G777GGCCT777GCAG7C77AC7C7GGGAAACA77AAC777GGG7CAACAGCCA7A7CCGGG7C7C7CCAA7A7ACAACT77TACACCA7G7ACGA7CAGGAGCAAGGC7GGAA7C7CCG (731

AanAanCy8ProAapAapU*ArgAapLcuMat7hrArgCya7rpMaGlAAapProHiaAanArgProThrPhaPha7yrllaGlnHiaLyaLcuGlnGluIl«ArgHlaSarProL«u 2240 
AA7AAC7GYCC7GA7GACA7ACGTGA7tTAA7CACAACA7CC7GGGCCCAAGA7CC7CACAACACACCTAC7T7CT777A7A7TCACCACAAAC7GCAAGAGA7AAGGCAC7C7CCAC7G (179

CyaPhaSar7yrPh»UuGlyAapLyaGluS*rV*lAlaGlyPhallaAan01nAlaPhaGluAipIleAapV*lProProAlaAipS«rAipSarIl*UuStr7hr7hrUu>4atGlu 2290 
TGC77CAGC7ACT7CC77GGAGACAAAGAG7CAG7GGC7GCG77CA7CAACCAAGC777TGAGGA7A77CA7CT7CCACC7GCGGAT7CACACACCAT7CTT7CAACCACTC7AA7GGAA (999

AlaArgAspGlnGluGlyUuAanTyrUuValV«lV«ltyaGluS«rAanGlnAapGlnGlySarll*Sar5crAUCluUu7hrSarVal 2311
CCAACGCA7CAAGAAGGCC7CAAT7A777AG7AG7AG7CAAACAAAGCAACCAGGA7CAAGG7ACCA7CAGC7C7GCAGAAC77AC77CAG7CTAA77CCA7C7G777GAGGACAGAAGA 711«

GAGAACTC7AACAAA7AACACC7AAGACACAGAAAATA77A7GCACTT7A77A7ACAZZZ&AACATTTCT7AAAACAAACAACAACATTCTAAAACACCAGAACTTCCAGAGAATG7CAT 7239 
AAGG7AC7GAAACT7G7G7ACAA7AAGACAACAG7CA7A7A£ZXA7GA7777C7AAG7GCTAAGG77CA7G77777YACAAGAAA7AG777AGGGA&&UA&AC7GGCCA7CACACACAA 7359 
AA7GAXXICAC7G7CA7CCCA7TAAC77AA7GCAGACACG7AAAC7T7GGACACAAGCAGTCCTTCCAAAAGAGAAG77C7C7CA7CC7G7C7CA7AGAAGGCAACAACC7CA7CA7GAA 7479 
AACAAAAACAG77CAAA7AT7GC7CCG77GAGCACACA7CACA77ATACAAA77CAAAAGC7AACAAA7GC7AG77G7A77777C7GA7C7CCAAA7C7C7AAGCAAT7GAAGAAAGG7G 7595 
GCTGGGT7C7TCACTGCAGGGATGGTCTArrrfAtCATTTC4rrfAAACACACArTTfiRA4TrfcTCTgJUmrrT7AAGTTGCACAGTGATTGATCTGTGAATCTACTATCCACATTCCTT 7719 
77CCC7T7TAACA77GA7CACC777CA777CA7AGT7GA77GGA7AAAGG7AAA7C7TTT7CCTTCA7G7CC77GGAGA7CAAA7CAAAACA7A7A&ZA&&AGAA7A7A7AAA7CA7TCC 7(39 
TCAG7AAAAGGAAGAAAYAACCTCTT7GCAA7GCT7CA7CA7CAATAGCAA777CCA7A7T77GCACAGC7A77CAC7GACG7C7G7CAGGAAGC7ACAAACG7A7CC7GCT7C7ATGCA 7939 
AAT7A7TGA7AGTGGCAAA7AC7GGAGAG7AG7AAAAA7GCG77G777AA7GC7AAAA7GTACA7A£££Z£AAGCAACA77CCCAC7GAGA7CAAGC7CCAAAAG777C77AAA7GGAGA 9079 
TTCAATAAAGATAAAf AAGATGTTTGAAAAAAAAAAAAAAAAA 9121



Fig. 3-4 Hydrophilicity plotting of the predicted c-ros protein. (A) Hydrophilicity profile of 

chicken c-ros gene product. IBI Macvector Hydrophilicity program was used to generate 

the figures in A, B and C. Window sizes: Hydrophilicity, 7; Amphiphilicity, 11; Hydrophilicity 

scale, Kyte-Doolittle. (B) Blow-up of the 5' sequence from residue 3 to 27. (C) Blow-up 

of the internal hydrophobic sequence from residue 1874 to 1897.
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Fig. 3-5 Comparison of the predicted amino acid sequences of chicken c-ms cDNA with 

those of c-ros and sevenless cDNAs. The smaller percentage numbers represent the 

amino acid identity and the larger numbers are derived if conserved aa are included in the 

calculation. The rat c-ros sequence was from Matsushime & Shibuya (1990) and that of 

sevenless from Basler & Hafen (1988) and Bowtell et al.(1988).

Rat c - r o s - l  
( 2338 aa)

EC

ECChicken c - r o s  
(2311 aa)

S e v e n l e s s  [ T  
(2554  aa)

EC
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Fig. 3-6 Comparison of the insertion sequences and autophosphorylation sites. The 

sequence of various PTK’s are from respective references cited in the text except that the 

src sequence is from Tekeya et al. (1983). Numbers indicate their positions in the 

respective amino acid sequences.

A. Insertion Sequence

src NILV--------- GENL 398

ro sc^ NCLVSEKQYGSCSR 2113

ro srat NCLVSVKDY-TSPR 2067

ros^u NCLVSVKDY-TSPR 2096

sev “ NCLVTESTG-STDR 2365

I
B. Autophosphorylation Sites

src
0  *

ARLIE— DNEYRK 418

ro sc^
* * * 

ARDIYKNDY-YRK 2134

ro srat-
* * * 

AREIYKHDY-YRK 2088

ros^u
* * * 

ARDIYKNDY-YRK 2117

sev “
* * * 

ARDIYKSDY-YRK 2388

IR
* * * 

TRDIYETDY-YRK 1165

IGFR
* * * 

TRDIYETDY-YRK 1138
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Chapter IV. Characterization of chicken c-/»s protein product 

Abstract

Proto-oncogene c-ros is the cellular counterpart of the transforming gene v-ros of 

the retrovirus UR2. v-ros encodes a  gag-ros fusion protein P68 with very high kinase 

activity. The structure of P68 mimics that of a  RPTK. However, little was known about the 

biochemical properties of the protein product of c-ros. Here, we constructed the full length 

chicken c-ros cDNA in different expression vectors and expressed the c-ros protein in 

COS-7 and CEF cells. The results from COS cell expression showed that the c-ros was 

expressed as a 260-280-kDa glycosylated protein with low tyrosine kinase activity. The 

protein was not covalently dimerized. No cleavage was observed as seen in other closely 

related RPTKs such as IR, IGFR and Drosophila sevenless protein. A mutant protein 

ppRos was generated by deleting most of the extracellular portion of the c-ros protein but 

retaining the signal peptide. Biosynthesis of the ppRos protein mimics that of the parental 

full length c-ros protein. The major difference is that ppRos was more stable and 

constitutively active in kinase activity. When the c-ros and ppros were inserted into a 

retroviral vector and expressed in CEF, similar biochemical properties were observed, 

except that the expression level of neither c-Ros nor ppRos was nearly as high as that of 

the v-Ros. Both c-ros and ppros fail to transform CEF. The signal transduction of ppRos 

and v-Ros was compared with respect to phosphorylation of some specific cellular 

substrates and activation of the P 1-3-Kinase. The kinase active ppRos was found to be 

unable to phosphorylate a  88-kDa protein, She and PLCy and fail to associate with PI-3- 

Kinase. These differences correlate with the inability of ppros to transform CEF.
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Introduction

The UR2 encoded P68ffS3ros is a  transmembrane protein with the p19 portion 

protruding extracellularly (Jong & Wang, 1987). Recent studies demonstrated that both the 

gag sequence and the TM domain in P689apros are important for its transforming ability 

(Jong & Wang, 1991,1992). The v-ros protein was shown to be able to associate with Pl- 

3-Kinase activity (Fukui et al., 1989; Zong & Wang, unpublished result) and phosphorylate 

certain cellular proteins involved in the signalling process including She and IRS1 (Zong 

& Wang, unpublished observation).

cDNAs for the proto-oncogene c-ros of chicken and rat were recently cloned and 

sequenced (Mitsushime & Shibuya, 1990; Chen et al., 1991). A 8-kb cDNA for human c- 

ros was cloned from a human glioblastoma cell line (Birchmeier et al., 1990). All the three 

c-Ros proteins share a  high homology with the Drosophila sevenless protein, suggesting 

that c-ros might be the vertebrate homolog of the Drosophila sevenless gene.

Little was known about the biochemical property and structure of the vertebrate c- 

ros protein. In this study, c-ros protein was expressed in CEF under a  retroviral promoter, 

and in COS-7 cells under the control of human CMV promoter and SV40 promoter. The 

biochemical properties of the c-ros protein were studied mainly in the COS-7 transient 

expression system. A c-ros mutant ppRos with most of the EC domain deleted was 

generated, resulting in an activated kinase activity comparable to that of the UR2 P68sa9 ras. 

Neither the full length c-ros nor the ppros when expressed in a  retroviral vector is able to 

transform CEF. The tyrosine phosphorylated substrate pattern of ppRos was compared 

with that of the v-Ros. Several differences have been noticed, including phosphorylation 

of a  88-kDa protein, She and PLCyl and association with PI-3-Kinase. These differences 

are correlated with the differential transforming ability of ppRos and v-Ros.



52

Since c-ros is specifically expressed in the epithelial cells of various tissues (see 

next chapter) where epithelial/mesenchymal inductive events occur, it is reasonable to 

speculate that the ligand for the vertebrate c-ros could be a  cell surface protein of 

mesenchymal cells. Based on this hypothesis, a  possible expression cloning system was 

established in this study.
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Results and Discussion 

Construction of full length cDNA for c-ras and the mutant ppros

A full length c-ros cDNA of 7-kb from overlapping cDNA clones was constructed 

by the strategy described in Material and Methods and shown in Fig. 4-1. Since a  mutant 

sevenless protein with part of the EC domain deleted conferred the ability to rescue the 

sevenless phenotype (Basler et al., 1991), a  mutant ros protein ppros was created by 

deleting most of the extracellular domain of c-ros. Since the c-ros protein is very large and 

its expression level is very low (see below), the activated mutant ppRos mimicking a  

ligand activated c-Ros should facilitate our study of the c-ms protein.

Expression of c-ras and ppros in Cos cell

I first tried to establish permanent c-ros expressing cell lines in mammalian cells. 

The full length c-ros and pp/os cDNA was subcloned into the pRc/CMV vector containing 

the human CMV early promoter and enhancer resulting in pCMVros or pCMVppros. After 

those plasmids were transfected into COS-1 cell, G418 resistant clones were selected. 

Fig. 4-2 shows a Western blot analysis of the total cell extracts of some of those G418- 

resistant clones. Some clones expressed 260-280-kDa protein doublet which was not 

present in the control COS-1 cell. Some clones expressed a  130-kDa band, which is most 

likely an rearranged or alternatively spliced ros product. The clone 6 named as CMVros6 

was used for further protein analysis. [35S]-Met labeling of CMVros6 cells followed by 

immunoprecipitation of the extract with a-Ros serum revealed the similar doublet (Fig. 4- 

3A) and the c-Ros doublet was shown to have kinase activity in an in vitro kinase assay 

(Fig. 4-3B). Similar ros proteins were observed in the chicken kidney and intestine extracts 

(Fig. 4-3C). The expression level per cell was examined by indirect immunostaining using 

a purified rabbit a-Ros antibody. Surprisingly, only about 1% of cells in CMVros6
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expressed the ros protein but the expression level in those positive cells was high (data 

not shown). The experiment was repeated with other vectors containing different 

promoters including SV40, Mu-MoLV LTR, MMTV LTR or metallathione promoter. Similar 

results were obtained: no pure and high c-ros expressing cell line could be established 

in COS-7, NIH3T3, Rati, Rat2, and several glioblastoma and renal tumor cell lines. No 

cell lines expressing the activated mutant ppRos could be established either. The reason 

for the failure to establish a c-Ros over-expressor will be discussed together with the c- 

Ros expression in CEF.

Biochemical properties of c-Ros and ppRos

Since it was difficult to establish a  c-Ros over-expressor, transient expression 

system was used to study the biochemical properties of the c-Ros and ppRos. The COS- 

7 cell was used for all the transient expression studies because it is a  SV40 large T 

transformed cell line which can promote high level expression from SV40 promoter and 

can amplify the foreign plasmid with an SV40 origin to multiple copies (Gluzman 1981). 

c-ros was cloned into pECE vector (Ellis et al., 1986) containing the SV40 early promoter 

and SV40 origin. The ppros was cloned into vector pRc/CMV containing the human CMV 

promoter which is one of the strongest promoters identified so far. The c-ros was also 

cloned into pRc/CMV, resulting in pCMVros. pCMVros (12-kb) gave much lower 

expression than pECEros (10-kb), probably because the larger plasmid had lower 

transfection efficiency. By indirect fluorescence immunostaining, fewer cells were shown 

to be stained positively in pCMVros than in pECEros transfected cells (data not shown). 

The pECEUR2 expressing P68®aff ros was always used as a  control because its biochemical 

properties had been characterized (Garber et al, 1986; Jong & Wang, 1987; Jong & 

Wang, 1990). The subcellular localization of c-Ros and ppRos transiently expressed in
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COS-7 cells was examined by indirect immunofluorescence using affinity purified antibody 

that recognizes the cytoplasmic domain of v-Ros. Overall a  similar pattern of distribution 

of c-Ros, ppRos and v-Ros was observed (Fig. 4-4). The majority of the immunoreactive 

protein was localized in the intracellular structures possibly representing membrane 

vesicles which is consistent with the high level expression in the transient expression 

system. The same antibody fails to stain the unpermeablized cells as predicted (data not 

shown), since the cytoplasmic PTK domain should be in the cytoplasm. However, v-Ros 

protein displayed a  more uniform pattern implying a  cell membrane staining. The c-Ros 

and ppRos, particularly the former, were localized in the perinuclear area and displayed 

more clearly the endoplasmic reticulum (ER) network staining, implying that the majority 

of the protein was associated with the ER vesicles and was less abundant on the cell 

surface.

The intracellular localization of these proteins was further studied by subcellular 

fractionation. Individual ros plasmid-transfected COS-7 cell homogenates were fractionated 

into S100 and P100 fractions (Fig. 4-5A, B and C). Confirming previously published results 

(Jong & Wang, 1991), most of the P68gagfos was detected in P100 fractions with high 

kinase activity. Similarly, both c-Ros and ppRos were also mainly associated with the 

p100 fraction. By comparing the kinase activity and protein amounts, ppRos has a  

specific kinase activity about half of that of P68gagfOSand at least twice of that of c-Ros. 

The specific activity of c-Ros could be overestimated because c-Ros was transferred to 

nitrocellulous paper very inefficiently during western blot. The lower kinase activity of c- 

Ros is predictable in the absence of its cognate ligand. Activation of ppRos is apparently 

due to the deletion of most of the EC domain which may exert negative constraint on the 

c-Ros PTK activity.
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The P100 membrane fractions were further fractionated in a  discontinuous sucrose 

gradient and analyzed for the kinase activity and protein amount (Fig. 4-6). Similar to v- 

Ros, the distribution of ppRos peaked at both heavy and light membrane fractions. In 

contrast, the c-Ros kinase activity was mainly associated with the heavy membrane 

fraction (fraction 2). The reason for the appearance of relatively higher amount of c-Ros 

protein in fraction 5 was unclear (Fig. 4-6C). That less abundance of the c-Ros protein or 

activity in the light membrane was probably due to its instability and failure to be properly 

processed and transported to the cell as also suggested by the immunostaining described 

above. Actually, more than one-ninth of v-Ros and ppRos are associated with the light 

membrane fraction. Confirming the light membrane association, both v-Ros and ppRos 

could be labeled with a  cell impermeable biotinylation reagent Sulfo-NHS-biotin (Pierce). 

As a control, the same reagent failed to label the SrcXRos chimera protein locating 

intracellularly (Fig 4-7). Under similar conditions, the c-Ros could not be labeled. 

However, the interpretation is complicated by the very low level of c-Ros expression. 

Taking together the fact that both c-Ros and ppRos are associated with membrane 

fractions and some with light membranes, and ppRos can be labeled on cell surface by 

Sulfo-NHS-biotin in live cells, it is reasonable to conclude that both c-Ros and ppRos are 

expressed on the cell surface or the vesicle membranes. Similar results were shown 

previously for the Drosophila sevenless protein (Simon et al., 1989). The half life of 

the c-ros protein was about one hour. The kinetic study of its biosynthesis by [35S]-Met 

pulse-chase labeling showed that the c-Ros was first synthesized as a  lower 260-kDa 

species and further glycosylation and/or phosphorylation yielded its upper 280-kDa 

species which was likely the mature form. Both of the 260- and 280-kDa c-Ros doublet 

were apparently glycosylated as evidenced by their disappearance in the presence of the
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glycosylation inhibitor tunicamycin (Fig. 4-5C, lower panel). Without N-linked glycosylation, 

c-Ros appeared as a  250-kDa polypeptide consistent with what was predicted from its 

primary sequence (Chen et al., 1991). Since there are remaining potential N-linked 

glycosylation sites in the EC domain of ppRos, it was expected to be glycosylated also 

(Fig. 4-5C, the top panel). Indeed tunicamycin converted the apparent molecular weight 

of ppRos from 85-kDa to 70-kDa predicted from its primary sequence. The half life of 

ppRos was much longer than that of c-Ros protein. In another experiment (data not 

shown), the half life of ppRos was estimated to be about 8 hours.

Oligomeric state of c-Ros, ppRos and v-Ros

Since the c-Ros-related IR and IGFR are both covalently linked heterotetramer with 

a structure of a2(32, it is worthwhile to examine the covalent oligomerization state of the 

ms proteins. The ros proteins were analyzed in parallel in non-reducing and reducing gel 

(Fig. 4-8A). Kinase assay was used for its high sensitivity, however similar results were 

obtained by Western blot analysis (data not shown). Initial result showed that c-Ros was 

not covalently dimerized, but the P68ga9ros and ppRos were dimerized and possibly 

oligomerized Ffig. 4-8A). T6 was used as a  positive control because it codes for a  Gag-IR 

fusion protein which is most likely a  dimeric protein. Since in both CEF and COS cell 

transient system, P685a3ros and ppRos were over-expressed, artificial inter-molecule 

disulfide bonds could be formed during or after the lysis of cells. To avoid the formation 

of new disulfide bonds in vitro, an alkylating reagent iodoacetamide (IAA) was included 

at a  concentration as high as 1 mM in the RIPA lysis buffer. Similar experiment was done 

as in Fig. 4-8A except NM1, coding for a  Gag-IGFR fusion was included in this case as 

a  positive control (Liu et al., 1992). ppRos and P6Q9a9ms fr0m COS cell and CEF 

respectively were free of covalently linked dimers. Confirming the previous result, NM1
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was shown to be covalently dimerized (Liu et al., 1992). It is concluded that unlike IR and 

IGFR, ros proteins appear not to form covalent dimers. Whether non-covalently linked 

oligomers exist for c-Ros and ppRos needs to be determined.

Kinase activity of c-Ros, ppRos and v-Ros

One of the common features among Ros, IR and IGFR and sevenless protein is 

the presence of a  cluster of 3 tyrosine residues in the presumed major autophophorylation 

site. To investigate the importance of these tyrosine residues on the kinase activity of c- 

Ros, a  mutant RosPF3 was made by mutating all the three tyrosine residues into 

phenylalanine. The kinase activity of RosPF3 was compared with c-Ros in terms of 

autophosphorylation and phosphorylation of the exogenous substrate enolase (Fig. 4-9). 

The autophosphorylation activity of RosPF3 decreased more than ten fold (Fig. 4-9A), so 

was its ability to phosphorylate the exogenous substrate enolase (Fig. 4-9B). This result 

indicates that the three tyrosine residues are important for the kinase activity of c-Ros and 

very likely are its major autophophorylation sites.

Since the ppRos has an elevated kinase activity similar to that of v-ros oncogene 

but fails to transform CEF (see below), there exists the possibility that the activated ppRos 

is capable of autophosphorylation but not phosphorylating exogenous substrates. 

However, ppRos and v-Ros can phosphorylate exogenous substrate, lysozyme, to the 

same extent (Fig. 4-1OA). The in vitro phosphorylation of c-Ros and ppRos are mainly on 

phosphotyrosine (pTyr) residues because treating the gel with 1 N KOH at 55°C does not 

decrease the 32P amount associated with them (data not sown). Furthermore, the ppRos 

is phosphorylated on tyrosine residues to the same extent as v-Ros in transiently 

transfected COS-7 cells (Fig. 4 -10B), suggesting that ppRos can autophosphorylate in 

vivo.



59

Expression of c-Ros and ppRos in CEF and their transforming ability

The cDNAs of c-ros and ppros were inserted into a  retroviral vector under the 

control of the retrovirus UR2 LTR and used for expression in CEF. The retroviral vector 

containing c-ros or ppros were transfected together with UR2AV DNA into CEF and after 

two rounds of selection in soft agar, the cells were assayed for expression of c-Ros and 

ppRos and colony formation. In CEF, c-Ros was expressed as a broad 260-280-kDa 

protein band and ppRos as a 85-kDa polypeptide (Fig. 4-11). Since the calculated 

molecular weights for c-Ros and ppRos are 250-kDa and 70-kDa respectively, the c-Ros 

and ppRos proteins expressed in CEF must have undergone some post-translational 

modifications such as glycosylation and/or phosphorylation. Consistent with the results 

obtained from COS cells, the kinase of ppRos is much more active than that of c-Ros. 

The amount of ppRos protein expressed in CEF was much less than that of v-Ros after 

two transfers post transfection (data not shown). Therefore, if normalized for the amount 

of protein, the kinase activity of ppRos was comparable to that of v-Ros observed in COS 

cells. CEF cells expressing c-Ros and ppRos showed no morphological change when 

compared with the parental CEF. In contrast, UR2 rapidly transformed CEF into elongated 

fusiform morphology (Fig. 4-12A). Unlike UR2 transformed CEF, CEF expressing ppRos 

and c-Ros failed to form colonies (Fig. 4-12B). In another experiment, pUppcros and UR2 

was transfected into CEF and their protein expression level was analyzed 48 hours later 

and found to be similar (data not shown), indicating there is no transcriptional or 

translational difference among UR2, c-ros and ppros retroviral constructs. Virus stocks 

collected from the c-ros and ppros transfected CEF medium could be used to reinfect CEF 

for c-Ros and ppRos expression. Therefore, the reasons for failure to amplify the c-Ros 

and ppRos expressing CEF include the following possibilities: 1) as mentioned above, c-
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Ros and ppRos are unable to transform CEF so that the transformed cells have no growth 

advantage and can not be selected. 2) c-Ros and ppRos proteins are toxic to CEF. 3) the 

c-ros proteins are differentiation related rather than proliferation related so that the cells 

expressing c-ros proteins will stop mitosis. Failure of c-Ros or ppRos to transform CEF 

could be due to their inability to interact with certain downstream signalling molecules 

which are important for transformation. However, comparison of tyrosine phosphorylation 

substrate patterns of c-Ros or ppRos expressing CEF with that of UR2 was hampered by 

the low level expression of c-Ros proteins.

Signal transduction of c-ros, ppros and v-ms proteins

Comparison of tyrosine-phosphorylated substrates by ppRos with those of 

transforming proteins v-Ros and VCRos (Zong et al., 1993) was made possible by using 

transient over-expression system in CEF since ppRos could not be expressed at a  similar 

level as v-Ros or VCRos in UR2 retroviral vector. This was achieved by transfecting the 

CEF with pCMVppros. Comparison of substrate phosphorylation 48 hours after 

transfection was done by pretreating the cells with 50 pM Vanadate overnight. Equal 

amount of cell extracts were immunoprecipitated with a-pTyr Py20 and PT22-1 and the 

immunoprecipitates were subjected to western blot analysis with an a-pTyr antibody RC20 

(Fig. 4-13). The untransfected CEF had very few tyrosine-phosphorylated proteins. UR2 

and VCRos transformed CEF had many tyrosine-phosphorylated proteins and some of 

them are different between the two virus transformed CEF populations. The VCRos is 

similar to v-Ros except that the cytoplasmic portion of v-Ros was replaced by 

corresponding sequences from c-Ros (Fig. 4-1; and Zong et al., 1993). The use of VCRos 

could distinguish that the signalling difference between ppRos and v-Ros was not due to 

their different cytoplasmic domain. The ppRos expressing CEF displayed a  distinctive



61

pTyr-containing protein pattern from those of v-Ros and VCRos. Notably, ppRos failed to 

recognize protein species at the range of 120-140-kDa, a  88-kDa band and a  36-kDa 

band, instead, it phosphorylated a  100-kDa protein more strongly than v-Ros and VCRos. 

Failure of ppRos to interact with substrates important for mitogenic signalling or its 

stimulation of certain growth suppressing molecules, or combination of both, could account 

for the inability of ppRos to transform CEF.

Tremendous progress has been made in identifying the molecules involved in 

signal transduction pathways after activation of RPTK by ligand binding. PI-3-kinase, 

PLCyl, and She coupled to ras signaling pathway have been shown to be involved in the 

signal transduction of a  number of activated receptors (Cantley et al., 1991). Recently, 

PLCyl and PI-3-kinase were shown to be important for PDGF receptor mediated 

mitogenic signal (Valius & Kazlauskas, 1993). To study the signal transduction of ms 

proteins and molecular basis for the differential transforming capability between ppRos 

and v-Ros, several signaling components, including the Ros-associated PI-3-kinase 

activity, phosphorylation of PLCyl and She, were analyzed.

Strong PI-3-kinase activity was found to be associated with a-Ros 

immunoprecipitate of UR2 transformed CEF extract, but very little PI-3-kinase activity was 

associated with ppRos (Fig. 4-14) despite that more ppRos was brought down by the anti­

serum as reflected in the kinase assay (Fig. 4-14B).

She is a  recently identified member of the SH2-containing proteins which couples 

the receptors to Grab2, another SH2-containing protein which in turn will associate with 

yet another downstream signalling component Sos, leading to activation of ras (Egan et 

al., 1993; Rozaki-Adcock et al., 1993; Li et al., 1993; Gale et al., 1993). Again, in v-Ros 

and VCRos transformed CEF, the phosphorylation of the three species of She was
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increased as compared with normal CEF, whereas no increase of She phosphorylation 

was seen in ppRos transfected CEF (Fig. 4-15A). The amount of She protein was similar 

for all cells (Fig. 4-15A). This finding suggests that the ras pathway might not be activated 

in ppRos signalling but that She does play a  role in v-Ros and VCRos signalling. The 

phosphorylation of She was studied in a  UR2 ts mutant 251 in a  temperature shift 

experiment (Fig. 4-15B). The 66-kDa She is most sensitive to the temperature shift. She 

was dephosphorylated within 1 hour when temperature was shifted from 35 to 41 °C, 

suggesting that She is important for the v-Ros signalling. However, the phosphorylation 

of She was not affected much when temperature was shifted from 41 to 35°C, suggesting 

that She might not be a direct substrate of v-Ros. Again the differential She 

phosphorylation was not due to a  change in its level of expression. The nature of the ts 

mutant was confirmed by showing that ts251 v-Ros is strongly phosphorylated at 35°C, 

but not at 41 °C (Fig. 4-15C).

It was previously shown that phosphorylation of PLCyl is important for its 

activation (Kim et al., 1991). The phosphorylation of PLCyl was compared among CEF 

cells expressing various ros protein (Fig. 4-16A). For the first time, PLCyl was shown to 

be phosphorylated in v-ros and VCros transformed CEF, suggesting that PLCyl could be 

involved in the downstream signalling pathway of v-Ros. The cells expressing ppRos 

showed much less phosphorylation of PLCyl despite no variation in its protein level. To 

confirm the phosphorylation of PLCyl is v-Ros-specific, PLCyl phosphorylation by ts251 

was analyzed (Fig. 4-16B). The a-pTyr blot shows that the phosphorylation of PLCyl 

decreased when temperature was shifted from 35 to 41 °C and increased when 

temperature was down-shifted without change of PLCyl protein level throughout the 

course (Fig. 4-16B). This suggests that PLCyl could be a  downstream substrate of v-Ros.
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Recently, a  panel of monoclonal antibodies against tyrosine phosphorylated 

proteins in UR2 transformed CEF were generated in our laboratory (Chan, J, Moran, T., 

Jong, S.-M., and Wang, L.-H., unpublished result). Among them, the 5C2 MAb recognizes 

multiple protein bands around 85- to 88-kDa which are phosphorylated in UR2 

transformed CEF. Interestingly this protein(s) referred to as 88-kDa protein can not be 

phosphorylated in a  mutant of v-Ros in which the 3 amino acid SLT insertion in the v-Ros 

TM sequence was deleted (Zong & Wang, unpublished observation). Phosphorylation of 

the 88-kDa protein was compared in v-Ros, VCRos and ppRos expressing CEF (Fig. 4- 

16C). The 88-kDa protein was phosphorylated in UR2 and VCros transformed CEF cells, 

but, little phosphorylation was detected in CEF expressing ppRos. Whether this protein 

is important for the transforming activity of v-Ros remains to be determined.

The failure of c-Ros to transform the CEF could be explained by its low kinase 

activity in the absence of its ligand. However, the inability of ppRos to transform CEF 

could not be explained by its weak kinase activity since its kinase activity was comparable 

to that encoded by the viral oncogene v-ros, neither could it be explained by its stability 

because ppRos has a half life as long as 8 hours. Nor could it be accounted for by its 

subcellular localization since ppRos was synthesized and transported to the cell 

membrane when expressed in COS cells. Since a v-ros and c-ros chimeric molecule 

VCros with the intracellular domain replaced by that of c-ros could transform CEF as well 

as UR2 (Zong et al., 1993), it seem s that the gag sequence or the TM domain may play 

an important role in ros mediated cell transformation. The difference between c-ros and 

v-ros TM domain is the presence of a three amino acid (SLT) insertion in the C-terminal 

half of the latter. It seems that this SLT insertion may affect the interaction and 

phosphorylation of the v-Ros substrates (Zong & Wang, unpublished result). It would be
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interesting to see what the effect will be by introducing this three amino acids into the TM 

domain of ppRos. Since previous studies by our laboratory suggested that the immediate 

EC sequence upstream of the TM domain of gag-IR, gag-IGFR and gag-Ros (Poon et al., 

1990; Liu et al., 1991; Zong et al., unpublished results) exerts negative effect on the 

transforming potential of those gag fusion proteins, one may suspect that the inability of 

ppRos to transform CEF is due to the presence of 27 additional amino acids immediate 

upstream of the TM domain in comparison with v-Ros. However, deletion of those 27 

amino acids does not activate the transforming potential of ppRos despite the fact that 

ppRos was again as active as that of v-Ros (data not shown). Since it was previously 

shown that gag sequence in v-ros is important for transforming activity and fusion of gag 

to truncated IR and IGFR could activate their transforming potential, lack of gag sequence 

in ppRos could account for its lack of transforming ability. The above results suggest that 

the EC domain could exert a  very strong influence on the cytoplasmic domain including 

its kinase activity and the interaction with the downstream signalling molecules. Apparently 

ppRos interacts with its downstream signalling molecules differently from v-Ros and 

VCRos due to their different EC sequences since the cytoplasmic domain of ppRos and 

VCRos are identical and all of their kinase activities are comparable. The fact that the 

constitutively activated ppRos signals differently from v-Ros also implies there exists 

crucial difference between the signal transduction pathways of c-Ros and v-Ros. The 

mutant represented by ppRos, i.e. kinase positive and transforming negative, is 

instrumental in helping to identify the important components mediating the ros-induced cell 

transformation.

Exploration of cloning system s for the identification and Isolation of the cDNAs 

encoding the ligand for the c-Ros receptor
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The ligand for the Drosophila sevenless protein has recently been identified to be 

the product of the bride of sevenless (boss) which is located on the cell surface of the 

neighboring cell of photoreceptor cell R7 where sevenless is expressed (Kramer et al., 

1991). Our and others' studies of c-ros expression in chicken and mouse suggest that c- 

ros may play a role in the epithelial/mesenchymal induction during kidney and intestine 

organogenesis (Sonnenberg et al., 1991; Tessarollo et al., 1992; Chen et al., 1992). 

Based on the previous result that the induction of kidney ureter to branch and differentiate 

requires the contact between the ureteric bud and the surrounding mesenchyme (Gilbert, 

1987), it is reasonable to speculate that the ligand for vertebrate c-Ros is very likely to be 

located on the cell surface of the mesenchyme. We and others have failed so far to isolate 

a boss homologous gene in vertebrate probably due to the long distance and functional 

divergence between Drosophila and chicken and mammals. I have tried to establish an 

expression screening and cloning system based on the hypothesis that c-Ros ligand is 

expressed on the cell surface. The chicken kidney and intestine cDNA expression library 

was made in the plasmid vector pcDNAI (Invitrogen) containing CMV early promoter and 

enhancer and SV40 origin which allows the maximum replication and expression of 

transfected plasmids in COS-7 cells. (Aruffo & Seed, 1987). I have made kidney and 

intestine cDNA libraries in pcDNAI with a  complexity as high as 1 to 5X107. Such high 

complexity should be large enough to represent all the mRNAs, including rarely 

transcribed genes.

Since we do not have good antisera against EC domain of chicken c-Ros and the 

expression level of c-Ros protein is very low, much effort was made to produce a  good 

c-Ros extracellular (EC) domain as a  probe for screening and cloning. The whole c-Ros 

EC domain was fused to a  human placenta alkaline phosphatase catalytic domain
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(Flanagan & Leder, 1990) and the resulting plasmid pCMVrosAP (Fig. 4-17A) was 

transfected into COS-7 cell and G418 resistant cell clones expressing the RosAP protein 

were isolated. Since the pCMVrosAP contains the signal peptide from the c-Ros but not 

the TM and cytoplasmic domain, the fusion protein RosAP should be secreted into the 

medium. As shown in Fig. 4-18A, a  large proportion of the RosAP could be detected in 

the supernatant of RosAP36 but not in the control COS-7 cells. The highest expressor 

clone RosAP36 was amplified which can be used for the production and purification of 

large quantity of RosAP. The RosAP in the concentrated supernatant can be used to 

stain the positive cells expressing the Ros ligand or to screen the expression library.

Another fusion protein was made utilizing human lgG2Fc. The c-Ros EC domain 

was inserted in frame before the human genomic DNA encoding the human IgG Fc 

portion in the vector pCDM8 (Kindly provided by Dr. Seed) and the resulting plasmid was 

called pCDMrosFc (Fig. 4-17B). The pCDMrosFc was transfected into COS-7 and the 

RosFc protein could be detected in the medium (Fig. 4-18B). Less RosFc was secreted 

to medium than RosAP, probably due to the fact that the expression of RosFc was 

assayed in a  transient expression system while the RosAP is secreted from an established 

cell line. The use of RosFc could ease the purification of the RosFc protein simply by 

passing through protein A affinity column or a-human Fc antibody affinity column. 

Furthermore, considering the high background when using alkaline phosphatase and color 

reaction (RosAP), RosFc may turn out to be a better probe because the [125l]-protein A 

could be used to bind to RosFc. The combination of expression cloning, radiolabeling and 

emulsion developing (Wang et al., 1991) should be a useful approach to identify the c-Ros 

ligand.
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Fig. 4-1. Constructs of c-ros, v-ros and VCros in mammalian expression vector and 

retroviral vectors. (A) The structure of c-ros, ppros and v-ros is shown in scale with 

various structural domains and restriction sites. Different cDNA clones were used to 

construct full length c-ros cDNA as described in Materials and Methods. The respective 

terminal codon TAA is indicated with v-ros terminating within the viral env region. The TM 

domains of v-ros and VCros containing 3 aa-insertion are marked as solid boxes and the 

aa sequence around the SLT insertion is also shown. (B) c-ros and ppros in various 

mammalian expression vectors. pCMVros and pCMVrospp contain human CMV early 

promoter and enhancer which are marked as CMV. The poly A signal for pCMV vectors 

has been derived from the bovine growth hormone gene and is marked as BGH. Both 

pCMV plasmids have Neor gene under the control of SV40 early promoter. pECEros uses 

SV40 early promoter and contains a SV40 replication origin to allow maximal amplification 

of the plasmid in COS cells. (C) The various c-ros and its recombinant retroviral plasmids 

were constructed as described in Materials and Methods or have been described 

previously (Zong et al., 1993). Small open boxes denote viral gag and env sequences. 

Large speckled boxes indicate the v-ros sequence. Large open boxes represent the c-ros 

sequence. The TM domains of c-ros and v-ros are represented by the open and solid 

boxes respectively. The ectodomains of Ufcros and Uppcros are interrupted to reflect 

their actual lengths. The deletion in Uppcros is shown by the two bent lines.
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Fig. 4-2 Western blotting of pCMVros transfected COS cell clones selected by G418. For 

each clone, cells from a confluent 6-cm dish were lysed with cell lysis buffer and one 

quarter of the extract was loaded onto a  6% SDS polyacrylamide gel for Western analysis. 

The blot was probed with a-Ros serum followed by [125l]-protein A. COS is untransfected 

COS cells served as the negative control. Numbers on the top of each lane represent 

different G418 resistant clones. Clone 6 was named as CMVros6. Arrows on the right side 

indicate the position of the c-ros protein doublet. Numbers on the left are marker 

molecular weights in kilodaltons.
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Fig. 4-3 Expression of c-ros protein in CMVros6 cells. (A) Effect of tunicamycin on c-ros 

expression. One 6-cm dish of each culture was labeled with [35S]methionine (100 pCi) for 

2 h and immunoprecipitated with a-Ros serum before analysis by SDS-PAGE (6%). 

Tunicamycin was used at a  concentration of 10 pg/ml and the cells were pretreated for 

2 h and continued throughout the labeling period. Untransfected COS cell ere served as 

negative control. (C) Kinase activity of the c-ros protein. One 6-cm dish of COS cell (lane 

1) or CMVros6 cell (lane 2) was extracted with RIPA buffer containing 0.05% SDS, 

immunoprecipitated with a-Ros serum and then assayed for kinase activity before being 

separated on SDS-PAGE (5%). Arrows indicate the c-ros doublet. (C) The native c-ros 

protein in chicken kidney and intestine. Tissues were extracted as described in Materials 

and Methods and a-Ros immunoprecipitates were similarly subjected to kinase assay. 

K, 9 day chick kidney; I, 9 day chick intestine.
' A Labe| ing  B Kina»e C  Kina>e

COS CMVra16
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Fig. 4-4 Indirect immunostaining of COS-7 cells transiently expressing c-Ros, v-Ros and 

ppRos. COS-7 cells were transfected with pECEros, pECEUR2 or pCMVppros. 48 h later, 

cells were fixed and permeablized and sequentially incubated with purified a-Ros 

antibody, biotinylated donkey a-rabbit antibody and avidin-FITC. DAPI was used to 

specifically stain the nucleus.
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Fig. 4-5 Membrane association, kinetics of biosynthesis and glycosylation of c-Ros and 

ppRos. Fractionation of the pUR2ECE, pCMVppros and pECEros transfected cell 

homogenates were fractionated into S100(S) and P100(P) fractions and the a-Ros 

immunoprecipitates were analyzed by kinase assay (A) or Wester blot (B). Each lane 

represents 1/3 of the cell extract from a 10-cm dish. (C) Stability of ppRos and c-Ros. One 

6-cm dish each of the transfected COS-7 cells was pulse-labeled with 200 pCi of [35S]-Met 

for 20 min and then chased for the time indicated with or without tunicamycin treatment 

as described in Fig. 4-3. Top panel: ppRos; lower panel: c-Ros. UR2 represents P68ffaflros, 

ROS represents c-Ros protein and PP stands for ppRos protein. Exposure time for A: 1 

h for UR2 and PP lanes and 6 h for ROS lanes; B: 24 h for UR2 and PP lanes and 72 

h for ROS lanes; C: top panel, 24-hour exposure, lower panel, 72-hour exposure.

K in a ie  A u o y Woitorn Blot pulso-chaso



Fig.4-6 Subcellular fractionation of COS-7 cells transfected with v-ros, c-ros or ppros 

plasmid. The P100 fractions from 3 10-cm dishes were subjected to discontinuous sucrose 

gradient sedimentation for 16 h at 100,000 g. Each fraction was diluted with RIPA buffer 

and immunoprecipitated with a-Ros. Half of the immunoprecipitate was subjected to 

western blot and the other half to kinase assay. A. v-Ros; B. ppRos and C. c-Ros. Only 

the kinase assay was shown for c-Ros because the protein quantity was too little to be 

revealed by Western blot analysis.
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UR2 Kinase Assay
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Fig. 4-7 Surface labeling of the ros proteins. Transient transfected COS-7 cells (for ppRos) 

or retrovirus transformed CEF (for v-Ros and SrcXRos) was labeled with water-soluble 

and cell-impermeable Sulfo-NHS-biotin and analyzed as described in Materials and 

Methods. The expressed SrcXRos protein is 75-kDa (Jong & Wang, 1992).
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Fig. 4-8 Covalent dimerization state of the c-Ros, ppRos and v-Ros. (A) Cell lysis in the 

absence of IAA (iodoacetamide). c-ros, ppros transfected COS-7 cells and UR2 and T6 

(encodes gag-IR) transformed CEF cells were extracted in RIPA lysis buffer and a-Ros 

or a-IR immunoprecipitates were subjected to kinase assay. Half of the 

immunoprecipitates were separated in a  reducing SDS-PAGE and the other half in a  non- 

reducing gel. B. Similar experiment was done as in A, except that 1mM IAA was added 

to the lysis buffer to prevent the formation of disulfide bond during or after lysis of cells. 

UR2-C representing COS cells transient transfected with v-ros was also also included in 

this experiment. NM1 (gag-IGFR) which was shown to be covalently-linked dimer (Liu et 

al, 1992) was used as a  positive control.
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Fig. 4-9 Effect of the triple tyrosine residues on the kinase activity of c-Ros. The 

characteristic triple tyrosine residues of Ros kinase domain was mutated by PCR into 

triple phenylalanine. The mutated pECEros is named as pECEPF3. The pECEros and 

pECEPF3 were transfected into COS-7 cells. 48 h later, one dish of cells were lysed in 

RIPA and a-Ros immunoprecipitates were subjected to kinase assay in the presence of 

enolase, another dish was labeled with [35S]-Met for 4 h, lysed and immunoprecipitated 

with a-Ros antibody for quantitation of protein amount. (A) Autophosphorylation of c-Ros 

and RosPF3. (C) Phosphorylation of enolase by c-Ros and RosPF3. A and B are from the 

same reaction. (C) [35S]-Met labeling of c-Ros and RosPF3 proteins.
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Fig. 4-10 kinase activity of ppRos in vitro and in vivo. pCMVppros and pECEUR2 were 

transfected into COS-7 cells and 48 h later, cell lysates were prepared and subjected to 

immunoprecipitation for in vitro kinase assay in the presence of an added exogenous 

substrate lysozyme (A). In parallel dishes, cells were treated with 250 pM Sodium 

Vanadate for 4 h, lysed and the a-Ros immunoprecipitate were separated in SDS-PAGE, 

transferred to nitrocellulose paper. The blot was hybridized with the a-pTyr antibody RC20, 

developed with alkaline phosphatase color reaction (B).
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Fig. 4-11 Expression of c-Ros, ppRos and v-Ros in CEF. The pUfcros, pUppcros and 

pUR2 (2LTR) were individually transfected together with the help virus plasmid pUR2AV 

into CEF cells. After two rounds of soft agar overlay, cells from a 10-cm dish each were 

lysed and the extracts were precipitated with a-Ros and subjected to in vitro kinase assay. 

(A) Kinase assay of c-Ros and ppRos with an exposure time of 6 h. (C) Kinase assay of 

v-Ros with an exposure time of 10 min.

Kinase Assay



Fig. 4*12 Cell morphology and colony formation assay of CEF expressing v-Ros, c-Ros 

and ppRos. Fresh CEF cells were transfected with pUfcros, pUppcros or pUR2 (2LTR) 

together with the help virus pUR2AV. After two rounds of soft agar overlay, cell 

morphology was examined under the microscope (A), and colony formation assay was set 

up with 1X105 cell per 6-cm dish and pictures were taken 12 days later (B).
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Fig. 4-13 Comparison of phosphotyrosine-containing proteins in UR2 and VCros 

transformed CEF and CEF transiently expressing ppRos. the cells were treated with 50 

pM sodium vanadate overnight and total cell lysates were separated on SDS-PAGE, 

transferred to NC paper, blotted with an a-pTyr Ab RC20 and developed as described in 

Material and Methods (A). (B) Same amounts of the cell extracts (1.92 mg) were 

precipitated with Py20 and PT22-1 (a mouse a-pTyr MAb) and half of the 

immunoprecipitates were subjected to Western blot analysis as described in (A).
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Fig. 4-14 The PI-3-Kinase activity associated with v-Ros and ppRos. Normal CEF, UR2 

transformed CEF and CEF expressing ppRos were extracted with NP40 buffer. Same 

amounts of protein extracts (1.92 mg per assay) were precipitated with a-Ros serum and 

subjected to PI-3-Kinase assay. (A) The reaction products were separated in TLC plate 

and exposed onto the X-ray film. (B) The protein A beads from the PI-3-Kinase reaction 

in (A) was separated on SDS-PAGE and exposed. The v-Ros and ppRos protein bands 

reflect the autophosphorylation during the PI-3-Kinase assay.
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Fig. 4-15 Phosphorylation of She was increased in UR2 and VCros transformed CEF but 

not in CEF expressing ppRos. (A) a-Shc immunoprecipitates from the same amounts of 

cell lysates were separated on SDS-PAGE, blotted with RC20 (upper panel), and reprobed 

with the a-Shc antibody after eluting the first Ab (lower panel). (B) The phosphorylation 

was associated with the kinase activity of v-Ros. CEF transformed with the ts ros mutant 

ts251 were subjected to temperature shift in the presence of 250 pM sodium vanadate for 

4 hours and a-Shc immunoprecipitates were blotted with RC20 (upper panel) and a-Shc 

(lower panel). (C) Tyrosine phosphorylation of ts251 v-Ros is sensitive to the temperature 

shift. The a-pTyr immunoprecipitates were subjected to the blotting and reaction with a- 

Ros.
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Fig. 4-16 Phosphorylation states of PLCyl and a 88-kDa protein. (A) and (B) is similar to 

Fig. 4-15 (A) and (B) except that the antibody used was a-PLCy1 monoclonal antibody 

instead of a-Shc. (C) The 88-kDa protein was phosphorylated in UR2 and VCros 

transformed CEF.
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Fig. 4*17. Constructs of pCMVrosAP and pCDMrosFc. (A) A 1.5-kb SnaBI/Xhol DNA 

fragment encoding the catalytic domain of the human placental alkaline phosphatase was 

ligated into EcoRV and Xhol sites of pCMVros. The EcoRV site is located on the 

boundary of the c-ros EC and TM domain. The resulting plasmid pCMVrosAP should 

encode a  Ros-AP fusion protein containing the entire EC domain of c-ros including its 

signal peptide but lacking its entire cytoplsmic domain. BGH is the pofy A signal from the 

bovine growth hormone gene. Neo is the Neorgene driven by SV40 promoter. (B) The 

5.7-kb Xhol-EcoRV fragment encoding the c-ros EC domain was inserted before the 

human IgG Fc genomic DNA in the vector pCDM8 (Kindly provided by Dr. Brian Seed), 

resulting in the plasmid called pCDMrosFc. The plasmid uses the CMV promoter, SV40 

poly A signal and SV40 origin (SVori). SupF is used for the propagation of the plasmid 

in the host bacterial MC1061/p3.
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Fig. 4-18 Expression of RosAP and RosFc. (A) Establishment of the cell line expressing 

RosAP fusion protein. The plasmid pCMVrosAP was transfected into COS-7 cell and 

G418 resistant clones were purified and assayed for the expression of RosAP by [“ SJ-Met 

labeling followed by the a-AP immunoprecipitation. Lanes 1 and 2 are medium 

supernatant sand 3 and 4 are cell extracts. Lanes 1 and 3 are COS-7 cell and Lanes 2 

and 4 are RosAP36. (B) Transient expression of RosFc. pCDMrosFc was transfected into 

COS-7 cell and [35SJ-Met labeling was done after 48 h. Lanes 1 and 3 are supernatant 

medium and 3 and 4 are cell extracts. Lane 1 and 3 are COS-7 cell transfected with 

pCDMrosFc and lanes 2 and 4 are COS-7 cell only.

A , SuP-

kDa 1 2 3
Pellet

4

M -R O S -A P

206 -

Pellet

ROSFc



87

Chapter V. Tissue and epithelial cell-specific expression of chicken proto-oncogene 

c-ros in several organs suggests that it may play roles in their development and 

mature functions

Jianmin Chen, Cong S. Zong and Lu-Hai Wang 

Abstract

Proto-oncogene c-ros codes for a  RPTK sharing high homology with the Drosophila 

sevenless protein. Recent studies of c-ros expression in mouse by in situ hybridization 

showed that c-ros was expressed specifically and transiently in the epithelial cells of late 

embryonic renal collecting duct and intestinal villi. Those investigators suggested that c-ros 

may play a role in the development of those organelles. In the present study, we have 

examined the expression profile of c-ros in chicken by RNase protection and in situ 

hybridization with riboprobes. Our results showed that in addition to kidney and intestine, 

low levels of c-ros mRNA could also be detected in lung, testis, thymus and bursa. 

Expression of c-ros commences during middle to late embryonic stages in those organs 

and persists into the adult life, in situ hybridization revealed that expression of c-ros was 

restricted to the epithelial cells of all the tissues examined including kidney, intestine, 

bursa, thymus and testis. In kidney c-ros was detected in all the epithelial cells of the 

collecting ducts, in intestine it was detected in the epithelial cells of villi and the 

underneath crypts. Our finding of c-ros expression in chicken differs from those in mouse 

in 1) instead of transient expression during the embryonic stage, expression of c-ros in 

chicken kidney and intestine persists into the adult life and 2) expression of c-ros in renal 

collecting ducts is not restricted to its growing tips, instead it is expressed in the entire 

epithelial layer of the ducts. Our results suggest that c-ros may play a  role not only in the 

initial induction events in the organogenesis, but also in the mature function of those



organs.
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Introduction

c-ros was shown initially to be expressed only in the chicken kidney by Northern 

blot analysis (Neckameyer et al., 1986). Subsequent analysis indicated that in addition to 

kidney, low level of c-ros expression could also be detected in chicken bursa, thymus, 

gonad and brain (Chen et al., 1991). In rat, it was shown to be expressed in kidney, lung, 

heart and testis (Matsushime & Shibuya, 1990). Most recent studies have identified 

intestine in addition to kidney as the major expressing tissue in mouse (Sonnenberg et al., 

1991; Tessarollo et al., 1992). Surprisingly, c-ros RNA could not be detected in rat 

intestine by Northern analysis (Matsushime & Shibuya, 1990). The major c-ros mRNA is 

a  8.3-kb transcript although 4.5-5-kb mRNA presumably resulting from alternative splicing 

have been observed in rat and mouse testis (Matsushime et al., 1990; Sonnenberg et al., 

1991; Tessarollo et al., 1992). Recent studies of c-ros expression in mouse by in situ 

hybridization indicated that c-ros was mainly expressed in the epithelial cells of the kidney 

collecting ducts, and the villi and crypts of intestine (Sonnenberg et al., 1991; Tessarollo 

et al., 1992). The expression of c-ros was found to be transient, mainly during embryonic 

and neonatal stages and restricted to certain epithelial cells in those tissues. The onset 

of c-ros expression in embryonic kidney development is coincident with the occurrence 

of a well known reciprocal epithelial/mesenchymal induction, a  major event in kidney 

organogenesis. The c-ros was suggested to play a  role in that event presumably via 

stimulation by its ligand.

To inquire the function of c-ros, we used the RNase protection assay and mRNA 

in situ hybridization techniques to study its tissue and cell type-specific expression in 

chicken. We found that c-ros expression is restricted to the epithelial cells of several 

organs. However, unlike the situation reported in mouse where c-ros is only transiently
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expressed during embryonic and neonatal stages, expression of c-ros in most of the 

chicken organs persists into the adult life. In addition, c-ros was found to be expressed 

in immune organs, thymus and bursa, commencing at late embryo and peaking around 

10 days after hatching. Our results suggest that in addition to the possible role in 

embryonic organogenesis of certain organs, c-ros may also play a role in the mature 

physiological functions of those organs in chickens.
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Results

Tissue-specific expression of c-/os in chicken

Our previous experiments by slot blot hybridization using riboprobes showed that 

c-ros was expressed at the highest level in chicken kidney, and at much lower levels in 

thymus, bursa, gonad and brain (Chen et al., 1991). In the current study, we used RNase 

protection assay (RPA), a  much more sensitive technique, to reexamine the c-ros 

expression. A 310 nucleotide (nt) 38P-labeled antisense riboprobe containing 3' 231 nt of 

the cDNA clone 5b was used (Chen et al., 1991; probe B in Fig 1). This probe derived 

from the EC domain of the c-ros was chosen to minimize the possibility of c-ros 

hybridization with other PTK messages. RNA samples prepared from different organs of 

1-month old chickens were subjected to RNase protection assay using the probe B. As 

shown in Fig. 5-2A, an expected 231 nt RNA species was protected by kidney and 

intestine RNAs, but no protection was detected by RNAs from other tissues including 

thymus, bursa and lung. Since our previous results by slot blot hybridization were 

obtained from 10-14 day old chickens, we performed the RPA with RNA samples from 

chickens of different ages including those from embryos (Fig. 5-2B). Again, kidney and 

intestine expressed the highest level and a  dramatic increase of c-ros mRNA in intestine 

occurred shortly after hatching. Confirming our previous results, much lower amounts of 

c-ros mRNA could be detected in bursa, thymus and lung of 9- to 14-day old chickens, 

but not in embryonic heart and lung (Fig. 5-2B). However, differing from our previous 

result (Chen et al., 1991), no c-ros expression could be detected in the brain of various 

stages (data not shown). Since the Drosophila homolog of c-ros, sevenless, is mainly 

expressed in the fly compound eye (Rubin, 1990), we also examined c-ros expression in 

chicken eyes. No signal could be detected at any stages of chicken eyes (data not
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shown.), indicating that the functions of the c-ros and sevenless genes have diverged 

even if they have evolved from a common ancestral gene.

Since c-ros RNA was detected in chicken gonad and in the mature testis of rat and 

mouse, where the size of the c-ros mRNAs was shown to be 4.5- to 5- kb instead of the 

8.3-kb RNA found in other organs, several probes corresponding to various regions of the 

c-ros cDNA (Fig. 5-1) were used to detect c-ros mRNA in chicken testis. In contrast to the 

high level expression of c-ros mRNA in mouse testis (Tessarollo et al., 1992), only very 

low levels of c-ros RNA could be detected with probes A, B, C, D (Fig. 5-3, and other data 

not shown) in 13- and 20-week old chicken testis and the expression level in the latter 

was higher. Since the testis c-ros mRNA contains the sequences represented by probes 

B, C, D, it must contain EC and cytoplasmic domains.

Northern blot analysis by riboprobe N (Fig. 5-1) showed that similar to kidney and 

intestine, the size of c-ros mRNA in bursa was about 8.3-kb (Chen et al., 1991; and Fig. 

5-4). Due to very low level expression, a  distinctive c-ros RNA species could not be 

detected in lung, thymus and testis by Northern analysis.

Kinetic analysis of c-ros expression in various organs

RNAs from different tissues at different stages of chicken development were 

analyzed. The kidney c-ros mRNA could be detected as early as in 13-day embryo. Its 

level continued to increase until around 9 to 14 days after hatching when it decreased 

slightly and lasted throughout the adult life (Fig. 5-5A, 7). This is contrary to the 

observations in mouse kidney where c-ros expression abolished completely within 2 

weeks after birth (Sonnenberg et al., 1991; Tessarollo et al., 1992). A previous study 

reported on the detection of the c-ros mRNA in rat kidney up to 15-weeks (Matsushime 

& Shibuya, 1990).
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In intestine, expression of c-ros was detected first in 15-day embryos. It increased 

sharply after hatching and continued to increase for another 2 to 3 weeks when it 

decreased slightly but maintained at a  constant level thereafter (Fig. 5-5B and 5-7). Again 

this is different from the situation in mouse intestine where c-ms expression could not be 

detected beyond 3 weeks after birth (Sonnenberg et al., 1990; Tessarollo et al., 1991).

In lung, a  very low level of c-ros RNA was detected in 18-day embryos, c-ros RNA 

expression in lung increased after hatching and persisted into the adulthood (Fig. 5-6A, 

5-7). Expression of c-ros in bursa was similar to that of lung, but its level peaked within 

two weeks post hatching and declined somewhat during adulthood (Fig. 5-6B). The 

highest level of c-ros expression in thymus was detected in 9-day old chicks (Fig. 5-6C). 

c-ros could not be detected at various developmental stages of heart (Fig. 5-6C).

Fig. 5-7 shows the result of direct comparison of 9-day old versus 5-month old 

chickens. The levels of c-ros RNAs in kidney and intestine are comparable in both organs 

from either young or adult chickens whereas in lung the older chicken appears to have a 

higher level. The c-ros RNA expression in various organs was summarized in table 5-1. 

From the above result, it is clear that the expression of c-ros is tissue-specific and under 

stringent temporal regulation.

Cell type-specific expression of c-ms

in situ RNA hybridization was used to study the spatial distribution of c-ros mRNA 

in those positive organs. The 35S-labeled antisense probe E (Fig. 5-1) is 480 nt in length 

and located about 300 nt upstream from the transmembrane domain (Chen et al., 1991). 

The sense probe E was used as the negative control for all the experiments. Fig. 5-8 

compiles the results of analysis with kidney, intestine and bursa.

For kidney, the earliest time point we examined was 16-day embryo, c-ros mRNA



94

could be clearly detected at the tips of the collecting ducts (Fig. 5-8A). No signal was 

present when the sense probe was used (Fig. 5-8D). As the kidney development 

continued and more collecting tubules were branching out, c-ros RNA was found to be 

present in the whole epithelial layers of the collecting duct system (Fig. 5-8B, C and G). 

Within 2 weeks after hatching, silver grain signals of the c-ros mRNA could be seen along 

the branched tubules and in the epithelial cells of the larger tubules (Fig. 5-8B and C), and 

even in the epithelium of the proximal part of ureters (Fig. 5-8G). In 10-week and 20- 

week old chicken kidney, the similar pattern of c-ros expression was also observed (data 

not shown). Therefore, the expression profile of c-ros is similar in chicken and mouse 

kidneys at embryonic stages, but it differs postnatally in the two species (Sonnenberg et 

al., 1990; Tessarollo et al., 1991).

In intestine, c-ros RNA was detected in epithelial cells of villi and crypts which 

regenerate the villi epithelium (Fig. 5-8E, F). No difference in the level of expression was 

observed between villus and crypt epithelial layers in all time points examined. Consistent 

with the RNase protection data, c-ros mRNA levels were very low in embryo but increased 

rapidly after hatching. A similar pattern of expression was observed in embryonic and 

newborn mouse intestine. While c-ros could hardly be detected beyond 3-week old 

mouse intestine (Sonnenberg et al., 1991; Tessarollo et al., 1992), a  similar level of c-ros 

mRNA was observed in the 10-week and 20-week old chicken intestine with a similar 

pattern of spatial distribution (data not shown).

In bursa and thymus, the two major immune organs of chicken, the c-ros in situ 

hybridization signals were much lower than those in intestine and kidney. In bursa, only 

the single layers of surface epithelial cells surrounding the lymphoid tissues were positive 

for c-ros expression (Fig. 5-8H, I), while other epithelial cells including the interfollicle



epithelial cells are negative. A similar pattern but even weaker signals were seen for 

thymus (data not shown). Although lung was also positive for c-ros mRNA in RNase 

protection assay, no signal could be detected in all the time points examined by in situ 

hybridization. Therefore, for all the organs analyzed, c-ros expression appears to be 

restricted to the epithelial cells.
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Discussion

In this study, we examined chicken proto-oncogene c-ros expression during 

development in various organs by RNase protection assay and mRNA in situ hybridization. 

Our results clearly show that c-ros is specifically expressed in kidney, intestine, lung, 

bursa, thymus and testis and is mainly restricted to specialized epithelial cells in those 

organs. The onset as well as tissue- and cell type-specific expression of chicken c-ros was 

similar to that of mouse c-ros. However, c-ros expression in the two species differs in the 

following aspects: 1) in contrast to transient and restricted expression of c-ros in the 

embryonic and neonatal mouse kidney and intestine (Sonnenberg et al., 1991; Tessarollo 

et al., 1992), chicken c-ros expression persists in adult kidney and intestine. 2) rather than 

being restricted to the growing tips of mouse renal collecting ducts, chicken c-ros mRNA 

is present in the tips as well as the whole epithelial layers of the renal collecting tubules. 

3) unlike chicken, the c-ros mRNA was undetectable in mouse thymus (Sonnenberg et al.,

1991). Our observation on the tightly regulated temporal and spatial expression of chicken 

c-ros in various organs suggests that c-ros may play an important role not only in the early 

development but also in the mature function of those organs.

It was previously shown that vertebrate kidney development was characterized by 

reciprocal epithelial/mesenchymal induction events in which the mesenchymal cells induce 

the collecting duct of ureters to branch and differentiation of epithelial cells and in turn the 

epithelial cells of the branched collecting tubules induce the differentiation of mesenchyme 

into the epithelial cells of renal tubules and glomeruli and the forming of the so called 

renal units (Gilbert, 1988; Kratockwil, 1983). Studies of c-ros expression in mouse kidney 

have demonstrated that in early embryonic development c-ros RNA is localized in the 

Wolffian duct and the whole ureter, later it becomes restricted to the tips of the collecting
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tubules where the inductive events occur (Sonnenberg et al., 1991; Tessarollo et al.,

1992). Because of the transient and restricted expression of c-ros in mouse embryonic 

kidney and the demonstration of the expression of a PTK c-ros at a  place where the 

inductive events occur, it was proposed that c-ros might be the receptor to receive the 

inductive signals from the surrounding mesenchyme resulting in the induction of branching 

and differentiation of the epithelial cells of collecting tubules (Sonnenberg et al., 1991; 

Tessarollo et al., 1992).

Our study of c-ros expression in chicken kidney shows that at embryonic stage c- 

ros expression is restricted to the tips of the forming collecting tubules, and may have a 

similar function as that proposed for the mouse. The onset of c-ros expression in chicken 

kidney coincides with the differentiation of metanephros (Rol'nik, 1970) and may be 

involved in its development. In contrast, the expression of c-ros in chicken kidney 

increases after hatching and reaches the highest level between 9 and 14 days, it then 

declined slightly but persists throughout the adulthood. The increased c-ros expression 

after hatching detected by RPA was confirmed by in situ hybridization which clearly 

showed that c-ros mRNA was present in the whole epithelial cells of branched collecting 

ducts and even in large tubules (Fig. 5-8G). It seems that the expression level of c-ros per 

cell was similar and the increased c-ros RNA during kidney development is probably due 

to increased number of expressing cells. A similar pattern of expression was also 

observed in 10- and 20-week old chicken kidneys (data not shown). Our results suggest 

that although chicken c-ros may have a similar induction and/or differentiation function at 

embryonic stage as that of mouse c-ros, it is likely that it may have some other 

specialized function in mature kidney in addition. The molecular basis for the vertebrate 

metanephric induction is largely unknown. In addition to c-ros, some potential transcription
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factors and nuclear proteins were found to be specifically expressed in cells of collecting 

tubules. L-myc (Mugrauer & Ekblom, 1991), Hox2.3 (Kress et al., 1990), Pax2 (Dressier 

et al., 1990) and WT-1 (Pritchard-Jones et al., 1990) are expressed along the ureters, 

collecting tubules or its surrounding mesenchyme. The possible relationship of c-ros with 

those potential transcription factors remains to be determined.

Our in situ hybridization data show that c-ros is expressed in the villi epithelial cells 

and its regenerator, the crypts, in chicken intestine (Fig. 5-8). The pattern of expression 

is similar to that in mouse intestine (Sonnenberg et al., 1991; Tessarollo et al., 1992). 

Again, the time course of c-ros expression in chicken intestine is different from that in 

mouse in that c-ros RNA can still be detected at a  relatively high level in the intestine of 

20-week old chicken by RPA and its spatial expression pattern is similar to that of young 

chicks (data not shown). Although epithelial/mesenchymal induction has also been 

demonstrated in the development of intestine (LeDouarin et al., 1968), the onset and 

persistent expression of chicken c-ros in intestine does not coincide with this event. 

Instead, c-ros may be involved in the differentiation and/or maintenance of the intestinal 

villi epithelial cells. It is uncertain whether there is a  fundamental difference in the 

development of kidney and intestine between chicken and mouse. Unlike the mouse 

kidney, chicken kidney is not divided into medulla and cortex, instead, the urinary tubules 

make up the bulk of the renal parenchyme. The discrepancy of c-ros expression in adult 

kidney and intestine of chicken and mouse could reflect the species divergence such that 

c-ros is no longer required for the mature functions of those mouse organs. Alternatively, 

c-ros function could be replaced by another mouse gene that can not be detected by the 

c-ros probe under the conditions used. However, the discrepancy of the lack of the c-ros 

expression in rat intestine and expression of c-ros in mature rat kidney (Matsushime &
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Shibuya, 1990) versus the c-ros expression observed for mouse intestine and kidney 

(Sonnenberg et al., 1991; Tessarollo et al., 1992) is surprising. It is not clear whether 

those observations reflect the genuine species variation.

The detection of c-ros mRNA in the epithelial cells of the two major lymphoid 

organs of chicken represents another difference among different species because c-ros 

expression was not observed in mouse thymus (Sonnenberg et al., 1991). Interestingly, 

the interaction of surface epithelial cells with the surrounding mesenchyme was proposed 

to be important for the generation of the follicle cortex of bursa (Ackerman & Knouff, 

1959). The function of c-ros in these chicken lymphoid organs remains unknown. 

However, the epithelial expression of c-ros in these organs again underscores the 

potential functional role of c-ros in this particular type of cells.

The function of c-ros and Drosophila sevenless protein seem s to have diverged 

during evolution because the c-ros expression can not be detected in the eyes of chicken 

and mouse. The ligand of Drosophila sevenless protein has recently been identified to be 

the boss gene product (Kramer et al., 1991) which is expressed on the surface of 

neighboring cells of R7 expressing the sevenless. The boss protein can bind to the 

sevenless RPTK, activate its kinase and the internalization of the protein complex (Hart 

et al., 1993). The close sequence and structural relationship between c-ros and sevenless 

as well as the implicated role of c-ros in epithelial/mesenchymal induction events in 

organogenesis suggest that c-ros might have a  ligand similar to the Drosophila boss gene 

product.
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Table 5-1. Expression profile of chicken c-ros in different tissues

Organ Embryo Neonatal Adult

kidney + +++ ++

intestine + +++ ++

lung +/- +/- +

bursa +/- + +

thymus nt +

heart - - -

testis nt +/- +

ovary nt - -

brain - -

eye - - -

liver - - -

spleen nt -

The table represents summary of the RPA analysis of various chicken tissues, nt, not 

tested.



Fig. 5-1. Different c-ros probes used for RNA analysis. Probes A, B, C, and D were used 

for RPA and probes N and E were used for Northern Blot analysis and mRNA in situ 

hybridization respectively. Arrowed lines indicate the position and size of individual 

probes. The translational initiation site (ATG), transmembrane domain (TM), protein 

tyrosine kinase domain (PTK) and stop
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Fig. 5-2. RNase protection analysis of RNA samples from different chicken tissues. For 

each assay, 30 pg of total RNA and 1X105 cpm of probe B were used. (A) RNA samples 

from various tissues of a 1-month old chicken. (B) RNA samples from various embryonic 

and chicken tissues. M is molecular weight marker ([Y-32PJ-labeled <t»X174+HaeIII). The 

sizes are in nucleotides. Arrows point to the protected products. Emb. stands for embryo 

tissues and d stands for days at different stages. The abbreviations for tissues are: T, 

thymus; St, stomach; M, muscle; Lu, lung; Li, liver; K, kidney; I, intestine; E, eye; Bu, 

bursa; Br, brain; Sp, spleen. C strands for control yeast RNA (30 pg) and P for the probe 

only. The exposure time was in day. The quantity and quality of RNA samples were 

checked by gel electrophoresis and detection of the 28S and 18S rRNAs as shown in Fig.

5-5

A
T St. SP. M lu . l i .  K I E Bu. Br. C P

M

231-
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Fig. 5-3. RPA of RNA samples from chicken testis. 30 pg of total RNA was used for each 

assay. The exposure time was 3 days. RNAs from 10-week and 20-week old chicken 

testes were used for RPA with probes B, C, and D as indicated.

B C D
i-----------1 i----------1

13w 20w 13w20w



Fig. 5-4. Northern blot Analysis of c-ros mRNA in different chicken tissues. 6 pg of 

poly(A)+ RNA was analyzed using probe N. Abbreviations for tissues are: K, kidney; I, 

intestine; B, bursa; L, lung; and S, stomach. The positions of 28S and 18S rRNA are 

marked. The arrow indicates the 8.3-kb c-ros transcript. The exposure time was 3 days.



Fig. 5*5. Kinetic study of c-ros expression in kidney and intestine. Same amount of RNAs 

and probe B as in Fig. 5-2 were used. (A) RPA of kidney RNA samples. (B) RPA of 

intestine RNA samples. Arrows indicate the position of protected products. The 

abbreviations are: Emb., embryo; ck, chicken; d, days; w, weeks after hatching; c, control 

yeast RNA; p, probe only. The exposure time was 20 h. 0.5 pg of each of the above 

RNA samples were separated on 1% agarose/TAE g e l , stained with ethedium bromide 

and photographed as shown under each RPA. The positions of 18S and 28S rRNAs were 

marked.

Emb. Ck. k idney

M
P c 13d I5d 18d Id 3d 6 d 9d 2w 3w )3w

271-

234 -

194—

•• *• *  Ml «• to m - 1 8 S  

— 28S

Emb. Ck, in te s t in e _________
i  i  i  I

P C  13d lSd 18d Id 3d 66 9d 2w 3w I3w
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Fig. 5*6. Kinetic study of c-ros expression in lung, bursa and thymus. (A) RPA of lung 

RNA samples. (B) RPA of bursa RNA samples. (C) RPA of thymus and heart samples. 

E stands for embryo and Ck for chicken. The exposure time was 3 days.

E
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Fig. 5-7. Expression of c-ros in young and adult chickens. 30 pg each of the RNA 

samples (kidney, intestine and lung) from 9-day old chicks and a 20-week old chicken 

were subjected to RPA using probe B. The exposure time was 1 day. Arrow indicates 

the position of the protected product.

In t . Kid. Lunq
1 i i r i 1



Fig. 5-8. c-ros mRNA in situ hybridization in chicken kidney, intestine and bursa. 5 micron 

cryosections of different tissues were subjected to in situ hybridization as described in 

Materials and Methods. Exposure time was 20 days. A. 16-day embryonic kidney, B. 

1-day old chick kidney, C. 14-day old chick kidney, D. 16-day embryonic kidney with the 

sense probe, G. 9-day old chick kidney showing the large tubule. E and F, the dark field 

and bright field, respectively, of 14-day old chick intestine, H and I. the dark field and 

bright field, respectively, of 10-day old chick bursa. CT and CD, for collecting tubule and 

collecting duct; VI for villi and CR for crypts; SE for the surface epithelium and IFE for 

interfollicle epithelium. Bar size in (I) is 20 pM.
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Chapter VI. Cloning and characterization of the chicken c-ros promoter

Jianmin Chen, Jie Tong and Lu-Hai Wang 

Abstract

Our previous results showed that c-ros was specifically expressed in chicken 

kidney, intestine, lung, bursa and thymus, and its expression was detected only in certain 

epithelial cells in these organs. Furthermore, the expression of c-ros in those organs is 

developmental^ regulated, both temporally and spatially. In order to explore the molecular 

basis for the regulation of c-ros expression, we have cloned and characterized the chicken 

c-ros promoter. The 5' non-coding c-ros cDNA was isolated by rapid amplification of cDNA 

ends (RACE) method, resulting in the extension of another 35 nucleotides beyond our 

previously published cDNA sequence (Chen et al., 1991). The most 5' c-ros cDNA was 

used as a  probe to screen a  chicken genomic DNA library, 3 clones containing the 5' c-ros 

exon were isolated. A 2.5-kb Hindlll fragment in one of those clones was identified to 

contain the most 5' sequence of the c-ros cDNA. Primer extension and RNase protection 

analyses were used to map the transcription initiation sites for the c-ros mRNAs in kidney 

and intestine. Sequence of the 1.3-kb region upstream of the initiation site revealed the 

TATA and CAAT boxes at 26 and 54 nucleotides upstream of the initiation site. In 

addition, potential transcription factor binding sites and several direct and inverted repeats 

were found further downstream. The 1.3-kb DNA when placed upstream of the CAT gene 

was shown to be functionally active. Serial deletion of this putative c-ros promoter has 

allowed us to define a  minimum c-ros promoter and to identify potential positive regulatory 

regions.
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Introduction

The proto-oncogne c-ros cDNAs have been molecularly cloned from rat 

(Matsushime & Shibuya, 1990), chicken (Chen et al., 1991) and a human glioblastoma cell 

line (Birchmeier et al., 1991). It was recently shown that in rat, c-ros RNA could be 

detected in heart, lung and testis in addition to kidney and alternative splicing of c-ros 

mRNA was observed in different organs (Matsushime & Shibuya). By more sensitive 

methods of detection such as RNase protection analysis and RNA in situ hybridization, 

c-ros was found to be expressed in kidney, intestine, lung and testis of mouse 

(Sonnenberg et al., 1991; Tessarollo et al., 1992). The expression was transient and 

restricted to the epithelial compartments in kidney and intestine, and probably also in lung. 

Since the time course of c-ros expression in mouse kidney and intestine was coincident 

with the reciprocal epithelial/mesenchymal induction in those organs, a  role of induction 

in their organogenesis was proposed for the mouse c-ros (Sonnenberg et al., 1991; 

Tessarollo et al., 1992).

Our recent study showed that c-ms RNA could be detected at considerable levels 

in chicken kidney and intestine and at much lower levels in lung, thymus and bursa. A 

low level of mRNA could also be detected in testis at different stages, but whether 

alternative splicing exists is unknown. Our RPA and mRNA in situ hybridization results 

confirmed that c-ros expression was developmental^ regulated and restricted to the 

epithelial cells of renal collecting tubules and epithelial cells of intestinal villi and crypts. 

However, its expression profile is different from that in mouse in that c-ros is expressed 

in the entire epithelial layer of renal collecting tubules as well as intestinal villi and crypts 

commercing at late embryo and persisting thereafter, c-ros RNA was also detected in the 

epithelial cells of the bursa capsule. Thus, we propose that chicken c-ros may play a role
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in the epithelial differentiation as well as mature function of those organs.

In order to explore the molecular basis for the regulation of the tissue- specific 

expression of chicken c-ros, in this study, we have cloned the complete 5' non-coding 

sequence of the c-ros cDNA and isolated the corresponding genomic DNA. The 

transcriptional initiation site was mapped by primer extension and RPA. The putative 

promoter region for chicken c-ros contains canonic TATA-like sequence and CAAT box 

as well as potential transcription factor binding sites. The putative promoter was shown 

to be active in promoting CAT gene expression. We have defined the basic promoter as 

a 300 bp sequence upstream of the transcription initiation site. This work provides the 

basis for further studying the regulation of tissue-specific expression of the proto-oncogene

c-ros.



114

Results

Cloning of 5' c-ros cDNA

Our previous chicken c-ros cDNA clones contain a  158 nucleotide non-coding 

region at its 5' end (Fig. 3-3). In order to map the mRNA initiation site as well as to map 

the promoter region, 5' RACE method (Frohman et al., 1988) was used to isolate the most 

5' cDNA sequence. The RACE PCR was done as described in the Materials and Methods. 

4 positive clones were selected for sequencing analysis. Clone 13 extends 5' cDNA 

sequence for another 35 nucleotides while clone 20, 26 and 47 extend only 31 

nucleotides. The sequence is shown in Fig. 6-2 as the italic and underlined nucleotides. 

This 5' cDNA sequence was confirmed by sequencing the corresponding genomic region 

(see below) to exclude the possibility of PCR artifact. Either first nucleotide G in clone 13 

or the first nucleotide A in other three clones could be the mRNA initiation site since 

RNase protection assay and primer extension experiments map the initiation site(s) to 

these positions (see below).

Isolation of genomic clone corresponding to the most 5' c-ros cDNA

Genomic clones corresponding to the 5' c-ros cDNA were isolated to identify the 

potential c-ros promoter. The 5' 700 bp Pstl fragment of the c-ros cDNA was used to 

screen a chicken genomic DNA library (Vennstron et al., 1980) and three positive clones 

were isolated. The 15-kb clone 6a positive for the primer JMC4 (Fig. 6-1) was amplified 

and Southern blot analysis was performed using [32P]-labeled JMC4 as the probe. A JMC4 

positive 2.5-kb Hindi 11 fragment was subcloned, restriction mapped and sequenced (Fig. 

6-1 and Fig. 6-2). The JMC4 primer happens to be in the middle of the Hindlll fragment 

and the most 5' 35 nt in clone 13 just lies immediate 5’ to the JMC4 sequence (as 

illustrated in Fig. 6-1 & 6-2). Comparison of the genomic sequence and the cDNA
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sequence shows that the first intron interrupts nucleotide 273 and 274 in cDNA (Fig. 3-2) 

and extends to the very end of this 2.5-kb genomic Hindi 11 fragment.

Mapping the transcription initiation site of the c-ms mRNA

The primer extension and RNase protection analysis were then performed to map 

the mRNA initiation site. A 30-nucleotide antisense primer JMC54 which is 147 nucleotide 

downstream from the 5' end of the RACE clone 13 and starts in the middle of the Mscl 

site (Fig. 6-1 and Fig. 6-2) of the 2.5-kb genomic DNA, was synthesized, labeled with 32P 

and used to perform the primer extension experiment. The primer extension product by 

JMC54 shown in Fig. 6-3A is about 150 nucleotide in length and it matched the +1 G 

residue (Fig, 2) when running together with a  sequencing reaction of the 2.5-kb genomic 

fragment with the same primer JMC54 (data not shown), thus mapping the initiation site 

to the 5' end of RACE clone 13. The RNase protection assay by probe A was then used 

to confirm this conclusion (Fig. 6-1). The protected fragment by this riboprobe would have 

a  5' end right in the middle of the Mscl site which matches the 5' end of the primer JMC54 

(Fig. 6-1). The protected band shown in Fig. 6-3B was about 150 nucleotides in length. 

In Fig. 6-3C, JMC54 primer extension product from kidney RNA was co-electrophoresed 

on a  denaturing gel together with the Mscl-Clal riboprobe protected products from kidney, 

bursa and intestine RNA samples. The size of the fragments from both assays was almost 

identical. The small difference between the two products was probably due to the fact that 

in general the RNA transcripts moved 5% slower than their corresponding DNA 

counterpart (Sharmeen & Taylor, 1987). The protected RNA species appeared as a  smear 

containing multiple bands. Both bands match pretty closely. Appearance of a  lower 

discrete band may suggest that there is an alternative initiation site, which is likely to be 

the A residue four nucleotides downstream from the +1 G. This is consistent with the 5'
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ends of the 3 RACE cDNA clones. However, this could also be due to heterogeneity of 

the riboprobe or over-digestion of the RNA duplex due to breathing of the ends. It is thus 

concluded that in kidney and intestine the mRNAs initiate around that G residue in Fig.

6-2 and the proximal promoter for c-ros is located upstream of this G residue.

Analysis of the putative c-ros promoter

The 1.3-kb region of the genomic DNA upstream of the mRNA initiation site was 

sequenced to search for the promoter sequence motifs. In this region, some promoter- 

specific motifs are present. Taking the G residue as +1, a "TATA" like sequence and a 

"CAAT" motif are present at -26 and -54 respectively (Fig. 6-2), although the "TAATAA" 

is not a  typical one and the "CAAT" motif is in its opposite orientation. There are four AP-1 

sites, one AP-2 site and two Oct-1 sites scattered within the upstream 0.9-kb region 

(Mitchell & Tjian, 1989). Notably, two perfect inverted repeats are present in the middle 

of this region (marked as repeats 1 and 2 in Fig. 6-2) and some imperfect direct repeats 

(marked as repeat 3 in Fig. 6-3) are present further downstream. It is possible that these 

repeats may serve as regulatory sequences or binding sites for transcription-regulatory 

factors.

Functional Study on the putative c-ros promoter

Functional assays are needed to substantiate that this region is indeed the c-ros 

promoter. The 1.3-kb promoter region was inserted before a CAT gene in pCat-enhancer 

(Promega), and then a SV40 polyadenylation signal (SVpA) was added before the c-ros 

promoter (ROSPRO, Fig. 6-4A) to suppress the non-specific transcription initiated from the 

upstream sequence in the vector. The resulted plasmid was named pCatpA, from which 

a  serials of deletion mutants were generated (Fig. 6-4B). These plasmids and the 

pSV2Cat as the positive control (Gorman et al., 1982) were individually transfected into



COS-7 cells together with the pLacZ plasmid serving as an internal marker for normalizing 

the transfection efficiency. The cell extracts were subjected to CAT assay and 

galactosidase assay as described in Materials and Methods. Each value of CAT assay 

was normalized to the co-expressed lacZ activity. The result of one typical Cat assay was 

shown in Fig. 6-4B. The pCatpAXba containing no promoter sequence but the SVpA has 

a  very low cat activity (2%), indicating that the added SVpA sequence is functioning in 

suppressing the non-specific transcription initiated from the upstream region. The parental 

plasmid pCatpA with the undeleted 1-kb putative c-ros promoter has a  CAT conversion 

activity of 19%, which is about 10 times higher than that of the basal activity from the 

plasmid pCatpAXba containing no promoter sequences. Deletion of the sequence between 

BamHI and Clal sites seems to increase the CAT activity to some extent (19% to 24%). 

Deletion of the sequence between Clal and P ad  sites produced little effect, further 

deletion of 19 nucleotides downstream of the Pad site reduced the CAT activity drastically 

(pCatpA20) and deletion of another 73 bp completely abolished the CAT activity 

(pCatpA111). Further deletion from pCatpA111 did not rescue the CAT activity. The above 

results indicate that the 1 -kb genomic sequence upstream of the c-ros mRNA initiation site 

has the transcription-promoting activity and the basic promoter region can be narrowed 

down to a  300 bp region upstream of the transcription initiation site. It seems that the 

sequence between BamHI and Clal sites has some negative regulatory effect on the 

promoter activity and the 100 bp downstream of the Pad site is essential for the promoter 

activity. This region may contain positive regulatory sequences or binding sites for the 

transcription factors. More precise deletion or point mutation can be generated to map 

those positive and negative regulatory sequences. As an example, the two inverted 

repeats (1 and 2 in Fig. 6-2) were deleted from the pCatpA, the resulting plasmid
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pCatpAdR confers a  CAT activity similar to pCatpA, suggesting that those two repeats are 

not important for the promoter activity in this assay system.
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Discussion

Our and others' studies showed that the expression of c-ros is under tight 

regulation, both temporally and spatially (Sonnenberg et al., 1991; Tessarollo et al., 1992; 

Chen et al., 1993). Its expression is restricted to the epithelial cells of those positive 

organs. As a  first step in exploring the molecular basis for the regulation of the chicken 

c-ros expression, we have mapped the c-ros transcription initiation site and isolated and 

characterized its promoter. This putative promoter was shown to be functional and by 

deletion study, some positive and negative regulatory regions were mapped.

The RACE method turned out to be useful in mapping the transcription initiation 

sites since the 5' ends of all the four positive clones matched the product of RPA, an 

independent method of characterizing the transcript. Both the G at position +1 and the A 

at +4 (Fig. 2) are all potential transcription initiation sites (Breathnach & Chambon, 1981), 

especially the sequence around the +4 A matches with the cap consensus sequence 

which is CA followed by a  pyrimidine tract (Bucher & Trifonov, 1986). Since the primer 

extension product runs closer with the +1 G, we consider this as the major transcription 

start site. Comparison of genomic sequence with the cDNA sequence reveals that the first 

exon starts at nucleotide +1 and is interrupted at nucleotide +273 by the first intron (Fig. 

3-3).

The putative c-ros promoter contains some consensus motifs like TATA and CAAT 

boxes, but no GC-rich sequences like the binding sites for sp1 are present. The positions 

of TATA box (-26) and CAAT (-54) are typical of a  promoter. The nature of the TATA box 

is not clear because its sequence TAATAA does not match well with the consensus 

sequence (Breathnach & Chambon, 1981; Bucher & Trifonov, 1986). If this TAATAA does 

not work as a TFIID binding sites, the c-ros promoter can be considered as the type of the
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tissue-specific promoter which does not contain TATA box or sp1 binding sites (Smale & 

Baltimore, 1989). Some potential transcription factor binding sites are present in this 

putative region, i.e. AP1, AP2 and Oct1 sites, but none of them has been shown to confer 

tissue-specific regulation. No sequences homologous to the regulatory sequences 

identified in the promoters of E-cadherin and epidermal keratin genes which are epithelial- 

specific (Snape et al., 1990, Leask et al., 1990; Behrens et al., 1991) are present in the 

c-ros promoter.

The putative c-ros promoter confers the transcription-promoting activity when 

placed before a CAT reporter gene. The deletion mutant study defined a  potential negative 

regulatory region between BamHI and Clal sites, deletion of which increased the CAT 

activity to some extent. Further deletions downstream of Pad site gradually decreased the 

CAT activity, indicating that the 90 to 100 bp after the Pad site must contain a  positive 

regulatory sequence. There is one AP1 site and one 14-bp direct repeat within this region. 

The AP1 site must confer some positive activity because deletion of this site (pCatpA20) 

resulting in decrease of the CAT activity from 25.8% to 14.4%. The effect of the direct 

repeat with the region needs to be further determined. Deletion of the two inverted repeats 

around -590 has no effect on the CAT activity, suggesting that the repeats have no effect 

on the promoter activity in our assay system. Different AP-1, AP-2 or Oct-1 sites can be 

mutated or deleted to examine their effect on the promoter activity by CAT assay.

It is widely accepted that DNA methylation is one of the key elements in the control 

mechanism that governs vertebrate gene function and differentiation (Razin & Riggs, 

1980; Bird et al., 1986). A high level of methylation in genomic DNA especially the 5' end 

of a  gene usually indicates that the transcription is not active for this gene. The majority 

(90%) of the m5Cytosine (m5Cyt) residues in eucaryotic DNA are found in the dinucleotide



sequence CpG. It is not clear whether methylation is involved in the regulation of the c- 

ros expression because there are only 6 CpG dinucleotides within the 1290 bp upstream 

of the transcription start site. Unfortunately, there are no Mspl, Hapll or other restriction 

sites that are sensitive to the methylation and are used routinely for dissecting the state 

of DNA methylation (Bird, 1987).

Since tissue-specifically expressed genes appear to be bound to a  complex of 

tissue-specific factors (Bird et al., 1986), this type of regulation is more likely in the case 

of c-ros. Some tissue-specific factors may bind to the c-ros promoter region to regulate 

its expression. Protein binding and gel shift assay can be performed to identify those 

transcription factors. Some kidney or intestine epithelial cell lines could be used for c-ros 

promoter driven CAT expression to further analyze the promoter. Furthermore, c-ros 

promoter/lacZ fusion cassette can be used to assay the tissue-specific activity of the 

promoter in transgenic mice.
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Fig. 6-1 Organization of the putative c-ros promoter region. Top line represents some 

restriction sites in the 2.5-kb Hindi 11 fragment from the genomic clone 6a. The solid box 

indicates the putative ros promoter. The arrow 5' to the Mscl site indicates the possible 

transcription initiation site. The arrow 3’ to Mscl site indicates the position of the beginning 

of the first intron. JMC4 is a 26-mer primer in the opposite direction of the coding 

sequence. JMC54 is a  30-mer primer with its 5' end matching the middle of the Mscl site. 

The position of probe A described in materials and Methods is also shown. cDNA clone 

5b and RACE clone 13 are also shown in parallel with the genomic clone.

Hindlll BamHI Clal EcoRI P a d
1 1

Mscl EcoRI Pstl Hindlll
Intronl

— JM C4 

—JM C54
—  Probe A

200bp

Mscl

- / A
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-I y y  RACE clone 13

-5b cDNA



Fig. 6-2 Nucleotide sequence of the putative c-ros promoter region. The sequence was 

derived from the 2.5-kb Hindlll fragment genomic clone 6a. Restriction enzyme sites, 

"TATA" box, "CAAT" box and potential transcription factor binding sites, Ap-1, Ap-2 and 

Oct1 are underlined. The two inverted repeats and one direct repeat are highlighted by 

arrowed overlines. The 35 nucleotides which are underlined and in italic are the cDNA 

sequence derived from the 5' RACE clone 13 and the arrow indicates the possible start 

site for the c-ros transcript. The sequence before translation initiation codon ATG is also 

shown.
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Fig. 6-3 Primer extension and RNase Protection assay for mapping the initiation site of 

the c-ros transcript. (A) primer extension. 50 pg total tissue RNAs (150 pg for the intestine 

in 2nd lane) were used for primer extension using c-ros-specific primer JMC54 which was 

labeled with [y*32P]ATP to high specificity. The primer extension products were resolved 

on a  denaturing gel. The abbreviations for tissues are: i, intestine; k, kidney; c, yeast RNA 

as negative control; M, molecular weight marker (<I>X174 DNA digested with Haelll, 

dephosphorylated and labeled with [y-32P]ATP, using T4 polynucleotide Kinase). Sizes 

are indicated in number of nucleotides. (B) RNase protection assay (RPA). For each 

assay 30 pg of total RNA from different tissues was hybridized to [a-32PJUTP-labeled 

antisense transcripts (see text). The hybrid molecules were subjected to RNA digestion, 

and protected fragments were resolved on a denaturing gel. (C) RNase protected products 

as in B run together with primer extension products as in A. b stands for bursa and PE 

stands for primer extension.

A primer ext,

118-
118-



Fig. 6-4 The putative c-ros promoter is functionally active. (A) Plasmid map of pCatpA. 

(B) Deletion mutants of pSVpA and their CAT activity. 20 pg each of the plasmids was 

transfected together with 2 pg of pLacZ into COS-7 cells. 48 hrs later, cell lysate was 

subjected to CAT assay and p-galactosidase assay as described in Materials and 

Methods. Conversion represented by percentages was derived from the scintillation 

counting of those spots. The result represents a typical one of the experiemnt repeated 

threee times.
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Chapter VII. General Discussion

The retrovirus UR2 was isolated back in 1982 from a  avian sarcoma virus together 

with its helper virus UR2AV (Balduzzi et al., 1981). Later, the oncogene transduced in this 

virus was identified to be a  new PTK gene named ros (Wang et al., 1982) encoding a gag 

fusion protein called the P6Q9agms (Neckameyer et al., 1984). cDNA and genomic clones 

for chicken c-ros were isolated and the sequence analysis suggested that c-ros codes for 

a receptor-like protein tyrosine kinase (Neckameyer et al., 1985; Podell & Sefton, 1987). 

Significant progress in the understanding of the possible function of c-ros has been made 

in the past years. cDNAs for the human, rat and partially for the mouse c-ros have been 

cloned (Matsushime & Shibuya, 1990; Birchmeier et al., 1990; Sonnenberg et al., 1991; 

Tessarollo et al., 1992), and the tissue-specific expression pattern of c-ros in mouse was 

elucidated (Sonnenberg et al., 1991; Tessarollo et al., 1992). For my Ph.D. thesis study, 

efforts were made to understand the molecular structure, biochemical and biological 

properties, the tissue-specific expression and the molecular basis for the regulated 

expression of the ckicken c-ros. I will give a  general discussion on each part of my work, 

followed by a  perspective of future study on the c-ros.

The full length cDNA for the chicken c-ros was molecularly cloned and sequenced 

and the sequence clearly shows that it codes for a  RPTK (Chen et al., 1991). It shares 

great homology both in sequence and structure with the product of the Drosophila 

sevenless gene (Chen et al., 1991). Despite the difference in the structure and 

processing of the final protein product, c-ros and sevenless share the following features 

both in the EC domain and kinase domain: 1) high homology in the kinase domain (75%); 

2) the characteristic 6 aa insertion and the cluster of three major tyrosine phosphorylation 

sites instead of one as in other PTKs; 3) a large EC domain with a  43% similarity and the
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8 conserved type III fibronectin repeats. It is very likely the c-ros is the vetebrate homolog 

of the Drosophila sevenless gene. However, the function of c-ros and sevenless obviously 

diverged. While sevenless is important for the differentiation of the photoreceptor R7 in 

the Drosophila ommatidia, c-ros is mainly expressed in the epithelial cells of kidney, 

intestine, bursa and possibly lung and thymus. Although the ligand for the sevenless was 

identified and downstream signaling pathway for the sevenless is much clearer than 

before, almost nothing is known about the signal transduction of c-ros. It is possible that 

sevenless and c-ros share certain common components in their signal transduction 

pathways and function similarly in terms of their roles in the induction and differentiation.

Little was known about the structure and biochemical properties of the c-ros proten 

product. With full length c-ros cDNA, I constructed different plasmids for the expression 

of the c-ros cDNA in mammalian cells as well as in CEF. Both transient and permanent 

expression of c-ros shows that c-ros is mainly synthesized as a  polypeptide of 260-280- 

kDa with low kinase activity in the absence of ligand stimulation. The two different 

species of the c-ros protein probably represent differential glycosylation because 

tunicamycin treatment prevented the synthesis of both species. Instead, a smaller product 

was observed. No similar cleavage in the EC domain as seen for Sevenless, IR and IGFR 

was observed for the c-ros product. Proteins of a  similar size were observed in the tissue 

extracts of the chichen kidney and intestine, indicating that the c-ros protein expressed 

in cultured cells is similar to that in vivo although the glycosylation or other modification 

might be different. Furthermore, there is no evidence for covalent dimerization of c-Ros 

but whether non-covalent dimerization exists remains to be determined. Since the protein 

size of the c-Ros is very large and its ligand was unknown, a  mutant protein ppRos was 

generated by deleting most of the EC domain to facilitate the study of the biochemistry



and signal transduction of c-Ros. ppRos has an elevated kinase activity and a much 

longer half life in comparison to c-Ros. The failure of c*Ros to transform the CEF can be 

explained by its inactive PTK and low level expression in CEF, but surprisingly, the fully 

activated kinase ppRos can not transform CEF either. Further study shows that although 

ppRos is tyrosine phosphorylated in vivo and can phosphorylate an exogenous substrate 

such as lysozyme in vitro, the pattern of substrate phosphorylation in CEF over-expressing 

ppRos is different from those of UR2 and VCros transformed CEF. The signal transduction 

of v-Ros and VCRos versus ppRos was studied by examing the phosphorylation of 

specific substrates and activation of PI-3-Kinase. In UR2 and VCros transformed CEF, 

PI-3-Kinase is associated with the ros proteins and the phosphorylation of She, PLCyl 

and an unknown 88-kDa protein is elevated. Since PLCyl and PI-3-Kinase can mediate 

the mitogenicity of PDGF receptor and over-expression of She can cause cell 

transformation through the activation of the ras signaling pathway, it is very likely the PI-3- 

kinase, PLCyl and She are also important mediators of the transforming and mitogenic 

signals of v-Ros and VCRos. The inability of ppRos to transform CEF is probably due to 

the fact that the ppRos can neither associate with the PI-3-kinase activity nor 

phosphorylate She and PLCyl. The phosphorylation of a  100-kDa protein by ppRos but 

not by v-Ros or VCRos suggests an alternative possibility that p100 may be a  substrate 

of c-Ros that mediate an anti-mitogenic signal. Whether the autophosphorylation sites of 

the ppRos are different from those of the VCRos and v-Ros remains to be defined. Since 

the major difference between VCRos and ppRos is the EC domain and the three aa 

insertion in the TM domain of VCRos, it will be interesting to see whether the EC domain 

or the TM domain can exert some influence on both the kinase activity and on the 

interaction between the RPTK and its substrates.



130

Increasingly, RPTKs have been shown to be important in the development and 

differentiation. The finding that c-Ros is specifically expressed in the epithelial cells of the 

renal collecting tubules, intestinal villi and crypts of, and capsule of the bursa suggests 

that c-ros may play roles in the differentiation or maintenance of those specific epithelial 

cells. The restricted expression of c-Ros at the tip of the collecting duct in the embryo 

correlates with the epithelial/mesenchymal inductive events, suggesting that c-Ros might 

be involved in the organogenesis. The major difference of c-Ros expression between 

chicken and mouse is that in chicken c-Ros was expressed at high levels in kidney and 

intestine even at adulthood. This might reflect species differences or in adult mouse the 

function of another gene can take place c-Ros. The finding of the expression of the c-Ros 

in the chicken bursa and thymus raises the possibility of the c-Ros expression in mouse 

thymus. Further proof of the roles of the c-ros in the organogenesis awaits the genetic 

evidence from transgeneic mice with dominant negative ros or ros-null mice.

Since c-ros is specifically expressed in epithelial cells and the expression is under 

tight temporal and spatial regulation, the putative c-ros promoter in chicken was isolated 

to elucidate the molecular basis for the regulation. The transcription start site was 

mapped using RPA and primer extension. This putative promoter region contains some 

potential transcription factor binding sites and some inverted and direct repeats. This 

putative promoter confers transcription promoting activity when placed before a  Cat 

reporter gene. Serial deletion mutants were made and a potential positive regulatory 

region was defined. However, the region confering the tissue-specific expression is not 

identified due to the lack of proper in vitro system in which the c-ros is specifically 

expressed. Alternatively, a  transgenic model with the c-ros promoter/lacZ reporter 

cassette should be imformative.
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With c-ros molecularly cloned and its tissue-specific expression pattern established, 

attention should now shift to signal transduction, regulation of the expression, identification 

of the c-ros ligand and eventually understanding the biological function of the c-ros. Since 

a  cell line expressing c-ros at high levels is not available and the ligand of the c-ros is not 

yet identified, one can use the activated c-ros mutant ppRos which might represent the 

activated c-ros quantitatively and qualitatively. Otherwise the activation of the c-ros kinase 

awaits the identification of the c-ros ligand. Alternatively, a  chimeric c-ros RPTK with the 

EC domain from a  receptor of known ligand can be constructed for activation of c-ros. To 

study the signal transduction of v-ros, a  series of mutants could be made with each of the 

tyrosine residue in the cytoplasmic tail mutated to phenylalanine. The goal is to see which 

tyrosine residue confers the ability to associate with She, PLCyl or PI-3-Kinase and thus 

activate the downstream signalling. The positive and negative regulatory elements in the 

putative promoter should be more precisely mapped by either deletion or site directed 

mutagenesis. The tissue-specific regulatory region can be mapped by performing the 

transfection and CAT assay in some kidney or intestine epithelial cells although COS-7 

cell is a  epithelial-like cell line. Most importantly, a  genetic model is needed to eventually 

understand the function of c-ros protein. Transgenic mice with the activated ppRos will 

be imformative in understanding the function of c-ros, so will the c-ros knock-out mice.
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