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Summary

Mouse teratocarcinoma cells from embryoid bodies were
cultured in vitro to permit their differentiation into a number
of cell types. Two enzyme activities, creatine phosphoki-
nase (CPK) and the protease plasminogen activator, were
studied to follow the developmental sequence of events in
these embryoid body-derived cell cultures. CPK activity in-
creased with time in culture, indicating the appearance of
new cell types with brain- or muscle-specific enzyme activi-
ties. Plasminogen activator was detectable in extracts of
embryoid bodies. This protease activity first increased and
then decreased to a low level as the embryoid bodies in
culture developed into differentiated cell types. These cell
cultures also showed a decreased potential for tumor for-
mation in syngeneic mice as a function of time in culture.
This decrease in tumorigenic potential was correlated with
the appearance of differentiated cells in vitro.

Simian virus 40 (SV40) was used to infect and transform
cells derived from embryoid bodies in culture. This was
done to permit the establishment of cloned teratccarci-
noma-derived cell lines. Twenty-nine distinct cloned perma-
nent cell lines {called SVTER) containing the SV40-specific
tumor antigen were obtained. None of these cell lines was
capable of producing tumors in syngeneic mice. An analysis
of the levels of creatine phosphokinase and plasminogen
activator in these SVTER cell lines indicated that: (a) some
cell tines had high CPK activity and little or no plasminogen
activator activity, () some cell lines contained high levels
of plasminogen activator activity with little or no CPK activ-
ity, and (¢) some cell lines contained neither of these en-
zyme activities. No example of a celi line with high levels of
both enzyme activities was observed, indicating that these
two enzymes may participate in mutually exclusive develop-
mental pathways. The SVTER cell lines may therefcre be
useful in reconstructing these developmental pathways in
vitro.

Introduction

Testicular teratomas in 129/Sv mice originate from male
primordial germ cells produced during the 12th to 13th day
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of fetal life (19, 25-27). The mature tumor is composed of 2
classes of cells: {g) tumorigenic embryonal carcinoma cells
that, under the appropriate conditions, produce (b) a variety
of differentiated, nontumorigenic tissue types. Some of
these teratocarcinomas have been established as trans-
plantable tumors in 129/Sv mice (17, 26). The embryonal
carcinoma cells transplanted s.c. give rise to both malig-
nant teratocarcinoma cells and benign differentiated celis
(17, 26). Injection of these same embryonal carcinoma cells
into the peritoneal cavity of a mouse, however, results in the
appearance of spherical multicellular aggregates called em-
bryoid bodies (18, 24). Simple embryonal bodies resemble
5- to 6-day-old mouse embryos with endodermal cells sur-
rounding several layers of embryonal carcinoma cells (24,
28).

Over the past few years it has been possible to reproduce
this developmental sequence of events in tissue culture.
Starting with either cloned embryonal carcinoma cell lines
(14, 15) or embryoid bodies (12, 28), the pluripotent terato-
carcinoma cells have been shown to differentiate in vifro
into a variety of new cell types. The criteria used to demon-
strate differentiation in vitro have included: (a) morphical
alterations (14, 15, 28); (b) the acquisition or loss of enzy-
matic activities (5, 12}; (¢) the presence or absence of cell
surface antigens {1, 23); and (d) the tumorigenic potential
of either embryonal carcinoma or the differentiated cells
derived from them (7).

This communication studies the expression of 2 enzy-
matic activities, CPK® and the protease, plasminogen acti-
vator, in embryoid bodies, embryonal carcinoma cells, and
the cells derived from these pluripotent stem cells. CPK is
not present in embryonal carcinoma cells but is found in
extracts of adult mouse brain and muscle tissue (12). Plas-
minogen activator activity can be detected in embryoid bod-
ies and is a component of the parietal endodermal cells (7,
22)*. This protease is also found in some differentiated cell
types like macrophages, endothelial cells, and ovarian
granulosa cells (2, 21, 29, 30). Normal fibroblasts in culture
do not have detectable plasminogen activator, while viral-
transformed fibroblasts appear to acquire this protease ac-
tivity (16, 31). Hence, these 2 enzymatic activities are asso-
ciated with distinctly different cell types and may therefore

3 The abbreviation used is: CPK, creatine phosphokinase.
* 8. Strickland, E. Reich, and M. Sherman, manuscript in preparation.

4217



W. Topp et al.

participate in distinct sets of developmental pathways or
stages of differentiation.

In order to examine the distribution of these enzymatic
activities in individual cells derived from embryonai carci-
noma stem cells, it was necessary to first permit the em-
bryonal carcinoma cells to differentiate in culture and then
to establish cloned cell lines of these differentiated celis.
This has proven to be a difficult task because the teratocar-
cinoma-derived differentiated cells grow poorly, if at all, in
culture. To obtain permanent teratocarcinoma-derived cell
lines, the tumor virus SV40 was used because primary cul-
tures of mouse cells transformed by this virus acquire the
potential for infinite growth in culture. Following viral infec-
tion, 29 cloned SV40-transformed teratocarcinoma derived
cell lines were established. An analysis of these 29 cloned
cell lines revealed that a reciprocal relationship existed
between the expression of CPK and the plasminogen activa-
tor protease activity. Cell lines that contained high levels of
one of these enzymes invariably contained low levels of the
other enzyme activity. While a number of these cell lines
contained neither of these enzyme activities, no cell line
was detected with high levels of both CPK and ptasminogen
activator. These results are consistent with the observation
that CPK and plasminogen activator are associated with
different cell types in vivo. The SV40-transformed, terato-
carcinoma-derived cell lines may represent cells undergo-
ing differentiation along a number of different develop-
mental pathways and could therefore be useful for studying
these processes of differentiation and tumorigenesis.

Materials and Methods

Teratocarcinoma Cells and Tumors. The transplantable
tumor OTT6G050A, a pluripotent teratoma, was a gift of Dr.
L. Stevens. The ascites tumor, consisting of simple em-
bryoid bodies, was transplanted at 3-week intervals in
129S8v/S| male mice (28). Transplantable tumor 402A con-
tains only embryonal carcinoma cells and was transplanted
in 129/Sv mice by s.¢. injection at monthly intervals (12, 28).
PCC4 aza-1 is an embryonal carcinoma stem cell line in
tissue culture isolated by Jakob et al. (9).

Culture Conditions. Embryoid bodies were obtained from
the peritoneal cavity of 1295v/Sl mice and were purified by
unit gravity sedimentation (28). Approximately 0.1 ml of
packed cells was then plated in five 160-mm plastic culture
dishes containing 10 mi of Dulbecco's modified Eagle's
medium, 10% fetal calf serum, and 1% pen-strep (Grand
Island Biological Co., Grand Island, N. Y.). The embryoid
bodies attach to the surface of the culture dish and differen-
tiate (12, 28).

S$V40 Infection and Cloning Techniques. One-month-old
cultures of embryoid bodies were infected with SV40 (ap-
proximately 10% plaque-forming units per plate) or were
mock infected. After a 2-hr adsorption period, the culture
was incubated at 37° for 3 weeks. Cells were rough cioned
from separate parts of the culture dish with the use of steel
cloning cylinders. Colenies resulting from this cloning pro-
cedure were picked and cloned a second time by plating 0.3
ceils/well in Linbro microwells.
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SV40 Tumor Antigen Staining. Cells on a coverslip were
fixed with farmalin for 15 min and acetone dehydrated. The
cells were then treated with hamster antibody (Flow) against
$SVv40 T-antigen at 37° for 1 hr. The coverslips were then
rinsed with phosphate-buffered saline and stained with a
fluorescein-conjugated goat anti-hamster IgG. The cover-
slips were then rinsed with phosphate buffered saline,
mounted, and examined on a Zeiss Photomicroscope |l

Tumorigenicity of Celi Lines. Cell lines were washed 3
times in Dulbecco’'s modified Eagle's medium without se-
rum and scraped from the surface of a culture dish. Approx-
imately 10% cells were injected s.c. or i.p. into male or
female 129Sv/S! or 129Sv mice. The incidence of tumors
was followed up to 7 to 8 months.

CPK Assay. CPK activities were determined by methods
described by Levine et al. (12). Protein determinations were
performed by the method of Lowry et al. (13).

Plasminogen Activator Assay. Assays for soluble plas-
minogen activator were performed as described by Pollack
et al. (20). The plasminogen activator plague assay was
performed by the procedure of Goldberg (6), with either
purified human plasminogen or acid-treated fetal calf serum
(10).

Results

Characterization of Enzymatic Activities in Teratocarci-
noma Cells Developing in Vitro. CPK and plasminogen
activator were used as enzyme markers to follow changes in
cellular gene expression during differentiation of teratocar-
cinoma cells in vitro. A high level of CPK was detected in
adult mouse brain and skeletal muscle (12) (see Table 1).
Mouse lung, kidney, liver, and spleen contain less than 1%
of the enzyme activity present in muscle (12). In contrast,
402A, a transplantable tumor composed only of embryonal
carcinoma cells, and PCC 4 aza-1, a cloned embryonal
carcinoma stem cell line, do not contain detectable levels of
CPK (Table 1}. Likewise, embryoid bodies, composed of
endodermal cells and embryonal carcinoma cells, do not
contain CPK activity (Table 1).

Plasminogen activator is present in crude cell extracts of
embryoid bodies (7) (Table 1) which are composed of en-
dodermal cells and embryonal carcinoma cells. A cloned
embryonal carcinoma stem cell line (PCC 4 aza-1) or trans-

Table 1
Specitic activity of CPK and plasminogen activator in normal and
tumor tissue extracts
The CPK and plasminogen activator assays were performed as
described in ‘Materials and Methods.”

Plasminogen
activator (units

CPK {A;./mg relative to EB¢/

Tissue or cell line protein) ug protein)
Brain, 129 mouse 37 ND
Muscle, 129 mouse 59 ND
EB's 0-0.1 100
402A 0 10-20
PCC 4 aza-1 0 2

2 EB, embryoid body; ND, not deteci;t;ié over background
values.
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plantable tumor 402A, composed only of embryonal carci-
noma cells, contains much lower levels of plasminogen
activator (2 to 20% of the activity found in embryoid bodies)
(Table 1). These data suggest that the parietal endodermal
cells of the embryoid bodies may contain higher levels of
plasminogen activator than the embryonal carcinoma cells
themselves. Sherman et al. (22) have independently corrob-
orated this result.

The measurements of plasminogen activator in Table 1
are obtained from crude cell extracts that detect intracellu-
lar and cell-associated levels of plasminogen activator. This
enzyme activity is also excreted from ceils, and a plaque
assay has been devised to detect colonies of cells with
extraceliular plasminogen activator activity (6). Fig. 1 pre-
sents photographs of the plaques produced by PCC4 aza-1
colonies. The agar overlays in these assays contain casein,
giving the agar a cloudy appearance. The clear areas or
plagques above each colony result from cleavage by plas-
minogen activator of plasminogen to plasmin which, in
turn, degrades the casein. Fig. 1 also demonstrates that the
appearance of plagues is totally dependent upon the pres-
ence of plasminogen (present in serum), indicating that this
assay is specific for plasminogen activator and not some
other extracellular protease. Simitar results have been ob-
tained with colonies of embryoid bodies (data not shown).
Hence, the embryonal carcinoma stem cell lines or a cell
derived from PCC-4 aza-1 in culture contains low but de-
tectable levels of extracellular plasminogen activator activ-
ity.

When embryoid bodies are placed in cell culture and
permitted to attach to the surface of a Petri dish, the cells
either migrate out of these bodies or divide to cover an area
of the culture dish (Fig. 2). Over the next 3 to 4 weeks, a
large number of morphologically distinct cell types appear
in these cultures (Fig. 2) (7, 28). The levels of CPK and
plasminogen activator in these developing cell cultures
have been determined in a number of experiments (7), and

Fig. 1. Plasminogen activator plague assay of embryonal carcinoma cell
line. PCC 4 aza-1 celis were plated on plastic Petri dishes and grown until
colonies formed. The colonies were then overlayed with casein-agar either

with fetal calf serum (a) or without serum (b). The plaques were developed
over 48 hr at 37°.
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Table 2

Specific activity of CPK and plasminogen activator in EB"-derived
cells in cuiture

The CPK and plasminogen activator assays are described in

“Materials and Methods.”

Plasminogen activator

EB-derived celis CPK (A,./mg (units relative to EB/
{days in culture) protein) ©g protein)
1 0.05 100
5 0.2 205
10 1.6 80
20 4.4 20
30 6.4 20

“ EB, embryoid body.

these data are summarized in Table 2. The specific activity
of CPK increases from a background level at Day t and
continues 1o rise over the 30-day period, reaching a level, in
this experiment, 130-fold greater than that observed on Day
1. The plasminogen activator activity first increases 2-fold in
this experiment (Table 2) and then declines to a low level
approximately one-fifth that observed in the starting em-
brycid body cultures.

Establishment of Cloned Teratocarcinoma-derived Cell
Lines. To obtain a clearer understanding of the expressicn
of CPK and plasminogen activator in developing teratocar-
cinoma cell cultures, it would be desirable to examine the
levels of CPK and plasminogen activator in the individual
cells (or clones of these cells) derived from the embryoid
body cultures. Since differentiated cells derived from the
embryonal carcinoma stem cells usually grow poorly in
culture, it has not been possible to develop cloned terato-
carcinoma-derived cell lines. In arder to establish such cell
lines, cultures of embryoid bodies (4 weeks old) were in-
fected with tumor virus SV40. This virus has the capacity to
transform primary mouse cells yielding cell lines capable of
unlimited growth in culture. Three weeks after SV40 infec-
tion, the teratoma-derived cells were cloned. Twenty-nine
distinct clones were isolated and designated SVTER fol-
lowed by a clone number. Mock-infected teratocarcinoma-
derived cells were also cloned, but these cells failed to
sustain growth in culture, whereas greater than 95% of the
SV40-infected clones produced permanent cell lines. Thus
SV40 infection clearly pemitted the establishment of cloned
cell lines derived from embryoid body cultures.

All 29 cell lines (SVTER) were shown to contain the SV40-
specific tumor antigen by an immunofluorescent assay. The
growth properties of these cells are presently being charac-
terized and will be reported eisewhere.®

CPK and Plasminogen Activator Levels in the SVTER
Cell Lines. The establishment of the 29 distinct SVTER cell
lines permitted an investigation of the levels of CPK and
plasminogen activator in cell lines obtained from single
teratocarcinema-derived cells. Plasminogen activator and
CPK levels were measured in each of these 29 SVTER cell
lines. The plasminogen activator specific activity was ex-
pressed as a fraction of the level detected in a standard,

® W. Topp, J. Hall, D. Rifkin, A. Levine, and R. Poliack. The Characteriza-
tion of SV40-transformed Cell Lines Derived from Mouse Teratocarcinoma:
The Relationship between the Malignant and Differentiated Cell Phenotype,
manuscript in preparation.
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high-activity cell line (4-71-1, isolated by Imada and Sueoka)
designated 1.0 relative unit of activity per ug of protein. The
CPK levels were expressed as a percentage of the specific
activity (As.o/mg protein} found in adult mouse muscle. A
graph of the levels of plasminogen activator and CPK in
each of these 29 cell lines indicates that no SVTER cell line

CPK
6%10%

35%
02 D (o] PA
12%

o
P FNLCEPAIN L I \
ol o2

03 04 05 06

CPK

Chart 1. CPK and plasminogen activator levels in 29 different teratocarci-
noma-derived cloned cell lines (SVTER). Differentiated embryoid body cell
cultures were infected with SV40 and 29 permanent cell lines containing
SV40 tumer antigens were cloned from this culture. Each cell line was
assayed for the level of CPK and plasminogen activator {PA). Each point, a
different cell line with a defined specific activity for (a) CPK, expressed as the
fraction of the specific activity (As,o/mg protein) found in adult mouse mus-
cle; and (b) plasminogen activator, expressed as the fraction of the specific
activity (cpm of '#{-labeled fibrin hydrolyzed per pg of protein) found in a
standard high-activity cell-line {4-71-1) designated 1.0 relative unit of activity
per pg of protein.

contained high levels of both enzyme activities (Chart 1).
Nine of these teratocarcinoma-derived cell lines contained
moderate to high quantities (20 to 64% of the adult mouse
muscle level) of CPK and low levels of plasminogen activa-
tor (0 to 30% of cell line 4-71-1). Nine of these SVTER cell
lines contained moderate to high levels of plasminogen
activator (40 to 160% of cell line 4-71-1) and little or no CPK
{0 to 9% of the muscle levels). Eleven additional cell lines
had very low or no plasminogen activator activity {0 to 35%
of the cell line 4-71-1) or CPK activity (0 to 11% of the muscle
levels) (Chart 1). The total absence of teratocarcinoma-
derived cells that contain high levels of both CPK and plas-
minogen activator {Chart 1) suggests that these enzyme
activities may be involved in different pathways of develop-
ment. The SVTER cell lines may thus be useful tools for
characterizing these pathways.

Tumorigenic Potential of Teratocarcinoma-derived Cells
in Culture. Embryonal carcinoma cells are highly tumori-
genic. As few as 5 x 10% cells produced teratocarcinomas in
100% of the 1298v/SI mice tested (Table 3). When embryoid
bodies were permitted to differentiate in cell culture, the
teratocarcinoma-derived cells no longer formed tumors in
animals with the efficiency of embryonal carcinoma ceils
(Table 3) (7). After 60 to 90 days in culture, 5 x 104 differen-
tiated teratocarcinoma-derived cells no longer produce tu-
mors in 1298v/SIl mice (0%) and 5 x 10% cells injected in
these mice produce tumors with a reduced (50 to 60%)
efficiency, compared with the embryonal carcinoma cells or
embryoid bodies. The loss of tumorigenic potential of these
teratocarcinoma-derived cells correlates with the acquisi-
tion of differentiated functions in culture. A similar correla-
tion has been made in vivo with transplantable murine tera-
tomas (17). The teratocarcinoma-derived SVTER cell lines
were also tested for their tumorigenic potential. None of
these SVTER cell lines was able to produce a tumor in
1298v/SI mice following injection of 102 cells either s.c. or
i.p. (Table 3).

Table 3

Tumorigenic potential of teratocarcinoma-derived cells

No. of cells in-

No. of animals
with tumors/to-

jected/129 tal no. of ani- % of animals
Cell line mouse mals with tumors
PCC 4 aza-1 5 x 108 5/5 100
EB’s. =5 x 10* 5/5 100
EB“-derived cells in culture
for:
30 days 5 x 104 3/5 60
5 x 107 10/10 100
60 days 5 x 104 /5 0
5 x 100 6/10 60
90 days 5 x 10 0/5 0
5 x 10° 5/10 50
SVTER®* cloned EB-derived 5 x 10% 0/2 or 0/4 0
cells in culture:
(in all cases)

a Cuﬁufes and EB (embryoid bodies) were prepared by the methodmdescribed by

Teresky et al. (28).

® Twenty-nine different SVTER lines were prepared as described in “‘Materials and

Methods.”
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Discussion

When embryoid bodies {the ascites form of a transplanta-
ble teratocarcinoma) are placed in culture, they attach 1o
the surface of the culture dish, proliferate, and, after pro-
longed incubation, acquire differentiated functions (7, 28).
These teratocarcinoma-derived cells undergo a variety of
morphological alterations (14, 28); they acguire new en-
zyme activities (5, 12), and the teratocarcinoma-derived
cells lose their tumorigenic potential (7). The experiments
presented here study the expression of 2 enzyme activities
by these cells: CPK, a brain and muscle specific enzyme,
and plasminogen activator, a component of parietal endo-
derm and some differentiated cell types {(macrophages, en-
dothetial cells) (2, 13, 21, 29, 30).

Plasminogen activator is present in at least some em-
bryonal carcinoma cell lines (PCC 4 aza-1) and tumors
(402A) but at only 2 to 20% of the level found in embryoid
bodies. This observation suggests that plasminogen activa-
tor activity in embryoid bodies resides mainly in the endo-
dermal cells (22).* When embryoid bodies differentiate in
culture, the plasminogen activator activity first increases,
then declines during further incubation in cell culture. In
the cloned teratocarcinoma-derived cells (SVTER cel! lines),
the levels of plasminogen activator vary from essentially 0 to
1.6 times the standard cell line (4-71-1}. These results dem-
onstrate that in embryaid body cultures, not all cells show a
reduction in plasminogen activator activity during pro-
longed incubation, but rather a class of celis exists which
retains high levels of plasminogen activator activity. These
celis probably account for the low but detectable specific
activity of plasminogen activator found in these embryoid
body-derived cell cuitures. Similarly, CPK activity in the
cloned teratocarcinoma-derived cells (SVTER) is found in
only a subset of these lines. This distribution of enzyme
activities is expected if cells developing along different
pathways are randomly transformed with SV40 and cloned.
The absence of a class of SVTER cells with high levels of
both plasminogen activator and CPK supports the notion
that these enzymes are expressed during differentiation
along mutually exclusive developmental pathways.

Several additional lines of evidence indicate that the
SVTER clones represent teratocarcinoma-derived differen-
tiated cells. Ten of these SVTER lines have been tested for
the presence of H/2" K gene product {31). Embryonal carci-
noma cells do not contain detectable H-2 antigens, while
differentiated cells derived from this stem cell population
acquire this cell surface antigen (4, 23, 32). All 10 SVTER
cell lines tested had the 128 H-2* K antigen (private specific-
ity, 33). In addition, the SVTER cell lines, like teratocarci-
noma-derived differentiated cells and unlike embryonal car-
cinoma cells, did not form tumars in animals.

Embryonal carcinoma stem cells infected with Sv40 are
not capable of expressing the SV40-specific tumor antigen
(11). When these cells differentiate in culture, transforma-
tion by Sv40 and the expression of the viral-specific tumor
antigen becomes possible (11). 'n this manner, SV40 was
used to establish differentiating teratocarcinoma-derived
(SVTER) cell lines that were able to grow indefinitely in
culture. At the outset it was not clear what effect SV40 might
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have upon the gene expression or developmental sequence
of events in these transformed cells. The fact that some or
all of the SVTER clones retain several differentiated charac-
teristics, i.e., CPK, plasminogen activator, H-2”, and no
tumorigenic potential, indicates that these cell lines may
indeed be useful models of developing or differentiated
cells. It should be acknowledged, however, that these cells
could represent aberrant examples of development and un-
usual gene expressions. Several examples of viruses alter-
ing normal cellular gene functions are known (3, 8). Only
further study of these cell lines will indicate whether they
will be usefu! in elucidating the sequence of events occur-
ring during differentiation.
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in Vitro Differentiation of Teratomas

Fig. 2. Differentiated cells derived from embryoid body cultures. Embryoid bodies from the peritoneal cavity of a mouse were placed in culture and allowed
to grow. A, scanning electren micrograph of embryoid bodies and surrounding cells (1 week in culture}; B and C, phase contrast microscopy of differentiated
cell types (3 weeks in culture); and D, scanning electron micrograph of differentiated cell types (1 to 2 weeks in culture).
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