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Growth factors and apoptosis in development.
The role of insulin like growth factor | and
TGFR1 in regulating cell growth and cell death in a human
teratocarcinoma derived cell line
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ABSTRACT

The balance between different cell populations in the developing organism is con-

trolled by regulating the rates of multiplication, differentiation or death of its constituent cells. The
human teratocarcinoma derived cell line Tera 2, which in several aspects mirrors early embryonic
cells, can be induced to undergo programmed cell death (apoptosis) by depriving cell cultures of
serum. This study demonstrates that this process can be reversed by replacing serum with phys-
iological concentrations of insulin like growth factor | (IGF ) . As a result, IGF | enhances the rate
of Tera 2 cell proliferation in serum free medium. In contrast, Transforming Growth Factor R1 did
not exert any effect on growth or apoptosis in Tera 2 cells. The results indicate that one effect of
growth factors on pluripotential cells is to regulate the balance between cell proliferation and cell

death.
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Introduction

Apoptosis or programmed cell death is now recognized as an
important means of eliminating cells from the organism (White,
1993; Bates et al., 1994; Fisher, 1994; McConkey and Orrenius,
1994; Oltika and Korsmeyer, 1994; Osborne and Schwartz,
1984). It has been frequently described as a major process in
physiological tissue turnover. But apoptosis also plays an impor-
tant role in embryonic development, an action which has been
best defined in the developing nematode Caenorhabditis ele-
gans where molecules essential for the induction of cell death,
its regulation and the engulfment of dead cells have been
defined in genetic terms (Hengartner and Horvitz, 1994). In this
nematode, 131 out of 1090 somatic cells die in every organism.
Mutation analysis has revealed the existence of 14 genes called
ced genes (cell death abnormal) that act in concert to allow the
correct cells to commit suicide at the right time point. The ced-9
gene, which is a negative regulator of cell death, bears a striking
homology to a mammalian oncogene bcl-2. Recent data suggest
that bcl-2 is only one member of a family of related genes (Lam
et al., 1994; Nunez and Clarke, 1994). An intracellular partner of
becl-2, Bax, has been identified and further studies have indicat-
ed that Bax regulates the anti-apoptotic effects of bcl-2. Another

ced gene which rather drives cells into apoptosis (ced-3) has sig-
nificant homology to another previously identified vertebrate
gene, interleukin 1B-converting enzyme (ICE) (Wang et al.,
1994). Interestingly, overproduction of ICE results in neuronal
cell death in a fashion comparable to that of ectopic expression
of ced -3 in C. elegans (Rubin et al., 1994).

The first characterization of an actively regulated mechanism
of cell death in mammalian cells demonstrated that glucocorti-
coid treated lymphocytes entered a programme of suicidal death
(reviewed by Collins and Lopez-Rivas 1993). In addition lym-
phocytes have been shown to be sensitive to ionizing radiation.
Whatever the cause, during apoptosis, cells shrink and were
until recently believed to degrade their chromatin to oligonucleo-
some length fragments before loss of plasma membrane integri-
ty. The cell remnants are recognized and rapidly phagocytosed
by neighboring cells in the tissue. This efficient elimination of cell
debris probably avoids any inflammatory response of the
immune system to the dying cells, as DNA and other nuclear
components are highly immunogenic and antibodies to such
molecules are detected in autoimmune disease. This work has
led to the identification of the p53 gene as a central regulator of
apoptosis (Prives and Manfredi, 1993; Cuelles et al., 1994). In
mice lacking functional copies of the p53 tumor suppressor
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Fig. 1. Effect of growth factors on the proliferation of Tera 2 cells in
serum free medium. Cells were seeded onto 35 mm Petri dishes in
10% serum. After 24 h the serum was removed, the cells rinsed and
exposed to fresh serum free medium containing transferrin and TGFR1
(black bars) or IGF | (grey bars) at concentrations indicated in the abscis-
sa. After 24 h the cells were trypsinized off the dishes and counted in a
Coulter counter. The experiment was repeated 3 times and the cells
counted in friplicate.

genes, thymocytes cannot undergo irradiation induced apopto-
sis. However thymocytes from such mice undergo apoptosis in
the expected fashion in response to glucocorticoids or signals
through the T-cell receptor. Taken together these data suggest
that genes involved in one cell death pathway may not neces-
sarily play an essential role in other pathways.

Apoptosis is particularly observed during embryogenesis in
complex organs where a subpopulation of cells are selectively
killed. For example many neurons die within the developing
brain and self reactive T-cells are eliminated within the thymus.
In the adult, apoptosis can be detected in tissues undergoing
reversible expansion, for example in hormone dependent cells of
the breast and prostate after hormone removal (Sandford et al.,
1984) or following cytokine dependent expansion of bone mar-
row progenitor cells. Apoptosis is a mechanism by which the
immune system can kill infected cells. Moreover, regressive
organ changes as e.g. toxic lead accumulation in the liver and
kidney may well be accompanied by apoptosis (Columbano et
al., 1985). Apoptosis is observed in preneoplastic rat liver fol-
lowing withdrawal of tumor promoters. A similar situation occurs
in keratinocytes after irradiation (Young, 1987) and in neural
cells after glutamate treatment (Kure et al., 1991).

Most probably the apoptotic cell death is a more common
phenomenon than hitherto believed. Moreover, it appears that
expanding cell populations may be dependent on autocrine or
paracrine survival factors, such as peptide hormones, in order to

avoid programmed cell death (Raff, 1992). Among the first iden-
tified survival factors was platelet derived growth factor (PDGF)
which prevents glial cell death in the developing rat optic nerve
(Barres et al., 1992). More mature oligodendrocytes depend
upon the ciliary neurotrophic factor (CNTF) which is supplied by
the neurons which they myelinate and then undergo apoptosis in
its absence (Barres et al., 1994).

In conclusion, it seems reasonable to assume that cells are
actively kept alive by a complex web of survival factors acting in
a paracrine fashion. This web is an important toward controlling
and balancing a tissue population of cells. The role of apoptosis
in development remains to be clarified. We have taken advan-
tage of a human embryonal carcinoma cell line, Tera 2, which
can be induced to differentiate in vitro. As a xenograft it gives
rise to tumors containing components from different germ layers.
Tera 2 is to some extent therefore considered to mirror some
aspects of embryonic stem cells (Schofield and Engstrom,
1992). Tera-2 cells have recently been shown to undergo mor-
phologically confirmed apoptosis after serum withdrawal
(Granerus et al., 1994). The purpose of this study was to exam-
ine the effects of two growth factors, Insulin like growth factor |
(IGF 1) and Transforming Growth Factor Beta 1 (TGF Beta-1)
that have been widely discussed in the context of programmed
cell death (Collins et al., 1994; Moulton, 1994), on proliferation
and apoptosis in Tera 2 cells.

Results

Figure 1 shows the effect of growth factor addition on Tera 2
cells in a serum free medium over a 24 h assay period. Whereas
lower concentrations of IGF | only exerted minor effects, the
addition of 1-100 ng IGF I/ml resulted in cell numbers twice as
high as in serum free control cultures. In contrast, no concentra-
tion of TGFR31 seemed to exert any stimulatory or inhibitory effect
on Tera 2 cell numbers over a 24 h period.

Table 1 shows the proportion of Tera-2 cells traversing S-
phase. Cell cultures were exposed to serum free medium with or
without supplementation of various concentrations of IGF | or
TGFB1. The proportion of cells undergoing DNA-synthesis at
one given moment was assayed by pulse labeling with tritiated
thymidine 24 or 48 h after medium change and subsequent

TABLE 1

Medium % labeled cells

labeling interval

23-24 h 47-48 h

10% serum 35.1 35.7
Serum free medium {SFM) 36.6 a1.56
SFM+10 ng IGF I/ml 34.2 30.3
SFM+10 ng TGFB1/ml 33.8 34.8

Tera 2 cells growing on glass coverslips were exposed to media as spec-
ified above for 24 or 48 h, During the last hour prior to fixation, the cul-
tures were exposed to 10 uCi tritiated thymidine per ml medium. After fix-
ation the slides were washed in cold trichloroacetic acid and subjected to
autoradiography. After development, the slides were counted in a light
microscope. The figures represent a duplicate experiment where at least
500 cells per experimental situation were counted
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Fig. 2. Effect of TGFR1 on the proliferation of Tera 2 cells. Cells were
seeded onto 36 mm Petri dishes in 10% serum. After 24 h {day 0) the
serum containing medium was removed and the cells exposed to serum
free medium containing transferrin only (R), serum free medium sup-
plemented with 10 ng TGFBE1/m! (@) or 10% serum (A&). Dishes were
trypsinized and counted in triplicate daily throughout a 5 day assay peri-
od. The figure represents the means of 3 different experiments.

autoradiography. The Table clearly shows that the percentage of
thymidine labeled cells was virtually unchanged when Tera-2
cells were deprived of serum. The addition of IGF | or TGF31 did
not significantly alter the proportion of cells in S-phase.

Figure 2 shows the growth of Tera 2 cells over a 5 day period
under different conditions. Whereas cells growing in 10% serum
undergo exponential growth, cell cultures in serum free medium
are maintained on a steady state level. When 10 ng TGFB1/ml
was added to the serum free cultures, no effect on cell numbers
could be observed. No other concentration of TGF31 (0,01-100
ng/ml) was found to enhance or repress Tera 2 cell proliferation
in serum free medium (data not shown).

Figure 3 shows that addition of 10 ng IGF I/ml to serum free
medium supports the multiplication of Tera 2 cells over a 5 day
period. Similar results were obtained with higher concentrations
of IGF | (50-200 ng/ml, data not shown). This multiplication stim-
ulating effect, however, never reached that of 10% serum.

Figure 4 shows the morphological appearance of Tera 2 cells
after 24 h in serum free medium. The cells were stained with
acridine orange and photographed under a fluorescence micro-
scope at 435 nm. The Figure shows some apoptotic cells with
fragmented nuclei.

Figure 5 shows the effect of growth factor supplementation to
a serum free medium on survival in Tera 2 cells. This was mea-
sured by staining Tera 2 cells with acridine orange and judging
the proportion of intact versus fragmented nuclei with a fluores-
cence microscope. It was found that serum withdrawal reduced
the number of intact nuclei from 90 to 35% over the first 24 h.
Between the 2nd and 5th day the proportion intact nuclei stabi-
lized at around 40%. It was found that addition of 10 ng IGF I/ml
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resulted in a substantially higher proportion of intact nuclei over
the entire 5 day period. In contrast, supplementation with 10 ng
TGFB1/ ml did not in any way alter the numbers of intact nuclei
in serum free cultures. Nor did we observe any effects of any
other TGFB1 concentration (data not shown). When TGFR31 was
added together with 10 ng IGF I/ml there was no enhancing or
suppressing effect on cell numbers or the proportion cells with
intact nuclei. Nor did TGFR1 alter the growth characteristics of
cell growing in 10% serum (data not shown).

Figure 6 shows nuclear DNA from serum starved Tera 2 cells
visualized on an ethidium bromide gel. It shows that Tera 2 cells
exposed to serum free medium for 24 h display the pattern of
DNA degradation characteristic of extensive intranucleosomal
cleavage, typical of, but not obligatory in, apoptosis. These short
fragments disappear when IGF | or 10% serum was added to the
cultures.

Finally, we examined how different culture conditions affect
the expression of c-myc. Northern blot analysis of polyadenylat-
ed RNA form Tera 2 cells showed that the amount of myc-tran-
script was virtually unchanged after 24 h of serum depletion. The
transcriptional activity was neither enhanced nor decreased by
addition of IGF | or TGFB 1 (data not shown).

Discussion
In this study we have confirmed that the human embryonal
carcinoma derived cell line (Tera 2) responds to serum with-

drawal by morphological changes typical of apoptosis. Tera 2
cells also display a nuclear DNA fragmentation which has hith-
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Fig. 3. Effect of IGF | on the proliferation of Tera 2 cells. Cells were
seeded onto 35 mm Petri dishes in 10% serum. After 24 h (day 0) the
serum containing medium was removed and the cells exposed to serum
free medium containing transferrin only (W), serum free medium sup-
plemented with 10 ng IGF I/m! (@) or 10% serum (&), Dishes were
trypsinized and counted in triplicate daily throughout a 5 day assay peri-
od. The figure represents the means of 3 different experiments.
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Fig. 4. Morphological appearance of Tera 2 cells 8 h after serum
withdrawal. Tera 2 cells were seeded onto glass coverslips in 10%
serum. After 24 h the serum containing medium was discarded and
serum-free medium supplemented with transferrin was added. After 8
h the coversiip was rapidly stained in acridine orange, rinsed and pho-
tographed in a Leitz fluorescence microscope at 435 nm.

erto been believed to be a hallmark of apoptosis. However this
concept has recently been challenged, and convincing evidence
against nucleosome ladders as proof of an apoptotic process is
now available (Schulze-Osthoff et al, 1994). Like a variety of
other cells undergoing apoptosis, serum starved Tera 2 cells
shrink in volume and lose contact with their neighbors. This
effect could be partly overcome by addition of insulin like growth
factor | to the serum free medium. In contrast, TGF31 had no
effect — neither enhancing nor suppressing — on programmed
cell death in serum starved Tera 2 cells.

The finding that IGF | promotes cell survival rather than
increasing the proportion of Tera 2 cells traversing the cell cycle
was first shown by Biddle et al. (1988). This finding is corrobo-
rated by other studies. IGF | promotes survival but not growth in
glial cells in culture (Barres ef al., 1992). This growth factor also
promotes the survival of Interleukin 3 (IL-3) dependent bone
marrow-derived primary cultures and cell lines (Collins et al.,
1994). However, IGF | exerted a substantially lesser effect on
bone marrow cell growth than IL-3.

Conversely, deprivation of single growth factors has been
found to trigger apoptosis in a variety of cultured cells. These
include vascular endothelial cells deprived of basic fibroblast
growth factor (bFGF, Araki et al., 1990), murine embryonic cells
after removal of epidermal growth factor (EGF, Rawson et al,
1991), rat phaeochromocytoma PC12 cells deprived of nerve
growth factor (NGF, Batistatou and Greene, 1991) and glial cells
deprived of platelet derived growth factor (PDGF). But perhaps
the best defined examples of growth factor regulated cell death
in mammals come from the hematopoietic and immune systems.
Interleukin 2 (IL-2) dependent T lymphocytes enter a program of
endonuclease activation and apoptosis upon IL-2 withdrawal.
Likewise, removal of the critical growth factor leads to apoptosis
in several IL-3 dependent progenitor cell lines (Williams ef al.,
1991) and in activated erythroid progenitor cells after erythropo-
etin removal (Rodriguez-Tarduchy et al., 1990). There are also

striking examples of the opposite situation, i.e. where growth fac-
tor addition induces apoptosis in cells. TGFB31 was found to
induce apoptosis in endometrial stromal cells (Moulton, 1994),
but exerted no effect either on proliferation or cell death in Tera
2 cells.

There are several ways by which the presence or absence of
growth factors may influence the cells' decision to proliferate or
commit suicide. Interestingly, analysis of receptor isoforms sug-
gested that different regions of the cytoplasmic domain of the
erythropoetin receptor are coupled to proliferation and survival
pathways (reviewed by Collins et al., 1994). This presupposes
that a growth factor receptor can switch between a "survival
state" and a "proliferative state". Such an active switch is
believed to depend upon the metabolic state and the expression
of proliferation- or apoptosis specific gene expression. In a sim-
ilar way growth factor deprivation leads to reduced receptor sig-
nalling with a decreased metabolic rate, down-regulation of sur-
vival genes and possibly the up-regulation of critical suicidal
genes. However, recent attention has been focused on the inter-
play between two genes — the protooncogene c-myc and the
tumor suppressor gene p53 in the control of apoptosis
(Hermeking and Eick, 1994). A transcribed ¢c-myc seems to be
required for apoptosis in fibroblasts. Moreover, it was recently
shown that apoptosis as a result of deregulated ¢-myc can be
efficiently counteracted by IGF I. However, IGF | inhibition of
apoptosis occurs in the absence of protein synthesis so it was
concluded that its activity does not require immediate early gene
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Fig. 5. Effect of growth factors on apoptosis in Tera 2 cells in serum
free medium. Cells were seeded onto gelatin treated glass slides in 35
mm Petri dishes in 10% serum. After 24 h (day 0) the serum containing
medium was removed and the cells exposed to serum free medium
containing transferrin only (M), serum free medium supplemented with
10 ng TGFR1/m! (@) serum free medium supplemented with 10 ng IGF
I/m/ (A). Glass slides were taken daily and stained with acridine orange
and examined by fluorescence microscopy (435 nm). The percentage
intact nuclei was recorded by counting at least 200 cells per glass slide.
The figure represents the means of 3 different experiments.



Fig. 6. Nuclear DNA from Tera 2 cells grown
in serum free medium with 10 ng IGF I/ml
(d), 10% serum (c) or in plain medium (b) for
24 h. DNA was prepared according to Moulton
(1994) and run on a 2% agarose gel containing
10 ng ethidium bromide/ml. The gel was transil-
luminated by ultraviolet light and photographed.
Hindill digested lambda DNA was used as size
marker (a).

expression (Harrington et al., 1994). Our demonstration that c-
myc is transcribed in Tera 2 cells irrespective of culture condi-
tions does not contradict the suggested key role for this gene in
controlling cell proliferation and cell survival,

Taken together present evidence suggests that growth factors
not only actively promote traverse of the cell cycle, but also the
probability of a cell entering successive cycles. Attention to date
has focused on assessment of proliferation or differentiation on
the control of embryonic stem cell population. It is now clear that
a major contributing factor is the incidence of cell death within
such population. It is hoped that the use of defined cell lines such
as Tera 2 may rapidly augment our understanding of the nature
of mechanism of these processes.

Materials and Methods

Cell culture

The human teratocarcinoma derived cell line Tera 2 was maintained
as described in Thompson et al. (1984), Serum free culture experiments
were conducted as described in Engstrom et al. (1985, 1986) and Biddle
et al. (1988).

Growth factors and tissue culture materials

Recombinant human IGF | was purchased from Kabi (Sweden).
Recombinant TGFR1 was obtained from British Biotechnology, Oxford
(UK). Transferrin was acquired from Boehringer Mannheim (Sweden)
and preloaded with iron according to the manufacturer's instructions.
Alpha MEM trypsin and tissue culture plastic were all obtained from
KEBO (Sweden).

Assessment of cell proliferation and apoptosis

The proliferation of Tera 2 cells over a 24 h or a 5 day period was
monitored by counting cell numbers and pulse labeling with tritiated
thymidine followed by autoradiography as described in Biddle et al.
(1988). The assessment of intact vs. apoptotic cells was performed by
acridine orange staining and fluorescence microscopy as described by
Granerus et al. (1994). Nucleosome DNA ladders were produced and
visualized as described in Moulton (1994)

Analysis of transcriptional activity
The analysis of c-myc expression was done by Northern blotting as
described in Schofield et al. (1987)
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