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ABSTRACT
The c-sis ger,e er,codes the B polypeptide chair, of platelet-

cderived growth factor (PDGF), and is expressed in a number of
normal arid pathc.logical conditionrs. In order to study the control
of synthesis of the human c-sis product, we have initiated a study
of two regiorns of this genetic locus which regulate transcription
and translation. A clone of the 5' portion of the gene was
obtained which irncluded 1361 nucleotides upstream of the RNA
initiatiorn site. Transcriptional promoter activity of this region
was demornstrated ira normal and transformed cells using a plasmid
with the sequences upstream of the c-sis RNA initiation site fused
to an indicator gene, chloramphenicol acetyl transferase.
Experiments were also performed to identify other possible
regulatory regions of the c-sis gene. These data demonstrated
that a portion of the c-sis first exon erncoding the 5' untrans-
lated region of the c-sis mRaRNA inhibited synthesis of the PDGF B
product in vitro. These results define regions of the c-sis gene
whose activity may be irmportarnt irn the regulation of transcription
and translation under norrnal conditions and in the pathogenesis
several hurnarn diseases.

INTRODUCTION

Human platelet-derived growth factor (PDGF) is a 30 kilo-

dalton (kd) heat-stable, cationic glycoprotein initially identi-

fied in platelets (see references 1-6 for reviews). It accounts

for most of the mitogenic activity in human serum for fibroblasts,

and may play an irmportant role in mesenchymal cell growth both

during embryogenesis and in wound repair (7). Endothelial cells

(8), macrophages (9), arnd smooth muscle cells (10,11) also

produce PDGF-like proteins. Altered c-sis expression by any of

these cell types may change the amount or composition of the

secreted mitogen and play an important role in pathophysiologic

processes such as inflammation, thrombosis, and atherosclerosis.

PDGF is composed of structurally related A and B polypeptide
chains each of which may form a homodimer with mitogenic action
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(12-15).** The PDGF B polypeptide is encoded by the c-sis

proto-oncogene, the cellular homologue of the oneogene transduced

by both the simian sarcoma virus and Parodi-Irgenes feline sarcoma

virus (16-23). This gene has been mapped to the qll-qter region

of human chromosome 22 (24925). The PDGF A polypeptide has been

mapped to region pter-q22 of human chromosome 7; it has rno

homology to previously identified transforming genes (26).

The c-sis gene is transcript ionally active in several normal

cell types as well as in a number of transformed cell liines.

Although not expressed in most normal cells (4), transcripts have

been identified in developing placenta (27), cultured endothelial

cells (8,30,31), activated monocytes (9), and some smooth muscle

cells (10,11). This restricted tissue specificity suggests that

the c-sis gene may contain structural elements that are requ'ired
for efficient cell-specific transcription. C-sis mRNAs have also

been identified in a number of malignant cell types of glial and

neural origin (32,33), sarcomas (32,34,35),, melanornas (36) , and

human T-lymphotropic virus type I (HTLV-I) transformed cells

(37). The role of c-sis transcription in tumorigenesis, however,

remains to be defined. A c-sis cDNA isolated from an HTLV-I

infected lymphoid cell line was capable of transforming murine NIH

3T3 cells which gave rise to tumors in syngeneic mice (38). The

predicted amino acid sequence of the PDGF B polypetide encoded by

this cDNA was identical to that derived from normal cells,

suggesting that quantitative rather than qualitative alterations

are important for the transforming phenotype (28-30). Thus, the

level of c-sis mRNA may be an important determinant of the level

of growth factor expression. Regulation may occur at the levels

of transcription, processing, or degradation of c-sis mRNA.

Furthermore, additional control at translational levels is not

excluded by these findings. To explore these possibilities, we

have cloned the 5' portion of the human c-sis gene and have

utilized these sequences to examine their role in the regulation

of transcription and translation.

** The terminology of Westermark and colleagues as well as Ross
and collaborators has been adopted for the designation of PDGF
polypeptide chains (2,4 13 26,27). This is opposite to that
described in ref. 3,21,2A,24.
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MATERIALS AND METHODS

Cell Lines

HOS, HT1O8O, and SKES cells were obtained from the ATCC.

A172 cells were provided by A. Fisher (National Cancer Institute,

Bethesda, Maryland). Bovine aortic endothelial cells (BREC) were

cultured from calf thoracic aortas as previously described (39)

and generously provided by M. Gimbrone (Harvard University,

Boston, Massachusetts).

Recombinant DNA Clones

High molecular weight DNA was extracted from peripheral blood

monornuclear cells of a normal human donor, and partially digested

with Mbo I (40). The sample was size-fractionated by sucrose

gradient centrifugation and cloned in the Bam HI arms of bacterio-

phage J1, provided by 6. Shaw (U. of Alabama, Birmingham). The

recombinant phage library was screened with a probe derived from a

c-sis cDNA clone corresponding to nucleotides 47-779 of exon 1

(30). A single positive plaque was identified after screening

400,000 plaques and the phage clone was designated ISIS-A. A

restriction map was generated using the exon 1 probe described

above, as well as probes corresponding to exons 1-7 derived from

the Sac II - Sac I fragment of plasmid pSMl (29), and exons 3-5

derived from the Bam HI fragment of plasmid L33-M (21), a bac-

teriophage Jl DNA probe, and a probe from total DNA from the same

sample used for cloning.

The 5' 2.0 kilobases (kb) of the )XSIS-A insert was subcloned

into the Bam HI site of SP65 (Promega Scientific) and designated

pSIS-1. All nucleotides of the pSlS-1 insert were sequenced at

least once on each strand by the partial chemical cleavage method

(41).

Primer Extension MAg2ing of the c-sis Transcri2tional Initiation

Site

A 121 base pair (bp) primer (nucleotides 33-153, Fig. 2) was

made by digesting 30 1ug of pSTS-1 with Bss HII, labeling with 10 U

T4 polynucleotide kinase and 300 /ACi 32P- Y -ATP (7000 Ci/mmole),

and subsequent digestion with Pst I. The primer was isolated by

polyacrylamide gel electrophoresis. 50,000 cpm of primer was

mixed with 5 Asg of poly A(+) RNA from HOS cells, 5 or 50/Ag of

poly A(+) RNA from A172 cells, or 12,800 cpm of primer was mixed
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with no RNA, in 40 mM PIPES, pH 6.4, 400 mM NaCl, 1 mM ethylene

diamine tetraacetic acid (EDTA), 80% (vol/vol) formamide. The

samples were heated at 90 degrees C for 10 minutes and then

incubated at 64 degrees C for 3 hrs. A 185 bp double-stranded Bss

HII fragment (nucleotides 170-354) was included in the primer

preparation as an internal size marker for the gels. Under these

hybridization conditions, nucleotides 170-354 did not hybridize to

c-sis mRNA. Samples were ethanol precipitated and extended with

90 U of avian myeloblastosis reverse transcriptase (BRL) as

previously described (42). Samples were denatured and electro-

phoresed on a 7 M urea, 5% (wt/vol) polyacrylamide gel. Partial

chemical cleavage products electrophoresed in parallel were used

as size markers.

Measurements of Transcriptional Promoter Activity

Plasmids used for this analysis were constructed as follows.

Plasmid pSVO-CAT (43) was digested with Bam HI, blunt-ended with

Klenow fragment of E. coli DNA polymerase I, and then digested

with Hind III (Fig. 3). The 1.7 kb fragment with CAT and SV40

polyadenylation sequences was ligated to Bam HI and Pvu II

digested SP65, yielding SP65-CAT3. The 403 bp Pst I fragment of

pSIS-1 (nucleotides -366 to 37) was cloned into the Pst I site of

SP65CAT3 in the same or opposite transcriptional orientation as

the CRT gene in plasmids SIS-CAT1 and SIS-CAT2, respectively.

Plasmids used as positive controls for the analysis included

pSV2-CAT and RSV-CAT which have the CAT gene under the transcrip-

tional control of the simian virus (SV) 40 promoter or Rous

sarcoma virus (RSV) long terminal repeat sequences (LTR), respec-

tively (43,44).

Measurements of transcriptional promoter activity were

performed by transfecting 10 ~g of plasmid DNA onto 90% confluent

100 mm plates of HOS cells or 25 9g of of plasmid DNA onto 80%

confluent cultures of bovine aortic endothelial cells, using

calcium phosphate precipitation (44). The HOS cells were glycerol

shocked 24 hrs after adding the DNA-calcium phosphate precipi-

tate. Cells were grown in Dulbecco's modified Eagle's medium

supplemented with 10% (vol/vol) fetal calf serum (Gibco), 110 mg/L

pyruvate, 100 u/ml penicillin, and 100 Aug/ml streptomycin. The

HOS cells were split into 150 mm plates 24 hrs after glycerol
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shock, and were harvested 24 hrs after splitting. The endothelial

cells were simply washed 12 hrs after transfection, and harvested

36 hrs later. 20 ,pl of cell lysate was incubated a 1ao Al

reaction in 140 mM Tris-Cl, pH 7.8, 2.4 mM acetyl CoA,, 0.05

/ACi 14C-chloramphenicol (53 mCi/mmole, New England Nuclear) for 45

min at 37 degrees C. Samples were extracted with ethyl acetate,

dried , and spotted on a Silica gel 60 thin layer chromatography

(TLC) plate. The solvent for chromatography was chloroform:metha-

nol (95:5). TLC plates were treated with Enhance spray (New

England Nuclear) and exposed to XRP-5 xray film (Kodak) with an

intensifier screen at -70 degrees C for 16 hrs. In the HOS

experiment, individual spots were cut and counted, and the percent

14C-chloramphenicol acetylated determined. In replicate transfec-

tions of the same DNA sample, the standard error was less than 6%.

Translation of c-sis_Seguences

Several deletion clones of 5'untranslated c-sis sequences

were constructed for this analysis (Fig. 4). The endothelial

c-sis cDNA clone, B2-1 comprising the B chain open reading frame

and 980 bp of 5'untranslated region (30) was isolated after Eco RI

digestion and ligated to Eco RI digested SP64 (Promega Scientific,

ref. 40). This clone lacks the first 46 bp of the c=sis gene

following the RNA initiation site, and is designated &1-46.

Restriction enzyme sites in the multiple cloning region of SP64,

located just before the c-sis sequences were utilized for creation

of the deletions. 41-46 was digested with either Xho I and Sal I,

Bam HI, Pst I, or Bss HII, and then religated to produce deleted

clones &1-480, 41-773, a 1-890, and 4148-974, respectively

(deletion end-points shown in Fig. 3 and Fig. 4). The names of

the clones indicate the c-sis sequences deleted in each case.

In vitro transcription reactions (25 I-l) contained 2 ,ag of

Mst II linearized DNA template, 40 mM Tris-Cl, pH 7.5, 6 MM

magnesium chloride, 2 mM spermidine, 10 mM dithiotreitol, 100

,gg/ml bovine serum albumin, 25 U RNasin (Promega Scientific), and

0.5 mM CTP, UTP, and ATP. m7GpppG was present in the reaction

mixtures at a concentration of 2.0 mM and the GTP concentration

was 0.1 mM. The transcription reaction was begun by the addition

of 10 U of SP6 polymerase. Following incubation for 2 hrs at 40

degrees C, 5 U RNase-free DNase I (Promega Scientific) was added
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and the reaction continued for 30 min. at 37 degrees C. The

mixture was phenol extracted and ethanol precipitated twice with

1.0 M ammonium acetate, once with 0.15 M potassium acetate, and

washed with 70% ethanol. Aliquots of the RNAs were denatured with

2.0 M formaldehyde and 50% (vol/vol) forrnamide containing 0.04 M

morpholinopropanesulfonic acid, 20 mM sodium acetate, and 1 mM

EDTA (1 X MOPS) by heating at 65 degrees C for 10 mim. prior to

electrophoresis on a 1.0% agarose minigel containing 1.0 M

formaldehyde and 1 X MOPS. Following electrophoresis, RNA

transcripts were visualized by eluting the formaldehyde with

distilled water prior to staining with ethidium bromide.

In vitro translation was performed with 0.5/Ag of each capped

transcript in a 60 min. reaction at 25 degrees C in 30 l of a

micrococcal nuclease-treated wheat germ cell-free translation

system (Bethesda Research Laboratories) containing 100 mM potas-

sium, 2.0 mM magnesium, 30/ACi 35S-methionine (800 Ci/mmole), and

8 U of RNasin (Promega Scientific) according to the manufacturer's

recommendations. Peptidyl-tRNAs were removed following the

incubation period by treating the translation products with RNase

A (200 ug/ml) at 25 degrees C, for 10 min. The incubation

mixtures were precipitated with 10% (wt/vol) trichloracetic acid

(TCA), washed twice with 5% (wt/vol) TCA, solubilized in Laemmli

sample buffer (0.125 M Tris-Cl, pH 6.8, 2% (wt/vol) SDS, 0.7 M

2-mercaptoethanol, 10% (vol/vol) glycerol, and 0.04% (wt/vol)

bromphenol blue), and analyzed on a 10-15% (wt/vol) gradient SDS

polyacrylamide gel, prior to processing by autoradiography.

RESULTS

The c-sis RNA initiation site

A recombinant phage clone, ?XSIS-A, was obtained which

includes the 5' portion of the human c-sis gene and 1361 base

pairs (bp) upstream of the RNA initiation site. This clone also

includes exons 1-4 and overlaps with a previously described normal

human genomic clone, \33 with c-sis exons 2-7 (21). The latter

clone includes all portions of the human genome which are homo-

logous to v-sis. These two clones completely define the c-sis

gene.

The 5' portion of )XSIS-A was subcloned and designated pSIS-1.
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Fig. 1. Primer extension mapping of the c-sis transcriptional
initiation site. A 121 nucleotide primer (nucleotides 33-153) was
annealed with poly A(+) RNA from the indicated sources or with no
RNA, as described in the Materials and Methods section. Samples
were extended with reverse transcriptase and electrophoresed on a
denaturing polyacrylamide gel. Partial chemical cleavage products
electrophoresed in parallel were used as size markers. Two 185
nucleotide fragments were included in the samples as size mar-
kers. At the bottom of the figure is shown the nucleotide
positions, relevant restriction enzyme sites in pSIS-1, and the
DNA fragments labeled at the end indicated by an asterisk which
were used as primer and internal size marker.
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This subclone was used to define the c-sis RNA initiation site

(Fig. 1). For this experiment, an end-labeled (-) strand 121 bp

DNA fragment was generated by digestion of pSIS-1 with Bss HII and

Pst I. This fragment was annealed with poly A(+) RNA from the

human osteogenic sarcoma cell line, HOS, or the glioblastoma cell

line, A172. The annealed DNA fragment was extended with reverse

transcriptase and the size of the extended products determined by

denaturing polyacrylamide gel electrophoresis in comparison to

partial chemical cleavage products from a DNA fragment labeled at

the same Bss HII site. Two labeled 185 nucleotide fragments were

included as internal size markers for this analysis. A single

extended product of 153 nucleotides was identified in each

reaction. Evidence that this extended product denotes the RNA

initiation site is: a) the identical size of the extended

products obtained using either HOS or A172 poly A(+) RNA, b) the

increased intensity of the band for the 153 nucleotide fragment

after annealing with 50 19g of A172 poly A(+) RNA compared to 5.0

pg poly A(+) RNA, and c) the lack of a band for a DNA fragment of

this size when performing the experiment in the absence of RNA.

The CAP site is only 46 bp upstream of the 5'terminus of a

previously characterized c-sis cDNA (30).

Segquences located 5' of the c-sis RNA initiation site

The structure of the insert in pSIS-1 was determined by

nucleotide sequencing and is presented in Fig. 2. The RNA ini-

tiation site is preceded by a TATA box at position -10 to -7.

No sequence consistent with the CCART consensus sequence (45) was

identified upstream of the c-sis RNA initiation site, similar to

that found in many other eukaryotic promoters. Located at -220

to -211 is a decanucleotide sequence which is identical to the Spl

Fig. 2. Sequences surrounding the c-sis transcriptional initiation
site. The sequence of the pSIS-1 insert (nucleotides - 1373 to
779) and downstream sequences of exon 1 as derived from the 82-1
cDNA clone (nucleotides 779 to 1026, ref. 30) are shown. Nucleo-
tide positions are shown to the right of each line, and position
+1 corresponds to the c-sis CAP site. Above each line of se-
quences are indicated a dot for every tenth nucleotide and
restriction enzyme sites relevant to the analyses shown in Fig. 1,
3, and 4. The deletion end-points of the clones used in Fig. 4
are also shown above the sequence lines. The three ATG codons
upstream of the authentic ATG initiating the B chain open reading
frame are underlined.
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binding consensus sequence (G/T) (G/A)GGCG(G/T) (G/P) (/A) (C/T)

(46); a similar sequence is located orn the minus strand of

the B chain promoter located at position -128 to -119. In this

same region of the plus strarnd is the sequence CCGCCC. This

sequence is repeated six times in the 21 bp repeats in the SV40

early promoter. Located at position -435 is a purine-rich region

ccntaining the sequence GGAAGTGP. This sequence is identical to

the consensus sequence in the adenovirus Ela enhancer (47) and is

also found in the 5' flanking sequences of the adersovirus major

late protein gene, polyoma virus early gene, avian sarcoma virus,

Friend spleen, focus-forming virus, and mouse marnrnary tumor virus

LTRs, and human %tz and /2 -interferon genes (47, 48) . The longest

direct repeat sequences preceding the RNA initiation site are

found at positions -1317 to -1304 and -1298 to -1285. Nc. 1 ong

regiors of purir,e-pyrimidinre asymmetry which may form a Z-DNA

structure are found.

The structure of sequences preceding the RNA initiation site

irn the c=si1s gene in cells expressing c-sis transcripts (HTLV-I

infected lymphoid, HOS and HTlO08 sarcoma, and A172 glioblastoma

cell lines) was compared to that of cells in which the gerne is

trarnscriptionally inactive (SKES sarcorna cell line and ron-acti-

vated peripheral bloiod mononuclear cells). This was done by

Southern blot hybridizatior, usinrg a probe cornplerimentary to rnuclec.-

tides 1019 - 1068. Rearrangements or arnplificatior, cf the c-sis

gerne were riot detected in these sarnples which were examined after

digestionr with Hir,d III, Bst E II, cor sever-al other restriction

enzymes (data rc.t shown).

rariscri ptioral _pro-moter activity f_the c-s is gene

The region upstrearn c.f the RNA start site was alsc tested for

trarnscript ioral prc.rnciter activity. The 403 bp Pst I fragmernt

(r.ucleotides -366 tc. +37) was cloried irntc the Pst I site cf the

plasrmid SP65-CAT3, 5' to the bacterial chlorarmipher,iccl acetyl-

transferase (CAT) gerse irn the ccrtrect ar,d iricorrect trariscrip-

tional orierstatioris irn plasrnids SIS-CAT1 arid SIS-CAT21, respec-

tively (Fig. 3a).

Trarisfecticiri c.f SIS-CAT1 iritc. HOS cells resulted irn CAT

activity ir, the cell extracts which gave rise tc. 14.5J% ccrlversicrn
cf 14C-chlorarnphersiccl to its acetylated iiietabclites (Fig. 3b).
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Fig. 3. Transcriptional promoroter activity of the c-sis gere. a)
The method of con5struct ion of plasmids SIS-CAT1 and SIS-CAT2 with
the c-sis sequences in the same or opposite transcriptional
orientation relative to the CAT gene, respectively, is shown.
Details are provided in the Materials and Methods section. The
positions of the restriction enzyrne sites in the drawing are
approximate. Abbreviations include Bam HI (B), Hind III (H), Pst
I (P), and Pvu II (V). b) Measurements of transcriptional
activity of c-sis plasmids in HOS cells. The plasmid DNA used
in each case is indicated, and the experirnental details are
provided in the Materials and Methods section. The position of
unacetylated chloramphenicol is at the bottom, and 1- and 3-acetyl
chloramphenicol forms above. The percent acetylat ion is shown
below the corresponding picture of the autoradiograph. c)
Measurements of transcriptional promoter activity in endothelial
cells.
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Fig. 4. Regulatio.n oif expressionr of the PDGF B polypeptide by
5' untranslated rsRNA sequtences. a) Construct ion L-f delet ions of
the c-sis 5'untranslated region. Details are provided in the
Mater-ials and Methods sectioni. The namne c.-f the clonre designiates
exon 1 sequences which have been deleted. The numbers on the
right side of the figure indicate the expected size in nucleotides
of the full-l1.ength transco-ipts procduced by SP6 polyrsierase during
in vitro transcription fr-om the polymnerase recognition site.
The positions of relevant restriction enzymne sites in clonse al-46
are shown at the top of the figure, as well as the position of the
PDGF B open reading frame initiated from the fourth ATG codon in
the sequence. The positions of the first three ATG codons are
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indicated by solid triangles. b) Size analysis of SP6/c-sis
transcripts. In vitro transcription was performed as described in
the Materials and Methods section. An aliquot of each tran-
script was electrophoresed on a denaturing agarose gel and stained
with ethidium bromide. The first lane shows 28S and 18S rRNP
species, and the remaining lanes show the products using the
indicated templates. c) In vitro translation of SP/c-sis tran-
scripts. Each transcript was translated in a wheat germ extract
as described in the Materials and Methods section. The labeled
products were reduced and analyzed on a polyacrylamide gel,
prior to processing by autoradiography. The first lane shows the
reaction products in the absence of exogenous mRNA. The last lane
shows the products using globin mRNA. The other lanes show the
protein products using capped transcripts from each of the
indicated templates. The position of migration of carbonic
anhydrase (29 kd) is indicated.

This was irnferior to the trarnscriptional activity of pSV'-CAT

which utilizes a simian virus 40 promoter, and RSV-CAT which

utilizes the Rous sarccoma virus long terminal repeat sequence

(LTR) as a transcriptional promoter. However, the activity was

significantly greater than that seers with SP65-CAT3 which lacks a

eukaryotic transcriptional promoter, or SIS-CAT2 in which the

orientation of the c-sis sequences is opposite to that of the CAT

gene. SIS-CATi has also been found to have transcriptional

promoter activity in normal cultured endothelial cells (Fig. 3c),

but not in human dermal fibroblasts (our unpublished observa-

tions).

Seguences located 3' of the c-sis RNA initiation site: The 5'
untranslated region

The position of the RNA initiation site delineates the size

of exon 1 as 1088 bp. The fourth ATG cc.don is the likely initia-

tion codon for PDGF polypeptide chain B, and precedes the long

opern reading frame predicted by the c-sis sequences (30). There

are three upstream ATG codons in exon 1 at nuclectide positions

588, 757, and 874 (Fig. 2). These PTG sequences initiate open

reading frames of 5, 10, and 12 codons, respectively. The

sequences surrounding all four of the ATG codons match the

ccrsensus signal for translational initiaticn pocrly (49).

The 5' ur.translated regic.n contains 4 copies of a 7 bp

irnperfect tandem repeat sequence (nucleotides 241-268), and a

polypurine tract of 23 residues (roucleotides 175-198). The 5'

untranslated regiorn has a high over-all G + C ccorntent (70%). In
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the area immediately upstrearn cf the PDGF codirng regiorn, the G + C

ccrnterst irncreases tc 85%. The high G + C conrternt suggests that

the PDGF B chain 5' untranslated regior, rnay have corisiderable

secc.ndary structure irn vivco.

To deterrnine the effect of the c-sis 5' urntrarnslated regiorn

on tr-ar.slaticri efficierncy irn vitrco, the erdcthel ial c-sis cDNA

clone B2-l (30) was trarnsferred tc the vectc.r SP64. This plasrnid

conrtains the bacteriophage SP6 promoter sequer,ce directly upstrearn

of a rnultiple restriction enzyrne site clonring regicnr,, ard has been

utilized to gernerate functiornal mRNAs for in vitro trarnslation.

C-sis RNA trarnscri pts wer-e syrithesi zed with SP6 pc.lyrnerase from

plasrnids lirnearized with the restriction ernzyme Mst II (Fig. 4a).

We chose Mst II because a) it uniquely cleaves all cf the deletior,

cornstruct iors at the same locationr 390 bp downstr-earmi frorm the B

chairs opern readirng frarne terrnirnationr codon, and b) it generates 5'

protruding ends which give the least amount of spurious transcrip-

tion. The CAP analogue 7-methylguarnosine triphospoguanosire,

m7GpppG, was irncluded in the transcription mixtures. The expected

sizes of the full lerngth transcripts gerierated from the coristructs

are irndicated irs Fig. 4a. Size analysis of the ir vitro synthe-

sized transcripts onri dernaturirng agarose gels show that fot each

construct icr only corne species was produced and that the tran-

scripts synthesized were full length (Fig. 4b).

The relative tr-anslaticonral efficiencies of capped transcripts

synthesized in vitro were deterMined by trarnslatiorn irn a wheat

gerM cel l-free system, arnd arialysis of the redLiced prodcts was by

sodium dodecyl polyacrylamide gel eLectrophoresis (Fig. 4c).

Translation of the PDGF B chain cpern reading ftrame should give

rise tco a L2-8 kd polypeptide (28). The first lane shows the

translatior products in the absence of added mRNA, and the next

five lanes show the translatio.rs prc.ducts of the transcripts frc.m

the deleticn ccsrsstruct ions, 6 1-46, 6 1-480,9 1-773, 1-890,
and Z 148-974. Transcripts frcom constructionrs 61-46 and &1-480
were esserst ial ly not translated. The transcript fromrn N-773
generates about ten-fcld less 28 kd polypeptide thars that from,

constructs containing larger deletions, 6 1-890 and n 148-974.

Thus, the c-sis 5' untranslated region inhibits translation of the

PDGF B chain open reading frame in vitro, and inhibition is

decreased by deletionr in the 5' untranslated regionr.
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Discussion

The c=sis gene encodes the B polypeptide chain of PDGF.

There is considerable evidence suggesting a role for this protein

in normal developmernt of rnesencymal tissues, wound repair,

chemotaxis, vasoconstrictior, atherosclerosis, and tumorigenesis

(reviewed in ref. 4). Most data suggests that transcriptional

control of the c-sis gerne is the major point of regulation of the

expression cf PDGF chain B, though one can not fully exclude a

possible role for post-transcriptional events. Thus, to elucidate

the molecular details involved in these physiological processes, a

study of transcriptiona'L and translational regulatory regions of

the c-sis gerne was undertaken.

The work described here together with previous studies of

c-sis genomic and cDNP sequences (16,21,28,30,50) provides a

comprehensive understanding of the structure of this gene. The

c-sis gene spans 23 kb arnd includes seven exons. Exon I includes

a long 5' untrarislated region of 1026 bp, larger than that of most

other eukaryotic genes (51). This region has a number of other

unusual structural features. First, there are four copies

of a tandemly repeated sequence of 7 bp. Second, the 5' un-

translated region is G + C rich and may assume considerable

secondary structure. Third, the long open reading frame which

encodes PDGF polypeptide B is initiated by the fourth RTG codon in

the sequence (30). Though utilization of an PTG codon for

translational initiation other than the first has been shown for

several viral mRNAs (52-55) and cellular mRNPs (56-59), this

aspect of c-sis mRNA structure remains unusual. Sequences

surrounding the fourth ATG codon in c-sis mRNP do not appear to be

a closer match for the consensus signal for translational initia-

tion than are those flanking the first and third RTG codons. Se-

quences surrounding the second QTG codon are least favorable for

initiation in light of the pyrimidine at position -3 which is

predicted to have a dominant inhibitory effect. Each of the first

three ATG codons is followed by only short open reading frames.

It is also possible that the secondary structure of this region of

the transcript may play a role in selection of an initiator AUG

codon recognized by ribosomes (60-62). In any event, this unusual

mRNA structure may provide for post-transcriptional regulation of

the c-sis gene similar to that demonstrated in other cases
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(63-65). Thus, there appears to be a cornplex regulat.-ry rnetwork

ccntrolling C-sis gene expression. This may be impo-rtant irs

nrormal physiologic regulati.rn as well as for the prevention of

inappropriate expressi on of a prot o-oncogerse pIr-I;dLct which may

have pathological coriseqUeences.

The data presented here maps the RNA initiatinr! site to, a

unique site. The same site was identified ir, each cf twc c-_sis

expressing cell lines, HOS and A172. This is unrlike the findings

of several cother eukaryo.tic genes in which Mltitiple RNA initiationr

sites have beern found (66--68).

The CAP site is preceded by a TATA bcx at positicrs -10 - -7,

which is a sormewhat shcorter separatiotnl tharn is found irn rmio-st

eukaryotic genes where the TATA box is gerner-ally 20-30 bp fr.orn the

RNA initiation site (45). The start site mapped here disagr-ees

with two previcous reported positicons fc. the B chair transcrip-

tiornal start site at pCositiorns 15 and 1, respecti,vely (:,9,

70). Premature terrniration of reverse transc-ri ption or- RNA

folding could account for some of the smaller primer extension arnd

SI nuclease resistant products, since in all reports the start

site is unique. Two GGGCGG boxes are found in opposite orienta-

tions at positioris -128 - -119 arid -220 - -2'11 relative to the RNA

start site. Though sirnilar GGGCGG boxes are fournd irs marny other

eukaryotic genes (71-77), these sequeences are generally closer to

the CPP 5ite. We rnust await further arnalysis of transcriptionral

activity of the c-sis gene ir or-der to determirie whether these

sequences mediate bindirng cf ar, SPI-like proteirn.

Only short direct repeat sequences are fcournd 5, to the c-sis

RNA initiatior, site. The lcnr,gest repeat sequernces identified are

14 bp ir, length located at positicrns -1317 to -1304 arid -1298 to

-1285. Ir, additiorn, there is a sequence at -43j siri lar tco ar,

ersharscer fournd irs the ader.ovirus Ela gerne, and sever.al other

geries. The role, if any, of these sequernces iri trarnscri pt icrsal

activity frcorn the c-sis gerne will be deterriiirsed by rnutatiornal
arna 1 ys i s.

Sequences within the 366 bp regicn upstr-earmi of the RNA

insit iat ionrs site derioristrate transcript icr,al promoter act ivity.

This pr-ovides further prcoof for the assignrnernt cf the RNA irnitia-
tion site. Irn addition it prcvides reagents for an analysis cf
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the functional role of the individual sequence elements described

above in transcriptional activity of the c-sis gerne. Though

activity was demnonstrated for the SIS-CAT plasmid in HOS arid

erndothelial cells, r.o attemnpt was made to quarntitate relative

t ranscr i pt i ona 1activity in different tissue types. Tissue

specificity of c-sis transcription, arid definritic.r of sequernces

respornding tc. trars regulator-y factors are currernt ly under

i nvest i gat i c.ri.

Last ly, we have fc.urnd that sequer,ces ir, the 5' urtrarnslated

mRNA sequernces are capable cf inhibiting the expression cf the

c-sis prcoteir, prod6uct irs vitro. Deletic.n of a porttion cf these

sequernces results in a considerably higher level of translation.

The relative role of secondary structure anrd upstream ATG codcns

irs this process remains to be elucidated. Simrilar data supporting

a role for trarnslational regulation in vivo has also been obtained

(our urspLubl ished data). These findings provide a framework for a

comprehensive arnalysis of the regulatiors of expressions of the

c-sis gene product. Such studies will likely be important in

understanding the pathogenesis of atherosclerosis and certain

aspects of neoplastic development.

NOTE
Two publicatiors have appeared while this work was in

progress which describe more limited sequence data upstream of the
c-sis RNA initiation site in agreement with those reported here
(69, 78).
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