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Relationship between cell kinetics and
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[FN-gamma-treated human tumour
cell lines

Abstract

TNF-alphais a potent inducer of apoptosis and also affects the transit of cells
through the phases of the cell cycle. It is thought that the proliferation signalling
pathway is related to the apoptosis pathway, the details of this cross-talk are
not yet fully understood. In this report, the effects of tumour necrosis factor-
alpha (TNF-alpha) and interferon-gamma (IFN-gamma) on human tumour cell
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lines with respect to proliferation and apoptosis are examined. The TNF-alpha-
sensitive cell lines Me-180 and MCF-7, the resistant cell line TCC-Sup, and the
intermediate line 5637 were used. After a one day treatment, the transit through
all phases of the cell cycle slowed down and after 3 days stopped completely, as
measured with the BrdU-assay and flow cytometry. During the same time
however, the levels of c-Myc and Ki-67 expression and the number of cells
becoming apoptotic increased. Combined treatment with TNF-alpha and IFN-
gamma augmented both the effects on the cell cycle and on apoptosis in the
sensitive lines, and had only a minor additional effect on the resistant cell line as
compared to single TNF-alpha treatment. The cells becoming apoptotic
detached from the culture flask bottom and floated in the medium. Several
apoptosis assays were used to prove that the floating cells were indeed
apoptotic. As a subsidiary result of receptor measurement, we observed
complexes of TNF-alpha receptors | with TNF-alpha receptors Il using the related
blocking antibodies and 1125-TNF-alpha as ligand. The association of
proliferative parameters and apoptosis became obvious by plotting the levels of
c-Myc expression versus remaining live cells after apoptotic cells were
detached. Our data revealed a good linear correlation indicating that high levels
of c-Myc render cells sensitive to apoptosis, independent of the treatment, TNF-
alpha alone or TNF-alpha in combination with IFN-gamma. The quantitative linear
correlation may point to a threshold mechanism.

Full text

ABBREVIATIONS

TNF-alpha: tumour necrosis factor-alpha
IFN-gamma: interferon-gamma

PARP: poly ADP-ribose polymerase

FITC: fluorescence isothiocyanate

BrdU: bromodeoxyuridine

LIBu: labelling index after BrdU-labelling
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TRAIL: TNF-alpha-related apoptosis-inducing ligand
INTRODUCTION

Tumour necrosis factor-alpha (TNF-alpha) is a pluripotent, pleiotropic cytokine
which plays an important role in inflammatory, immunological and
pathophysiological reactions (reviewed in [1, 2]). In tumour cells it exerts
cytotoxic and cytostatic effects while normal cells are spared [3]. However, TNF-
alpha is not toxic in all tumour cells, but the reason for this is still not clear.
Different mechanisms can account for variation in sensitivity, including receptor
numbers on the cell membrane and signalling pathways inside the cell. The
dominance of TNF-alpha receptor 1 (TNF-alpha-R1) with respect to cell killing is
widely accepted [4]. The receptor number is susceptible to regulation by other
cytokines, e.g. interferon-gamma (IFN-gamma) [5]. However, the number of
TNF-alpha-R1 may not be of prominent importance for sensitivity since low
receptor occupancies were found to be sufficient to exert the effects [6]. TNF-
alpha binding to the receptor induces a variety of intracellular signal cascades,
which are interrelated to the pathways of other cytokines and cytotoxic drugs
[7, 8]. In particular, interferons are able to modulate the effects of TNF-alpha [9-
11]. In most reports, including our own synergistic effects with respect to toxicity
were observed [12].

The simultaneous induction of proliferation and programmed cell death by
cytokines has led to the hypothesis that proliferation and apoptosis are linked:
Apoptosis is a normal consequence of engaging the cell’'s proliferative
machinery [13-15], but can be prevented when life sustaining signals are
available in the cell. Activation of p53 after DNA damage, for example may induce
growth arrest and repair or alternatively apoptosis [14]. Expression of Myc
proteins is implicated in the control of cell proliferation, and deregulated
expression of Myc genes is frequent in cancer cells [16]. The pathways from Myc
to apoptosis are unknown, but candidate molecules include cyclin D3 [14],
reactive oxygen species (ROS) [17], NFkB [18], and Bin1 - cytochrome C [19].

It remains an open question if overexpression of c-Myc still promotes
proliferation or at the same time induces an increase in sensitivity to apoptosis.
In normal and tumour cells, stimulation of starved cells with serum induces
elevated c-Myc expression. However, c-Myc returns to its basic level a few hours
later, when the cells just begin to enter the cell cycle. A permanent elevation of
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the c-Myc level after treatment with TNF-alpha and IFN-gamma, as observed in
this study, may shift the balance from proliferation to apoptosis. We examined
the changes of proliferative parameters, such as c-Myc, Ki 67, and the cell cycle
transit in relation to apoptosis.

TNF-alpha is able to induce both necrotic and apoptotic forms of cell death [20].

Necrosis is characterized by an increase in cell and nuclei volume and eventual
bursting of the cells, while apoptotic cells show a number of characteristics,
including membrane permeabilisation, chromatin condensation, DNA
degradation and formation of membrane-coated apoptotic bodies [21, 22]. The

apoptotic pathway may vary in the various cells, and some of the characteristics

may not appear. In MCF-7 cells, caspase-3 is missing, and these cells do not

show DNA laddering, but they undergo apoptosis [23]. All cells used in this study
chose the apoptotic pathway after cytokine treatment. The combination of TNF-

alpha and IFN-gamma was used to produce stronger apoptotic effects, while
IFN-gamma alone had, preferentially, cell cycle effects.

In the present study, the relationship between TNF-alpha- and IFN-gamma-

induced cell kinetic modifications and their apoptotic effects was examined. Cell

proliferation was measured by the BrdU-labelling technique and determination
of the cell cycle related to Ki-67 and c-Myc expression. We expected down-

regulation of c-Myc and Ki-67 in parallel with a slowing down or halting of the cell

cycle. We found the opposite, elevated Ki-67 and c-Myc levels, and, at the same
time anincrease in apoptosis. This led us to the hypothesis that permanently
elevated c-Myc may lead to sensitization of cells to apoptosis. Our data support
a quantitative correlation between c-Myc level and reduction in cell number due
to apoptosis.

MATERIALS AND METHODS
Cell cultures and cytokines

Four human tumour cell lines from ATCC were used, which were sensitive and
resistant to tumour necrosis factor-alpha (TNF-alpha). These sensitive lines
were: Me-180, a human cervix carcinoma, cultured in McCoy’s 5a medium with
10% fetal bovine serum (FBS), MCF-7a, a human breast carcinoma, cultured in
RPMI 1640 medium with 109% FBS. The resistant line was: TCC-Sup, a human
bladder-transitional carcinoma, cultured in minimum essential medium (Eagle)
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with non-essential amino acids, sodium pyruvate TmM, and Earle’s BSS with 1096

FBS, and the intermediate line 5637, human bladder carcinoma, cultured in RPMI
1640 medium with 109 FBS. Human recombinant TNF-alpha and human
recombinant interferon-gamma (IFN-gamma) were purchased from Bohringer-
Mannheim, Germany.

Neutral red assay

The neutral red assay was performed according to F. Kull et al. [24]. Briefly, the
cells were cultured in 96-well plates. After treatment, the medium was removed,
the cells were washed with PBS, 200 mul/well of neutral red solution (50 mul/m|
in medium), were added, and the plates incubated at 37° C for 3 hours. The
neutral red solution was removed, the cells washed with PBS and the dye fixed
with 509 ethanol containing 1% acetic acid. The OD at 540 nmis related to the
cell number.

TNF-alpha receptors

Binding studies were performed according to M. Grell et al. [25]. Cells were
grown in 24-well plates, incubated at 0° C with anti-TNF-alpha receptor
antibodies (10-50 mug/ml) for 30 min, then incubated with I'>°>-TNF-alpha (6 nM)
for 2 hours. Cells were lysed in 1% SDS solution and measured in a Gamma
counter (Packard). Non-specific binding was determined in the presence of 100
fold unlabelled TNF-alpha. For Scatchard analysis 0.5 to 6 nM '>> was used. The
antibodies H398 (TNF-alpha receptor 55/60 kDa) and M80/7 (TNF-alpha
receptor 75/80 kDa) were a gift from M. Grell, Institute for Cell Biology and
Immunology, University of Stuttgart, the I'*® TNF-alpha was purchased from
Amersham, Braunschweig, Germany.

BrdU-labelling

BrdU labelling and staining was performed as previously described [26]. Briefly,
cells were pulse labelled with 25 muM BrdU and 25 muM cytidin (Serva,
Heidelberg, Germany) for 30 min and fixed with 70% ethanol. For staining, the
cells were centrifuged, washed, and treated with 0.1 mg/m| RNase (Serva),
resuspended in 2 N HCI to denature DNA, then incubated in anti-BrdU solution
(DAKO, Hamburg, Germany) for 60 min, washed and incubated in FITC-
conjugated antimouse IgG secondary antibody (Dianova, Hamburg, Germany)
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for 30 min, and finally the DNA was stained with 10 mug/I propidium iodide
(Culbiochem, Frankfurt, Germany). The cells were measured in a FACScan
(Becton Dickinson, Sunnyvale, CA, USA) and the data analysed using the
programme DAS, kindly provided by Wolfang Beisker, GSF, MUnchen, Germany.

The transit time through S-phase Ts was calculated using the relative
movement method [26].

Ki-67 staining

Staining of cells with Ki-67 was performed as previously described [27]. Briefly,
the cells were fixed in acetone, resuspended in PBS, incubated in MIBT antibody
(a gift from Johannes Gerdes, Lab Molecular Immunology, Borstel, Germany) for
30 min, washed and incubated in a FITC-conjugated antimouse IgG antibody
(DAKO, Hamburg, Germany) for 30 min, and stained in a 2 mul/ml Pl solution,
containing 0.1 mg/ml RNase. The cells were measured in a FACScan.

Apoptosis assays

The following methods were used to identify apoptotic cells. The methods have
been described previously [21] or were used according to the manufacturer’s
instructions.

a) Annexin-V-FITC (Clontech, Palo Alto, CA, USA) stains phosphatidylserine
translocated to the outside of the cell membrane in apoptotic cells, and is
measured by FACScan.

b) Mito Tracker Green FM and Red CMX Ros (Molecular Probes, Eugene, OR,
USA) detects the membrane potential of mitochondria, which is reduced in
apoptotic cells.

c) Apo 2.7 (Immunotech, Marseilles, France) reacts with a mitochondrial
membrane protein which is exposed in apoptotic cells. Trypsinized cells were
centrifuged, resuspended in ice cold Triton X-100 (0.25%) in PBS containing
2.5% FCS and 0.01% NaszN, incubated for 20 min, centrifuged and incubated in
100 ml Apo 2.7 (40 mug/ml) for 30 min at RT, centrifuged, incubated for 30 minin
100 mul anti mouse-FITC (DAKO, Glostrup, Denmark), stained with Pl (2 mug/ml),
and measured in a FACScan (Becton-Dickinson).
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d) The chromatin condensation of cells was measured by assessing the
sensitivity of DNA in situto denaturation according to Darzynkiewicz [22], by
staining with acridine orange (Polyscience Europe, Eppelheim, Germany).

e) Apoptosis-induced cleavage of DNA at the nucleosomal level was measured
by the sub G; peak method by staining cells with Plin 30 muM phosphate buffer.
In apoptotic cells, small DNA pieces diffuse out of the cells and reduce the DNA
contents of apoptotic cells, which appear in the sub G; peak of the DNA
histogram measured in the FACScan.

f) DNA strand breaks were directly measured using the TUNEL assay. Terminal
deoxynucleotidyl transferase (Béhringer-Mannheim, Germany) synthesised
bioinylated d UTP to the DNA breaks, which were stained with fluorescein-avidin
and measured in the FACScan.

g) To detect the PARP cleavage by caspase-3, the protein of cells was isolated
by standard procedures, separated by electrophoresis on SDS-polyacrylamide
gels (Biorad, MUnchen, Germany), blotted on a Immobilon-P, PVDF membrane
(Millipore, Bedford, UK), incubated with anti-PARP (Pharmingen, Hamburg,
Germany), secondary antimouse IgG conjugated to HR peroxidase (DAKO). The
ECL-kit (Amersham Pharmacia, Freiburg, Germany) was used to visualise the
PARP bands with the enhanced chemiluminiscence detection systemona
hybond film.

RESULTS
Effect of TNF-alpha, IFN-gamma on cell proliferation

The dependence of cell survival was determined using the neutral red assay.
After TNF-alpha treatment the percentage of surviving cells decreased up to
1,000 U/ml and remained at the same level for higher concentrations. IFN-gamma
also showed a plateau, however already at a concentration of 100 U/ml. We
therefore used these concentrations in all the following experiments. In Figure 1
the results for the four cell lines tested are shown. For Me-180 and MCF-7 cells,
the cell number after 3 days treatment decreased below the starting value at
day O, indicating cell loss in addition to growth reduction. The resistant cell line
TCC-Sup was almost unaffected, while 5637 cells showed intermediate growth
reduction. These data demonstrate the different sensitivity of the cell lines to
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TNF-alpha and IFN-gamma which we studied with respect to proliferative and
apoptotic parameters, see below.

TNF-alpha receptors

A possible reason for the different effects of TNF-alpha in the various cell lines
might be that the cells have different numbers of TNF-alpha receptors or affinity
coefficients. Indeed, as shown in Table 1, the number of TNF-alpha receptors, as
well as the affinity coefficients, vary considerably. While Me-180 and MCF-7 had
only type | (55/60 kDa) receptors, the BC 5637 and TCC-Sup also had type |l
(75/80 kDa) receptors. Moreover, these latter cell lines seem to express
complexes of type | and type Il receptors. This was revealed by blocking
receptors | and Il with specific antibodies and probing with TNF-alpha-1'?° (see
methods). After blocking for example BC 5637 receptors with anti-RI 8.5%, Rl
bound to TNF-alpha-1?°, however, blocking with anti-RIl resulted in only 73% R
binding to TNF-alpha-1'?°. The missing 18.5% can be explained by complexes of
Rl and RIl, assuming that the binding site for TNF-alpha-1'?® of the type | receptor
will be blocked when the specific antibody is bound to the type Il receptor, and
vice versa.

Treatment of cells with IFN-gamma induced a slight increase in TNF-alpha
receptor numbers with a maximum after 6 hours, see last column in Table 1. At 24
hours the receptor numbers were back to the control values (data not shown).
Neutral red cytotoxicity tests with TNF-alpha after a 6 hours pre-incubation with
IFN-gamma to increase the TNF-alpha receptor numbers of the cells, did not
show any change in sensitivity, indicating that the number of TNF-alpha
receptors is not an important characteristic for TNF-alpha effects in these
tumour cells.

Cell kinetics, BrdU-labelling

Reduction in the numbers of treated cells as compared to controls may be
achieved by cell loss and/or by slowing down of the cell cycle. To assess the role
of cell cycle disturbances e.g. blockade or slowing down versus cell loss induced
by the cytokines, the cell cycle transit was analysed using the BrdU method.
Figure 2 shows as an example dot-plot of BrdU-labelled BC 5637 cells, 10 hours
after pulse labelling. The labelled control cells (Figure 2A) have moved through
S-phase and most of them have arrived at G1-phase. The cells treated for 16
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hours with IFN-gamma before BrdU pulse labelling have only progress slightly in
the cell cycle 10 hours after labelling (Figure 2B). Figure 3 shows that after 48
hours treatment of Me-180 cells with IFN-gamma the cell cycle comes to a halt.
The labelling index drops to close to zero (Figure 3, bottom) and cell growth
comes to a halt (Figure 3, top). This effect of IFN-gamma cannot be reversed by
replacing the IFN-gamma-containing medium with fresh medium. The LI remains
near zero and the cells do not resume proliferation in the following 2 days (Figure
3).

In Table 2, the BrdU measurements for all cell lines are shown. After the 24 hours
treatment, only the MCF-7 cells showed a considerable decrease in LI induced by
TNF-alpha. IFN-gamma was more effective in Me-180 and BC5637 cells, while
TNF-alpha was more effective in MCF-7 and TCC-Sup cells. The transit time
through S-phase, as measured by the relative movement method, remained
more or less constant after the 24 hours treatment, only TNF-alpha + [FN-
gamma induced a prolongation of tg in TCC-Sup and IFN-gamma in BC5637. The
48 hours treatment however, induced considerable prolongation of ts, and in
most cases a complete halt to the cell cycle. The percentage of floating cells,
which were shown to be apoptotic (see section Apoptosis), increased only
slowly with treatment time, except for Me-180 cells where TNF-alpha, and
synergistically, TNF-alpha + IFN-gamma induced apoptosis and hence
detachment of cells from the culture flask bottom already after 24 hours
treatment.

c-Myc and Ki-67 expression

To further characterize the status of the cells in the cell cycle, c-Myc was
measured using antibodies and FACScan. An example of the c-Myc distributions
in MCF-7 cells after 2 days treatment with TNF-alpha and the 2 day control is
shown in Figure 4. The level of c-Myc expression was determined by calculating
the mean of these distributions by subtracting the mean of the isotype and
normalizing to the fluorescence of standard beads. To demonstrate that the
tumour cells were able to modulate c-Myc expression, we stimulated the cells
after starvation. All three cell lines responded with an increase in c-Myc to
stimulation by medium with 10% FCS after serum starvation for 3 days, as shown
in Figure 5, top. While Me-180 cells began to down-regulate the c-Myc after 1
hour and arrived at control levels already 5 hours after stimulation, the MCF-7
and TCC-Sup cells remained at elevated levels at least up to 5 hours. Treatment
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of cells with TNF-alpha, IFN-gamma and TNF-alpha + IFN-gamma resulted in a
long lasting increase of c-Myc, as shown in Figure 5, bottom. However, in the
apoptosis-resistant cell line TCC-Sup, almost no increase in c-Myc was
observed. It should be noted that IFN-gamma had no effect on MCF-7 cells
whereas the combination of TNF-alpha with IFN-gamma increased c-Myc to the
same 3-fold level as in Me-180 cells where IFN-gamma alone induced a 2-fold
elevation of c-Myc. The same tendency was found for the reduction of cell
number, see Figure 1. The absolute values of c-Myc in untreated cells were
clearly lower in the TNF-alpha-resistant cell line TCC-Sup (0.27 + 0.09) thanin
the TNF-alpha-sensitive cell lines Me-180 (113 + 0.05) and MCF-7 (1.23 = 0.65).
These figures were obtained from cell nuclei as relative fluorescence values
(FL1(Myc)-FL1(is0))/beads, and represent a normalization to the constant
fluorescence of the beads.

Ki-67 is a marker of proliferation which is expressed only in cycling cells and not
in quiescent cells. Therefore, a down-regulation of Ki-67 after treatment with
TNF-alpha, IFN-gamma and the combination of both, at least after 2 days of
treatment was expected. Figure 6 shows that, on the contrary, Ki-67 is up-
regulated after 2 days. This is a continuous process, after 5 hours the Ki-67 was
found to be only slightly higher than the controls (data not shown). Moreover,
the increase in the Ki-67 level is less in TCC-Sup, where the LIBu decreased
much more than in Me-180 and MCF-7 cells (Table 2). This increase in Ki-67
levels after cytokine treatment is very closely related to the increase in the c-
Myc level, as reported above.

Apoptosis induction by TNF-alpha and IFN-gamma

The numbers of cells remaining attached, and those released from the culture
flask bottom are plotted in Figure 7. The cells treated with TNF-alpha or IFN-
gamma alone grew very slowly in number, however, since the number of
detached cells increased, there must have been proliferation at least up to 48
hours of treatment. Even for the combined treatment - the total number of cells
increased up to 24 hours. At later times the majority of cells floated in the
medium while the number of attached, viable cells further declined.

To assess the viability status of attached and floating cells, we applied a variety

of methods to determine the percentage of cells with apoptotic characteristics.

The maijority of cells which remained attached to the bottom of the culture flask
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after treatment were viable, only about 10%, as compared to the control,
showed all the characteristics of apoptotic cells. The detached floating cells, on
the other hand, were close to 100% apoptotic (Figure 8). However, some
parameters showed a deviant behaviour in the various cell lines, e.g. DNA
cleavage (sub G) was less abundant in Me-180 cells (Figure 8, top), and PARP
cleavage was virtually absent in IFN-gamma-treated as well as control MCF-7
cells (Figure 8, bottom).

Discussion

Treatment of human tumour cell lines with the cytokines TNF-alpha and IFN-
gamma results in reduced cell numbers (Figure 1). The various cell lines show
different sensitivity to TNF-alpha and IFN-gamma, e.g. Me-180 is sensitive to
both while MCF-7 is only sensitive to TNF-alpha and not to IFN-gamma. The
combination of both cytokines, however, is more than additive in sensitivity. The
reason for the different sensitivities could be (a) different numbers and affinity
of receptors (b) down-regulation of proliferation and © induction of apoptosis.

The TNF-alpha receptor number is indeed lower on the resistant TCC-Sup cells
than on the other three lines (Table 1). On the other hand, the BC 5637 cells are
as sensitive as the MCF-7 cells to TNF-alpha despite their nearly 50% lower
receptor number. When a low receptor occupancy is sufficient to induce the
effects as observed by Coffman et al. [6], the number of receptors per cell
should not be crucial for sensitivity. As a corollary, we found in two cell lines 17
and 20% complexes of TNF-alpha-R1and TND-R2. This was revealed by the fact
that a TNF-alpha-R1 blocking antibody also blocked a fraction of the TNF-alpha-
R2 and vice versa (Table 1). Such hetero-complexes were also observed by J.K.
Pinckard, et al. [28] after TNF-alpha ligand binding using a direct assay. In
contrast, Chan et al. [29] found no evidence of hetero-complexes, only homo
trimers of TNF-alpha-R1and TNF-alpha-R2, respectively. The expression of more
TNF-alpha-receptors after IFN-gamma treatment is well known [30]), in our cells
the increase of receptor numbers was only slight and cannot explain the drastic
reduction in surviving cells.

The decrease of cell growth after treatment with TNF-alpha and IFN-gamma may
depend on prolongation of the cell cycle time T, or blockage of cycling, and in
addition, cell death. The growth curves of TNF-alpha- and IFN-gamma-treated
cells were nearly identical (Figure 7), however, the numbers of detached cells
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after TNF-alpha treatment were three times higher than those of IFN-gamma
treated cells. Since the detached (floating) cells are apoptotic as will be shown
and discussed below, this indicates that TNF-alpha acts more via programmed
cell death and IFN-gamma more viginterference with the cell cycle. This is also
illustrated by Figure 3, where, after IFN-gamma treatment, the S-phase labelling
index drops between 24 hours and 48 hours to nearly 0, and at the same time
cell growth stops. The increase of S-phase transit times Ts after 24 hours of IFN-
gamma and not after TNF-alpha also supports this explanation (Table 2). After
longer treatment times, and in particular after combined TNF-alpha + IFN-
gamma treatment, the cell cycle slows down or stops. The down-regulation of
the cell cycle was not accompanied by a blockage in any of the phases. Growth
arrest was also found in other cell lines: HL-60 [31], breast cancer line TD 47 [32],
and glioblastoma SF-188 and LN-382 [33] after TNF-alpha treatment. However,
the authors observed only a G; prolongation or blockage and did not look at S-
phase transit times Ts. In conclusion, our data indicate that TNF-alpha, and more
so IFN-gamma, slow down cell cycle transit times, rather than inducing
accumulation in one of the phases.

Growth arrest, as found after treatment with TNF-alpha and IFN-gamma should
be associated with low levels of c-Myc and Ki-67. We obtained, on the contrary,
elevated levels of both c-my and Ki-67, see Figure 5 bottom and Figure 6. The
most prominent increases were found after TNF-alpha + IFN-gamma, where the
halting of the cell cycle was most complete. This contradiction cannot be
explained by a dysfunctional c-Myc in these tumour cell lines. In Figure 5, top, we
show that stimulation of starved cells by medium with 10% serum increases the
c-Myc level for several hours, then it is down-regulated to its basic level, which is
a normal behaviour. After TNF-alpha and IFN-gamma treatment the c-Myc and
Ki-67 levels rose continuously up to 3 days, and in parallel, the number of cells
becoming apoptotic also increased. A correlation between c-Myc level and
apoptosis is discussed below. The cells that were resistant to apoptosis (TCC-
SUP) were also resistant to cell kinetic changes after treatment with TNF-alpha.
IFN-gamma treatment induced a blockade in the cell cycle in TNF-alpha-
resistant as well as sensitive cells. The combined treatment, however, increased
apoptosis only in the sensitive cell lines.

The characteristics of apoptotic cells are manifold and we have used several
methods to reveal how many of the cells were apoptotic. The main finding was
that only few of the cells attached to the culture flask bottom became apoptotic
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after treatment with TNF-alpha and IFN-gamma alone while 30 to 70%,
depending on the method, showed apoptotic traits after combined TNF-alpha +

IFN-gamma-treatment. On the other hand, the detached, floating cells proved to

be apoptotic using most of the methods. One of the exceptions, the missing
cleavage of PARP after IFN-gamma and in the control could be explained by the
fact that MCF-7 cells do not express caspase-3. In the TNF-alpha treated cells,
however, PARP was degraded, probably by caspase-6 or -7, which are able to

replace caspase-3 in a compensatory pathway [34]. These findings indicate that

cellsin an early apoptotic stage detach and become floating.

To demonstrate the correlation between c-Myc level and apoptosis we plotted
Myc levels of treated cells, normalized to the value of the control at the same

time, versus percentage of remaining cells, also related to the respective control

in Figure 9. The data used for this correlation are those shown in Figures 1, 5, and
7. The plots include the data of all three cell lines where the different
experiments were normalized to their common mean value, which did not
change the steepness of the regression line. As can be seen from the figure, a
good correlation between c-Myc level and percentage of remaining viable cells
is obtained. The strong correlation shows that c-Myc levels and apoptosis are
related: high c-Myc levels are related to extended apoptosis. This correlation
indicates, that the c-Myc level is crucial, independent of the way it has been
generated, since data for three different treatments (TNF-alpha, IFN-gamma,
TNF-alpha + IFN-gamma) are included. A similar relationship was found in HeLa
cells treated with TRAIL or staurosposine by Stoneley et al. [35]. In transgenic
mice, where c-Myc was activated by hydroxytamoxifen, thymocytes became
increasingly apoptotic after 48 hours [36]. Our results and those of the cited
authors may be explained by the "dual signal model for c-Myc action” of Evans
[13]. It suggests that any mechanism promoting cell proliferation also activates
the potential for cell suicide. A cell activated by c-Myc needs survival signals to

avoid apoptosis. In our experiments, the cells were treated with TNF-alpha which

activates apoptotic pathways rather than survival signals. The simultaneous,
high Ki-67 levels indicate that the proliferation signals also remain active. The
mechanisms involved in how c-Myc promotes apoptosis are not completely
understood. A putative participant of the pathway is Bin 1 which is able to bind c-

Myc [37] and induces cytochrome C release from mitochondria to the cytoplasm

and thus sensitizes cells to TNF-alpha since cytochrome Cis also involved in a
TNF-alpha-induced pathway to apoptosis [38]. The quantitative correlation
between c-Myc level and the number of cells remaining attached after apoptotic
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cells were released, is a novel finding. Permanently elevated c-Myc obviously
leads to sensitization of cells to apoptosis, according to our hypothesis.
Moreover, the quantitative correlation may indicate a threshold mechanism; a
higher c-Myc mean value implies more cells of the population above a threshold
of sensitivity to apoptosis and hence more cells becoming apoptotic.

CONCLUSION

Acknowledgements. | thank Sylvia Bornkessel, Hannelore Bollmann for
excellent technical assistance, and Renate Erb for professional help with the
manuscript.

References

1. Fiers W. 1991. Tumor necrosis factor. Characterization at the molecular, cellular
and in vivolevel. (Review) FEBS Lett. 285: 199.

2. Tracey K J, Cerami A. 1993. Tumor necrosis factor, other cytokines and disease.
(Review) Annu. Rev. Cell Biol. 9: 317.

3. Watanabe N, Neda H, Ohtusuka Y, Sone H, Yamauchi N, Maeda M, Kuriyama H,
Niitsu Y. 1989. Signalling pathway of tumor necrosis factor in normal and tumor
cells. Cancer Immunol. Immunother. 28: 157.

4. Grell M, Wajant H, Zimmermann G, Scheurich P. 1998. The type 1 receptor
(CD120a) is the high-affinity receptor for solube tumor necrosis factor. Proc.
Natl. Acad. Sci. USA 95: 570.

5. Ruggiero V, Tavernier J, Fiers W, Baglioni C. 1986. Induction of the synthesis of
tumor necrosis factor receptors by interferon-gamma. J. Immunol. 136: 2445.

6. Coffman F D, Green LM, Ware C F. 1988. The relationship of receptor
occupancy to the kinetics of cell death mediated by tumor necrosis factor.
Lymphokine Res. 7: 371.

7. Aggarwal B B, Natarajan K. 1996. Tumor necrosis factors: developments during
the last decade. (Review) Eur. Cytokine Netw. 7: 93.

https://lwww.jle.com/en/revues/ecn/doc/relationship-between-cell-kinetics-and-apoptotic-effects-in-tnf-alpha-and-ifn-gamma-treated-human-tum. .. 14/31



2026/10/21 13:49 JLE — European Cytokine Network — Relationship between cell kinetics and apoptotic effects in TNF-alpha and IFN-gamma-t...
8. Wiegmann K, Schutze S, Kampen E, Himmler A, Machleidt T, Kronke M. 1992.
Human 55-kDa-receptor for tumor necrosis factor coupled to signal
transduction cascades. J. Biol. Chem. 267:17997.

9. Dubois M F, Ferrieux C, Lebon P. 1989. Synergistic cytotoxic effects of
recombinant human tumor necrosis factor, interferons, and heat-stress. Cancer
Res. 49:5618.

10. Kikuchi A, Holan V, Minowada J. 1992. Effects of tumor necrosis factor alpha,
interferon alpha and interferon gamma on non-lymphoid leukemia cell lines:
growth inhibition, differentiation induction and drug sensitivity modulation.
Cancer Immunol. Immunother. 35: 257.

11. Mori H, Kondoh H, Tamaya T. 1989. Synergistic effects of interferon-gamma
and tumor necrosis factor against proliferation of gynecologic tumor cell lines.
Gynecol. Oncol. 35: 209.

12. Baisch H, Otto U, Kloppel G. 1990. Antiproliferative and cytotoxic effects of

single and combined treatment with tumor necrosis factor-alpha and/or alpha
interferon on a human renal cell carcinoma xenotransplanted into nu/nu mice:
cell kinetic studies. Cancer Res. 50: 6389.

13. Evan G. 1997. Cancer-a matter of life and cell death. (Review) Int. J. Cancer71:
709.

14. Janicke RU, Lin XY, Lee F H, Porter A G. 1996. Cyclin D3 sensitizes tumor cells
to tumor necrosis factor-induced, c-Myc-dependent apoptosis. Mol. Cell Biol. 16:
5245.

15. Coffman F D, Haviland D L, Green LM, Ware C F. 1989. Cytotoxicity by tumor
necrosis factor is linked with the cell cycle but does not require DNA synthesis.
Growth Factors1: 357.

16. Nesbit CE, Tersak J M, Prochownik E V. 1999. MYC oncogenes and human
neoplastic disease. (Review) Oncogene 18: 3004,

17. Kinnula V L, Aito H, Klefsrom J, Alitalo K, Raivio K O. 1998. Similarities between
TNF and exogenous oxidants on the cyotoxic response of c-Myc-expressing

https://lwww.jle.com/en/revues/ecn/doc/relationship-between-cell-kinetics-and-apoptotic-effects-in-tnf-alpha-and-ifn-gamma-treated-human-tum. .. 15/31



2026/10/21 13:49 JLE — European Cytokine Network — Relationship between cell kinetics and apoptotic effects in TNF-alpha and IFN-gamma-t...
fibroblasts in vitro. Cancer Lett. 125:191.

18. Klefstrom J, Arighi E, Littlewood T, Jaattela M, Saksela E, Evan G|, Alitalo K.
1997. Induction of TNF-sensitive cellular phenotype by c-Myc involves p53 and
impaired Nf-kB activation. EMBO J. 16: 7382.

19. Prendergast G C. 1999. Mechanism of apoptosis by c-Myc. (Review)
Oncogene18: 2967.

20. Laster SM, Wood J G, Gooding L R. 1988. Tumor necrosis factor can induce
both apoptotic and necrotic forms of cell lysis. J. Immunol. 141: 2629.

21. Baisch H, Bollmannn H, Bornkessel S. 1999. Degradation of apoptotic cells and
fragments in HL-60 suspension cultures after induction of apoptosis by
camptothecin and ethanol. Cell Prolif. 32: 303.

22. Darzynkiewicz Z, Bruno S, Del Bino G, Gorczyca W, Hotz M A, Lassota P,
Traganos F. 1992. Features of apoptotic cells measured by flow cytometry.
(Review) Cytometry13: 795.

23. Janicke R U, Sprengart M L, Wati MR, Porter A G. 1998. Caspase-3 is required
for DNA fragmentation and morphological changes associated with apoptosis. J.
Biol. Chem. 273: 9357.

24. Kull F C Jr. 1984. Estimation of cell number by neutral red content. J. Immunol.
133: 2577.

25. Grell M, Scheurich P Meager A, Pfizenmaier K. 1993. TR60 and TR80 tumor
necrosis factor (TNF-)-receptors can independently mediate cytolysis.
Lymphokine Cytokine Res. 12: 143.

26. Baisch H, Otto U. 1993. Intratumoral heterogeneity of S phase transition in
solid tumours determined by bromodeoxyuridine labelling and flow cytometry.
Cell Prolif. 26: 439.

27.Baisch H, Gerdes J. 1990. Identification of proliferating cells by Ki-67 antibody.
In: Crissman A, Darzynkiewicz Z. Eds. Methods in Cell Biology. San Diego, New

https://lwww.jle.com/en/revues/ecn/doc/relationship-between-cell-kinetics-and-apoptotic-effects-in-tnf-alpha-and-ifn-gamma-treated-human-tum. .. 16/31



2026/10/21 13:49 JLE — European Cytokine Network — Relationship between cell kinetics and apoptotic effects in TNF-alpha and IFN-gamma-t...

York, London: Academic Press, 33: 217.

28. Pinckard J K, Sheehan K C, Schreiber R D. 1997. Ligand-induced formation of
p55 and p75 tumor necrosis factor receptor heterocomplexes on intact cells. J.
Biol. Chem. 272:10784.

29.ChanFK, ChunHJ, Zheng L, Siegel R M, BuiKL, Leonardo M J. 2000. A domain
in TNF-receptors that mediates ligand-independent receptor assembly and
signaling. Science 288: 2351.

30. Aggarwal BB, Eessalu TE, Hass P E. 1985. Characterization of receptors for
human tumour necrosis factor and their regulation by gamma-interferon. Nature
318: 665.

31. Darzynkiewicz Z, Carter SP, Old L J. 1987. Effect of recombinant tumor
necrosis factor on HL-60 cells: cell-cycle specificity and synergism with
actinomycin D. J. Cell Physiol. 130: 328.

32. Pusztail, Lewis CE, McGee J O.1993. Growth arrest of the breast cancer cell
line, T47D, by TNF-alpha; cell cycle specificity and signal transduction. Br. J.
Cancer67: 290.

33.ChengK, Sawamura Y, Sakuma S, Tada M, Sudo M, Aida T, Abe H. 1994,
Antiproliferative effect of tumor necrosis factor-alpha on human glioblastoma
cells linked with cell cycle arrest in G1 phase. Neurol. Med. Chir. (Tokyo) 34: 274,

34.Zheng TS, Hunot S, Kuida K, Momoi T, Srinivasan A, Nicholson D W, LazebnikY,
Flavell R A. 2000. Deficiency in caspase-9 or caspase-3 induces compensatory
caspase activation. Nat. Med. 6: 1241.

35. Stoneley M, Chappell S A, Jopling C L, Dickens M, MacFarlane M, Willis AE.
2000. c-Myc protein synthesis is initiated from the internal ribosome entry
segment during apoptosis. Mol. Cell Biol. 20: 1162.

36. Blyth K, Stewart M, Bell M, James C, Evan G, Neil J C, Cameron E R. 2000.
Sensitivity to myc-induced apoptosis is retained in spontaneous and
transplanted lymphomas of CD2-mycER-TM mice. Oncogene19: 773.

https://lwww.jle.com/en/revues/ecn/doc/relationship-between-cell-kinetics-and-apoptotic-effects-in-tnf-alpha-and-ifn-gamma-treated-human-tum. .. 17/31



2026/10/21 13:49 JLE — European Cytokine Network — Relationship between cell kinetics and apoptotic effects in TNF-alpha and IFN-gamma-t...
37. Prendergast G C. 1999. Mechanism of apoptosis by c-Myc. (Review)
Oncogene18: 2967.

38. Juin P, Hueber A O, Littlewood T, Evan G. 1999. c-Myc-induced sensitization to
apoptosis is mediated through cytochrome c release. Genes Dev. 13: 1367.

Figures

https://lwww.jle.com/en/revues/ecn/doc/relationship-between-cell-kinetics-and-apoptotic-effects-in-tnf-alpha-and-ifn-gamma-treated-human-tum. .. 18/31



2026/10/21 13:49 JLE — European Cytokine Network — Relationship between cell kinetics and apoptotic effects in TNF-alpha and IFN-gamma-t...

https://lwww.jle.com/en/revues/ecn/doc/relationship-between-cell-kinetics-and-apoptotic-effects-in-tnf-alpha-and-ifn-gamma-treated-human-tum. .. 19/31



2026/10/21 13:49 JLE — European Cytokine Network — Relationship between cell kinetics and apoptotic effects in TNF-alpha and IFN-gamma-t...

https://lwww.jle.com/en/revues/ecn/doc/relationship-between-cell-kinetics-and-apoptotic-effects-in-tnf-alpha-and-ifn-gamma-treated-human-tum. .. 20/31



2026/10/21 13:49 JLE — European Cytokine Network — Relationship between cell kinetics and apoptotic effects in TNF-alpha and IFN-gamma-t...

L

LiFa

https://lwww.jle.com/en/revues/ecn/doc/relationship-between-cell-kinetics-and-apoptotic-effects-in-tnf-alpha-and-ifn-gamma-treated-human-tum. .. 21/31



2026/10/21 13:49 JLE — European Cytokine Network — Relationship between cell kinetics and apoptotic effects in TNF-alpha and IFN-gamma-t...

https://lwww.jle.com/en/revues/ecn/doc/relationship-between-cell-kinetics-and-apoptotic-effects-in-tnf-alpha-and-ifn-gamma-treated-human-tum. .. 22/31



2026/10/21 13:49 JLE — European Cytokine Network — Relationship between cell kinetics and apoptotic effects in TNF-alpha and IFN-gamma-t...

L

L.

https://lwww.jle.com/en/revues/ecn/doc/relationship-between-cell-kinetics-and-apoptotic-effects-in-tnf-alpha-and-ifn-gamma-treated-human-tum. .. 23/31



2026/10/21 13:49 JLE — European Cytokine Network — Relationship between cell kinetics and apoptotic effects in TNF-alpha and IFN-gamma-t...

https://lwww.jle.com/en/revues/ecn/doc/relationship-between-cell-kinetics-and-apoptotic-effects-in-tnf-alpha-and-ifn-gamma-treated-human-tum. .. 24/31



2026/10/21 13:49 JLE — European Cytokine Network — Relationship between cell kinetics and apoptotic effects in TNF-alpha and IFN-gamma-t...

https://lwww.jle.com/en/revues/ecn/doc/relationship-between-cell-kinetics-and-apoptotic-effects-in-tnf-alpha-and-ifn-gamma-treated-human-tum. .. 25/31



2026/10/21 13:49 JLE — European Cytokine Network — Relationship between cell kinetics and apoptotic effects in TNF-alpha and IFN-gamma-t...

Table 1
TNF-1eceptor numbers and affinity coefficients Kd measured with iodinated TME. These numbers include hoth 1eceptor types,
blocked with an anthody and vice versa. The vast majority are of a type I (TR 55/60)0 The column “% complexes™ represents
presumed complexes of both receptors, see text In the last column the increase in receptor numhers
thoth types, % of untreated) after 6 hours treatment of cells with 100 Uiml IFN are given

Mumber of THF receptors e TE. 55460 % TR 75480 Te complexes T 1ncTEase
Ed (pM) Teceptor numbers
Treatment
[FH-y
100 Tml & hours
Mel20 10754 = 1,409 1,620 = 200 Qa6 x84 12+£53 0 115 +11
MCE-7 0020 = 1,240 o9 I=E5+43 ng2=+10 0 127 £ 35
BCSaz7 5020 +1,711 1,426 + 503 TE0 48 25+40 17253 180+ 10
TCC-3UPR T2l +ED 300+ T05 +67 T5+31 22073 120 +7
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Tahle 2
Cell kinetic parameters measured using the ErdlLlabelling method after treatment with TANF-ce, IFN-v and, TFMN-cx + TFM-y
LI (Bu) % T1 (k) T floahing cells (mpophosis)

24 hours 43 homrs 24 homrs 43 hours 24 homrs 43 homrs
Me 180
Comtr, 32204 242 6.4 02x07 105 28x08 2507
TNF 34753 A3 x82 20+0%8 nd 3331709 405125
[FN 3Z4=x15 15248 l1o0x1 8 nd 7138 25658
T+1 199+ 28 1432 125£20 nd 921 £22 orEx10
MCF-7
Contr. 038 321 251 ladx1l4 141 24 lox04 07+x0z
TNF 21567 15752 olxlx Cac X 123
INF 3l2+71 22768 nd. 3R+7T5 la+08 lax10
T+1 25324 Tex2l T9+13 CEC a7+08 114x21
TOC-SLP
ot 32020 105 =73 (@) 04+08 Il12x34 () 42+109 90+z=0
THF 33507 2017 @ 92+08 215 4517 202 x28
IFN 3B5 x50 T2x4T @ 104 () cac () 57x33 127213
T+1 285x1.5 32x23 @@ 122 (o) csc () a0+11 233 x 448
BC5637
Comtr, 23 x78 17528 () 12217 140 5.0 32 171
TNF 457 +52 126 +14 () 162 £22 nd. X 231
[FN 42318 5208 () 33 CEC nd nd
T+1 nd nd nd nd nd nd

fay T2 hours treatment; (b the percentage of urlabelled 3-phase cells remained high, ndicating that cellz in all phases of the cell oy le became
quieacent; (o caloulated from doubling fime, cac = comnplete stop cveling, nd = not done.
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