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Clonal Variants of Differentiated P19 Embryonal Carcinoma Cells Exhibit
Epidermal Growth Factor Receptor Kinase Activity
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Differentiated clonal cell lines were isolated from pluripotent P19 embryonal carcinoma (EC) cells treated as
aggregates with retinoic acid. Two were characterized in detail. The lines differ in morphology, proliferation rate,
the production of plasminogen activator, and in their mitogenic response to insulin but both produce extracellular
matrix proteins and can be serially passaged over extended periods, in contrast to differentiated derivatives of many
other EC lines. Further, both lines have receptors for and respond mitogenically to epidermal growth factor (EGF).
Endogenous phosphorylation of several proteins, including the EGF receptor (150 kDa) and a 38-kDa protein, is
induced by EGF in membranes isolated from these cells. Preincubation of membranes with EGF renders them able
to catalyze phosphorylation of tyrosine residues in exogenously added peptide substrates. High voltage electrophoresis
confirmed the tyrosine specificity of the phosphorylation on the 150- and 38-kDa bands. By contrast, similar
experiments in undifferentiated cells showed that intact P19 EC neither bind nor respond to EGF mitogenically and

EGF induces no changes in phosphorylation in isolated membranes.

INTRODUCTION

Mouse embryonal carcinoma (EC) cells, the undiffer-
entiated stem cells of teratocarcinomas, are used as a
model system to study early events involved in embry-
onic differentiation and development because of the
many properties they have in common with pluripotent
embryonic cells (Graham, 1977; Martin, 1980). During
exponential growth, EC cells show little tendency to
differentiate but may be induced to do so by changes
in local cell density (aggregation or embryoid body
formation) and/or addition of various chemical stimuli,
such as retinoic acid (RA) and dimethylsulfoxide
(DMSO) (Artzt et al., 1973; Martin and Evans, 1975;
Strickland and Mahdavi, 1978; Jetten et al, 1979).
Differentiation is frequently accompanied by an ordered
decrease in growth rate (Mummery et al, 1984) and
the development of mitogenic responsiveness to exter-
nally added growth factors such as EGF (Rees et al,
1979). In the developing mouse embryo it is still
unclear when functional EGF receptor expression first
appears and how it is regulated (Hortsch et al., 1984).
Use of appropriate EC cell lines may provide a
straightforward means of addressing these problems
in particular. Determination of many of the biochemical
parameters associated with regulation of the EGF
receptor, often require large numbers of cells. Such
determinations would, therefore, be greatly facilitated
by the availability of pure populations of cells in
different states of differentiation. The isolation of

! To whom reprint requests should be addressed.

0012-1606/85 $3.00
Copyright © 1985 by Academic Press, Inc.
All rights of reproduction in any form reserved.

402

© 1985 Academic Press, Inc.

teratocarcinoma-derived, differentiated cell lines has,
however, proved difficult because of low cloning effi-
ciency, but a number of successes have been reported
(Lehman et al, 1974; Rheinwald et al, 1975; Nicolas,
1976; Morgan et al., 1983). Here, we report the isolation
of two such differentiated clonal lines from a pluripo-
tent EC cell line, P19 (McBurney et al., 1982a,b; Jones-
Villeneuve et al, 1982) aggregated in the presence of
RA. These lines differ strikingly in morphology, in the
expression of various biochemical markers, and in
their response to growth factors. In contrast to many
differentiated derivatives of other EC lines, those of
P19 can be serially passaged and remain phenotypically
stable over extended periods. Both lines respond mi-
togenically to EGF, in contrast to undifferentiated
stem cells, whereas only one of the clones responds as,
for example, differentiated PC13 cells (Heath et al,
1981) to nanogram per milliliter concentrations of
insulin. We have isolated plasma membranes from
these cells and report for the first time endogenous
phosphorylation of the EGF receptor (150 kDa) and a
38-kDa protein by EGF on tyrosine residues in the
differentiated progeny of an EC line. Further we show
that after preincubation with EGF these membranes
are able to catalyze phosphorylation of tyrosine residues
in exogenous peptide substrates.

MATERIALS AND METHODS

Cell Culture and Isolation of Diyfferentiated Clones

P19 EC cells were cultured as described previously
for other EC lines (Mummery et al., 1984) on gelatinized



MUMMERY ET AL.

flasks in a 1:1 mixture of Dulbecco’s minimum essential
medium (DMEM) and Ham’s F12 medium (DF) con-
taining 7.5% fetal calf serum (Flow Laboratories) and
buffered with NaHCO; (44 mM) in a 5% CO, atmo-
sphere. Cells were subcultured in 0.1256% (w/v) trypsin,
50 mM ethylene diamine tetraacetic acid (EDTA) in
Ca?'-, Mg?*-free phosphate-buffered saline (PBS). For
differentiation, cells were aggregated (by plating 2
X 10° cells/2 ml in bacteriological petri dishes) in the
presence of all-trans-RA (5 X 107" M) for 3 days then
replated in tissue-culture grade plastic dishes (Mec-
Burney et al, 1982b). Four days later, neurites were
visible in about 70% of aggregates. After 2 weeks,
cultures consisted of a heterogeneous mixture of cell
types; suspensions of these cells were diluted to a
density of 1 cell/ml then plated in 96-well plate (Costar;
200 wul/well). Three weeks later, 13 wells contained
colonies which were subcultured to increasingly larger
culture flasks. After growth to confluence cells were
routinely cultured using a split ratio 1:5.

Characterization of Clones

(i) Plasminogen activator (PA) production. Cells were
grown in confluence in 3.5-cm diameter petri dishes
(Costar); 800 ul of growth medium was conditioned by
these cultures for 24 hr before cells were counted. PA
levels were determined in 50-ul samples of the condi-
tioned medium as described by Unkeless et al. (1973),
using an incubation time of 2 hr and human urokinase
(Leo Pharmaceuticals) as standard. Data was expressed
as Plough units PA produced per 10° cells per 24 hr.

(ii) Immunofluorescence. Cells grown on gelatine
coated, glass coverslips were fixed with 3% formalde-
hyde for 20 min, quenched with 50 mM NH,CI for 10
min, incubated with antibody then the appropriate
FITC-labeled conjugate for 30 min at 37°C. Antibodies
used were as follows: rabbit anti-human fibronectin
(from S. K. Brahma, University of Utrecht), rabbit
anti-mouse laminin (BRL, Cambridge, UK}, monoclonal
anti-SSEA 1 (from P. Stern, Oxford), and sheep anti-
goat a-fetoprotein (AFP; from R. Hagenaars, NIH,
Utrecht). For AFP determination, cells were fixed with
99% ethanol, 1% glacial acetic acid.

(111) Alkaline phosphatase. Cells were lysed by freez-
ing/thawing and alkaline phosphatase was measured
as described by Berstine et al. (1973).

(iv) Soft agar growth. The percentage of cells able to
form colonies in soft agar was determined by plating
1 X 10* cells/6-em diameter petri dish as described by
Todaro et al (1981).

SH-TdR Incorporation

Cells were plated at 5 X 10* cells per 1 cm ¢ well in
DF + 7.5% FCS. After 24 hr, medium was replaced by
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DF + 05% FCS. EGF (receptor grade; Collaborative
Research), insulin (bovine; Sigma), or 10% FCS were
added 72 hr later without change of medium. After 8
hr, P'HITdR (0.5 ¢Ci/ml, 55 Ci/mmole) was added and
cells were incubated a further 16 hr at 37°C. Radioac-
tivity incorporated into TCA-precipitable material was
determined by liquid scintillation counting.

B EGF Binding

(i) Cells in monolayer. Cells (0.5 X 10° were plated
in 3.5-cm gelatinized dishes (Costar) and grown for 24
hr before use. The binding assay buffer contained
DMEM, Hepes (25 nM), and 0.1% (w/v) bovine serum
albumin (BSA), as previously described (Mummery et
al., 1983). Cell monolayers were incubated with *]-
EGF (1.67 X 1071 M; 250,000 cpm; NEN) and varying
amounts of unlabeled EGF (from zero to 2 X 1078 M)
in 1 ml buffer for 2 hr at room temperature (ca. 20°C),
unless indicated otherwise. The mixture was aspirated
and dishes were washed five times with ice-cold phos-
phate-buffered saline. Cells were removed with 0.5 M
NaOH and counted in a gamma counter. The data
points shown are the mean of values in 3-fold. Similar
results were obtained in three separate determinations.
Nonspecific binding was determined by measuring the
bound counts in the presence of a large excess (200-
fold over »I-EGF) of unlabeled EGF and was less
than 10% of the specifically bound counts.

(11) Isolated membranes. Membranes isolated accord-
ing to Thom et al. (1977) from differentiated clones
and EC cells (100 ug protein per sample) were incubated
with ¥I-EGF (6.68 X 10™ M; 1 X 10° cpm) for 90 min
at 18°C, in a volume made up to 100 ul with 10 mM
Hepes (pH 7.4) containing 1% (w/v) bovine serum
albumin. As required, excess unlabeled EGF was added
to a concentration of 5 ug/ml. Labeled EGF then bound
was crosslinked to its receptor by incubating with
disuccininimidyl suberate (DSIS; 0.5-1.0 mA/; Pilch and
Czech, 1979) for 15 min at 18°C; the crosslinker was
quenched with 900 pl 0.01 m Tris-HCl/1 mM EDTA
(pH 7.4), the sample centrifuged for 45 min at 100,000g,
resuspended in SDS-sample buffer, and incubated for
3 min at 100°C. Samples were then subjected to SDS-
gel electrophoresis (7.5-15% polyacrylamide gel) and
autoradiography.

Phosphorylation Assays

(i) Endogenous phosphorylation of membrane proteins.
Membranes (50 pg/sample) isolated from differentiated
clones and EC cells as above, were preincubated with
various concentrations of EGF for 10 min at 0°C. The
phosphorylation reaction was started by adding mem-
branes to a mixture containing Hepes (20 mM, pH 7.4),
MnCl; (2 mM) [y-2PJATP (10 um; 5000 cpm/pmol;
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NEN), BSA (0.125 mg/ml), Na;VO, (50 uM), and PNPP
(p-nitrophenyl phosphate; 10 mM) in a total volume
of 60 ul. After 10 min at 0°C, the reaction was stopped
by addition of SDS-sample buffer and raising the
temperature to 100°C for 5 min. Samples were then
subjected to SDS-gel electrophoresis and autoradiog-
raphy.

(i1) Exogenous phosphorylation of synthetic, tyrosine-
contarning peptides. Membranes were prepared as above
and preincubated with EGF for 10 min at 30°C. The
phosphorylation reaction was started by adding mem-
branes to a reaction mixture similar to that above,
without BSA but containing Nonidet P40 (0.2%) and
one of three peptide substrates (2 mM; final volume 30
ul; Pike et al., 1982; Wong and Goldberg, 1983). After
3- to 4 min incubation at 30°C, the reaction was
stopped by adding TCA (50 ul of 5% v/v) and BSA (20
ul of 25 mg/ml). Samples were then centrifuged for 4
min at 10,000g, the supernatant was “spotted” on filters
(Whatman P81 phosphocellulose paper), and washed
six times in phosphoric acid (75 mM). After drying,
radioactivity on the filters was determined by liquid
scintillation counting. A correction for aspecific phos-
phorylation was made by ommitting peptide from the
assay mixture.

(111) High-voltage electrophoresis. The stained protein
bands required were excised from the gel (i, above),
allowed to swell in NH,HCO3 (100 maf), and incubated
in trypsin (100 ug/ml) for 24 hr at 37°C on a shaker
to elute labeled proteins. The elutant was centrifuged
and the supernatant dialyzed at 4°C against H,O then
dried under reduced pressure in a Speed Vac concen-
trator. The dry sample was hydrolyzed in 0.4 ml HCl
(6 N) for 2 hr at 110°C under vacuum. HCl was then
removed under reduced pressure, the hydrolysates were
resuspended in 10 ul HyO containing 10 ug each of
marker phosphoserine, phosphothreonine, and phos-
photyrosine and analyzed by one-dimensional, high-
voltage paper electrophoresis at pH 3.5 (1500 V, 1.5 hr)
in 5% glacial acetic acid, 0.0056 M EDTA. The markers
were visualized by ninhydrin staining and radioactive
material localized autoradiographically.

RESULTS
Isolation of Differentiated Lines

In the presence of RA, aggregates of P19 cells
differentiate to a number of cell types including neu-
ronal and glial tissue but no muscle whereas in the
presence of DMSO cardiac and skeletal muscle tissue
may form but not neurons (Jones-Villeneueve et al,
1982). We treated aggregates of P19 cells with RA for
3 days, then allowed them to develop for 2 weeks on
an adhesive substrate; the cultures then consisted of a
heterogeneous mixture of cell types. These cells were
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subsequently cloned by limiting dilution in 96-well
plates. After 3 weeks, 656% (13) of the maximum number
of wells theoretically possible contained colonies of
cells with predominantly endodermal- or epithelial-
like morphologies. All of the clones could be serially
passaged over extended periods (minimally 4 months)
without the reappearance of stem cell colonies or gross
changes in morphology. This contrasts with other EC
lines where differentiated cell populations often contain

F1G. 1. Morphology of P19 EC cells (a) (large nuclear: cytoplasm
ratio, growth in “islands”) compared with differentiated P19 deriv-
atives END-2 (b) (flat endodermal, no overgrowth when confluent,
little eytoplasmic contrast) and EPI-7 (c) (epithelioid, refractile,
overgrowth at confluence).
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TABLE 1
COMPARISON OF BIOCHEMICAL MARKERS AND GROWTH PROPERTIES OF P19 EC, END-2 anDp EPI-7 CELLS
Cell type
Characteristic EC END-2 EPI-7
Morphology Large nucleus: Flat, endodermal Epithelioid
cytoplasm ratio
(A) Marker expression
Plasminogen activator (Plough units/10° cells/24 hr) 0.05 = 0.01 1.88 + 0.18 0.07 = 0.01
Alkaline phosphatase (AE/min/ug protein) 3.25 X 107 1.35 x 107 0.69 x 107*
Fibronectin - + +
Laminin — + +
SSEA-1 + - -
a-Fetoprotein - - -
(B) Growth properties
Generation time® (hr) 143 =10 250 = 3.0 19.3 =29
Soft agar growth (% colonies) 290 + 20 <2 <2
Growth factor requirement — + -
EGF binding® (receptors/cell) 900 60,000-78,000 39,000-42,000
Mitogenic response to
EGF - + +
Insulin ND + -
PDGF ND - —

¢ Cell counting after trypsinization.
® Range in three separate experiments.

residual stem cells (e.g., Isacke and Deller, 1983) and
have a limited capacity for division in culture.

Characterization of Differentiated Lines

We selected two lines for detailed study on the basis
of differences in their morphology and in growth rates.

The morphologies of P19 EC cells and the differentiated
lines are shown in Figs. la-c, respectively. END-2 cells
were typically extremely flattened with an endoderm-
like morphology while EPI-7 were more epithelioid
and refractile.

(1) Marker expression. Table 1A summarizes the
expression of various biochemical markers in these
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FiG. 2. Effect of growth factors on [PH]TdR incorporation in (A) END-2 and (B) EPI-7. Confluent cultures were preincubated in
DF + 0.5% FCS for 72 hr before growth factor addition for 24 hr with [PH]TdR present for the last 16 hr, as described under Materials and
Methods. Data has been normalized to control values. For END-2 basal levels of PHITdR incorporation during the experiment were ~16,000
dpm/10° cells and for EPI-7 ~200,000 dpm/10° cells. In all cases increases in cell number paralleled increases in [PH]TdR incorporation

(not shown). Concentrations given are in nanograms per milliliter.
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two lines compared with stem cells. END-2 and EPI-7
have a number of features in common which distinguish
them from stem cells; extracellular matrix proteins
fibronectin and laminin are detectable by indirect
immunofluorescence, there is no expression of the
SSEA-1 determinants found on EC cells, and levels of
alkaline phosphatase activity are lower. The clones
are, however, not identical with respect to all markers;
plasminogen activator production, a diagnostic marker
used to characterize endoderm cell populations (Strick-
land and Mahdavi, 1978) is, for example, barely detect-
able in EPI-7 and undifferentiated EC cells whereas
large amounts are synthesized by END-2 cells.

(2) Growth properties. The doubling time of P19 EC
cells is comparable with that in other EC lines (Mum-
mery et al., 1984) whereas that of EPI-7 and END-2 is
about twice as long (Table 1B). EGF is mitogenic for
both lines. Maximum (three- to fourfold) stimulation
of cummulative [*H]thymidine (*H-TdR) incorporation
is induced in both cases by 10 ng/ml (Figs. 2A,B);
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F1G. 8. EGF binding characteristics of END-2. (A) Time course of
specific "®I-EGF binding (1 ng/ml) at 37 (®), 20 (O), and 4°C (a),
determined as described under Materials and Methods. (B) EGF
binding as a function of external EGF concentration after 2-hr
incubation at 20°C in END-2 (O) compared with P19 EC cells (®).
Insert shows Scatchard analysis of EGF binding to END-2 (B
= gpecifically bound). Data shown is from one of three experiments
giving similar results. Comparable EGF binding was found in EPI-
7 cells (not shown).
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F16. 4. "I-EGF binding to isolated plasma membranes from END-
2 (lane 1; lane 2 with excess, unlabeled EGF) and from P19 EC cells
(lane 3; lane 4 with excess, unlabeled EGF). Bound ®I-EGF was
crosslinked to its receptors using DSIS prior to SDS-gel electropho-
resis, as described under Materials and Methods. The lighter bands
at 67 kDa represents aspecifically bound bovine serum albumin
present during the assay.

however, *H-TdR incorporation is stimulated only in
END-2 by nanogram per milliliter concentrations of
insulin (maximum two- to threefold; Fig. 2A). The
increases in DNA synthesis are followed by increases
in cell number at cell densities below confluence. Neither
line responds to PDGF (Table 1B). Whereas END-2
becomes quiescent under the conditions of high cell
density and low serum concentration used in these
growth experiments, EPI-7 continues to proliferate,
albeit at a reduced rate (doubling time 30.0-35.0 hr),
and retains a high basal level of *H-TdR incorporation
(legend Fig. 2). Indeed EPI-7 could be passaged in the
complete absence of externally added hormones or
growth factors (Table 1B) and medium conditioned for
24 hr by near-confluent cultures of EPI-7 could stim-
ulate *H-TdR incorporation into END-2 cells (to be
published elsewhere). Neither END-2 nor EPI-7 were
able to grow in soft agar, in contrast to P19 EC cells
(Table 1B). The ability to grow in semisolid media in
vitro has been highly correlated with the ability to
form tumors in vivo. Neither line had therefore retained
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tumorigenic potential during differentiation. Since both
lines could be serially passaged, sufficient cell numbers
(2 X 10° cells) were easily generated for preparation
of plasma membranes. We took advantage of this
property to characterize in detail for the first time the
response of EGF receptors in the progeny of an EC
cell line to EGF.

EGF Binding

Both lines showed EGF specific binding, internaliza-
tion at 37°C (Fig. 3A), and saturation binding kinetics
(Fig. 3B). Scatchard analysis of binding data (Fig. 3B,
inset) indicated that END-2 cells have 6.0-7.8 X 10*
EGF receptors/cell with an dissociation constant, Kj,
of 0.76 — 1.64 X 10° M (range in three experiments),
comparable with values in PC13 END cells (Rees et al,,
1979). EPI-7 have slightly fewer receptors per cell
(Table 1) with similar affinities but given the apparent
size difference the receptor densities per cell may be
similar. Specific EGF binding was barely detectable on
the stem cell population (Fig. 3B; 8.9 X 10? receptors/
cell, K; = 0.47 X 107* M) and may be due to low levels
of spontaneous differentiation. Membranes isolated ac-
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FiG. 5. Endogenous phosphorylation of END-2 membrane proteins
by EGF. Lanes 1-6 show effects of increasing concentrations of EGF,
i.e., land 1: control, lanes 2-5: 1.67, 16.7 ng/ml, 0.167, and 1.67 pg/
ml, respectively. Isolation of membranes and assay, as described
under Materials and Methods. Similar results were obtained using
EPI-7.
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cording to Thom et al (1977) still contained receptors
which bound EGF specifically, as shown in Fig. 4 for
END-2 (lanes 1 and 2). In this case *I-EGF bound to
membranes in the absence and presence of excess,
unlabeled EGF was crosslinked to the receptor prior
to SDS-gel electrophoresis. Bands representing the
EGF receptor appear as a doublet at 150 kDa, as has
been found in other cell types previously (King et al.,
1980). Membranes isolated from EC cells were still
unable to bind EGF (Fig. 4, lanes 3 and 4) under these
conditions so it appeared unlikely that unoccupied
receptors were available at the cell surface.

EGF-Induced Phosphorylation

Preincubation of membranes isolated from END-2
cells with EGF followed by [y-**P]ATP and divalent
cations induced distinctive changes in phosphorylation
or both endogenous and exogenous substrates. Auto-
radiograms of samples subjected to SDS-PAGE showed
that various concentrations of EGF resulted in the
appearance of %P-labeled bands at 150 and 38 kDa
(Fig. 5, lanes 1-5), as observed in other cells (Hunter
and Cooper, 1981; Cooper and Hunter, 1981). The 34-
to 39-kDa proteins are thought to be associated with
detergent-insoluble cytoskeletal structures (Cheng and
Chen, 1981; Cooper and Hunter, 1982; Nigg et al., 1983).
Comparable results were found in EPI-7 but EGF
induced no changes in phosphorylation in membranes
from EC cells (not shown). Indirect and direct evidence
showed that EGF induced phosphorylation was tyrosine
specific. First, preincubation of membranes from the
differentiated P19 clones with EGF then [y-*2P]ATP
and a synthetic peptide containing only tyrosine resi-
dues but no serine or threonine (angiotensin I and II
or RRsrc; Pike et al, 1982; Rosen et al., 1983) induced
a two- to fourfold stimulated **P incorporation into
the peptide (Fig. 6B); the stimulation factor depended
on the peptide used and may reflect the relative effi-
ciency with which each is phosphorylated. The EGF
dose dependence for phosphorylation of angiotensin I
is shown in Fig. 6C. The specificity of the stimulation
for EGF/EGF receptor is again illustrated by compar-
ing the results with those obtained under the same
conditions in EC cells (Fig. 6A). Unexpectedly, basal
levels of phosphorylation of all three peptides were
higher in differentiated than in EC cells. This contrasts
with results of Stern and Heath (1983) in PC13 EC
cells where phosphotyrosine levels were reduced after
differentiation. The differentiated derivatives of P19
and PC13 may, however, represent different cell types
and the results therefore not be directly comparable.
Second, high-voltage electrophoresis of the 150- and
38-kDa bands confirmed the tyrosine specificity of
EGF-induced phosphorylation (Fig. 7). EGF had no
effect on serine or threonine residues in either band.
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FiG. 6. Phosphorylation of exogenous substrates by isolated membranes. (A) P19 EC cells, (B) END-2. Membranes were preincubated
with EGF for 10 min at 30°C and phosphorylation started by adding them to a reaction mixture with one of the three peptides angiotensin
I (ang I), angiotensin II (ang II) or RRsre, containing tyrosine residues only, as described under Materials and Methods. Hatched bars
indicate the presence of EGF. (C) EGF dose-response curve with END-2 using angiotensin I. Comparable results were obtained using

membranes from EPI-7 (not shown).

DISCUSSION

We have isolated several differentiated clones from
a pluripotent EC cell, P19 and characterized two in
particular for their response to growth factors. One of
these clones (END-2) resembled the END cells derived
by RA treatment of the nullipotent EC line, PC13
(Rees et al, 1979; Mummery et al, 1984) not only
morphologically but in the expression of differentiation-
specific markers and growth properties. The other
(EPI-7) resembled a cell line (dif. 5) derived by pro-
longed treatment of F9 cells with RA (Nagarajan et
al., 1983) again not only morphologically but also in
the expression of EGF binding sites and extracellular
matrix proteins. As F9-dif. 5, EPI-7 can proliferate in
the absence of added mitogenic factors, suggesting
that these cells produce factor(s) able to promote
growth in an autocrine manner. Given the differential
response of the two clones to insulin, an attractive
candidate for a factor produced by EPI-7 is an insulin-
like growth factor. The possibility of endogenous growth
factor production by EPI-7 does, however, complicate
interpretation of growth stimulation studies with these
cells. It cannot be excluded that such factors may act
synergistically with exogenous factors under the con-
ditions of the assay. In contrast to F9-dif. 5, EPI-7
produces very little plasminogen activator nor does it
become quiescent at confluency. Neither END-2 nor
EPI-7 respond mitogenically to PDGF, suggesting that
neither resemble mesodermal derivatives.

Several lines of EC cells induced to differentiate by
RA develop receptors for epidermal growth factor
(EGF), become subject to exogenous growth control
(Rees et al., 1979; Rizzino et al., 1983), and have reduced
ability to form tumors (Rayner and Graham, 1982).
Although END-2 cell exhibited all of these properties,
EPI-7 cells remained largely insensitive to exogenous
growth control except with respect to EGF. This might
suggest that expression of these properties is tempor-
ally uncoupled during differentiation or, alternatively,
that their differential expression may play a role in
determining the differentiated cell type. Recent studies
have shown that the EGF receptor in a variety of
epithelial and epidermal cells contains a protein kinase
which is rapidly and specifically phosphorylated on
tyrosine following EGF binding (Ushiro and Cohen,
1980). It might be expected therefore, that the EGF
receptor, if present in EC derivatives would also be
phosphorylated on tyrosine, although to date the formal
proof has been lacking. The present study provides
this proof. The results show that several plasma mem-
brane proteins of differentiated P19 cells are phos-
phorylated endogenously by EGF; these proteins include
a 150-kDa doublet (the EGF receptor) and a 38-kDa
protein. After preincubation with EGF these mem-
branes were able to catalyze phosphorylation of exog-
enous peptide substrates containing tyrosine residues.
The reason for the higher background levels of tyrosine
phosphorylation of the differentiated cell membranes
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FiG. 7. Tyrosine specificity of EGF phosphorylation. Bands of 150
and 38 kDa indicated in Fig. 5 were cut from SDS-gels and subjected
to high-voltage electrophoresis as described under Materials and
Methods. Lanes 1 and 2 (150 and 38 kDa, respectively) show bands
from membranes not treated with EGF, where there is little phos-
phorylation on tyrosine (T), and lanes 3 and 4, the same bands from
membranes treated with 1.67 ug/ml EGF (i.e, lane 5 in Fig. 5).
Phosphorylation on serine (S) and threonine (Th) is unchanged by
EGF treatment while significantly increased on tyrosine residues.

compared with those from EC cells on these peptides
is unclear although patterns of protein phosphorylation,
including that on tyrosine residues, are known to be
developmentally regulated (Carlin et al, 1983; Dasgupta
and Garbers, 1983). The formation of endoderm is
among the first differentiation events in the developing
mouse embryo, occurring shortly after implantation
around Day 5 of gestation (Enders et al., 1978; Gardner,
1981). The earliest stage of development in mouse
embryos at which functional EGF receptor kinase has
been detected is around the time of onset of organo-
genesis at Days 9 and 10 of gestation, some 4 days
after implantation (Hortsch et al, 1984). It has been
suggested that the failure to detect EGF receptor
kinase activity in late preimplantation and early post-
implantation embryos may be due to either levels of
activity below the sensitivity of the assay or to EGF
receptors present having no integral kinase activity
(Hortsch et al, 1984). If the cell lines described above
are representative of those in early development, the
present results would argue in favor of the former
rather than the latter possibility. In coneclusion, the
differentiated clones described in this study represent
populations of cells each expressing a particular subset
of genetic information present in a common ancestral
genome. As such they may therefore prove invaluable
for studying the developmental regulation of gene
expression, particularly the differential expression of
receptors for and response to growth factors.
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