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Characteristics of the F9 cell line

Differentiation is a process characterized by a reorganization of
gene expression which results in the appearance of a new pheno-
type. Between undifferentiated cells and their differentiated coun-
terparts, it is possible to postulate an intermediate stage, the
committed cells. In this stage, the cells have already determined
the differentiated phenotype they should adopt, but this phenotype
is still not recognizable. The characterization of the commitment
stage can only be made, therefore, a posteriori.

Mouse teratocarcinomas are tumors which can be experimen-
tally induced by ectopically implanting embryos in the peritoneal
cavity or the testis. Embryonal carcinoma cells (EC-cells) are the
stem cells of teratocarcinomas, cells which still retain their capacity
to differentiate into derivatives of one or more embryonic layers. For
this reason, ECcells are considered to be similar to embryonic
cells, and are able to develop in vitro some of the early embryonic
developmental stages (Martin, 1980). Some EC-cells can differen-
tiate into several tissues and are able to take part in the normal
embryo development when injected into blastocysts, whereas
others are unable to do so. The F9 cell line is characterized by the
inability to differentiate spontaneously, and is therefore a so-called
nullipotent cell line. Nevertheless, upon treatment with several
agents, F9 cells differentiate into endodermal-like derivatives,
depending on the culture conditions and the type of agent added to
the culture medium (Strickland and Mahdavi, 1978; Strickland et
al., 1980; Hogan et al., 1983; Steuer et al., 1990).

The F9cell line was isolated by Bernstine et al. (197 3) as a subline
of the teratocarcinoma OTT6050, established by implanting a six-
day-old embryo in the testis of a 129/J mouse (Stevens, 1970).
When cultured in gelatinized dishes, the cells grow adherent
forming foci composed of tightly packed polygonal cells of small size
and prominent nuclei (Fig.1).

The F9 cell line has been widely used in many laboratories during
the last decades as a model for the analysis of the molecular
mechanisms of differentiation (Lehtonen et al., 1989). This has
been facilitated by the fact that their karyotype has remain fairly
stable during this time. The cells cultured in our laboratory are
pseudodiploid, with 39 chromosomes, 38 acrocentric and 1
metacentric, produced by a Robertsonian translocation (Rb(2.8)).
This chromosome is characteristic for the F9 cell line and can be
used as a marker in experiments involving cell fusion. Furthermore,
the cells possess only one sex-chromosome (karyotype 39,X0), a
monosomy of chromosome 8 and an insertion of unknown origin at
chromosome 4 (Fig.2), being therefore slightly different from the
cells karyotyped by Hogan et al. (1986).

The F9 cells grow very rapidly with a doubling time of about 8-10
hours in the exponentially growing phase. The cell cycle is charac-
terized by a very short G1 phase and an S-phase of about 8 hours
(Rosenstrauss et al., 1982). Induction of differentiation produces
a lengthening of the G1 phase and a decrease in the proliferation

fraction visible from 30 hours after addition of the differentiating
agent. This lengthening finally results in growth cessation and
death, characteristic for differentiated cells (Linder et al., 1981).

Differentiation of the F9 cells

As already mentioned, F9 differentiate spontaneously only rarely.
Nevertheless the addition of retinoic acid (RA) and dibutyryl cAMP
(dbcAMP) to cells growing under adherent conditions triggers the
adoption of a new phenotype, with changes in gene expression
involving an increased synthesis of tissue-type plasminogen activa-
tor, extracellular matrix proteins (laminin, entactin and collagen
type IV), cytokeratins, low levels of alkaline phosphatase activity,
and the disappearance of the stage-specific embryonic antigen
(Solter and Knowles, 1978), all of which are specific markers for the
extraembryonic parietal endoderm (Fig. 3; Sherman and Miller,
1978; Strickland et al., 1980; Hogan et al., 1983). Morphologically,
the cells are now more rounded, have moved apart from each other
and some of them occasionally display large processes resembling
neural derivatives (Fig.4). This kind of differentiation seems to be
determined very soon after RA treatment, since culture of the cells
for 8 hours in the presence of the inducer is sufficient to promote
their irreversible differentiation (Levine et al., 1984; Dong et al.,
1990). Treatment with RA alone triggers the cells to differentiate
into a primitive endoderm-like stage, which may be subsequently
modulated into either parietal or visceral endoderm (Hogan et al.,
1981). Careful analysis of the primitive-endoderm-like cells allows
one to distinguish two different cell populations: one still conserves
a polygonal morphology and the cells have the tendency to remain
in small groups attached to each other; the second population
shows cells with large cytoplasmic processes, separated from each
other and adopting sometimes a neuron-like morphology (Moore et
al., 1986). Analysis of the expression of the markers reveals that
both phenotypes express the endoderm-type markers differently.
Cytokeratins are demonstrable earlier in the former population,
which also shows large amounts of intracellularly located laminin.
In contrast, most of the synthesized laminin is found extracellularly
in the second population (Breuer, 1989). Whether both types of cell
are able to differentiate into visceral endoderm is not known, but
addition of dbcAMP to the culture medium allows the distinction of
only one differentiated cell-type population, suggesting that both
primitive endoderm-like types are able to follow the same differen-
tiation pathway further.

Culture of small clumps of cells in bacteriological dishes gener-
ates the appearance of aggregates growing in suspension. Addition
of RA to the medium leads the cells located at the outer surface of
the aggregates to differentiate into visceral endoderm, as demon-
strated by the synthesis of alpha-fetoprotein (AFP) (Hogan et al.,
1981). This seems to be a reversible process, since after seeding
the aggregates on gelatinized dishes in the presence of dbcAMP the
synthesis of AFP ceases with the subsequent appearance of




markers typical for parietal endoderm. Thus, it seems that whereas
the parietal endoderm pathway is irreversible, the visceral pathway
can be reversed according to the culture conditions employed
(Grover and Adamsocn, 19886).

Treatment with 10 retinoic acid and 103 dbcAMP differentiates
more than 95% of the cells into parietal endoderm. The first
morphological changes can be observed 24 hours after addition of
both inducers and the fully differentiated phenotype is observed 72
hours after. The differentiated cells are able to grow further for
several days; this growth slows down in the next days until no
proliferation is observed in the fully differentiated cells. Atthis point,
the differentiated cells begin to be overgrown by a small proportion
of undifferentiated cells, which were refractory to the action of RA
and which will colonize the culture dish completely; retreatment of
these cells with RA triggers the differentiation program resulting in
a large proportion of differentiated cells and again a small number
of refractory cells.

The induction of differentiation

Besides RA/dbcAMP other agents have been used to differenti-
ate F9 cells in vitro. N'-N'-dimetylacetamide and 5-bromodeoxyuridine
have been used as differentiating agents (Moore et al., 1986) and
ithas also been observed that inthe presence of the fluorescent dye
Hoechst 33342 the F9 cells stop growth and express markers
characteristic of parietal endoderm (Steuer et al., 1990).

RA-treated F9 cells sometimes adopt a neural-like morphology,
with large processes which seem to contact the neighboring cells.
Although it has been reported that these cell types express
characteristics of nerve cells, this has not been confirmed in later
studies using the same differentiation protocol (Liesi et al., 1983;
Tienari et al., 1987). F9 cells plated at clonal density in the
presence of STO-conditioned medium and RA differentiate into
derivatives of all three germ layers, suggesting that they may in fact
be pluripotent (Koopman and Cotton, 1986, 1987). A similar
conclusion can be drawn from the experiments of Kellermann et al.
(1987), who demonstrated that F9 cells transfected with a
recombinant containing the SV40 large T antigen driven by the E1A
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Fig. 1. Morphology of exponentially growing
F9 cells (x 200).

promoter are able to differentiate into derivatives of all three germ
layers when injected into animals, the differentiated cells being
immortalized. Thus it seems probable that the F9 cells can differ-
entiate into derivatives of all three germ layers, their differentiation
potential therefore not being restricted to endodermal-derivatives.
This differentiation pattern seems to be dependent on the culture
conditions, since only one phenotype is observed when the cells are
plated at normal or high densities.

Differentiation has also been attained after transfection of c-fos
sequences into undifferentiated F9 cells (Muller and Wagner,
1984). c-fos-transfected cells express characteristics typical for
parietal endoderm and have lost their proliferative capacity, subse-
quently dying similarly to RA-treated cells. Nevertheless, the fact
that only some of the parietal endoderm markers are expressed in
some of the cells argues in favour of a different differentiation
pathway from that followed by RA, or for a mechanism intrinsic to the
F9 cell line, not directly correlated with the process of induction of
differentiation. This conclusion is supported by results showing that
transfection of F9 cells with antisense c-fos sequences only partially
inhibits differentiation to endoderm (Edwards et al., 1988).

Furthermore, F9 cells transfected with c-myc sequences cloned
in the anti-sense position also express parietal-endoderm-like
characteristics. It seems that transcription of these sequences
allows neutralization of the endogenous c-myc RNA sequences
resulting in development of a differentiation program, in accordance
with the finding that c-myc is down-regulated shortly after treating F9
cells with RA/cAMP (Griep and De Luca, 1986, 1988) and that this
down-regulation may play an important role in the process of
differentiation. These results remain controversial, as other au-
thors have been unable to reproduce these results (Nishikura et al.,
1990). It seems likely therefore that expression of some oncogenes
known to have a role in the control of proliferation is sufficient to
trigger the cells into a differentiated stage. Experiments involving
transfection of H-ras sequences further corroborate this possibility
(Yamaguchi-lwai et al., 1990). Controversial results have been also
obtained after transfection of the Ela gene of adenovirus. Whereas
some authors described a clear effect on differentiation, others
claim the contrary, the Ela gene products being sufficient to stop
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Fig. 2. G-banded karyotype of F9 cells. Exponentially growing F9 cells
were treated with Colcemid, spread on glass slices and stained with
Giemsa stain after Trypsin treatment. Typical for F9 cells is the presence
of a metacentric marker chromosome and an insertion on chromosome 4
farrow). A small percentage of the cells contain a minute chromosome (see
bottom left) of unknown origin.

or even reverse F9 cell differentiation (Montano and Lane, 1987;
Young et al., 1989). A critical point common to all these experi-
ments remains the fact that the differentiation stage is deduced
from the analysis of only a few markers, making it difficult to assess
the true differentiated stage of the transfected cells in an unam-
biguous manner.

Gene expression and differentiation

Differentiation of F9 cells is accompanied by a reorganization of
gene expression with the synthesis of new products and the shut-
off of others. Although a great number of gene products which
change their expression after differentiation to PE or VE have been
identified, most if not all of these products are the results of the
differentiation rather than their cause (Wang et al., 1985). So far,
no genes have been isolated which can be made responsible for the
launch of the differentiation program. Table 1 shows those gene
products identified so far whose expression is modulated during
differentiation to endodermal derivatives.

One strategy for identifying genes that may be directly involved
in the control of differentiation is to search for sequences with a
differential expression at the first stages of RA-treatment. Unfortu-
nately, very few gene products have been identified during the first

8 hours of RA-treatment, a time that has been considered as the
commitment period. Transcription of the myc oncogene has been
shown to drop shortly after addition of RA (Griep and De Luca, 1986)
but no direct evidence exists that may link the action of the myc-
protein to the launch of differentiation, despite the fact that
neutralizing the c-myc RNA results in cell differentiation (Griep and
De Luca, 1988). Similarly, a small increase in the synthesis of c-fos
with a maximum at 60 minutes after RA-treatment has been
reported (Manson et al., 1985). It may very well be that both
oncogenes turn on a cascade of events, one of which is connected
in some way to channels leading to differentiation but without
having a direct, specific effect on the initial launch of differentiation.
Also, very early after RA-treatment a homeobox-containing se-
quence, the Eral gene, shows a strong transcriptional stimulation
(La Rosa and Gudas, 1988). This sequence seems to be related to
the homeobox-containing sequences already described as modu-
lating their expression at late times during F9 differentiation
(Colberg-Poley et al., 1985a,b). Interestingly, all these sequences
are known by their DNA-binding properties, and their role, therefore,
may rely on the modulation of transcription of responsible genes,
but the question remains open whether these transacting factors
act on the primary target point(s) responsible for the start of
differentiation.

The action of RA on differentiation is probably mediated by the
RA-receptors (RARs) present in the nucleus of most cells. This
action is carried out through the binding of the receptors to DNA
sequences located in the promoter regions of genes responsive to
RA. Thus it seems probable that treatment with RA produces the
activation of a series of genes containing RA-responsive elements.
Such elements have been located in the promoter regions of genes
whose transcription is modulated by RA, such as laminin, #-RAR or
histone H1° (Alonso et al., 1988; Vasios et al., 1991; Breuer et al.,
1989; De The et al., 1990). The interpretation of these results is
nevertheless complicated by the fact that undifferentiated F9 cells
contain alpha- and gamma-receptors and that their number remains
constant during RA treatment. Only the R-RAR increases their
steady-state in RA-treated cells, reaching a 20-fold induction 48
hours after RA-addition. It may be speculated that treatment with RA
not only controls transcription of the RARs but perhaps secondarily
modifies pre-existing receptors, allowing them to become active
immediately after addition of the inducer. Another possibility is that
RA after being metabolized in the cell triggers the synthesis of other
products which follow a different pathway than the receptors.

Curiously, RA-responsive elements have been found to date in
gene products whose expression takes place rather late during
differentiation, with the exception of Histone H1°. The reason for
this behavior is completely unknown. It may be argued that the
affinity of the RARs for the RA-responsive elements analyzed is very
low, and that some time is needed until the receptors increase to
a large number and are able to bind to the element. Nevertheless,
analyses of the effect of RA on the number of receptors do not
support this point of view. Another possibility is that the transcrip-
tion of the RA-element-containing genes is not only dependent on
the presence of receptors but also on other transcription factors
that are synthesized later during differentiation. Although no experi-
mental evidence exists to prove this point, the tremendous complexity
of the promoter regions of some RA-regulated genes (like H1° gene)
argues in favor of this interpretation.

Most of the sequences differentially transcribed in RA-treated
cells and identified so far account for the specific markers of




endoderm. A large number of the components of Reichert’'s mem-
brane are present in differentiated cells, but their expression is not
always homogeneously distributed, independent of the differentia-
tion protocol used. The role of cAMP is not fully understood,
because together with reports showing that the role of cAMP is only
to enhance the effect of RA, others have been published indicating
that cAMP per se is able to differentiate F9 cells. Nevertheless, it
seems probable that the only effect of cAMP is to modulate the
response of the cells. Furthermore, the same biological result can
be obtained when the intracellular concentration of cAMP is raised
without addition of exogenous cAMP. The fact that cAMP is in fact
able to modulate differentiation eitherto parietal orvisceral endoderm
makes it a key point, at least in the pathway to be followed during
differentiation in suspension cultures. The cellular response con-
cerning the number of markers synthesized is nevertheless related
to the differentiation protocol used. Whereas treatment with RA
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Fig. 3. Morphology of in vitro differentiated F9
cells. F9 cells were seeded at an initial density of
600.000 cells/10 ¢cm plate on gelatinized tissue
culture dishes. Cells were treated efther with RA
and dbcAMP (A) or with RA alone at final concen-
trationsof 107 and 10 respectively. The cells were
passaged every second day during the differentia-
tion time. DifA and DifB gave the two differentiated
phenotypes appearing during treatment with RA
as described in the text (x 200).

alone triggers the production of a well-developed cytoskeletonin F9
cells, addition of dbcAMP to the culture medium reduces the
proportion of cells expressing cytokeratins 8 and 18, which are
responsible for the production of the intermediate filaments.
Similarly, the cells down-regulate the increased synthesis of 3-RAR
observed after RA-treatment when dbcAMP was included in the
differentiation protocol. Thus it is evident that cAMP is able to
modulate individually the gene expression of different sequences.

Retroviral promoters are negatively regulated in F9 cells

An interesting property of the F9 cells is their inability to use viral
promoters efficiently. Differentiation of the cells releases this block
and restores transcription of the viral sequences (Kelly and
Condamine, 1982). This characteristic is even more pronounced in
retroviruses. Although retroviruses efficiently integrate into the
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Fig. 4. Immunolocalization of cytokeratins and laminin during differentiation. Cells were treated for 3 days with AA and dbcAMP (A,B) or for 5 days
with AA alone [C,D) using the culture conditions as described in Fig. 1. The cells were fixed and stained with antibodies specific for cytokeratins (4 and
Cl or laminin (D) using indirect immunofluorescence. (B) is the phase contrast picture to (A). (x 1500).

genome of EC-cells, the proviruses are transcriptionally inactive.
This effect seems to be due to an inefficient function of the
enhancer, since mutations in this region relieve the block and allow
transcription in undifferentiated F9 cells (LaThange and Rigby,
1987, 1988; see also Silver et al., 1983). This block relies at least
partially on the existence of transacting factors — absent in F9 but
existentin their differentiated counterparts — which are able to bind
to the enhancer region of the LTR (Speck and Baltimore, 1987).

Similarly, other promoters are also very inefficient in
undifferentiated F9 cells (Sleigh, 1985; see also Silver et al.,
1983). For example, the early promoter of SV40 as well as of
polyoma is only weakly used in F9 cells, whereas differentiation of
the cells produces an effect similar to that observed for retroviral
promoters.

The methylation degree of some promoter sequences also
seems to play a role in controlling gene expression. Methylation has
been associated with a repressed state of the gene, sequences
which are actively transcribed being undermethylated in relation to
their inactive counterparts. Transfected retroviral sequences are
rapidly methylated in early mouse embryos and in ES cells. This
methylated stage is accompanied by an inactivation of transcrip-
tion. Nevertheless, whether this methylation is the cause of the

repression still remains to be elucidated. Experimental evidence
indicates that methylation accompanies repression but is not its
primary cause (Stewart et al., 1982; Gautsch and Wilson, 1983).

The aforementioned results support the general conclusion that
the F9 cells are restricted in their transcriptional properties and
mimic the situation found in early embryonic cells. This conclusion
is supported by the finding that several transcription factors are
absent in undifferentiated cells, in a similar manner to early
embryonic cells, but appear after differentiation. So, a PEA2 and a
PEA1 activity (similar to the human AP1 activity) have been found in
differentiated but not in stem cells, despite the fact that fos-protein
has been identified in untreated F9 cells (Kryszke et al., 1987;
Caceres et al., 1990). In this context, it should be mentioned that
transfection of cjun sequences into P19 teratocarcinoma stem
cells triggers differentiation, but whether this is also the case in F9
cells remains to be demonstrated (De Groot et al., 1990). A series
of oct-binding activities has also been described in F9 cells and their
synthesis has been shown to be developmentally regulated (Lenardo
et al., 1989; Scholer et al., 1991 and references therein). Inter-
estingly, whereas some general transcription factors are presentin
F9cells, like SP1 or AP2 activity, others like NF1, are missing. Thus,
F9 cells also represent a well-suited system for experiments



TABLE 1

IDENTIFIED GENE PRODUCTS WITH REGULATED GENE
EXPRESSION DURING F9 DIFFERENTIATION

F9 F9 diff.
Alkaline phoshatase (Bernstine et al, 18973) +
Apolipoprotein E (Baasherruddin et al., 1987) + [+
Clones with reduced expression {Levine et al., 1984) +
Cytokeratins 8 and 18 (Oshima, 1981) - +
EGF receptors (Adamson and Hogan, 1984) + ++
Entactin (Cooper et al,, 1983) = +
Era-1 (La Rosa and Gudas, 1988) = +
Fetomodulin (Imada et al., 1990) = +
H-2Kd (Knowles et al., 1980) - +
Hox-1.3 (Murphy et al., 1988) * ++
Laminin (Grover et al., 1987) + ++
Lamins A and C (Lebel et al., 1987) = +
Oncogene expression (Sejersen et al., 1985;
Locket and Sleigh, 1987) +H* o+t
Parathyroid hormone-like protein (Chan et al.,, 1990) % +
Proteoglycan-19 (Grover et al., 1987) - +
Retinol-binding protein (Soprano et al., 1988) - +
Rex-1 (Hosler et al., 1989) + =
Sparc (Mason et al., 1986) =
SSEA 1 (Solter and Knowles, 1978) +

+
R-Interferon (Francis and Lehman, 1989) +
TGFR2 (Mummery et al., 1990) - +
Tissue type plasminogen activator (Sherman et al.,, 1976) +

Transferrin receptors (Adamson and Hogan, 1984) + ++
Transthyretin (Soprano et al., 1988) = +
Type IV collagen (Grover et al., 1987) - +

F9 diff. corresponds to cells differentiated either to parietal or to visceral
endoderm.

+: presence of a specific gene product

- absence of a specific gene product

*: varying amounts

concerning the molecular mechanisms controlling gene expression
at the transcriptional level.

Somatic cell genetics of the F9 cell line

A very interesting analysis of the properties of the F9 cells can
be obtained from the results of cell fusion experiments. Hybrids
between F9 and a mouse immortalized, parietal endoderm-like cell
line, the PFHRY cells, display a differentiated phenotype and are
also immortalized (Howe and Oshima, 1982). Thus the differenti-
ated phenotype is dominant over the EC-characteristics. The same
holds true for fusion experiments involving PYS-2 cells, another
mouse parietal-like permanent cell line. On the contrary, fusion
experiments involving RA/dbcAMP-treated F9 cells (4-day treatment)
and their undifferentiated counterparts always displayed an
undifferentiated phenotype and were immortalized. This can be
interpreted either as rescue of the differentiated phenotype by the
F9 cells (Littlefield and Felix, 1982) or as the result of the non-
viability of the fusion products between RA-treated and untreated F9
cells. Our results support the second possibility, suggesting that
fusion products between RA-treated and untreated F9 cells die
shortly after fusion, similarly to differentiated F9 cells (Wrede,
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1989). Furthermore, micronuclei prepared from PFHR9 cells which
have been superinfected with retroviruses carrying the Neomycin
resistance gene were fused with undifferentiated F9 cells and the
phenotype of the resulting Neomycin resistant fusion products was
analyzed. Some of the resulting clones displayed all markers
characteristic for parietal endoderm and karyotyping demonstrated
achromosome 4 trisomy in all of them. This trisomy was never found
in the undifferentiated fusion products so far analyzed (Steuer,
1991). Furthermore, quantitation experiments following a math-
ematical model demonstrated that one chromosome alone cannot
be sufficient for conferring the differentiated phenotype and that at
least one other, as yet unidentified, chromosome must be involved.
Thus these results suggest that differentiation of F9 cells is
probably not accomplished by a single sequence and that this
process can be switched on in hybrids in the absence of most of the
differentiated cell chromosomes.

Summary

The teratocarcinoma stem cell line F9 has been widely used as
a model for the analysis of molecular mechanisms associated with
differentiation. This cell line has been considered to be nullipotent
and able to differentiate into endodermal-like derivatives upon
treatment with retinoic acid. Nevertheless, under definite culture
conditions, F9 cells are able to differentiate into derivatives of all
three germ layers. The F9 cells express characteristics of early
mouse embryonal cells and possess all repression factors known
to be present in cells of the early mouse embryogenesis. Induction
of differentiation can be achieved not only by adding chemical
agents to the culture medium but also by transfection of several
oncogenic sequences. In somatic cell genetic experiments, immor-
talized, differentiated F9-like cells have been shown to express
dominantly genes responsible for the appearance of the differenti-
ated phenotype.

KEY WORDS: teratocarcinoma cells, embryogenesis, development,
cell culture, in vitro diffeventiation, induction of differentiation.
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