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Induction of Altered c-sm Product During Neural 
Differentiation of Embryonal Carcinoma Cells 

The expression of the cellular src gene product pp60C-'"' was examined in an embryonal 
carcinoma cell line that differentiates in vitro into neuronlike cells after being treated 
with retinoic acid. Quantitative and qualitative changes in c-src expression accompa- 
nied the events associated with neuronal differentiation. The levels of ~ ~ 6 0 " "  

I I 

increased 8- to 20-fold during the period when the cells elaborated neuritic processes 
and expressed neuron-specific proteins. The electrophoretic mobility of pp6OC-" 
induced in these cells was retarded in com~arison with that in untreated cells or in 
treated cells before neurite elaboration. The shift in electrophoretic mobility was due 
to an alteration in the amino terminal 16,000 daltons of pp6OC-" and similar to an 
alteration of c-src protein found in neural tissues and in pure primary cultures of 
neuronal cells. ~ h e i e  results indicate that expression of pp60c~src~induced by retinoic 
acid in these embryonal carcinoma cells mimics the expression of c-src in developing 
neurons. Therefore, this embryonal carcinoma cell line provides a model system to 
investigate the function of the src protein in neuronal differentiation. 

E MBRYONAL CARCINOMA (EC) CELL 

lines provide experimental models of 
the molecular events involved in cel- 

lular differentiation (1). EC cell lines devel- 
op from malignant stem cells present in 
teratocarcinomas and display morphologi- 
cal, biochemical, and biological properties 
of pluripotent cells of the early embryo (2). 
Murine EC cells can differentiate into a 
variety of cell types, depending on the con- 
ditions of cell culture. The nature of the cells 
that develop from stem cells is generally 
monitored on the basis of the morphology 
of the cells and of the expression of macro- 
molecular markers specifically expressed in 
the differentiated cells (3). Although these 
markers are useful for classifying the differ- 
entiating cells, the analyses of these mole- 
cules do not provide insight into the events 
triggering cellular differentiation. Several 
lines of evidence implicate the normal cellu- 
lar homologs of retroviral oncogenes 
(proto-oncogenes) as genes that might regu- 
late cellular differentiation. Certain proto- 
oncogenes display patterns of expression 
specific to cell type; some actually encode 

growth factors or the receptors for growth 
factors that induce the proliferation of spe- 
cific cells (4). In addition, experimental ma- 
nipulation of the expression of the oncogen- 
ic homologs of these genes either stimulates 
differentiation of immature cells (5, 6) or 
interferes with the normal pathway of differ- 
entiation in cell culture (7). 

One such proto-oncogene is c-src, the 
cellular homolog of the transforming gene 
of Rous sarcoma virus (RSV) (8). This 
proto-oncogene is one of several that encode 
tyrosine-specific protein kinases (9). Analy- 
sis of the c-src (pp60C-"") protein during 
embryonic development has revealed both 
qualitative and quantitative differences in its 
pattern of tissue-specific expression (10). All 
neural tissues from developing embryos and 
adult animals contain high levels of a struc- 
turally distinct form of pp60C-Src containing 
an alteration within the amino terminal re- 
gion of the molecule (1 1).  This novel form 
of pp60C-"" was specifically expressed in 
primaw cultures of Dure neuronal cells and 
&spla;ed a higher krosine kinase-specific 
activity than the protein expressed in astro- 

cytic or fibroblastic cells (12). This pattern 
of expression suggests that the c-src protein 
may be important in either the differentia- 
tion of neurons or the events that take place 
in mature neurons. However, in the absence 
of a genetic system that provides the means 
to manipulate the expression of pp60C-"", it 
is difficult to assess the role of ~ ~ 6 0 ~ ' ~ ' "  in 

1 L 

these events. Alemi and co-workers have 
shown that introducing the viral src protein 
into rat pheochromocytoma (PC12) cells 
stimulated the expression of a neuronal phe- 
notype similar to that induced by nerve 
growth factor (NGF) (5). Although these 
results suggest a potential functionfor c-src 
in stimulating neuronal differentiation, it is 
difficult to correlate the functional behavior 
of the RSV pp6OV-"" protein with that of 
pp60C-Src (13). Furthermore, PC12 cells may 
not be a useful system for analyzing the role 
of pp60C-Src in normal differentiation, since 
no -significant differences have been detected 
in the quantitative levels of pp60C-"" or in 
its electrophoretic mobility after differentia- 
tion induced by NGF or cyclic adenosine 
monophosphate (14). 

We have analyzed the expression of 
pp60C'"" in an EC cell line, p19S1801Al 
(01Al). that can be induced to differentiate 

r ,  

into neuronlike cells under the influence of 
retinoic acid (15). We induced the OlAl  
cells to differentiate by growing them as 
aggregates in retinoic acid, dissociating the 
aggregates into a single cell suspension, and 
plating the dissociated cells onto tissue cul- 
ture &ates coated with poly-L-lysine. Within 
24 hours after plating, the cells began to 
elaborate neuritic processes, and after 3 to 5 
davs more than 80% of the cells could be 
labeled with antibodies to the neurofilament 
triplet polypeptides. This in vitro differenti- 
ation parallels the in vivo differentiation of 

S. A. Lynch and J. S. Bru e, Department of Microbiol- 
ogy, State University of @ew York, Stony Brook, NY 
1 1 794 ? -. 
J. M. Levine, Department of Neurobiology and Behav- 
ior, State University of New York, Stony Brook, NY 
11 794. 
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A Fig. 1. Analysis of p F - S r c  during retinoic acid-induced differentiation. Neural differentiation of 
31A1 cells was induced (15,16) by aggregating the cells in the presence of 5 x 10-'M retinoic acid 
(Sigma) for 48 hours (day 3). After an additional 48 hours without retinoic acid (day 5), the aggregates 
were harvested, dissociated with 0.25% nypsin in calcium-free phosphate-Mered saline into a single- 
cell suspension and plated on ply-L-lysine-coated tissue culture dishes in N2 media (22) + fibronectin 
(5 pglml). Lysates (23) were prepared from the undifferentiated cells (U), 3-day aggregates (3-A), 5- 

- PPDU day aggregates (5-A) and cells incubated for 5 days after dissociation and plating on ply-L-lysine (5-D) 
(23). Cell lysate (2 ml) (23) containing 2 mg of total cell protein were incubated with Formalin-fixed 
Stq~~lowccus aumrs and either 2 pl of a 1: 1000 dilution of ascites fluid from hybridoma (MAb327) 

- Enolase cells and 2 of rabbit antiserum to mouse Ig or rabbit anti-mouse Ig alone (24). Half of the sample 
was assayed%r p p 6 0 c ~ s r c - s ~ c  kinase activity (A), and the other half for protein by an irnrnunoblot 
assay (B). (A) Immuno reci itates were incubated with 2 pg of acid-treated enolase as an exogenous P substrate (25), and [?-' P]ATP (24). The reaction products were then separated by electrophoresis on 

1 2 3 4  E 7.5% SDS-polyacxylamide gels (26) and quantitated (27). Lanes 1 to 5 contained MAb327 + rabbit 
B anti-mouse Ig; lane 6 contained only rabbit anti-mouse antibody. (Lane 1) Undifferentiated (U); (lane 
L .  ~~ 

2) 3-day aggregated (3-A); (lane 3) 5-A; (lane 4) 5-day differentiated (5-D); (lane 5) RSV-transformed 
NIH-3T3 cells (RSV-3T3); (lane 6) RSV-3T3. (B) After plyacrylamide gel electrophoresis of the 
imrnunoprecipitates, the 60-kD region was excised, electroblotted onto nitrocellulose paper (28), and 
probed with MAb327 followed by '2SI-labeled anti-mouse Ig. All monoclonal antibody reactions were 

4 - pp60 in 50 mM ms-HCI, 150 mM NaCI, and 0.5% Tween 20. (Lane 1) U cells, MAb327; (lane 2) 3-A, 
MAb327; (lane 3) 5 - 4  MAb327; (lane 4) 5-D, MAb327; (lane 5) 5-D anti-mouse control; (lane 6) 
~ p 6 0 " " ~ ~  expressed in E r c h M  cdi; (lane 7) RSV-3T3, MAb327; and (lane 8) RSV-3T3 anti-mouse 
Ig- 

neuroectoderm in regard to the expression 
of cell surface carbohydrate antigens and 
intracellular intermediate filament protein 
antigens (16). To analyze the c-m protein, 
we prepared lysates from these cell cultures 
at various stages during the differentiation 
process. The lysates were normalized for 
protein concentration, and pp60C"rc was 
irnmunoprecipitated from the lysates with a 
monoclonal antibody (MAb327) directed 
against this protein. 

Low levels of c-m protein and tyrosine 
kinase activity (measured as enolase phos- 

Fig. 2. Analysis of pp60"" expression in OlAl  
ceUs grown under various conditions. One set of 
cells was aggregated in the presence of retinoic 
acid (RA), dissociated and grown as described for 
Fig. 1. For muscle differentiation, a second set of 
cells was aggregated in 1% DMSO as described 
(18). A third set of cells was grown in the absence 
of any drugs. Cells of the last two groups were 
dissociated and grown in either DMEM + 10% 
FCS or N2 media. Cell lysate (1 ml) containing 
500 pg of total cell protein was assayed for in 
vim kinase activity (A) and pp60C*" protein 
levels (B) as described for Fig. 1. All lanes contain 
lysates incubated with MAb327 and anti-mouse 
Ig except as noted. (A) (Lane 1) undifferentiated 
(U) cells; (lane 2) 3-day aggregated (3-A) cells, 
RA, (lane 3) 5 - 4  RA, (lane 4) 3-day differentiat- 
ed, RA, (lane 5) 5-D, RA, (lane 6) 7-D, RA, 
(lane 7) 12-D, RA, (lane 8) 3-A, DMSO; (lane 9) 
5 - 4  DMSO; (lane 10) 3-D, DMSO in DMEM 
+ 10% FCS; (lane 11) 3-D, DMSO in N2; (lane 
12) untreated 3-A in DMEM + FCS; (lane 13) 
untreated 5-A in DMEM + 10% FCS; (lane 14) 
3 days after dissociation of untreated 5-A in N2 
media; (lane 15) same as lane 14 except in 
DMEM + 10% FCS; (lane 16) RSV-3T3; (lane 
17) RSV-3T3, anti-mouse Ig control. (B) (Lane 
1) U cells; (lane 2) 3-A, RA, (lane 3) 5-A, RA, 
(lane 4) 3-D, RA; (lane 5) 5-D, RA, (lane 6) 3-A, 
DMSO; (lane 7) 5-A, DMSO; (lane 8) 3-D, 
DMSO in N2; (lane 9) 3-D, DMSO, DMEM + 
10% FCS, (lane 10) untreated 3-A in N2; (lane 
11) untreated 5-A in N2; (lane 12) 3 days after 

phorylation) were detected in the pluripo- 
tent (undifferentiated) O l A l  cells (Fig. lA, 
lane 1). A slight elevation (two- to three- 
fold) in pp60C" kinase activity was detect- 
ed in the aggregates treated with retinoic 
acid (Fig. lA, lanes 2 and 3); however, a 
more sighcant increase (8- to 20-fold) in 
both the level of pp60'" protein and eno- 
lase phosphorylation activity was observed 
after attachment to the substratum and elab- 
oration of neuritic processes (Fig. 1, A and 
B, lanes 4). The amount of pp6OCJrC detect- 
able in the differentiated cells was similar to 

that of the viral m protein present in the 
RSV-transformed cells that were used as a 
reference cell line (Fig. lB, lane 7). The 
amount of pp60C-" in cultured neurons is 
similar to that found in RSV-transformed 
cells and 15 to 20 times as high as that in 
fibroblasts (12). 

The pp60c-sm protein was also phospho- 
rylated within the immune complexes and 
the increase in the autophosphorylation cor- 
related with the elevation of enolase phos- 
phorylation. Neither enolase nor 60-kD 
protein was phosphorylated in immunopre- 

- Enola 

dissociation of untreated 5-A in N2 media; (lane 
13) same as lane 12 except in DMEM + FCS; Ig control; (lane 17) 5-D, RA anti-mouse Ig 
(lane 14) RSV-3T3; (lane 15) RSV-3T3 anti- con* (lane 18) 7-D, RA; (lane 19) pp6OV-"" 
mouse Ig control; (lane 16) 5 - 4  RA anti-mouse expressed in E. wli (29). 
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cipitates formed with only antibodies to 
mouse immunoglobulin (Ig) used as a nega- 
tive control (Fig. lA, lane 6) (1 7). 

We cultured the OlAl  cells under a varie- 
ty of conditions to examine whether the 
elevation in pp60C"" expression specifically 
correlated with differentiation along the neu- 
mnal pathway. The expression of pp60c"" 
remained high in retinoic acid-differentiat- 
ed cells maintained in culture as long as 12 
days after dissociation of these cells from 5- 
day aggregates (Fig. 2A, lanes 1-7; Fig. 2B, 
lanes 1-5). Edwards et al. have shown that 
incubation of OlAl aggregates with di- 
methyl sulfoxide (DMSO) induces the dif- 
ferentiation of cardiac and skeletal muscle 
cells, but few (if any) neurons or glial cells 
(18). A slight increase in pp6OC-"" kinase 
activity was detected in lysates from cells 
aggregated in the presence of DMSO (Fig. 
2 4  lanes 8 and 9); however, no fhther 
increases in pp60C-src phosphorylating activ- 
ity were observed upon dissociation of these 
aggregates and their subsequent differentia- 
tion into muscle cells (Fig. 2A, lanes 10 and 
11). Immunoprecipitates fiom cell lysates 
that were aggregated without any additives 
(Fig. 2A, lanes 12 and 13) also displayed a 
slight increase in enolase phosphorylation, 
which suggests that this marginal activity 
may be attributed to the process of aggrega- 
tion and not to either drug treatment. 

Cells that had been aggregated in DMSO 
or spontaneously aggregated without drugs 
were grown in either defined medium (N2) 
or Dulbecco's modified Eagle's medium 
(DMEM) containing 10% fetal calf serum 
(FCS) to examine whether use of either 
medium affected pp60C"'" expression. Cells 
grown in either N2 media or DMEM + 
10% FCS (Fig. 2A, lanes 14 and 15) 
showed a small increase in phosphorylation 
of enolase compared with untreated OlAl  
cells; however, this increase was insignifi- 
cant compared with the increase (8- to 20- 
fold) observed in retinoic acid-treated cul- 
tures. In addition, treatment of mouse em- 
bryo fibroblasts with retinoic acid did not 
increase pp60C-"" expression (1 7). These 
resdts indicate that the induction of 
pp60C" protein kinase activity in retinoic 
acid-treated OlAl cells correlates with the 
acquisition of the neuronal properties of 
OlAl cells. The relative levels of pp6Oc"- 
specific protein kinase activity in immuno- 
precipitates from all cultures in Fig. 2A were 
comparable to the relative levels of pp60c"rc 
protein detected in the comparable samples 
subjected to an immunoblot assay (Fig. 2B). 
This result indicates that the increase in 
pp6OC" b a s e  activity detected in the retin- 
oic acid-treated OlAl cultures was due (at 
least in part) to an increase in the level of 
pp60"" protein. The slight increase in 

A B Fig. 3. Comparison of pp6OC-"" expression in 
neurally differentiated OlAl  cells and in pure 
primary cultures of neurons. The pp60C-sK pro- 
tein was immunoprecipitated from 5-day mono- 
layer OlAl cultures differentiated in rcdnoic acid 
as described for Fig. 1 (lanes 1); pure primary 
cultures of neurons were prepared as described by 
Kaufinan (30) (lanes 2); NIH 3T3 cells transfa- - Enolase ed with a lasmid carrying the c-m gene (31) was 
included 1& comparison (lanes 3). Immunopre- 

1 2 3  1 2 3  cipitates were analyzed by immunoblot assay (A) 
and by in vim kinax activity (B) as described for 
Fig. 1. 

~p60C'~~"-mediated enolase phosphorylation 
in all aggregated cultures also seems to 
reflect an increase in pp60C-src expression. 

Figure 3 shows a direct comparison of the 
specific activity of pp6OC" expressed in the 
differentiated OlAl  cultures and in the pre- 
viously characterized cultures of neuronal 
cells from embryonic rat brain (12). Similar 
amounts of pp6OciSm protein were detected 
in lysates from the two neuronal cultures 
(Fig. 3A), and the levels of enolase phos- 
phorylation detected in the immune com- 
plexes were almost identical (Fig. 3B). 
These results indicate that the specific activi- 

ty of pp60C-Src expressed in the differentiated 
OlAl cells resembles that of pp60c-src fiom 
the cultured embryonic neurons. It was not 
possible to determine the specific activity of 
pp6OC"" in OlAl  stock cells and in the 
aggregates because the levels of pp60C"" 
protein detected in the immunoblots were 
so low that accurate comparisons were not 
feasible. 

We have shown that the electrophoretic 
mobility of the pp60C-"" protein isolated 
from primary cultures of pure neuronal cells 
is slower than that of pp6OC-"" from other 
cell types (12). The region of pp60c" that 
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contains the alteration responsible for this 
shifted mobility is within the amino termi- 
nal 16 kD of pp60C-"" (12). The electropho- 
retic mobility of the pp60c-"" protein isolat- 
ed from neurally differentiated OlAl  cells 
also shifted (Fig. lA, lane 4; Fig. 2B, lanes 4 
and 5). To determine whether the more 
slowly migrating form of pp60C-"" present 
in neuronal OlAl  cells was similarly altered, 
we labeled cells metabolically with 3 2 ~  or- 
thophosphate, and the 60-kD proteins im- 
munoprecipitated from the labeled cell ly- 
sates were subjected to partial proteolysis 
with staphylococcus V8 protease (Fig. 4). 
The V1 (34-kD) and V2 ( 2 6 - 0 )  peptides 
result from cleavage at a single site near the 
center of the molecule (Fig. 4C). The V1 
fragment is subject to further cleavage to 
generate either the V3 (18-kD) or V4 (16- 
kD) peptides containing the amino terminus 
of pp60c'"". The V1, V3, and V4 peptides 
contain the major sites of serine phosphoryl- 
ation of the pp60c-Src (19); the V2 peptide 
contains the site of tyrosine phosphorylation 
(20). The cleavage patterns of the pp60C'"" 
molecules extracted from undifferentiated 
cells (Fig. 4, A and B, lanes l ) ,  untreated 
aggregates (Fig. 4B, lane 2), or the retinoic 
acid-treated aggregates (Fig. 4, A and B, 
lanes 3) of OlAl  cells were identical to 
those of the fibroblastic or astrocytic form of 
pp60c'"". The mobility of the V3 and V4 
peptides from pp60C-SrC expressed in the 
retinoic acid-differentiated OlAl  cells (Fig. 
44, lane 2; Fig. 4B, lane 4) was similar to 
that observed in the V3 and V4 peptides 
from the cultured rat neurons (Fig. 4B, lane 
5). 

The structural alteration associated with 
the neuronal form of the c-src protein is not 
known. We have not detected any unique 
phosphorylated sites within the neuron-spe- 
cific V3 or V4 peptides (Fig. 4), and pulse- 
labeling experiments have not provided evi- 
dence for a posttranslational alteration of C- 

src in neurons (21). We have found that the 
c-src protein translated in rabbit reticulocyte 
lysates containing embryonic brain RNA 
migrated more slowly than the product pro- 

grammed with embryonic limb RNA (21) 
These results suggest that neurons contain a 
novel messenger RNA that encodes the 
modified neuronal c-src protein. 

Our results indicate that the pp60c'"" 
molecules expressed after retinoic acid-in- 
duced neuronal differentiation of OlAl  
cells contain a structural alteration similar to 
that specifically found in postmitotic neu- 
rons and in neural tissues from chicken or 
mammalian embryos or adult animals. In 
addition, the pp60C-"" present in the OlAl  
cells increased 8- to 20-fold during the 
Drocess of differentiation into neuronlike 
I 

cells, reaching a level similar to that previ- 
ously detected in cultured rat neurons or in 
RSV-transformed cells. Thus, on the basis 
of the two criteria that distinguish the 
expression of pp60c'"" in neuronal cells, the 
pattern of expression of pp60c-"" in OlAl  
cells treated with retinoic acid mimics that of 
neuronal cells in culture or in vivo. The 
OlAl cell line may provide a useful system 
for determining whether the c-src gene prod- 
uct is reauired for the induction of neuronal 
differendation or for specific functions of 
mature, postmitotic neurons. The expres- 
sion of pp60C'"" could be manipulated ex- 
perimentally at different stages during the 
process of neuronal differentiation, possibly 
by interfering with pp60C-"" synthesis or 
activity or by the introduction of purified 
neuronal pp60c'Src into immature cells. 
These questions are not easily accessible to 
analysis with neuronal germinal cells isolat- 
ed from embryonic tissues. 
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