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Transformation by v-sis Occurs by an Internal 
Autoactivation Mechanism 

Transformation by the v-sis oncogene appears to require an interaction of its protein 
product, p28v-SiS, with the receptor for the platelet-derived growth factor (PDGF). 
However, this interaction may not occur at the cell surface as predicted by the 
autocrine hypothesis because phenotypic transformation was not reversed by incuba- 
tion of SSV-NRK cells with antisera to PDGF and because morphological transforma- 
tion did not occur when nontransformed NRK cells were cultured continuously with 
~ 2 8 " ~ ' ~ .  A mutant of the wild-type v-sis gene was constructed that encodes a v-sis 
protein targeted for retention within the endoplasmic reticulum and Golgi. NRK cells 
expressing the mutant v-sis gene did not secrete any detectable v-sis protein but were as 
fully transformed as wild-type v-sis transfectants. The results support a mechanism of 
transformation by v-sis in which internal activation of the PDGF receptor occurs 
before expression of either p28v-SiS or the PDGF receptor at the cell surface. 

T HE ONCOGENE OF THE SIMIAN SAR- lated growth of transformed cells occurs 
coma virus (SSV), v-sis, encodes a through the secretion of a growth factor and 
polypeptide that is 92% homologous its subsequent productive interaction with 

to the nonglycosplated B chain of PDGF, a its own cell surface receptor. Evidence for an 
potent mitogen and chemoattractant for autocrine mechanism in SSV stimulation of 
cells of mesenchymal origin (1,  2). Accord- cell growth was that SSV-transformed 
ing to the autocrine hypothesis (3) ,  unregu- NIH 3T3 and NRK cells secrete a potent 

PDGF-like mitogen that interacted with the 
PDGF receptor (2, 4) and that r 3 ~ l t h y m i -  
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dine incorporation into DNA was kdiced 
by 50% when SSV-NRK cells were grown 
in the presence of antisera to PDGF (4). 
However, the autocrine hypothesis was in- 
adequate to fully explain the mechanism by 
which SSV induced transformation because 
addition of high concentrations of antise- 
rum to PDGF to the medium of SSV- 

transformed cells did not reverse the trans- 
formed phenotype, and high levels of exoge- 
nous p28"-"'" continuously added to the 
medium of nontransformed NRK cells did 
not induce morphological transformation. 
Furthermore, the SSV-transformed marmo- 
set fibroblast cell line SSV-NP1 did not 
secrete detectable levels of growth factor, 
nor was the growth of SSV-NP1 cells inhib- 
ited by antisera to PDGF. These results led 
to the hypothesis that the mechanism of 
transformation by the v-sis gene product 
may involve activation of the PDGF recep- 
tor through an internal activation mecha- 
nism before the receptor is expressed at the 
cell surface (4, 5). 

A COOH-terminal amino acid sequence 
causes the retention of soluble proteins 
within the endoplasmic reticulum and Golgi 
apparatus ( 6 ) .  This six-amino acid sequence 
Ser-Glu-Lys-Asp-Glu-Leu (SEKDEL) is 
specific, as a change in the last two amino 
acids Ser-Glu-Lys-Asp-Ala-Ser (SEKDAS) 
is sufficient to allow proteins to be secreted. 
We therefore cloned a synthetic DNA oligo- 
mer that encoded the SEKDEL retention 
sequence at the 3' end of a truncated but 
fully active v-sis gene. NRK fibroblasts 
transfected with the v-sic gene containing 
the SEKDEL retention sequence (v-sis 
SEKDEL) were compared to cells transfect- 
ed with constructs that secreted p28v-S'S for 
their transforming capabilities. 

Clones pSEB3, pSEB12, and pSEB34 
(Fig. 1) ( 7 ) ,  as well as the vector 
pSVFVXM, were integrated into the host 
chromosome at nearly identical rates, as 
determined by the number of G418-resist- 
ant colonies per microgram of DNA trans- 
fected (8). Although the pSVFVXM plas- 
mid, which lacked the v-sis gene, was unable 
to induce foci of NRK cells, each of these 
plasmids that contained a v-sis gene con- 
struct readily and equally induced foci (Fig. 
2). Similarly, cells that were transfected with 
each of the v-sis constructs had increased 
saturation densities at confluence, formed 
colonies in soft agarose, and established 
tumors in nude mice (Table 1). Thus, the v- 
sis SEKDEL mutant is fully transforming. 
RNA blot analyses and mitogenic assays of 
cell lysates established that all NRK cell lines 
containing the v-sis gene transcribed the v-sis 
gene at high levels, and each gene expressed 
a protein product that was mitogenically 
active (Table 1). The v-sis SEKDEL protein 
was also fully active when analyzed in frac- 
tions rich in endoplasmic reticulum and 
Golgi; nearly three times as much growth- 
promoting activity was observed per milli- 
gram of protein as was detected in prepara- 
tions from v-sis SEKDAS. These results 
establish that the v-sir SEKDEL protein is 
an active mitogen and is highly enriched in 
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endoplasmic reticulum and Golgi &actions, 
as predicted by the retention sequence in the 
v-sis SEKDEL gene. 

As it had been previously demonstrated 
that proteins containing the SEKDEL mu- 
tation may be secreted in very low levels (6), 
"s-labeled conditioned medium was pre- 
pared and immunoprecipitated with antisera 
to PDGF (9). Protamine sulfate, a polyionic 
compound that releases PDGF bound to the 
PDGF receptor or nonspecdicdy bound to 
the cell surface (lo), was included to displace 
any v-sis protein potentially associated with 
the cell surface. Analysis of 35~-labeled 
immunoprecipitates by SDS-polyacrylam- 
ide gel electrophoresis (SDS-PAGE) and 
autoradiography (overnight exposure) 
showed a molecule of 33 kD in the medium 
of the positive control v-sis SEKDAS-ex- 
pressing cells but not in conditioned medi- 
um of v-sis SEKDEL-expressing cells (Fig. 
3). After additional exposure for 14 days 
(Fig. 3, bottom), the v-sis SEKDEL protein 
could not be detected. The 33-kD protein 
identified in v-sis SEKDAS-conditioned me- 
dium (Fig. 3) was competitively displaced 
fiom antisera by excess PDGF, and control 
cells transfected with the plasmid alone 
lacked detectable levels (11). 

To estimate more quantitatively the level 
of v-sis SEKDAS protein detected and thus 
to obtain an estimate of sensitivity of the 
failure to detect v-sis SEKDEL, we analyzed 
medium fiom protamine sulfate-treated cell 
cultures by solid-phase immunoassay. No 
detectable levels of PDGF-like protein were 
found in medium from v-sir SEKDEL trans- 
fkaants, whereas a PDGF-like protein 
(about 0.4 nglrnl) was detected in medium 
h m  v-sis SEKDAS-containing mutants. 
Conditioned medium was collected after a 
3-day exposure to cells expressing the v-sis 
SEKDEL mutant and was concentrated 
(more than tenfold). No stimulation of 
incorporation of [3H]thymidine into NRK 
cell DNA was detected, whereas v-sis SEK- 
DAS medium was active (12). Therefore, 
the mutant v-sis SEKDEL protein was not 
delayed in secretion and did not, with time, 
achieve levels in conditioned medium suf?i- 
cient to generate a mitogenic response. The 
results thus establish that the SEKDEL se- 
quence is highly effective in retaining the 
mutant v-sir gene product within the endo- 
plasmic reticulum or Golgi of NRK cells 
and in preventing its secretion at levels 
detectable by assays sensitive to much less 
than 0.1 nglml (-3 pM). Furthermore, by 
performing the assays with media condi- 
tioned by 35S-labeled v-sir SEKDEL cells 
grown in the presence of protamine sulfate, 
it was possible to release any 35~-labeled v-sis 
SEKDEL that may have been interacting 
with the PDGF receptor at the cell surface. 

No 35~-labeled v-sis SEKDEL was found 
after cells were grown with protamine sul- 
fate. 

The first demonstrated and most clearly 
defined funaion for any oncogene product 
was the potent growth factor activity identi- 
fied with the protein product of the v-sis 
gene (2). The autocrine mechanism (3) ini- 

t idy seemed to explain the mechanism of 
transformation of NRK cells by SSV when a 
PDGF-lie growth factor was identified in 
medium from SSV-transformed cells and 
because [3~]thymidine incorporation was 
blocked by -50% when antiserum to 
PDGF was added to the culture medium 
(4). However, the autocrine mechanism 

U Y X m a  I 

Apa X l a  I 

I 1-1 pSEB3 10.6 kbp I I 

Mutant Oligonucleotide sequence 
pSEB3 P 

CCG TGA 

pSEBlZ P A S E K D E L  
CCG GCG AGT GAG AAG GAC GAG TTG TGA 

pSEB31 P A S E K D A S  
CCG GCG AGT GAG AAG GAC GCC TCG TGA 

w'&'yp"v-sis CgG G& 13% TI% C k  GXG GzG ....... 

Fig. 2. Photomicrographs of the transfected cell lines. (A) Cells transfad with the ex ression vector 
pSvnrxM. (8) ULa transfected with the pSEB3 plasmid. (C) Ceh transfected wid? p~EB34 that 
contains the SEKDAS mutation. (D) Ceh transfected with pSEBl2 that contains the SEKDEL 
mutation. 
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Tabk 1. Summary of characteristics of the cell lines used. NRK cells directiv suvmrt the internal acti- 
vation hypothesi$ (4f A d  suggest that this 

Plasmid Mitogenic activiM Tumor Focus Colony internal activation mechanism may be the usedin 
~ e c t i o n  formation* formationt formationt Secreted 1 1  a t e  principal mechanism of transformation by v- 

(nglml) (dpmlw protein) sis. 

pS- 0110 - - ND 2 
pSEB12 10110 + + ND 127 
pSEB34 10110 + + -0.4 175 REFERENCES AND NOTBS 
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Mechanism of Membrane Anchoring Affects Polarized " these experiments is complicated by the 
fact that the default pathway for membrane 

Expression of TWO Proteins in MDCK Cells proteins without sorting signals is not 

The signals that direct membrane proteins to the apical or basolateral plasma 
membrane domains of polarized epithelial cells are not known. Several of the class of 
proteins anchored in the membrane by glycosyl-phosphatidylinositol (GPI) are ex- 
pressed on the apical surface of  such cells. However, it is not known whether the 
mechanism of membrane anchorage or the polypeptide sequence provides the sorting 
information. The conversion of the normally basolateral vesicular stomatitis virus 
glycoprotein (VSV G) to a GPI-anchored protein led to its apical expression. 
Conversely, replacement of the GPI anchor of placental alkaline phosphatase with the 
transmembrane and cytoplasmic domains of  VSV G shifted its expression from the 
apical to the basolateral surface. Thus, the mechanism of membrane anchorage can 
determine the sorting of proteins to the apical or basolateral surface, and the GPI 
anchor itself may provide an apical transport signal. 

C ELLS IN EPITHELIAL. TISSUE ARE proteins is controversial. Several studies 
joined by tight junctions (1). These with truncated and hybrid proteins suggest 
junctions encircle each cell, dividing a role for the extracellular domain in sorting. 

the surface into apical and basolateral do- However, some work suggests that the cyto- 
mains. The two membrane regions contain plasmic domain can also contain sorting 
different sets of proteins, which are not free signals [reviewed in ( 5 ) ] .  Interpretation of 
to intermix. Madin-Darby canine kidney 
(MDCK) cells, which form polarized mono- 
lavers at confluencv, are a usehl model , . 
system for studying the sorting of mem- 
brane proteins [reviewed in ( I ) ] .  In MDCK 
cells, newly synthesized proteins destined 
for each surface are delivered there directly, 
without passage through the other mem- 
brane (2). Proteins are present in the same 
membrane compartment as far as the late 
Golgi (3) and are probably sorted from each 
other in the trans Golgi network (4). The 
location of sorting signals in membrane 
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known. 
A class of proteins, the members of which 

are anchored in the plasma membrane by a 
glycosyl-phosphatidylinositol (GPI) moiety 
instead of a classical proteinaceous trans- 
membrane domain, has been described ( 6 ) .  
These GPI-anchored proteins are synthe- 
sized with hydrophobic COOH-terminal 
domains that are removed almost immedi- 
ately after translation. The new COOH- 
terminal amino acid is then covalently linked 
to presynthesized GPI (7). 

The expression of several GPI-linked pro- 
teins in MDCK cells has been examined (8) 
by a procedure that should detect any such 
proteins on either the apical or basolateral 
surface. Though several GPI-anchored pro- 
teins were found on the apical surface, none 
could be detected on the basolateral mem- 
brane. Thus, it is possible that GPI itself 
might act as an apical sorting signal, al- 
though it cannot be the only signal for apical 
transport, as not all proteins on this surface 

Fig. 1. Schematic diagram of the proteins used in N 
this study. GThy-1 (9)  contains amino acids 1 to 
463 (the extracellular domain) of VSV G and 
amino acids 110 to 13 1 and the GPI moiety from N 
Thy-1, assuming that cleavage and addition of 
GPI occur at Cysi3' as in Thy-1. For expression in 
strain I1 MDCK cells, the GThy-1 cDNA was N 
cloned into the uniaue Xho I site of oRSVASX 
(11). VSV G was' expressed from ' pSV2neo- 
SVGASX The pLAP 489G N m / / / / / / " / / / ' / / / / / " / / " ~  

contains the transmembrane-and cytoplasmic do- 
mains of VSV G attached to the extracellular N V / / / / / / X / / / / / / / N / / / / / ~  / I PLAP 4895 
domain of PLAP 116). PLAP 489s 118) is a 

8 ,  

truncated form of 'PLAP that termiiates five Extracellular amino acids COOH-terminal to the normal site of Cytoplasmic 

cleavage. It is secreted and does not acauire GPI: it is nor known whether the five COOH-terminal 
amincacids are removed. All constrults were transfected as described (11). All plasrnids except 
pSV2neoSVGASX were coexpressed with pSV2neo (27). G418-resistant clones were screened for high 
expression of transfected proteins by metabolic labeling and immunoprecipitation with antisera to VSV 
or PLAP. Open boxes, VSV G sequence; stippled boxes, Thy-1 sequence; hatched boxes, mature PLAP 
sequence; solid boxes, PLAP sequence normally removed after addition of GPI (five residues) and 
hker-encoded sequence (three residues) (16). GPI anchorage is symbolized by two short curved lines. 
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