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Summary : Interferon lowers calmodulin levels in two cell lines sensitive
to its antiproliferative effect. Further, in synchronized cells, interferon
strongly inhibits the increase in calmodulin observed when control cells
enter the S phase, and concomitantly inhibits DNA synthesis. Calmodulin
has been implicated in the control of cell proliferation and an increase

in this protein seems to be necessary for the progression of cells into

the S phase of the cell cycle. Therefore, the effect of interferon on cal-
modulin content might constitute part of the molecular mechanism by which
interferon inhibits DNA synthesis.

Calmodulin, the major intracellular calcium receptor, has been demons-
trated to mediate regulation by calcium of a large number of cellular acti-
vities. It binds and activates several enzymes (1-3} and plays an important
part in controlling cell proliferation both in vitro and in vivo. An incre-
ase in calmodulin has been found as the cells synchronously enter the DNA
synthetic phase of the cell cycle (3, 4, 5). In addition exogenously added
calmodulin has the ability to stimulate DNA synthesis in isolated liver
cells (6). The antiproliferative effect of interferon on many cell lines is
well documented (7, 8) although the mechanism by which interferon reduces
cell growth remains unclear. Some reports indicate that cells are blocked
in the GO-G1 phase of the cycle after interferon treatment, and that inter-
feron inhibits the transition from the G, to the S phase (9-12). However,
others, using different cell lines showed that all the phases of the cell
cycle are longer in cells treated with interferon (13). Since calmodulin
has been implicated in cell proliferation, we attempted to ascertain whether

interferon affects the amount of this protein present in cultured cells.
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MATERIAL AND METHOQDS
Cells.

Human Wish cells were grown either in Dulbecco medium supplemented with
10% foetal calf serum or in Fyp/Dulbecco medium (V/V) supplemented with 5
ug/ml insulin, 5 ug/ml transferrin and 1 pg/ml Epidermal growth factor (EGF).
Bovine MDBK cells were grown in Eagle medium supplemented with 10% newborn
calf serum.

Interferon.

Interferon was induced by challenge of human lymphocytes with Sendai
virus and purified as previously described (14). The 21K fraction used for
the experiments had a specific activity of 5.107 international units/mg
of protein.

Chemicals.

Insulin, transferrin and trifluoperazine were gurshased from Sigma
Chemicals C.0., EGF from collaborative Research, [H?l Thymidine (specific
activity : 25 Ci/mmole) from C.E.A., France.

Calmoduiin determination.

Cells were washed twice with cold Eagle medium, scrapped with a rubber
policeman and centrifuged for 5 min. at 600g. The cell peliet was homoge-
nized on ice by 30 strokes of Dounce in 0,5 ml of buffer containing 10 mM
imidazole pH 7.5, 1 mM 2 8 mercaptoethanol, 1 mM EGTA, 10 mM MgCl, and 0.15
M NaCl. Homogenates were heated for 6 min. at 80°C, rapidly cooleg and cen-
trifuged for 30 mn at 10000 g. Supernatants were assayed for calmodulin
content using a [ 1251] calmodulin radioimmuno assay kit from New England
Nuciear (NEN). Protein content was measured by the Lowry method (15). Results
are expressed in ng of calmodulin / mg of protein in the cell extract and
represent the mean of two measurements. The intra-assay variability was less
than 5%. The absolute values obtained in similar experiments varied due pro-
bably to the differences in the age of the cells (as it has been previously
underlined by Chafouleas et al. (16)). Because of this interassay variability,
data were not treated statistically.

DNA synthesis measurement.

Cells were pulse-labelled for 1 hour with 5 uCi/mi of [BH] Thymidine ;
they were then rinced three times with cold PBS, dissolved in 0,3% SOS, pre-
cipitated with 10% TCA and the radioactivity in the soluble and insoluble
TCA fractions was counted. Results are the mean of 3 experiments.

RESULTS

Effect of interferon on calmodulin Jevels in exponentially growing cells.

To estimate an effect of interferon on caimodulin levels, exponentially
growing bovine MDBK cells and human WISH cells cultivated in the presence of
calf serum were treated either for 24 hours or two passages (i.e. 2 weeks)
with interferon (500 IU/m1), and the calmodulin levels were estimated in
cell extracts. The results of three experiments, reported in Table 1, ex-

press the calmodulin content per mg of protein in these extracts. In control
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Table 1. Effect of interferon on calmodulin levels in Wish and MDBK cells.

INTERFERON MDBK cells WISH cells
treatment Exp. 1 Exp. 2 Exp. 3 Exp. 1 Exp. 2 Exp. 3
None 3257 2745 2972 | 1230 1969 1345
24 H 1578 1850 2224 ND ND 1024
2 passages 571 ND ND 930 1408 ND

Human WISH cells were routinely propagated in Dulbecco medium supple-
mented with 10% foetal calf serum and MDBK cells in Eagle medjum sup-
plemented with 10% newborn calf serum. For the experiment, 100 cells
were seeded per 60 mm petri dishes in culture medium. After two days

at 37° cells were placed in fresh, non supplemented medium and treated
with 500 IU/ml of interferon. Cells were extracted 24 hours later. For
cell treatment throughout 2 passages in the presence of interferon, 500
IU/ml of interferon was added to culture medium after each trypsiniza-
tion. The same amount was again added 24 hours before cell extraction
Calmodulin content was determined as described in Material and Methods.
Results are expressed in ng of calmodulin/mg of protein in the cell
extract and represent the mean of two measurements.

cells, these amounts correspond to about 250 ng of calmodulin per 106 MDBK
cells, and 150 ng per 106 WISH cells, and are within the range of the calmo-
dulin values reported by others in transformed cells of different origins
(17, 18). Treatment with interferon decreased calmodulin levels in both cell
lines. The reduction was more pronounced in MDBK cells, especially when they
were maintained for two passages in the presence of interferon.

Effect of interferon on calmodulin levels in synchronized cells.

Since calmodulin has been implicated in the Gl-S progression of the cell
cycle (4, 5, 17), these results prompt us to investigate the effect of inter-
feron on the changes in calmodulin content during the stimulation of DNA
synthesis in synchronized cells.

For such experiments, we used WISH cells cultivated in serum free medium
supplemented with insulin, transferrin and epidermal growth factor (EGF).

Such medium allow to eliminate the possibility that many i11-defined components
of the serum used in culture medium could bind and/or inactivate calmodulin.

WISH cells cultivated in such medium were synchronized by growth factor
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Figure 1. Effect of interferon on calmodulin levels and DNA synthesis
in synchronized WISH cells.

WISH cells were routinely propagated in F12/Dulbecco (v/v) medium sup-
plemented with 5 ug/ml insulin, 5 ug/ml transferrin and 1 ng/ml epider-
mal growth factor. For calmodulin determinatioa, cells were seeded in
F12/Dulbecco medium, in 60 mm petri dishes (10° cells/dish) and for mea-
surement of DNA synthesis in 24 well-plates (105 cells/well) in the

same medium. A1l cells were kept for one week in this medium without
addition of growth factors. Stimulation was induced by adding fresh
factor free medium. For interferon treatment, 500 UI/ml of human o
interferon were added to the cells 24 hours before stimulation and the
same amount was added again when stimulation started. At the times indi-
cated, calmodulin content and DNA synthesis were estimated as described
in Material and Methods. A, TCA insoluble radioactivity in control cells :
e, in interferon treated cells : a ; TCA soluble radioactivity in con-
trol cells : o, in interferon treated cells : 2 . B, calmodulin content
in control cells : e, in interferon treated cells : a.

deprivation. Once the cells have been synchronized, their DNA synthesis could
be stimulated at least for one cycle by adding fresh factor free medium.

DNA synthesis and calmodulin content were measured in control and in
interferon treated cells at different times after the beginning of cell sti-
mulation.

Results (Fig. 1) show that after such stimulation, there was a good

correlation in control cells between their entry into the DNA synthesie phase
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Figure 2. Effect of TFP on DNA synthesis in WISH and MDBK cells.

Exponentially growing WISH cells, cultivated in growth factor supple-
mented medium, were treated with TFP for 3 hours. DNA synthesis was then
measured as described in Material and Methods.

and the rise in their calmodulin levels. In interferon treated cells, a paral-
le1 inhibition was observed in DNA synthesis and in the increase in the cal-
modulin content.

Inhibition of DNA synthesis by interferon was apparently not due to a
change of cell permeability to thymidine since interferon treatment only
slightly inhibited [3H] Thymidine uptake in the acid-soluble pool, as pre-
viously reported (18). Since results are expressed as the amounts of calmo-
dulin per mg of protein in cell extracts, inhibition of the increase in
calmodulin was certainly not resulting of an inhibition of total protein
synthesis by interferon, but rather seemed to be specific for calmodulin.

Effect of Trifluoperazine on DNA synthesis.

To further assess the correlation between the cellular content in calmo-
dulin and the rate of DNA synthesis, we measured the effect of trifluoperazine
(TFP), a calmodulin antagonist, on DNA synthesis in Wish cells (2). DNA syn-
thesis is inhibited almost completly by TFP at 256 uM (Fig. 2). This result

strenghtens the assumption that in Wish cells DNA synthesis might be closely
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related to the calmodulin level. However, since side effects of the drug

have been reported, the inhibitory effect of TFP on DNA synthesis might not
be due only to its binding to calmodulin. Experiments using drugs with simi-
lar hydrophobicity and different affinities for calmodulin, such as W5 and W7

are under investigation.

DISCUSSION

Human o interferon reduces calmodulin levels in two different cell Tines.
In synchronized cells, interferon strongly inhibits the increase in calmodu-
lin observed when control cells enter the S phase and concomitantly inhibits
DNA synthesis. The inhibitory effect of TFP on DNA synthesis suggests that
active calmodulin is necessary for the progression of our cells into the S
phase. Therefore the effect of interferon on calmodulin content might consti-
tute part of the molecular mechanism by which interferon inhibits DNA synthesis

In interferon treated cells, several enzymes are induced, including
2'5' oligoadenylate synthetase which catalyzes the synthesis of a series of
oligoadenylates (2'5'A) characterized by a 2'5' phosphodiester 1inkage (19,
20). 2'5' oligoadenylates are potent inhibitors of protein synthesis in cell
free systems and also when they are artifically introduced into intact cells
where they activate an endonuclease which degrades mRNA (21, 22, 23). Using
synchronized 373 cells, Kimchi et al. showed that like interferon, exogenou-
sy added 2'5' oligoadenyiates reduced the number of cells entering the S
phase (24). This suggest that activation of the 2'5' A system is involved
in the antiproliferative effect of interferon. One of the mechanisms by which
interferon regulates intracellular calmodulin content might be activation of
the 2'5' A dependent endonuclease.

Recent studies have implicated microtubule depolymerization in the signal
transduction for DNA synthesis (25-28). Calmodulin has been demonstrated to
mediate the Ca** directed depolymerization of microtubules in vitro (29-31).
It was therefore suggested that the rise in calmodulin concentration at the
Gl—S boundary should augment the proportion of depolymerized tubulin in the

cell, leading to decreased tubulin synthesis. Such a decrease in tubulin
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synthesis has, indeed, been observed during the S phase (32). In a recent
report, Fellous et al. have shown that a and B interferon greatly increase
the amount of tubulin mRNA in human lymphoblastoid cells (33). It is thus
tempting to speculate that this increase might be a consequence of the inter-
feron induced decline in calmodulin levels. In this connection, it would be
worth finding out whether interferon alters the polymerization/depolymeri-
Zation state of tubulin.

Various reports indicate that there is more calmodulin in spontaneously
or virally transformed cells than in their normal counterparts (16, 34, 35).
The present results showing that interferon reduced the calmodulin content
of transformed cells constitute an additional demonstration of the ability of
interferon to endow cancerous cells with a property inherent in normal cells.
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