
sphingoids (9, 24). The plasma membrane is 
a major site of sphingosine localization; it 
contains sphingomyelinase activity that 
could generate sphingosine from endoge- 
nous substrates (25), and it may be the 
primary site of inhibition of PKC. However, 
the solubility of sphingosine ( > l o  PM un- 
der intracellular conditions) permits its 
movement within the cytosol to internal 
membranes. We propose that at the ER 
membrane, sphingosine is converted most 
probably to sphin osine-1-phosphate and 
there mediates Caki release. Analyses of 
sphingosine-1-kinase in platelets suggest 
that the enzyme is cytosolic, although with 
multiple forms (22, 26); a microsomal en- 
zyme exists in Tetrahymena pyriformis (27), a 
location also suggested by our studies (20). 
Sphingosine- 1 -phosphate is curiously insol- 
uble in either aqueous or nonaqueous sol- 
vehts (28, 29); thus, if sphingosine-l-phos- 
phate is formed in the ER membrane, it 
could stay trapped there. Sphingosine-l- 
phosphate lyase, an enzyme cleaving sphin- 
gosine-1-phosphate to palmitaldehyde and 
phosphoethanolamine, is a known micro- 
soma1 enzyme (28). Thus, the ER appears to 
have the means to form, retain, and degrade 
sphingosine-1-phosphate. The regulation of 
either enzymic step could control Ca2+ per- 
meability and hence ca2+ signaling in cells. 
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Mediation of Wound-Related Rous Sarcoma Virus 
Tumorigenesis by TGF - P 

In Rous sarcoma virus (RSV)-infected chickens, wounding leads to tumor formation 
with nearly 100% frequency in tissues that would otherwise remain tumor-free. 
Identifying molecular mediators of this phenomenon should yield important clues to 
the mechanisms involved in RSV tumorigenesis. Immunohistochemical staining 
showed that TGF-P is present locally shortly after wounding, but not in unwounded 
controls. In addition, subcutaneous administration of recombinant transforming 
growth factor-pl (TGF-p1) could substitute completely for wounding in tumor 
induction. A treatment protocol of four doses of 800 nanograms of TGF-P resulted in 
v-src-expressing tumors with 100% frequency; four doses of only 10 nanograms still 
led to tumor formation in 80% of the animals. This effect was specific, as other growth 
factors with suggested roles in wound healing did not elicit the same response. 
Epidermal growth factor (EGF) or TGF-a had no effect, and platelet-derived growth 
factor (PDGF) or insulin-like growth factor-1 (IGF-1) yielded only occasional tumors 
after longer latency. TGF-P release during the wound-healing response may thus be a 
critical event that creates a conducive environment for RSV tumorigenesis and may act 
as a cofactor for transformation in this system. 

R OUS SARCOMA VIRUS (RSV) WAS 

the first RNA tumor virus to be 
discovered (1). RSV rapidly trans- 

forms many cell types in culture (Z) ,  but its 
ability to induce tumors in vivo is highly 
dependent on the tissue environment (3-5). 
An example of this is seen in young chicken 
hatchlings, in which a sarcoma is rapidly 
formed only at the site of virus injection and 

at the site of experimentally induced wounds 
(5, 6) .  In spite of circulating infectious virus, 
other tissues stay generally free of tumors 
during the early stages of pathogenesis (5, 
6). Thus the infliction of a wound and the 
subsequent healing process appear to confer 
a state conducive to RSV tumorigenesis. We 
have used this model system to identify 
factors that contribute to the generation of 
such a competent environment. 

Growth factors are important in tissue 
M. H .  Sieweke and M. J. Bissell, Cell and Molecular reorganization during wound-healing Biology Division, Lawrence Berkeley Laboratory, Build- 
ing 83, University of California, Berkeley, CA 94720. process (7) and have been implicated in the 
N. L. Thompson and B. Spom, Laboratory sustained growth of neoplasms. They may 
Chemoprevention, National Cancer Institute, National 
Institutes of Health. Bethesda. MD 20892. therefore be mediators in the creation of the 

commtent environment. TGF-B has been 
I - - - -  --- 
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Rhode Island Hospital, Providence, RI 02902. of the wound-healing reaction. It enhances 
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collagen formation and tensile saength in 
eqmimental wound models (8,9) i d  can 
by itself induce the formation of new tissue 
in nonnal skin that resembles granulation 
tissue in wound repair (10). We thmfore 
analyzad the pattern and time course of 
TGF-p elaboration in our model at the site 
of experhntally induced wounds. 

Wounds were intlicted by inserting surgi- 
cal silk suture through the wing of 10-day- 
old chickens. This method was 100% &- 
tive in the induction of wound tumors (1 1). 
Leaving the suture in place to allow the 
precise localization of the wound, we im- 
munohimchemically analyzad tissue sec- 
tions fiwn the wound site as a function of 
time after wounding (Fig. 1). The antibody 
used [and-= 1-30] (12) was raised against 
a conserved 30 amino add sequence of 
TGF-p1 and deteas p r d o m b ~ t l y  extracd- 
lular 'IGF-p (13). 

Unwounded controls generally did not 
show TGF-p staining in the muscular areas 
of the wing and only very rarely was staining 
detected in intermuscular c o d  tissue 
(Fig. la). At early time points after wound- 
ing (30 min, 1 hour, and 2 hours) there was 
no increase in speci6c staining h r  TGF-p. 
Bcginningat2hours,thewoundsiteand 
adjacent tissues became heavily in6ltrated by 
irlhmmmry cdls. n;F-p was dctcctcd ex- 
tracellularly in association with these cdls at 
6 hours (Fig. lc). A similar scahhg pattem 
butofinmwdintensitywassccaat 11 and 
20 hours (Fig. Id). Mammatory cells, 
identified by morphology, included throm- 
bocytcs, h-pU, mon=y@s - 
phagcs, and lymphocytes. Whereas throm- 
bocytes together with rclcascd eryduocytts 
prevailed at early time points (30 min, 1 
hour, and 2 hours), lymphocytes and het- 
erophils were h d  predominantly at the 
time of increased 'IGF-p labeling (6, 11, 
and 20 hours). There were also monocyta 
present at 6 and 11 hours and macrophages 
at20and42hours.TGF-~~alsodctcacd 
atlater~ofwrrundhealingQringthe 
fiarmadon of g-mddm tisgue (42 hours), 
h i i b m b h h a d b c g u n t o i d t m e t h e  
wound (Fig. le). It was still dcteucd in Ilh/ 
Qvclopad grarmlaton tissue (120 haurs), 00 

tablyinareasdlatappadlessorgakd, 
and at e p W -  hedices af 
leepith- (Fig. 1, b d f). 
Thc stainingpattemsreported abow sug- 

gest that TGF-p is involved in several stages 
of the wound-healing process. The associa- 
tion of TGF-p with idanmatory cdls is 
consbtent with previously reported swc- 
tion of TGF-p in culture by stimulated 
neutrophils (which are the equivalent of 
chick heterophils) and macrophagcs (14, 
15). Secretion of X F - p  by wound httao- 
phils and macrophages may direct the fur- 

ther development ofgranulation tissue by its 
known cffccg on fibroblasts, including che- 
motaxis (16) and induction of inarased 
deposition of exaxellular maaix compo- 
nents (16-17). We have shown previously 
that wound fibroblasts express R!!W pro- 
teins within 2 days after wounding and may 
be important in wound tumor hrmadon 
(11). Thus both timing and location of 
TGF-p elaboration are consistent with a role 
for TGF-p as a molecular mediator in 
wound tumor induction. 

If TGF-p elaboration were indeed caus- 
ative rather than codat iw in wound nunor 
formation, it should by irself be capable of 
induction of RSV tumors. To address this 
question, we applied TGF-p by card i~ I  sub- 
cutaneous injection to the wing dermis of 
R S V - b i h d  c h i t h ~  in fbur daily in& 

(4x ) with a tenfold excess of bovine serum 
albumin (BSA) in physiological saline. It is 
impassible to completely eliminate microin- 
jury caused by the injection, but we mini- 
mized tissue damage by using thin needles 
and small volumes. Such minimal injury is 
not sdiaent to induce wound tumors (18). 
h r d i n g l y ,  control injections of BSA 
alone ( 4 ~ -  8 pg) did not d t  in any 
demxable change in phenotype over an 
observation period of 10 to 12 days (Table 
1). By contrast, injection of 4 x  800 ng of 
human mombinant TGF-p1 induced an 
appreciable response in less than a day, 
which resembled a granulomatous reaction 
[also reported in a mouse model (lo)]. This 
reaction pcrsisted during the period of 
growth fsictor application, but rrgresscd af- 
ter 7 to 8 days (all time periods mentioned 

Fig. 1. Lacahation of TGF-p a the site of wounding. Tcnday-old chicka~ wac wounded by 
inserting 15 loops ofsurgical silk sunur through ttK ccnal muscle MOC)EB in thc radius/ulaa region of 
thc right wings. Tissue svnpks with the SUNK in placc were aciscd at the iadicatcd timg atk 
wounding aad processed fbr para5in scuioning by scvldvd techqua. Sections (5 )un) wac stained 
by thc Avidin-biotia-pmxkk techaiquc with pahldonal nbbit anti-CC 1-30 antibody against the 
NHZ-tuminal 30 amino acids dTGF-p1(12), whkh arc consaved between hymn, pig, flousc, and 
chicka~ Positive saining is indicated by a brown precipitate. 'I~K umamscm waa G~emdMay- 

ucl5daysatkwaundingsbowingn;F-p 
1 UUIL (C to 9 Time course afm wading. Scale 

bar, 100 pm (c) At 6 hours, i d m m a m y  cda (ic) idhating the wound site through disnpd 
muscle fibas (m) with associated TGF-p stlining (arrows). (d) At 20 hours, inhnmtory cda (ic) at 
thcwoundsitewithincmsedTGF-pstlining. (o)AtUhours,formationoffibroticgran~ontiPsut 
(gr), including hfbmamry ccllp (solid white arrows) and libroblasts (opcn white arrows) with 
associatedTGF-psaining. ( 9 A t  120hours,TGF-psaining(arrows) athcintcrfiecofncw 
epithelium (9) alld granulmion tissue (gr). 



refer to time after the first growth factor 
application). At the same time tumors 
formed at the TGF-p application site with 
100% frequency (Table 1) and continued to 
grow until the birds were moribund and 
wcrc killed (10 to 12 days). Tumors were 
frequently multinodular and sometimes 
showed very discrete hemorrhagic lesions 
(Fig. 2a). Porcine TGF-p1, purified from 
platelets, caused a similar granulomatous 
reaction, but there was a lower frequency of 
tumor formation (63%) (Table 1). This 

difference may reflect variation in purity and 
potency of the preparations. Conwl appli- 
cations of TGF-0 to uninfected chickens 
resulted in the same granulomatous reac- 
tion, but did not yield any tumors (Table 1). 
On day 10 the wings were morphologically 
in-rmishable from normal controls. 
Histolo&aUy the only apparent e d b ~  was a 
slight hyperplastic fibrotic thickening of the 
dermis (18). 

Both the initial granulomatous reaction 
and tumor induction by TGF-p were dose 

Fig. 2. Characterization of 
TGF-(rinduced RSV-tu- 
mom. Analysis of tumors in- 
duced by 4X 800 ng TGF- 
$. Tumm induced by lower 
concentrati011~ yleldcd 
quivalcnt results. Tumor- 
bearing wing segments wcrc 
p"XYSSCd for paratKn scc- 
tioning by standard tech- 
niques and for frozen sec- 
tioning as described (11). 
Scale bars, 100 (un. (a) 
Photograph of tumor in- 
duced by 4x 800 ng ofhu- 
man rccomb'i t  TGF-$1 
lldays after the &st appli- 
cation showing sarcomatous 
nodules (black arrowheads) 
and disuctc hcmodmgic Ie- 
sions (white arrowheads). 
(b) ~uktoxyl in  and cosih staining.of 5-pn paraffin section through the tumor area. Sarcomatous 
nodule (s) in the dermis (d) and a b n o d y  ahq@ blood-filled vessel (b); arrowheads, invasion of 
musde block. (c) In sim hybridization with an a-3sS-labeled antisense riboprobc against the 812-bp Pst 
1 m c n t  of the RSV-PC v-m oncogene on 5-pn frozen section of sarcomatous tumor area. The 
construction of the transcription vcctor and protocols fix labeling and hybridization have bccn 
described (11, 30). The probe was added at 4 x 106 cpm/ml and c x p a ¶ ~ ~  was for 2 weeks. 
Visualization was by dark-field optics. (d) Hybridization of same area on adjacent section with 
unrelated vcctor sequence (control). 

Tabk 1. Induction of RSV tumors by TGF-$1. Five-day-old chickens were i n j d  with 1@ fbcus- 
forming units (&I) of RW-PC in the I& wing. Aftcr 5 days, saline solution (20 4) containing the 
indicated amount of activated TGF-$1 (29) and a tenfold excess of BSA were adminisarcd at dady 
imavaLs to the damis of the opposite wing by Evcll subcutaneous injections with a 25-pugc n d e .  
Animals wcrc scored daily for tumor formation until they wcrc kiUed at 10 to 12 days afecr the first 
application. 

Factor 

Number 
of Amount Tumord 

ap pli- F r  treated La-7 
cations apphcauon chickens (days) 

Human recombinant 
TGF-$1 

RSV-infcted chickens 
BSA 4 8000 0118 
Porcine 4 800 518 7-8 
TGF-$1 

4 800 616 8-9 
4 400 314 8 
4 200 4 5  8 
4 50 4 5  8-9 
4 10 4 5  8-9 
4 2 216 7-10 
4 0.5 114 10 
1 800 517 7-8 
2 400 4 4  7 
Uninf cted chickens 
4 800 0/2 Porrinc 

TGF-$1 
Human mombinant 

TGF-$1 

dependent. The granulomatous response 
was less pronounced with each fimher dilu- 
tion and not observed at a concentration of 
4X 10 ng. Nevertheless, the frequency of 
tumor induction was s t i l l  very high (80%) 
even at this dose (Table 1). A fimher 5-fold 
and 20-fold dilution resulted in a markedly 
reduced but still appreciable tumor rate 
(33% and 25%, respectively) (Table 1). A 
dosc effect was also apparent from tumor 
size and latency. At the lower doses tumors 
were signi6cantly smaller, frequently con- 
sisting of only a single nodule that appeared 
with approximately 2 days longer latency 
(Table 1). When 800 ng of human recombi- 
nant TGF-p1 was administered in only one 
or two instead of four applications, the rate 
of tumor induction was still high (71% and 
100% respectively) (Table 1). 

Histologically the TGF-pl-induced tu- 
mors had the typical characteristics of RSV- 
mediated neoplasms. The tumor nodules 
were identified as fibrous tissue sarcomas. 
Tumor tissue was found in confined areas of 
the dennis and in intermuscular connective 
tissue. O c w i d y  invasion of musde fibers 
was observed (Fig. 2b). The observed discrete 
hemorrhagic lesions (Fig. 2a) were histologi- 
Cayr identified as abnormally enlarged blood- 
filled vessels (region b on Fig. 2b). 

To confirm the viral origin of the tumors, 
we perfbrmed in situ hybridization with a 
probe of the v-m oncogene of RSV on cross 
sections of the tumor-bearing wing. The 
tumor areas were strongly labeled and hy- 
bridization was confined to the tumor tis- 
sues (Fig. 2, c and d). V i  protein cxpres- 
sion was confirmed by imrnunofluorescence 
with an antibody against pl!Pag (12, 18). 

To test whether the tumorigenic response 
was specific to TGF-p or whether it could 
also be generated by other growth factors 
potentially involved in wound healing, we 
tested TGF-a, epidermal growth factor 
(EGF), platelet-derived growth factor 
(PDGF), and insulin-like growth factor-1 
(IGF- 1) for their potential to induce similar 
tumors. We used human recombinant pro- 
teins in all cases to ascertain purity, and 
applied a relatively high dose of 4x 800 ng 
(EGF and TGF-a) or 4x 200 ng (PDGF 
and IGF-1). In the case of EGF and TGF-a 
there were no observable effects for 10 to 12 
days (Table 2). EGF isolated b m  mouse 
subm;urillary gland showed some &. 
However, since tumor ficquency decreased 
and latency increased with increasing purity 
and no tumors resulted from the recombi- 
nant protein (Table 2), it appears that some 
impurity in the preparation was the cause of 
tumor induction (19). PDGF and IGF-1 
application led to tumor formation in only 
one case out of six and seven (a frequency of 
17% and 13%, respectively). Tumors were 
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smaller and had a longer latency period than 
those induced by TGF-p. The very low 
effdveness of PDGF in tumor induction is 
especially noteworthy, since the action of 
PDGF and TGF-p appear to be co~ec ted  
in many instances. For example, it is 
thought that the mitogenic &ct of TGF-p 
on fibroblasts is mediated by induction of 
PDGFIc-sk (20). On the other hand, it has 
been suggested that PDGF inducts TGF-p 
mRNA in macrophages (21). Our results 
indicate that in this system TGF-p is the 
primary e&ctor and that the response to 
PDGF is probably indirect, possibly via the 
induction of TGF-p in macrophages. 

The absence of or limited e f k t  of these 
growth factors on tumor induction was not 
due to poor interspecies aoss reactivity. All 
peptides were biologically active as growth 
factors on chicken cells in culture. They 
induced increased DNA synthesis in densi- 
ty-inhibited chick embryo fibroblasts (CEF) 
as determined by [3~]thymidine incorpo- 
ration (Fig. 3A). To assure that the Wure of 
EGF ,and TGF-a to induce tumors was not 
because of degradation and activity loss in 
vivo, we adminimred 800 ng of human 
recombinant EGF or TGF-a subcutaneous- 
ly to the wing and assayed afccr 16 hours for 
DNA-synthesizing cells in frozen sections of 
the area by the use of 5-bromodeo~dine  
(BrdU) incorporation and immunofluores- 

Fig. 3. Induction of pmlifemtion by human 
recombinant (hr) growth factors. (A) In culture. 
Bar graph showing hld  inCrease of ['Hlthymi- 
dine incorporation h m  mean of four separate 
samples ova base level in density inhibited CEF; 
error bars indicate SEM. The factors war diluted 
into BSA solution (1 mglml) and added to the 
culture medium to give the indicated final concen- 
trations. Control samples were mock stimulated 
with BSA (1 mgtml) to give the base line iix 
unstimulated proliferation (BSA) or stimulated 
with 10% chicken serum as a positive control 
(CS). Incubation was for 16 hours and ['Hlthy- 
midine was added at 5 wCi/ml in nucleotide-f?ee 
medium essential medium alpha (Gibco) for 1 
hour. Cells were fixed in methanoUacetic acid 
(3: 1 vlv) h r  1 hour, washed twice in 80% 
methanol, and lysed with 1% SDS. Lysate was 
counted in Ecolite scin-on fluid (Westchan). 
(B) In vivo. Analysis of prolikative cfFect in vivo 
&er growth factor application by BrdU incorpo- 
ration and immunofluorescence. The indicated 
human recombinant factor (800 ng) was adminis- 
tered in 20 pJ of saline containing a tenfbld excess 
of BSA (8 kg) by card i~I  subcutaneous injection 
with a 25-gauge needle to the radidulna wing 
region of a 10-day-old chicken. The tissue was 
excised after 16 hours, incubated for 2 hours in 
medium 199 (Gibco) mtaining 20 pM BrdU at 
37°C and processed for frozen sectioning. Frmcn 
sections (5 pm) were adyzed by immunofluorcs- 
m c e  with an antibody to BrdU (12) as described 
previously (11, 22). (a) TGF-8, (b) EGF, (c) 
TGF-a, and (d) BSA (8 pg). EGF and TGF-cr 
induce a significant increase of pmlikmtion in the 
dermis compared to control injections of BSA 
alone. Scale bar, 100 pm. 

cence with an antibody to BrdU (22). Appli- 
cation of both faaors resulted in a signifi- 
cant increase of proliferating cells in the 
dermis (Fig. 3B). Under the same condi- 
tions, TGF-p did not have a significant 
effect on ~roliferation. This d&nstrates 
the retenAon of activity of recombinant 
EGF and TGF-a in vivo and also indicates 
that the induction of ~roliferation at the 
application site is not sufticient and a more 
spesi6c event is required to pennit RSV 
tumorigenesis (1 1). 

In &nclusion, the kinetics and localiza- 
tion of TGF-p in situ qualifjr it as a molecu- 
lar mediator of wound tumor formation. 

TGF-p can induce RSV-mediated sarcomas 
in chicken hatchlings at 100% frequency 
and thus can substitute completely fbr 
wounding in tumor induction. Taking the 
discontinuous means of application into ac- 
count, it is effective at very low concentra- 
tions that may approach physiological levels. 
The effect of TGF-p is speci6c. Other mito- 
gens with suggested roles in wound healing 
f%l to elicit the same response. TGF-f3 re- 
lease during the wound-healing process may 
thus be a critical event that creates a condu- 
cive environment for R W  tumorigenesis. 
Ultimate proof fbr this would come fiom 
inhibition of wound tumor formation by. 

Tabk 2. E&ct of other growth factors on R W  fiunor induction. Chicken hatchhgs were treated as 
described in Tabk 1, and the indicated amount of faaor (29) was applied under the same conditions. 

Factor 
Tumots' 
treated 

chickem 

Mouse s u m  gland 800 
EGF (80% pure) 

Mouse submadhy gland 800 
EGF (95% pure) 

Human teunnbiiant EGF 800 
Human recombinant % F a  800 
Human teunnbiiant PDGF 200 
Human recombinant IGF-1 200 

*Each dose was applied four times in daily imads. 

A 

hrTGF-P hrEGF hrTGF-a hrPDGF hrlGF-I BSA CS 

012 ng/ml m 2 0  nglrnl m 1 0 0  nglrnl 5 0 0  ng/ml 
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neutralizing antibody to TGF-P. However, 
our initial experiments show that the effec- 
tiveness of currently available antibodies is 
too low to allow meanin@ neutralizing 
experiments in vivo. 

Wounding acts as a tumor promotor in 
many other animal models of chemical and 
viral carcinogenesis [referenced in (11)]. It 
has been shown that 12-0-tetradecanoyl 
phorbol-13-acetate (TPA) induces expres- 
sion of TGF-P in mouse epidermis (23) and 
that TGF-P can mimic the promoting effects 
of phorbol esters in vitro (24) and in the 
mouse skin model of multistage carcinogen- 
esis in vivo (25). Together with our results, 
TGF-P elaboration may thus offer a more 
general explanation for the promoting effect 
of wounding in conjunction with activated 
oncogenes or initiating chemical carcino- 
gens,. The following mechanism may be 
envisioned: It has been suggested that tu- 
mors subvert the host's wound-healing re- 
sponse by inducing a supportive stroma that 
resembles closely the stroma in healing 
wounds and that is essential for hrther 
growth (26). The action of growth factors, 
in particular TGF-P, have been implicated in 
the generation of such stroma (27). Con- 
versely, it may be argued that an already 
existing stroma such as that found in a 
healing wound or induced by TGF-P (10) 
could provide a conducive environment for 
tumorigenesis. 

In apparent contrast to our findings, 
TGF-P is a potent growth inhibitor for most 
epithelial cells in culture and its role in 
carcinogenesis has been discussed in terms 
of escape from this regulatory mechanism, 
since many tumor cell lines have been shown 
to have lost their responsiveness to TGF-P 
(28). The actions of TGF-P are multifunc- 
tional and dependent on the tissue context. 
Therefore, its role in carcinogenesis has to 
be evaluated cautiously, taking both epithe- 
lial and stromal elements of tumor develop- 
ment into consideration. 
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PDGF-Induced Activation of Phospholipase C Is Not 
Required for Induction of DNA Synthesis 

Platelet-derived growth factor (PDGF) induction of DNA synthesis is believed to involve 
activation of phospholipase C (PLC) and subsequent accumulation of inositol 1,4,5- 
trisphosphate [I(1,4,5)P3], increase in intracellular Ca2+, activation of protein kinase C 
(PKC), and receptor down regulation. Generation of these events is triggered by the 
tyrosine protein kinase (TPK) activity of the PDGF receptor. The TPK inhibitor genistein 
blocked PDGF induction of these events, including DNA synthesis, with the exception of 
receptor down regulation. PDGF-induced phosphotyrosine phosphorylations, including 
receptor autophosphorylation, were inhibited by genistein. Removal of genistein and 
PDGF resulted in DNA synthesis without the occurrence of PLC activation. These 
findings indicate that these early events, with the exception of receptor down regulation, 
are not necessary for PDGF-induced DNA synthesis. 

T HE PROCESSING OF INFORMATION 

across the plasma membrane is criti- 
cal for successhl cellular function. 

Mitogens, such as PDGF, bind to specific 
cell surface receptors that contain TPK ac- 
tivity. The early signals emanating from the 
binding of PDGF to its TPK-containing 
receptor are thought to be required for the 
initiation of DNA synthesis and cell prolif- 
eration and include increased phosphatidyl- 
inositol 4,5-bisphosphate (PIP2) hydrolysis 
(1-3) resulting in rhe accumulation of 
1(1 ,4,5)P3 and diacylglycerol (DAG), a 

transient I(1,4,5)P3-induced increase of in- 
tracellular ca2+ (2, 3), PKC-dependent 
phosphorylation of an 80-kD protein (4, 5), 
and receptor down regulation (6 ) .  With the 
use of receptor mutants that lack TPK activi- 
ty, PDGF-receptor TPK activity has been 
shown to be required for most of these early 
signals as well as DNA synthesis (2, 7, 8). 
An additional PDGF receptor mutant lack- 
ing the TPK insert region, but still contain- 
ing TPK activity, mediated the PDGF in- 
duction of these early signals but not DNA 
synthesis (9). However, from these and oth- 
er studies (10) it cannot be concluded that 

Cancer Research Center of Hawaii, University of Ha- 
the early signals resulting from PDGF bind- 

waii, Honolulu, HI 96813. ing to its receptor are essential for a DNA 
synthetic response. To answer this question, 
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versitv School of Medicine. Atlanta. GA 30322. we have used a pharmacological agent, gen- 
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