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ABSTRACT
STUDIES ON THE ANTIPROLIFERATIVE ACTION OF INTERFERON. Effect 
on proteins synthesized in the Gl and S phase of the cell 
cycle in 2 anchorage-dependent cell lines.
Dan Lundblad, Unit of Applied Cell and Molecular Biology, 
University of Umeå, S-901 87 Umeå.

Interferons (IFNs) are a class of structurally related 
proteins first discovered to be produced by virus-infected 
cells. By now, several other inducing agents have been 
described. IFNs exert multiple effects on cells exemplified by 
the establishment of an antiviral state, inhibition of cell 
proliferation and alteration of different immune reactions. In 
the present thesis the inhibition of cellular growth 
concentrated on effects in the early cell cycle have been 
studied.
The human glioma cell line 251 MG was found to be blocked in 

the S phase of the cell cycle upon addition of IFN both to 
exponentially growing and growth-factor depleted, synchronized 
cells. Thymidine kinase and DNA-polymerase activities were 
reduced in parallel with the S phase effect. 2-5 oligo A
nucleotides transfected into glioma cells lead to inhibition 
of cell growth, exponentially growing cells being blocked in 
the S phase as during IFN treatment. In contrast, 
synchronized, restimulated cells were blocked in the cell
cycle phase where they resided at the time of transfection. As 
2-5 oligo A synthetase activity was induced in the middle of 
the Gl phase, these results might indicate that the kinetics 
of expression of oligonucleotides after IFN addition
determines the type of cell cycle block obtained in different
tumor cells.
IFN inhibited preferentially proteins originating from newly 

synthesized mRNA in Sw 3T3 cells, c-mvc did not seem to be 
included among these proteins. In both cell systems c-myc 
expression was unaltered after IFN treatment. In clone T1 
selected from the the Sw 3T3 cell line , c-mvc expression was 
uncoupled to growth and seemed to be growth factor 
independent. The change in c-myc expression in clone T1 
compared to SW 3T3 cells did not render the cells sensitive to 
IFN. Hence, c-myc regulation does not seem to be the 
mechanism by which IFN regulates cell growth in this system.
The proliferation marker KI-67 antigen was shown not to be 

causatively involved in growth inhibition of IFN. The reduced 
levels of the antigen was proposed to be a secondary effect 
caused by the G0/G1 arrest.

Key words: Interferon / Glioma / Antiproliferative effect /
DNA polymerase / Thymidine kinase / 2 ' -5 ' oligo A / Protein 
synthesis / Two-dimensional electrophoresis / Mouse 
fibroblasts / C-mvc / KI-67 antigen
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"Vår förmåga av fantasi tar inga hänsyn till siffror, 
och vad vi känner blir inte starkare genom siffror. 

Egentligen kan vi inte räkna till mer än ett.
Det räcker, om man råkar känna vad det betyder" 

(E.M. Remarque).
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ABBREVIATIONS USED

IFN interferon
CDNA complementary DNA
SDS sodium dodecyl sulphate
PCNA proliferation cell nuclear antigen
IRF-1 interferon regulatory factor
rDNA recombinant DNA
mRNA messenger RNA
rRNA ribosomal RNA
cGMP cyclic guanosine monophosphate
CAMP cyclic adenosine monophosphate
HLA human leucocyte associated
dsRNA double-stranded RNA
2-5 A 2'-5' oligo adenylates = ppp(2'p5'A)n where n>3
RNase L ribonuclease L
kD kilodalton
PDGF platelet-derived growth factor
2D-PAGE Two-dimensional polyacryl gel electrophoresis
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the Gl phase, these results might indicate that the kinetics 
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uncoupled to growth and seemed to be growth factor 
independent. The change in c-myc expression in clone T1 
compared to SW 3T3 cells did not render the cells sensitive to 
IFN. Hence, c-myc regulation does not seem to be the 
mechanism by which IFN regulates cell growth in this system.
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INTRODUCTION

Th» Mammalian Cell Cycle
Ordered, controlled growth is essential for the 

development and functioning of a normal multicellular organism 
which may consist of about 200 different cell types with 
specialized functions. Tumor cells arize from genetic changes 
in normal cells examplified by point mutations or gross DNA 
rearrangements leading to disturbances in growth control. It 
is a common view that several genetic events are necessary for 
tumor development and also that tumor progression is due to 
further genetic damage. Lately it has been shown that a 
distinct set of normal cellular genes (so called proto
oncogenes) are targets for these genetic changes. Many of them 
were revealed by studies of transforming viruses (reviewed by 
Bishop,1987).

A. The cell cycle concept.
In order to study cell growth and the regulation of cell 

growth, the 'cell cycle' concept has been useful. Different 
cell cycle models have been described, but for the 
understanding of the work presented in this thesis, the model 
in fig.l is accurate. Three states can be defined in the
growth of cells in culture (Baserga and Surmacz,1987); (i)
Continuouly proliferating cells passing from mitosis to 
mitosis (cycling cells), (ii) GO cells, i.e. noncycling cells 
in a state, which they under appropriate conditions are 
capable of leaving to reenter the cell cycle. Quiescent 
confluent cells, quiescent serum-deprived cells and peripheral 
blood lymphocytes are examples of cells considered to be in 
GO. (iii) Terminally differentiated cells, destined to die
without further cell division, but expressing full functional 
capacity.

B. Cell cycle regulated genes.
It is generally agreed that crucial control events for the
regulation of growth seem to reside in the Gl phase, although
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Figure 1. Schematic representation of the mammalian cell cycle 
based on the model proposed by Howard and Pelc (1953) where 
mitosis (M) and DNA-synthesis (S) are the hallmarks, Gl the 
gap between M and S, G2 the gap between S and M and GO is 
noncycling cells (see text). The Gl phase is the most variable 
period of the cell cycle, and variation in its lengths 
largelly determines the total variation of the cell cycle.

regulation also may occur at other points in the cell cycle 
(extensively reviewed by Pardee et al,1978; Denhardt et 
al,1986; Kazmarek,1986 ;Rittling and Baserga,1987). Much work 
has been devoted to find genes whose products regulate growth. 
Usually the genes studied have been those whose expression are 
induced when quiescent mammalian cells (GO cells) are 
stimulated to reenter the cell cycle. By differential or 
subtraction screening techniques of cDNA libraries or 
analyzing proteins from two-dimensional SDS-polyacrylamide 
gels, so far more than 3 0 clones of cell cycle regulated genes 
have been isolated (Rittling and Baserga,1987). However, for 
most of them the functions remain to be elucidated.
In this thesis, cell cycle regulated genes are presented as 
those expressed during early Gl or those expressed in late 
Gl/S respectively, and some crucial genes are exemplified. The 
early Gl genes are in this context defined as those, which are 
expressed upon transition from a resting GO state into the 
cell cycle, be they expressed in Gl of cycling cells or not.



9

Important control proteins like the cdc 2 kinase and several 
cyclins in G2/M and potentially in Gl/S transition have been 
excluded although this is an area of remarkable recent 
progress (Lee and Nurse,1988; Meijer et al,1989; Hunter and 
Pines,1991).

B.1. Genes expressed in early Gl.
Proto-oncogenes can be classified into nuclear or

cytoplasmic proto-oncogenes based on functional localization 
(reviewed by Weinberg, 1985). Some of the virally transferred 
oncogenes (v-onc) show considerable homologies with growth 
factors or growth factor receptors (reviewed by Heldin and 
Westermark,1984; Kris et al,1985). The possible role of proto
oncogenes in tumor formation has already been mentioned.

An exciting finding during the last years is the fact that 
certain proto-oncogenes are transiently expressed when
quiescent mammalian cells are growth stimulated either by 
serum or by growth factors. The transient expression of 
several proto-oncogenes in early Gl or in G0/G1 transitions 
indicates a role for these in the control of cell
proliferation. Thus, the proto-oncogene c-mvc introduced into 
Balb/c 3T3 cells either as DNA or protein could replace 
platelet-derived growth factor (PDGF) as growth factor
(Armelin et al,1984; Kazmarek et al,1985). The authors 
suggested that c-mvc is a competence factor in fibroblasts
based on the " competence-progression" model proposed by 
Pledger et al (1977) . This model is based on the observation 
that PDGF makes the cells competent to respond to the addition 
of progression factors necessary for DNA synthesis. 
Interestingly, the length of Gl was shown to vary
proportionally with the level of c-mvc expression in
fibroblasts infected with retroviral vectors expressing c-mvc 
(Karn et al, 1989).

Cell cycle regulated proto-oncogenes include c-mvc, c-fos, 
c-mvb, p-53 (reviewed by Denhardt et al,1986). They are small 
phosphoproteins exerting their effect in the nucleus. After
growth stimulus to GO arrested cells, the transcripts of these 
proto-oncogenes are transiently rised. C-fos and c-myc m-RNA 
peak at 15 min and 2-3 hours after growth stimulation 
respectively (Kelly et al, 1983; Greenberg and Ziff,1984).
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The other proto-oncogenes mentioned are expressed later in 
Gl. Some nuclear proto-oncogene products (including c-erb A 
and c-iun) have been suggested to function as transcriptional 
regulators, c-iun has been shown to be identical with the 
transscription factor AP-1 (Bohmann et 31,1987). It has been 
established that c-fos binds to this transscription factor to 
stimulate transscription of AP-1 responsive genes (Chiu et 
al,1988; Sassone-Corsi et al,1988).

B.2. Genes expressed in late Gl and S.
Here are included genes coding for many proteins with 

defined functions required at a certain stage of the cell 
cycle. Most of them are enzymes, whose induction closely 
follow the start of DNA synthesis (S phase). Examples are 
thymidine kinase (TK), thymidylate synthetase (TS), 
dihydrofolate reductase (DHFR), ornithine decarboxylate (ODC), 
DNA polymerases etc.

Among the most well-known proteins synthesized in a cell 
cycle dependent manner are the histones. Gene expression is 
controlled at both transcriptional and posttranscriptional 
levels. As much as around 10% of total protein synthesis is 
histone synthesis in the S phase (Denhardt et al,1986).

A class of nuclear proteins with less defined functions 
have been described. These include the nuclear protein 
PCNA/cyclin shown to be an auxiliary protein of DNA polymerase 
delta (Bravo et al,1981; Almendral et al,1987; Bravo et 
al,1987; Prelich et al,1987), the phosphoprotein dividin 
(Celis et al,1987) and the nuclear antigen KI-67 (Gerdes et 
al, 1983). The former two proteins have been shown to increase 
in late Gl and to reach a maximum in mid S phase. Since 
PCNA/cyclin is shown to be an auxiliary protein of DNA 
polymerase delta, the protein has quite naturally been 
proposed to play a role in DNA synthesis (Celis et al, 1987). 
So far, no function has been coupled to dividin.
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Figure 2. Approximative time of expression, after serum stimulation of 
quiescent cells, of genes discussed in the text grouped according to the 
time of maximal transcript abundance.

The KI-67 antigen is used as a cell cycle marker since it 
is expressed in Gl, S, G2 and M while resting GO cells show
no expression (Gerdes et al,1984). However, no function is
known although it has been suggested to bind to 
histone/nonhistone proteins or to components in the replicase 
complex (Loke et al, 1987; Sasaki et al,1987).

Several models have been depicted to describe gene
regulation of the cell cycle. Figure 2 shows a simple summary 
(modified from Denhardt et al, 1986) over some of the cell 
cycle regulated genes in early and late Gl and in the early S 
phase. The proto-oncogenes mentioned in the figure have all 
been considered as regulatory to processes that mediate 
transit through the normal cell cycle (Heldin and 
Westermark,1984; Weinberg,1985). Hence they eventually trigger 
the genes expressed in the late Gl/early S phase.

Many of the early Gl-specific regulatory events that occur 
as cells leave the quiescent state seem to be specific to that 
process and are apparently not temporally regulated in 
exponentially growing cell populations. C-mvc and c-fos for 
example, are expressed at the same level during the cell cycle 
in exponentially growing cultures (Thompson et al,1985; Hann 
et al,1985; Bravo et al,1986). This suggest that the role of 
these genes could be both to "start" GO cells to enter the 
cell cycle, but also to maintain them in a cycling stage.

The Interferon System
A. Historical background and definitions.
In 1957 Isaacs and Lindenmann incubated inactivated influenca- 
virus with pieces of chorio-allantoic membrane in vitro at
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37°C. They recovered the supernatant from the membrane 
culture, added it to fresh membrane with live virus and the 
result was that the live virus failed to grow. They proposed 
that "interference" had been transferred to the fresh membrane 
by means of a factor which apparently was secreted by the 
first membrane and into the fluid after it had been exposed to 
virus.

This factor was by additional experiments shown not to be 
a virus . It was however inactivated by proteases and it was 
concluded that the substance was a protein. Isaacs and 
Lindenmann called the new substance 'INTERFERON' (Isaacs and 
Lindenmann,1957). Independently, a group in Japan had 
described the same type of effect a few years before (Nagano 
and Kojima,1954; Nagano et al,1954).

Further characterization of interferon (IFN) showed that; 
(i) any virus could be used as inducers, (ii) the molecule had 
no direct effect on virus particles, (iii) the target of 
action appeared to be in the cell, (iv) some metabolic 
activity in the cell was required both for production and 
action and (v) IFN was active against many unrelated virus 
(Isaacs,1959). The criteria for a viral inhibitor to be 
considered as an interferon has since been defined by Stewart 
et al (1980): "To qualify as an interferon, a factor must be
a protein which exerts virus non-specific, antiviral activity 
at least in homologous cells, through cellular metabolic 
processes involving synthesis of both RNA and protein".

Furthermore, at present we know that IFN can be produced 
in most nucleated cells and is secreted and can act on other 
cells in the neighbourhood or at more distant sites. In this 
sense, its mode of action could be considered as analogous to 
polypeptide hormones.
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Table 1.
Examples of: IFNa/ß inducers IFN-y inducers

1.Animal and fungal viruses
2.Bacteria
3.Mycoplasma
4.Protozoa
5.Rickettsia
6.dsRNA
7.Endotoxins
8.Mitogens

1.Antigens
2.Mitogens
3.Phorbol 

esters

B. Interferons: Induction types, genes and receptors.
Several different species of IFN's exist, conventionally 

subdivided in three types, IFN-a, IFN-ß and IFN-y. Many 
different and unrelated agents are capable of inducing these 
IFN's, examples are shown in Table 1. Most interestingly, a 
transcription factor (IRF-1) that may play a role in the 
induction of IFN genes was recently isolated (Fujita et 
al, 1989). The IRF-1 gene was shown to be virus-inducible, and 
introduction and expression of the gene into monkey cells 
resulted in the induction of endogenous IFN-a and -ß genes 
without viral stimulation.

Today, more than 20 IFN-a genes are known based on cDNA or 
genomic cloning (Streuli et al,1980; Nagata et al,1980; Mantei 
et al,1980; Goeddel et al,1981; Brack et al,1981; Lund et 
al,1984) or on the purification and characterization of 
several IFN-a proteins from leucocytes (Rubinstein et al,1981; 
Allen and Fantes, 1980; Berg et al 1982). Several of the genes 
seem to be pseudogenes (Goeddel et al,1981; Weissman,1981; 
Brack et al,1981). When peripheral blood leucocytes or 
lymphoid cell lines are induced to produce IFN-a, a number of 
the genes are expressed. The homology within this multigene 
family amounts to at least 80 %, however, several variants 
differ only in a few of the 166 amino acids (Mantei et 
al,1980; Streuli et al ,1980; Goeddel et al,1981;).
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Only 1 IFN-ß gene has been described. The complete amino- 
acid sequence of IFN-ß was deduced from sequencing the cloned 
cDNA (Taniguchi et al,1980a; Derynck et al,1980; Goeddel et 
al,1980; Houghton et al,1980). Compared to IFN-a, the homology 
is 45% on the nucleotide level and 29% on the amino-acid 
level (Taniguchi et al,1980b). IFN-ß seems to be glycosylated 
(Knight, 1976) in contrast to the IFN-a family, where only a 
few subtypes are glycosylated (Allen and Fantes, 1980). IFN-a 
and IFN-ß bind to a common receptor on the cell surface, which 
has been called the type I receptor (Aguet, 1980; Aguet and 
Blanchard,1981) .

By definition, IFN-y is a lymphokine as well as an 
interferon. It is produced by lymphoid cells in response to 
antigen. The single IFN-y gene contains 3 introns (Gray and 
Goeddel,1982), is located on chromosome 12 (Trent et al,1982; 
Naylor et al,1983) and shows only minor homology to IFN-a and- 
ß (Gray et al,1982,1983) . IFN-y utilizes a receptor distinct 
from the a/ß receptor, the type II receptor (Branca and 
Baglioni,1981).The antiviral activity of IFN-y is rather low 
compared to its potency as a lymphokine, suggesting that the 
IFN function is of minor importence. IFN-y will therefore not 
be further considered in this thesis. Some basic 
characteristics of the different IFN's are summarized in table 
2.

In the beginning of the IFN era, thousands of papers were 
published dealing with various aspects of the very complicated 
IFN system using highly impure IFN preparations. One reason 
was the very high specific activity of the IFN molecule, 
moreover the genetic complexity was not anticipated. During 
the last 5-10 years however, pure preparations have been 
available due to improved purification methods and the 
introduction of rDNA technology.
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Table 2. Basic characteristics of the different human IFN's.
IFN Prod. Mr(kD) Gene Loca- In- Recep- Receptor

cells copy tion trons tor coding gene
numb (chrom) (chrom)

a Lymphoc. 18-21,4 17-21 9 no type I 21
Monocyt. short
cells arm

ß Anchor.- 21 1 9 no type I 21
dep. short
cells arm

Y T-cells 20 1 12 yes type II
NK-cells long

arm

C. Biological responses.
IFN was initially described as a very potent, broad 

spectrum antiviral agent. However, very soon it was realized 
that it exerted various other effects on cells including 
inhibition and stimulation of growth, immunomodulation and 
effects on cell differentiation (Table 3) . Some of the most 
important effects of IFN-a and-S will be presented in more 
detail.

C.l. Antiviral effects.
Circulating interferons were found early in viral 

infections and it was suggested that IFN constitutes an 
important natural defence against these infections (Gresser et 
al.1976; Baron and Dianzani,1977). This implicated a possible 
clinical use of IFN. However,the tremendous complexity of the 
IFN-induced antiviral state in vitro has implied that we still 
are left with only a fragmentary understanding of how it is 
working. Cell lines resistant to the antiviral action of IFN 
have been described (Chen et al,1981; Verhaegen et al,1980; 
Verhaegen-Levalle et al,1982) as well as cell lines sensitive
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Table 3. Some important biological effects of IFN.

* Antiviral activity including retroviruses
* Growth regulatory properties
* Reversion of transformed cell phenotype upon prolonged 

treatment
* Down-regulation of cellular oncogenes
* Immunomodulatory properties, e.g. activation of macro
phages

* Effects on cell differentiation

for the protective action of IFN only to certain viruses 
(Nilsen et al,1980; Czarniecki et al,1981; Vandenbussche et 
al,1983) .

Inhibition of translation of viral proteins seem to be the 
best studied mechanism, although also direct effects on the 
transcription of viral RNA have been described (Metz et 
al,1976; Brennan and Stark,1983; Belkowski and Sen,1987). 
Other effects include inhibition of mRNA cap méthylation (de 
Ferra and Baglioni,1981) , inhibition of viral penetration 
(Whitaker-Dowling et al,1983) and production of non-infectious 
particles (Maheshwari et al,1980a,b)

A specific receptor is a prerequisite for inducing a 
cellular response. Lately, cloning data of the type I and the 
type II receptors have been presented (Aguet et al,1988; Uze 
et al,1990; Delcayne et al,1991). The first events taking 
place inside the cell after binding to the receptor occurs 
within minutes, examplified by a transient increase in cGMP 
concentration (Tovey and Rochette-Egly, 1981) . Data have been 
presented arguing for and against an involvement of second 
messengers like diacyl glycerol, inositol phospholipids and c- 
AMP (Banerjee et al,1982; Schneck et al,1982; Yap et 
al,1986a,b; Mehmet et al,1987). However, basically the signal 
transduction pathway leading to an antiviral state is almost 
completely unknown.

The conversion of cells to the antiviral state is 
accompanied by induction of several genes as seen on the RNA



17

and protein level. This has been reported for different 
species including humans (reviewed by Clemens and McNurlan, 
1985; Revel and Chebath,1986). Usually, the proteins are 
induced within hours after addition of IFN. Of the induced 
proteins, 2-5 A synthetase, a protein kinase, the Mx protein, 
HLA antigenes, metallothionin and ß2-microglobulin are the
best known (Kimchi et al,1979; Shulman and Revel,1980; 
Haller,1981; Fellous et al,1982; Friedman et al,1984). The 
same genes are often activated by all IFN's, still their role 
in the biological response induced by IFN is not always clear.

For some of these gene products, more detailed information 
is available. The Mx protein is in mouse a nuclear protein 
induced by IFN a/ß in cells of inbred mice selected for 
survival to influenza virus. The protein inhibits the 
replication of influenza virus without affecting the 
sensitivity of other viruses to IFN (Haller, 1981; Staeheli et 
al,1986). Two other proteins also deserves to be described in 
more detail, namely 2-5 A synthetase and a protein kinase, 
both activated by dsRNA (Farrel et al,1978). These two 
proteins seem to mediate at least some of the antiviral 
effects of IFN by inducing the breakdown of RNA and the 
inhibition of protein synthesis respectively (reviewed by 
Lengyel,1982; Johnston and Torrence,1984).There are however 
also genes whose expression are decreased after IFN treatment, 
notably certain cellular proto-oncogenes (reviewed by Clemens, 
1985; Jonak and Knight,1986; Mechti et al,1988).

C. 1.1 Two IFN- induced enzymes: The 2-5 A synthetase and a
protein kinase.

Upon IFN addition 2-5 A synthetase (cloned by Merlin et 
al,1983) is induced. The enzyme occurs in several forms due to 
both differential splicing and as suggested also to more than 
one gene (Marie1 et al, 1990), and the subtypes have somewhat 
different properties (Revel and Chebath,1986). If dsRNA is 
present, the enzyme converts ATP to 2-5 oligonucleotides (Kerr 
and Brown,1978; Clemens and Williams,1978) , which in turn 
activates a latent nuclease, RNase L (Slattery et al,1979), 
known to be regulated due to IFN treatment, growth rate and 
cell differentiation (Silverman et al,1983; Krause et al, 
1985). As a result both mRNA's and rRNA's are degraded



18

(Clemens and Williams,1978; Hovanessian et al,1979; Wreschner 
et al,1981). The 2-5 oligonucleotides are relatively unstable 
and are degraded by a 2-5 phosphodiesterase which in most 
cells seems to be present at a comparable level both in 
untreated as well as IFN-treated cells (Schmidt et al,1979; 
Verhaegen-Levalle and Content,1982). The crucial point in the 
system seems to be the activation of the synthetase by dsRNA. 
IFN induces the synthesis of this enzyme also in uninfected 
cells, and viral double-stranded replicative complexes have 
been proposed to activate the enzyme close to the complexes 
(compartmentalization theory, Baglioni,1979) although this has 
not been shown in intact cells.

Exogenous 2-5 A introduced into intact cells cause an 
antiviral state and 2-5 A oligomers are found in IFN-treated 
virus-infected cells (Nilsen et al,1982; Cayley et al,1984). 
Also, in IFN-treated virus-infected cells, an active nuclease 
and typical degradation patterns of rRNA was found (Silverman 
et al,1982; Nilsen et al,1982) as well as degradation of viral 
mRNA (Nilsen et al,1982). The importance of 2-5 A synthetases 
in mediating antiviral activity was suggested by results from 
de Benedetti et al (1987). A construct generating 2-5 A 
synthetase antisense mRNA was introduced into cells resulting 
in a block of enzyme synthesis and sensitivity to virus attack 
in spite of IFN treatment.

Like 2-5 A synthetase, the protein kinase is dependent on 
dsRNA for activation and when induced by IFN treatment (Farrel 
et al, 1978), the a-subunit of the initiation factor e-IF2 is 
phosphorylated resulting in inhibition of protein synthesis. 
The 68 kD protein kinase has recently been cloned (Meurs et 
al, 1990) . The role of the kinase in inhibiting virus- 
replication in IFN-treated cells is at present rather unclear, 
although a mechanism has been proposed (de Benedetti and 
Baglioni,1984; De Benedetti et al,1985).

C.2. Antiproliferative effects.
As was previously mentioned, IFN's were originally 

discovered and characterized as inhibitors of viral 
replication. Paucker and coworkers (1962) were the first to 
describe inhibitory effects of IFN on cell proliferation in 
cell cultures. Others showed that mice simultaneously
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inoculated with tumor cells and IFN showed a slower tumor 
growth and increased survival rate (Gresser and Bourali, 
1970) . The exact mechanisms in the cell leading to inhibition 
of cell proliferation still remain unclear. The effect on 
growth is not unspecific or toxic, as inhibition occurs 
without marked inhibition of total cellular biosynthesis 
(Pfeffer et al, 1979; Sundström,1987). Both normal and 
transformed cells are sensitive to IFN. In the following 
sections I first describe effects on the cell cycle level, 
before focusing on molecular mechanisms.

C.2.1 Cell cycle effects.
To study growth regulation all possible cell types have 

been used, like primary cells, permanent lines of non- 
tumorigenic origin such as 3T3 mouse fibroblasts and many 
different types of tumor cells. As expected the results are 
variable. No single stage in the cell cycle seems to be 
exclusively affected. Prolongation of several cell cycle 
phases have been shown (Killander et al,1976; Matarese and 
Rossi,1977; Balkwill et al, 1978; Balkwill and Taylor- 
Papadimitriou, 1978) . In general, more information has been 
obtained about effects on G0/G1 to S transition than on other 
events in the cell cycle. This was shown in various cell lines 
(Sokawa et al,1977; Watanabe and Sokawa,1978; Lundgren et al, 
1979; Creasey et al,1980; Leandersson and Lundgren, 1980), 
although prolongation of the S phase (O'Shaughnessy et al, 
1971; Fuse and Kuwata, 1977; Creasey et al, 1980) as well as 
block in the M phase (d'Hooghe et al, 1977; Pfeffer et al, 
1979) have also been described.
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C.2.2 IFN-induced regulation of specific genes.
IFN induces the synthesis of several proteins in the cell. 

As mentioned above information on the function of most of 
these proteins is scarce. Also in this context most of the 
information available deals with function of the 2-5 A 
synthetase and the protein kinase. E.g. a role for the Mx 
protein in IFN-mediated growth control has never been reported 
on.

Thus, levels of 2-5 A synthetase, RNase L or the 2-5 
oligonucleotides in cells not treated with IFN have been found 
to correlate inversely with rates of cell proliferation or the 
percentage of cells in S phase. This is exemplified by studies 
on glucocorticoid-treated (Krishnan and Baglioni, 1980), 
regenerating rat liver (Etienne-Smekens et al 1983), in cells 
at different densities and growth states (Krishnan and 
Baglioni, 1981; Kimchi et al, 1981a; Jacobson et al, 1983;
Creasey et al, 1983) and in some normal and hormonally-
sensitive tissues (Stark et al, 1979). However, also many 
examples without correlation between levels of 2-5 A 
synthetase and cell proliferation have been described
(Verhaegen et al, 1980; Vandenbussche et al, 1981; Verhaegen-
Lewalle et al, 1982; Tovey et al, 1983).

At present, four different 2-5 A synthetase proteins have 
been identified. They are not induced systematically in all 
IFN-treated cells and their intracellular localization differ 
(Benech et al, 1985; Chebath et al, 1987; Hovanessian et al, 
1988), facts indicating the complexity of the system. 
Localized effects of the 2-5 A synthetase/protein kinase 
systems as part of the antiviral effect was discussed in 
section C.1.1 above. However, no obvious candidate dsRNA's in 
non-virus infected cells have been identified, which could be
important for the antiproliferative effect.

When phosphorylated 2-5 oligoadenylates are introduced
into intact cells by transfection and cell membrane
permeabilization, RNase L is activated. Total protein
synthesis and RNA synthesis are inhibited leading to a prompt 
inhibition of cell growth (Williams and Kerr, 1978; 
Hovanessian et al, 1979; Williams et al, 1979; Taira et al, 
1985) . As this is in contrast to the effects found after IFN
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treatment, it appears that phosphorylated 2-5 oligoadenylates 
either are of minor importance in cell growth regulation or 
have localized transient effects in IFN-treated cells.

On the other hand using the 'core' (dephosphorylated) 2-5 
A, anti-mitogenic action was observed with little if any 
effect on the basal level of protein synthesis (Williams and 
Kerr, 1978; Kimchi et al, 1981b; Eppstein et al, 1983) . The 
phosphorylated 2-5 oligoadenylates are proposed to interact 
with other targets beside RNase L since several proteins which 
bind these oligonucleotides have been identified (St Laurent 
et al, 1983). So far, the function of these proteins are 
unknown. In summary, efforts to couple the 2-5 A synthetase 
system to growth inhibition have lead to the conclusion that 
this system either is not the sole cause , or does not play 
any role in the IFN-induced antiproliferative effect. 
Interestingly, a possible clinical use of 2-5 A synthetase as 
a marker of sensitivity to IFN has recently been described 
(Grande'r et al, 1990).

C.2.3. Effects on cellular proto-oncogenes.
The role of cellular proto-oncogenes in regulating growth 

and their aberrant expression in the transformed cells made 
these genes particularly interesting to study since IFN's 
behave as negative growth regulators (reviewed by Jonak and 
Knight, 1986). In mouse fibroblasts transformed with c-ras 
oncogene, c-ras mRNA was significantly reduced after IFN 
treatment (Samid et al, 1984) . A similar result was found in 
bladder carcinoma cells with c-ras and c-src (Soslau et al,
1984). Also, IFN-mediated down-regulation of p53 was reported 
(Kimchi et al, 1985).

Einat and coworkers (1985a) have shown that addition of 
IFN reduced the elevated levels of c-mvc and c-fos mRNA found 
in PDGF-treated serum-deprived Balb/3T3 fibroblasts. 
Interestingly, they also found that transfection of the c-mvc 
gene under the control of a constitutive promotor made the 
cells resistant to the antiproliferative effect of IFN (Einat 
and Kimchi, 1988). IFN also rapidly down-regulates c-mvc in 
exponentially growing Daudi cells, a Burkitt's lymphoma cell 
line, with a typical c-mvc translocation, which has been 
proposed to be important for growth of Burkitt's lymphoma
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cells (Klein,1981). The down-régulâtion occurs by both 
transcriptional and posttranscriptional mechanisms obviously 
depending on the particular cell clone studied (Einat et al, 
1985b; Knight et al, 1985; Dani et al, 1985). These 
observations seem to provide convincing evidence that IFN 
inhibits growth by down regulating the expression of c-mvc.

However, the down-regulation of c-mvc as the mechanism by 
which IFN exert its effect is contradicted by other reports, 
where inhibition of growth was seen without change in ç-jflyg 
mRNA level (Tominaga and Lengyel, 1985; Einat et al, 1985b; 
Mehmet et al, 1989). Hence, it seems probable that changes in 
c-mvc expression is only one of the mechanisms used for the 
IFN-induced antiproliferative effect.

Concerning c-mvc, a role of the 2-5 A system has been 
discussed. A large intramolecular hairpin structure has been 
predicted in the transcript (Mechti et al, 1988), which then 
could be a dsRNA structure needed to activate the 2-5 A 
system.

C.2.4 Direct effects on DNA synthesis
The incorporation of radioactive thymidine into TCA- 

precipitable material (DNA) is a convenient and often used 
method to measure cell proliferation. A marked inhibition of 
thymidine incorporation has been interpreted as an indication 
of growth inhibition caused by IFN. With time it became 
evident that these results were ambiguous. The transport of 
thymidine and/or the intracellular phosphorylation were shown 
to be inhibited (Brouty-Boye'and Tovey, 1978; Gewert et al, 
1981; Malluci et al, 1983; Pfeffer and Tamm, 1984) . It was 
suggested that a loss of coordination between DNA replication 
and cell division with an overreplication of some of the 
genome was the result of IFN treatment of Daudi cells (Gewert 
et al, 1983, 1984; Moore et al, 1984). The last authors found 
that short Okazaki fragments tended to accumulate and that 
their ligation was delayed.

Furthermore, in Hela cells accumulation of low molecular 
weight DNA was described (Suhadolnik et al, 1984). Taken 
together, this might indicate that the organization of newly 
synthesized DNA is different in IFN-treated cells. However, in 
none of the studies presented has it been established whether
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the changes observed at the DNA level are causes or 
consequences of the inhibition of cell proliferation.

C.3. Iiranunoregulatory effects.
A wide variety of effects in the immune system have been 

described (reviewed by Hooks and Detrick, 1987). As previously 
mentioned IFN can enhance the expression of cell surface 
antigens in a variety of cell types. With IFN-a/ß both 
stimulatory and inhibitory effects on antibody formation was 
found in mice, depending on doses of IFN, time of addition and 
the animal or human system studied (Strannegård et al, 1978; 
Einhorn,1980; Parker et al, 1981; Härfast et al, 1981). 
Natural killer cells are activated by IFN to enhance cytotoxic 
functions (discussed by Gustafsson, 1985). At the level of T 
lymphocytes, IFN can modify allografts, graft vs. host- and 
cytotoxicity reactions (De Maeyer and De Maeyer-Guignard, 
1982) .

Also relevant to the antitumor and the antiviral effects 
of IFN is the fact that macrophages are changed functionally 
and morphologically by IFN treatment resulting in increased 
phagocytosis, tumour cell and intracellular parasite killing 
(reviewed by Hooks and Detrick, 1987). It is difficult from 
these multitude of effects to conceive a specific role for 
IFN-a/ß in the immune system. As mentioned IFN-y is a potent 
lymphokine whose role is outside the focus of this thesis.

C.4. Effects on cell differentiation.
Morphological changes are common upon IFN-treatment in 

various systems. Alterations in surface properties, in the 
organization of the cytoskeleton, an increase in cell volyme 
and protein content have been described (reviewed by Clemens 
and McNurlan, 1985). In experimental models, IFN:s seem to 
affect differentiation in both an inhibitory and a stimulatory 
way (Rossi, 1985; Clemens and McNurlan, 1985). Suffice it here 
to mention a few examples: fibroblast conversion to adipocytes 
(inhibition, Keay and Grossberg, 1980), muscle differentiation 
(stimulation, Fisher et al, 1983) and normal hematopoiesis 
(mostly inhibition but in some cases stimulation, Rossi,
1985) .
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An interesting series of publications adresses the 
question whether IFN is involved as normal physiological 
autocrine mediator of differentiation. The results presented 
showed that an endogenous IFN functioned on the producer cell 
themselves as an autocrine growth inhibitor. Hybridization 
studies excluded IFN-ß or IL-6 (formerly named IFN-ß2) as the
autocrine factor although they were serologically related. 
Interestingly, c-myc downregulation seemed to be coupled to 
autocrine production of the IFN-like activity (Friedman-Einat 
et al, 1982; Yarden et al.1984; Resnitzky et al, 1986).
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RESULTS AND DISCUSSION
This thesis mainly describes IFN effects on the human 

glioma cell line 251 MG (paper 1,11,1V and VI) which is of 
astrocytoma (grade IV) origin and was established 1968 
(Ponte'n and MaCintyre) . It has since been studied and 
characterized together with other glioma cell lines. 
(Westermark et al, 1973; Lindgren et al, 1975). The remaining 
papers (paper III and V) describes cell cycle effects in Swiss 
3T3 mouse embryo fibroblasts. This cell line was chosen 
because it has a non-transformed phenotype and is strictly 
growth factor dependent. In contrast to the glioma cell line 
Sw 3T3 has been widely used for various cell cycle studies in 
many laboratories and effects of IFN have also been included 
in these analyses.

Characterization of the IFN-induced cell cycle effect in the 
251 MG cell line (paper I).

The 251 MG cell line was found to be IFN-sensitive in 
screening experiments involving several tumour cell lines 
including other gliomas available in our laboratory. It was 
also found that 251 MG could be synchronized in the G0/G1 
stage of the cell cycle by growth factor depletion, a rather 
unique feature in tumor cells. This could be accomplished by 
total serum starvation of the cultures for 4 days. The 
possibility of using synchronized cultures naturally make it 
easier to study cell-cycle effects and the cell line was 
therefore selected for further studies. Many reports have been 
published describing effects of IFN on cell proliferation 
measured as ^H-thymidine incorporation into DNA. As discussed 
in section C.2.4., the method is not without problems, and 
therefore we used cell cytof luorometry as a complementary 
method.

Exponentially growing cells were accumulated in the S (and 
to some extent in the G2 phase) after 3 days of IFN treatment. 
Also, when reaching confluency 251 MG cultures accumulated in 
G0/G1 without being affected by IFN. Serum-starved, 
restimulated cultures where totally blocked when stimulated by 
medium with high IFN content, indicating an effect in the 
first cell cycle. A more potent effect was seen with IFN-ß 
compared to IFN-a and has also been shown with other glioma
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cell lines (Rosenblum et al., 1990). The study was further 
extended by pulse-labelling with 3H-thymidine, showing that 
IFN decreased DNA synthesis in a dose dependent manner 
without prolongation of any cell cycle phase. Surprisingly, 
cytofluorometric analysis of serum-starved restimulated cells 
showed that the cells where unable to leave the S phase with 
high doses of IFN. Events in the Gl phase as possible targets 
for IFN was indicated by the fact that IFN added during the 
entire Gl but not in the S phase resulted in decreased 
incorporation of ^H-thymidine measured as a pulse in mid S.

Hence, the overall result of this paper was a block in the 
S phase of the cell cycle without affecting the length of 
GO/G1. The molecular target could be expressed during the Gl 
phase, resulting in a biological response as late as during 
the S phase. This raised the question whether events involved 
in the DNA synthesis might be affected by IFN and was further 
investigated in paper II.

Effects on DNA-synthesizing enzymes (paper II).
In paper II we have analyzed possible causes to the S 

phase effect by measuring the activities of thymidine kinase 
and DNA polymerase. Compared to control, 30% of the DNA 
polymerase activity was found after 5 days of IFN treatment of 
exponentially growing cultures. At this time the cells were 
growth inhibited and accumulated in the S phase. In serum- 
starved restimulated cultures, both thymidine kinase and DNA 
polymerase activities were analyzed. A close correlation was 
found between the start of S phase and the increase of enzyme 
activities. For both enzymes, the increase of activity was 
markedly reduced, the DNA polymerase being more affected. The 
presence of an inhibitory factor in the IFN-treated cultures 
was excluded by measuring activities in mixed lysates from 
control and IFN-treated cells.

As discussed above (C.2.4) the effect of IFN on cell 
growth measured by thymidine uptake should be used with 
caution. The direct effect on the different steps in thymidine 
incorporation into DNA (Tovey et al., 1975; Gewert et al., 
1981) may be considered to represent a mechanism for a direct 
effect on DNA replication. However, as more information has 
been presented (Brouty-Boye, 197 8; Fuse and Kuwata, 1978;
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Gewert et al., 1981), it seems more reasonable to assume, that 
the effect on thymidine uptake is a special case. More studies 
concerning this matter have been performed after paper II was 
published (e.g. Mulucci et al, 1983; Pfeffer and Tamm, 1984.

However, paper II is as far as I know the only report 
describing decreased activity of both thymidine kinase and DNA 
polymerase after IFN treatment. Decreased thymidine kinase 
activity without concomittant effect on DNA polymerase 
activity has been reported (Fuse and Kuwata, 1978). A series 
of papers have been published describing effects of IFN on DNA 
synthesis in Daudi cells previously mentioned in section 
C.2.4.(Gewert et al, 1983, 1984; Moore et al, 1984; Suhadolnik 
et al, 1984).

The cell line studied seems to provide an excellent 
experimental tool for detailed studies on molecular mechanisms 
for regulation of DNA replication during IFN-induced growth 
inhibition. Especially, the level for effects on enzymes 
involved in DNA synthesis should be elucidated.

Effects of IFN on the synthesis of proteins associated with 
growth stimulation of Sw 3T3 cells (paper III).

Inhibition of protein synthesis is widely believed to be 
involved in the action of IFN. Proteins have been shown both 
to be induced and to be inhibited upon IFN addition. Based on 
this we choose to study whether the effect of IFN was general 
or more specifically directed towards a fraction of proteins 
in the Sw 3T3 cell line. Hence 56 major individual proteins 
were studied by means of isotope double-labelling and two- 
dimensional gel electrophoresis.

Before studying the individual proteins the effect of IFN 
on total protein synthesis was measured. The increased rate of 
total synthesis found after serum stimulation was partially 
inhibited (70 % of control) as shown by 3H-leucine labelling. 
Also, the inhibition was transient, after 24 hours of 
treatment the level of total protein synthesis was back to 
control levels (unpublished results).

IFN has been proposed to suppress cellular events in Gl 
leading to delayed entry into the S phase (Sokawa et al 1977; 
Lundgren et al 1979; Creasey et al 1980) . In agreement with
this a correlation between protein- and DNA-synthesis
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inhibition could be established although the DNA-inhibition 
was more pronounced in absolute values. The correlation
between protein synthesis in Gl and S phase entry was 
initially demonstrated by Brooks (1977) who showed that the 
rate-limiting step ocurred approximately 2 hours before the 
onset of the S phase.

It has been reported that IFN blocks the uptake of 
3H-thymidine (Gewert et al 1981). To exclude the possibility 
that we were only studying IFN effects on isotope transport, 
we measured the uptake of 3H-leucine and 3H-thymidine into 
intracellular pools. Significant differences were not found 
confirming previous data concerning 3H-leucine transport 
(Pfeffer et. al. 1979).

The synthesis of 56 of the most abundant proteins were
studied individually by two-dimensional SDS-polyacrylamide
gels (2D-PAGE). Serum starved cells were compared to cells 0-6 
and 6-12 hours after restimulation with fresh serum. 25 % of 
the proteins were unaffected by IFN during both labelling 
periods. Hence the inhibitory effects of IFN on protein 
synthesis is selective.

The proteins that were inhibited by IFN belonged mainly to 
the group of proteins whose synthesis was increased after 
serum stimulation. 43 out of 56 proteins were synthesized in 
increased amounts in serum stimulated cells compared to 
starved cells during the first labelling period and 30 of
these 43 proteins (70%) were inhibited by IFN. In comparison 
23 of 35 proteins (66%) were inhibited by IFN during the 
second labelling period compared to the first 6 hour of serum 
stimulation.

IFN inhibited roughly half of the 13 proteins which were 
not increased during the first labelling period. However, only 
5 proteins (24%) were inhibited by IFN in the group of 21 
proteins which were synthesized in lower amounts during the 
second labelling period. Since IFN preferentially inhibited 
proteins which were synthesized in increased amounts after 
serum stimulation, we went further by testing the hypothesis 
that IFN would inhibit newly transcribed mRNA species. For 
this purpose DRB, a reversible inhibitor of transscription 
(Sehgal et. al. 1976) was used. The effect of this drug was 
tested 2-6 hours after serum addition followed by washing of
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the cultures and then labelled during 6-12 hours after 
restimulation of serum starved cells. DRB-sensitive proteins 
were mainly found among those responding with increased 
synthesis to serum stimulation. In contrast, proteins
synthesized in decreased amounts were significantly more 
resistant. Virtually all IFN-sensitive proteins were also
inhibited by DRB and we therefore conclude that IFN
preferentially inhibit protein synthesis originating from 
newly transcribed mRNA species.

Hence, we found that DNA-synthesis was inhibited to a
larger extent than the total protein synthesis in the Gl 
phase. A possible explanation of this would be the existence 
of highly IFN-sensitive growth regulatory proteins. In this 
study we have not made any attempt to find any of those 
putative growth-regulatory proteins. In fact, the only 
proteins with known identities of the 56 studied were actin 
and ß-tubulin. Both were synthesized in increased amounts 
after serum stimulation, but only ß-tubulin was inhibited by 
IFN.

Possible antiproliferative role of the 2-5 A system (paper 
IV) .

In this paper we have described effects with the 
transfected reaction product of 2-5 A synthetase in an attempt 
to evaluate possible mechanisms in Gl and S explaining the S 
phase block and the decrease in DNA polymerase and thymidine 
kinase activity.

Exponentially growing cells transfected with 2-5 A were, 
in analogy with IFN-treated cells, found to accumulate in the 
S phase. In contrast, when serum-starved restimulated cells 
were transfected in early Gl, the cells remained in the G0/G1 
phase. In fact, cells transfected at various times after 
restimulation were blocked at the stage (in Gl and S) where 
the cells resided at the time of transfection, when analyzed 
after one cell cycle (36 hours) . Although 2-5 A undergoes 
rapid degradation (Minks et al, 1979), measurable levels of 2- 
5 A have been found in virus-infected cells (reviewed by 
Pestka et al, 1987). In transfected cells the half-life time 
of 2-5 A exceeded 24 hours which limits the usefulness of the 
method.
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To learn when 2-5 A was rised during physiological 
conditions, 2-5 A synthetase activity was measured after IFN 
treatment of restimulated cells. After 6 hours i.e in the 
middle of Gl phase, the enzyme activity started to rise, while 
the enzyme activity remained on the same level in the control 
culture. However, no measurable amounts of 2-5 
oligonucleotides could be detected, which is in analogy with 
previously published results (Silverman et al, 1982b). This 
does not necessarily mean that the oligonucleotide is not 
present, rather it could be a question of sensitivity of the 
method (Kerr, 1987). On the RNA level, the expected 
degradation of rRNA could be shown, when 2-5 A was transfected 
into cells indicating activation of the RNase L. Also, c-mvc 
mRNA was degraded in contrast to IFN-treated cultures, where 
neither degradation of rRNA could be shown nor reduced levels 
of c-mvc mRNA.

Transfection of the oligonucleotide is an artificial 
method giving high, unphysiological levels of 2-5 A in the 
cells, with gross effects on rRNA and protein synthesis. 
Therefore it is not surprising that the cells were immediately 
blocked, when the oligonucleotide was given to restimulated, 
quiescent cells. On the other hand, the fact that 
exponentially growing cultures were arrested in S and not 
randomly in the cell cycle was interesting. The proposed 
explanation for the differences in sensitivity is built on the 
hypothesis that protein(s) necessary for start/progression of 
DNA synthesis are present in sufficient amounts only in 
cycling, exponentially growing cells, and a target event 
necessary for progress through S is hit, when 2-5 A is 
transfected. We speculate that this event/protein is rate 
limiting in both cycling and restimulated quiescent cells, 
while in cells starved for four days several gene products 
necessary for entry into and progress through the cycle occur 
at low levels. Our data do not exclude mechanims separate from 
the 2-5 A system, although the 2-5 A sensitive target detected 
by the transfection experiments and resulting in S-arrest in 
exponentially growing cells could also explain the effect of 
IFN. The time needed for the 2-5 A synthetase activity to 
increase corresponds to the initial half of the S phase.
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Similar arguments could be raised for the results 
described from our laboratory with the mouse Swiss 3T3 
fibroblast cell line, although other targets might be hit. We 
found that serum starved and restimulated cells were blocked 
in the GO/Gl phase in contrast to exponentially growing cells, 
which were unsensitive to IFN (Sundström, 1987) . Similar 
results have been published by Ebsworth et al (1986), and
Einat and Kimchi (1988) have given evidence for two control 
points, affected by IFN and operating in Balb/c 3T3 cells. 
Labile proteins necessary for progression through Gl has 
previously been suggested (Rossow et al, 1979), the role of 
proto-oncogenes is discussed in section B of the introduction.

The existence of four 2-5 A synthetases have been
demonstrated (Benech et al, 1985; Chebath et al, 1987; 
Hovanessian et al, 1988). They differ in size, cellular 
localization and tissue specific expression. Recent results 
indicate that the different synthetases form 2-5
oligonucleotides with different lengths ranging from dimers to 
pentamers. Various effects of the oligomers were also shown 
(Hovanessian et al, 1988). Thus, a possible role of the 2-5 A 
system operating in the glioma cell line studied, could be 
worked out with considerable sophistication.

The second messenger (s) acting from the moment IFN
molecules bind to receptors to the induction of 2-5 A 
synthetase is/are so far unknown. Recently, the human and 
murine 2-5 A synthetase promoters and also other IFN-regulated 
genes were shown to have similar sequence motifs. Specific 
binding of nuclear proteins were also shown (Rutherford et al, 
1988; Cohen et al, 1988; Pine and Darnell, 1989). Naturally 
the S-arrest observed does not necessarily involve the 2-5 A 
system, direct effects on e.g. transcription of other genes 
might as well be involved.

In conclusion of paper III, we propose that the kinetics 
of development of the effector mechanisms of the IFN response, 
as examplified by the 2-5 A system, as well as the specific 
molecular targets hit, determine the type of cell cycle block 
obtained in different tumor cells.
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C-myc expression during IFN treatment and different growth 
conditions (paper IV and V).

As mentioned in the introduction, c-mvc mRNA expression is 
transiently raised when quiescent cells are stimulated to 
growth by growth-factors. In the glioma cell line maximal £z 
mvc mRNA expression was found 3-6 hours after serum 
stimulation (not shown). IFN induced the S phase block, but £z 
tttvc mRNA expression was unaltered and rRNA seemed to be 
intact. Although the transfection experiments show that 
increased levels of 2-5 A might reduce c-mvc mRNA to non- 
detectable levels, the increase of 2-5 A synthetase takes 
place after the serum-induced increase of c-mvc. As shown in 
paper I IFN can induce the S phase block given as late as 10- 
12h after serum stimulation. Therefore, the block does not 
seem to be mediated by regulation of c-mvc expression.

C-mvc mRNA has been shown to be posttranscriptionally 
regulated in mouse fibroblasts reaching confluency (Dean et 
al, 1986). To get further insights into the importance of this 
regulation in growth control, we selected a Sw 3T3 clone 
(clone Tl) growing in multilayer without contact inhibition. 
Normal, quiescent Sw 3T3 cells respond with a Gl block when 
treated with IFN together with growth factors (e.g. Sundström, 
1987). Although the growth arrest is manifested on different 
cell cycle levels in 251 MG and 3T3 cells, c-mvc mRNA 
expression was unaffected in both cell lines by IFN. Attempts 
to serum starve the clone Tl into quiescence with 0,5 % fetal 
calf serum (the normal procedure with Sw 3T3 cells) was 
unsuccessful, as the cells continued to grow, although at a 
somewhat lower rate.

Surprisingly, c-mvc mRNA levels were independent of serum 
concentration analyzed with Northern blots. Hence c-mvc 
expression is uncoupled to growth factor concentration and to 
growth rate. Clone Tl was also unsensitive to the 
antiproliferative effect of IFN and c-mvc expression was 
mainly at the same level in control and IFN-treated cultures.

Regulation of c-mvc mRNA have been reported to occur after 
IFN treatment, but antiproliferative effects without changes 
in c-mvc mRNA levels have also been described (see C.2.3.). It 
is well known that c-mvc is over-expressed or aberrantly 
expressed in some tumor cell lines (Karn et al, 1989) . C-mvc
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as a major target for the antiproliferative effect of IFN was 
shown by introducing c-rnyc under the control of a viral 
constitutive promotor into Balb/c 3T3 cells thereby making 
them insensitive to IFN-mediated growth inhibition, at least 
that operating early at GO/Gl transition in low dose of IFN 
(Einat and Kimchi, 1988). Others have shown that a decreased 
level of c-myc mRNA might not be a prerequisite for the 
inhibition of cell multiplication in IFN-treated Daudi cells 
(Dron et al, 1986). Altogether, these results indicate that a 
tight control of the c-mvc levels somehow is essential for 
normal growth and that IFN in some, but not in all instances 
regulates growth by regulating c-mvc levels.

We conclude that c-mvc mRNA expression is unaffected of 
IFN in the two anchorage-dependent cell lines studied, 
stimulated to grow after quiescence. The same result was 
obtained with a clone selected for growth in multilayer hence 
with relaxed contact inhibition. This clone also had gained 
the ability to grow in low concentration of growth factor. 
mvc mRNA was expressed independently of serum concentration 
although the cells were growing at different rate, indicating 
a coupling of growth rate to growth factor concentration but 
not to c-mvc m-RNA expression.

Effect of IFN on the expression of KI-67 antigen (paper VI).
KI-67 is an antibody directed towards a nuclear protein 

expressed in Gl, S, G2 and M but not in the GO phase (Gerdes 
et al, 1983, 1984). Although the antigen has found a wide use 
as a marker of actively cycling cells both in tumor cell lines 
and in patient material, the function of the antigen is still 
not known. Data indicating a connection of the antigen to DNA- 
synthesis have been published. Hence it was suggested that KI- 
67 is a part of the DNA replicase complex but separate from 
DNA polymerase (Loke et al,1987). After digestion with DNase I 
the specific fluorescence from the antigen was shown to 
disappear suggesting a binding of KI-67 antigen to histone or 
nonhistone nuclear proteins (Sasaki et al,1987).

In the Daudi cell line reacting with a G0/G1 block by IFN 
treatment, the expression of KI-67 went down from 83% to 18% 
of positive nuclei. IFN was shown to increase an already 
existing KI-67 negative population with a DNA content
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corresponding to G0/G1 cells. In 251 MG cells no change in KI- 
67 expression pattern was seen, when the cells were treated 
with IFN. In parallell with the accumulation of cells in G0/G1
at high density (Westermark et al, 1973), the KI-67 negative
population increased. By using mitoxantrone, which blocks 
cells in G2/M phase, the KI-67 expression was unchanged 
compared to the controls.

The Namalwa cell line was insensitive to IFN as previously 
shown (Merlin et al, 1983). Instead this cell line was growth 
inhibited by the phorbol ester PdBu without any specific block
or change in the KI-67 expression pattern.

Thus we concluded that IFN down-regulated KI-67 expression 
but only in Daudi cells in parallell with an accumulation of 
cells in G0/G1. To further adress the question, whether IFN 
down-regulated KI-67 expression (as assayed by 
immunoreactivity) directly or indirectly as a consequence of 
the induced cell cycle block, we turned to the glioma line 251 
MG. It was shown to be accumulated in GO/Gl by serum depletion 
(paper I). After 3 days of serum starvation, no KI-67 positive 
cells were detected. 12 hours after serum stimulation the 
frequency of KI-67 positive cells started to increase. IFN 
added during the stimulation showed minimal effect. In 
conclusion, KI-67 antigen was expressed in actively cycling 
cells or in cells arrested in cell cycle phases distinct from 
G0/G1. The finding that IFN down-regulated the expression in 
Daudi cells seemed to be secondary to the GO/Gl arrest, 
comparable to the down-regulation observed after serum 
depletion of the growth factor dependent glioma line.

In this paper we have analyzed the expression of KI-67 in 
cell lines reacting with different cell cycle blocks on IFN 
treatment. The results described confirmes that KI-67 antigen 
expression is a useful proliferation marker. Hence the protein 
is expressed as soon as the cells leave the resting GO phase 
in contrast to cell cycle regulated proteins, which are 
cyclically expressed during each cell cycle. We have not been 
able to show that down-regulation of the expression preceedes 
the growth arrest, and therefore our data do not imply a 
causative involvement of KI-67 expression for the effect of 
IFN.
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GENERAL SUMMARY

2. The human glioma cell line 251 MG reacts upon IFN treatment 
with an arrest in the S phase of the cell cycle in both 
exponentially growing and growth-factor depleted, 
synchronized restimulated cultures (paper I).

2. Thymidine kinase and DNA polymerase activity were markedly
reduced in parallell with the S phase block (paper II).

3. Based on 2D-PAGE studies of individual proteins IFN was
found to preferentially inhibit proteins originating from 
newly synthesized mRNA in the Sw 3T3 cell line (paper 
III) .

4. Exponentially growing 251 MG cells were blocked in the S
phase after transfection with 2-5 A in agreement with
cells treated with IFN. In contrast, growth-factor 
depleted restimulated cells were blocked in the cell 
cycle phase where they resided at the time of transfection 
(paper IV).

5. rRNA showed signs of degratation and c-mvc mRNA were
reduced to very low levels after transfection but were 
unaffected by IFN treatment (paper IV).

6. Points 4 and 5 together with the fact that IFN induced 2-5
A synthetase in the middle of Gl phase might indicate that 
the kinetics of expression of the oligonucleotide after
IFN addition determines the type of cell cycle block 
obtained in different tumor cells (paper IV).

7. In Clone T1 selected for growth in multilayer from Sw 3T3
cells .c-mvc expression was uncoupled to growth rate and 
seemed to be growth factor independent. IFN had no effect 
on c-mvc expression in either Sw 3T3 or clone T1 (paper 
V) .

8. KI-67 antigen expression studied in Daudi and 251 MG cell
lines showed that the antigen was expressed in actively
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cycling cells and that the lowered expression in IFN- 
treated Daudi cells was proposed to be a secondary effect 
caused by the GO/Gl arrest (paper VI).

Thus by analysing the effect of IFN-mediated growth 
inhibition in two growth factor dependent cell lines on the 
cell cycle level, we conclude that we have identified an IFN- 
sensitive target event necessary for the progression through 
the DNA-replicative S-phase in the glioma cell line. The 
effect might be mediated by increased intracellular levels of 
2-5 A # as transfected oligonucleotide can mimic the effect of 
IFN. Similar mechanims might operate in fibroblast lines like 
3T3 cells, however, in the two cell lines studied, IFN- 
mediated growth arrest does not seem to involve reduced levels 
of c-mvc expression. The reduced levels of another nuclear 
protein, KI-67, during IFN-treatment is not causatively 
involved in growth inhibition.
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