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Summary

Mouse L-929 cells that have been primed with 100 U/ml of either crude or
electrophoretically pure mouse interferon for two hours before induction with
Newcastle disease virus, begin producing interferom about 2 - 3 hours earlier
and produce about 10 times more interferon than do unprimed cells. The kine-
tics of IF mRNA appearance and decay are very similar for primed and unprimed
cells, indicating that the differences in interferon production by primed and
unprimed cells cannot simply be explained by differences in the rate of trans-
cription, maturation or degradation of IF mRNA. However, significant diffe-
rences are noted in the distribution of IF mRNA : priming leads to a marked
reduction in the amount of IF mRNA in free cytoplasm and, as a result in total
cytoplasmic IF mRNA RNA, whereas polysomal IF mRNA content remains essentially
unaltered. Only primed cells showed a detectable level of double stranded (ds)-
RNA dependent oligo(2'-5')adenylate (2-5A) synthetase activity at the time of
RNA extraction. It is possible that the 2-5A system may play a role in the
altered distribution of IF mRNA in interferon-primed cells.

INTRODUCTION

Mouse interferon (IF) mRNA can be translated successfully in several
cell-free systems including the wheat germ system (1) and the micrococcal nu-
clease—treated rabbit reticulocyte lysate system (2). We have shown recently
that total cytoplasmic RNA from Newcastle disease virus (NDV)-induced L-929
cells can program the synthesis of interferon in Xenopus laevis oocytes.
Moreover, if care is taken to purify this RNA partially by sucrose~formamide
gradient centrifugation, a linear dose-response relationship is obtained be-
tween the amount of RNA injected into the oocyte and the amount of interferon
translated (2). Other investigators have obtained similar data with IF mRNA

extracted from mouse cells (3,4). A quantitative relationship has also been
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established in the oocyte and wheat germ system programmed with human inter-
feron mRNA (5-7). These observations have facilitated a study of the mechanism
of superinduction of human fibroblast interferon production (8,9).

An efficient way to enhance interferon synthesis in human or mouse L
cells consists of pretreating the cells with a low dose of interferon for a
relatively short time before addition of the interferon inducer. This phenome-
non is called "priming" and has been known since Isaacs and Burke (10) (for
review see 11,12). Priming has important practical applications since it is
commonly used for scaling up the production of interferon both in human di-
ploid cells (13,14) and human leukocyte (15). Furthermore, in normally induced
cells early secreted interferon (or in some cell lines spontaneously produced
interferon (16)) may prime its own production (17). Since the mechanism of this
beneficial action of interferon on its own production has not been elucidated,
and since a tool was available for measuring the level of translatable IF mRNA
in mouse cells (2), we initiated a study on the effect of interferon priming on
the amount, kinetics and distribution of IF mRNA induced in NDV-infected L-929
cells. The results obtained in this investigation do not point to a direct ef-
fect of priming at the transcriptional level. They suggest that priming results
in a redistribution of intracellular IF mRNA. In interferon-primed cells there
was a decrease of the total cytoplasmic IF mRNA content, whereas IF mRNA in the
polysomal compartment was unchanged. This may reflect either an increased rate
of translation of IF mRNA, or an increased degradation of free cytoplasmic mRNA,

or both.

MATERIALS AND METHODS

Cells and viruses were described previously (2).

The procedures for the induction of interferon mRNA and interferon priming
have also been described (2). The crude mouse interferon preparation used for
interferon priming had a specific activity of 2 x 105 -1 x 106 units/mg pro-
tein. In some experiments electrophoretically pure mouse interferon was used.
This preparation had a specific activity of 1.5 x 102 units/mg protein (17).
Where pure interferon was used for priming, unprimed cells were treated with
the same dilution (1 : 900) of a 0.1 M citrate buffer as that employed in the
final stage of interferon purification

The procedures for cell harvesting and fractionation, IF mRNA extraction and
IF mRNA translation in Xenopus laevis oocytes, and interferon assay have been
described elsewhere (18). All interferon titers are expressed in NIH mouse
reference interferon (G 002-904-511) units.

RESULTS

Kinetics of interferon production by primed and unprimed NDV-induced L-929

cells
Our initial experiments were aimed at delineating the optimal conditions

for priming of NDV-induced L-929 cells. Priming of the cells with a moderate
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Figure |. Kinetics of interferon production by primed and unprimed NDV-
induced mouse L-929 cells. A) Cumulative interferon production. B) Interval
interferon production. For cumulative interferon production (A), the cell
cultures were primed (®) or not primed (0) with crude mouse interferon (100
units/ml) for 2 h, induced with NDV, and further incubated with fresh main-
tenance medium for the indicated periods at which time the media were har-
vested and assayed for interferon. For interval interferon production (B),
the cell cultures were primed (---) or not primed (—) with crude mouse
interferon (100 units/ml), induced with NDV, and further incubated with fresh
maintenance medium until the next indicated time, when the medium was har-
vested for interferon assay and replaced with fresh medium until the next
interval, at which time this process was repeated.

dose of interferon (i.e. 100 units/ml) for 2 h before induction with NDV, both
increased the total amount of interferon produced and accelerated interferon
production (or release) (19,20). The priming phenomenon has been described in
mouse L cells induced with NDV (21) and polyinosinic acid.polyecytidylic acid
((I)n.(C)n) (22). Our data on the cumulative production of interferon (Fig.
14) showed that, in accord with Abreu et al. (21), priming accelerated inter-
feron release in the medium by about 2 -3 hours, and total interferon yields
from primed cells exceeded those from unprimed cells by about 10-fold. In con-
trast with Abreu et al. (21), however, interferon production did not cease
earlier in primed than in unprimed cells : as indicated by interval interferon
measurements (Fig. 1B), interferon production peaked and terminated at about
the same time for both primed and unprimed cell cultures.

Using a preparation of electrophoretically pure mouse interferon, De
Maeyer—Guignard et al. (17) recently showed that interferon itself is respon-
sible for the phenomenon of priming. This was best demonstrated with (I)n'(c)n
as the inducer, when high doses of interferon still displayed priming activity
in C-243 mouse cells. With NDV as the inducer, a small priming effect was ob-
served with the lowest dose of interferon only. We checked whether in our ex-
perimental conditions (100 interferon units/ml for 2 h before induction of

L-929 cells with NDV) priming could also be obtained with electrophoretically
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pure interferon (1.5 x 109 units/mg/protein), and found indeed similar kine-
tics of both cumulative and interval interferon production as described for
crude interferon in Fig. 1A and B (data not shown). Thus, priming is an in-
trinsic property of interferon itself and cannot be attributed to impurities
present in the crude interferon preparation. This was ascertained previously

for (I)n.(C)n—induced C-243 cells (17) and is confirmed herein for NDV-induced
L-929 cells.
Kinetics of interferon mRNA appearance in primed and unprimed NDV-induced

L-929 cells

Following the quantitative IF mRNA assay developed in our previous stu-

dies (2,18), we have measured the kinetics of IF mRNA synthesis in both pri-
med and unprimed NDV-induced L-929 cells. For sucrose-gradient purified total
cytoplasmic RNA, maximal IF mRNA production was observed at 12 h after induc~-
tion with NDV, both in primed and unprimed cells (Fig. 2A). However, the
amount of IF mRNA extracted from primed cells at 12 h after NDV infection was
considerably (10-fold) lower than that obtained from unprimed cells. On the
contrary, there was no reduction or, occasionally, a slight increase in the
amount of polysomal IF mRNA extracted from primed cells (Fig. 2B). The kine-
tics of appearance of polysomal IF mRNA in primed cells was quite similar to
the kinetics of polysomal IF mRNA in unprimed cells. In both primed and un-
primed cells the polysomal IF mRNA activity dropped to half of its maximum

value after about 2 hours. Of course, these kinetics reflect a balance be-
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Figure 2. Kinetics of appearance of mouse interferon mRNA in primed and un-—
primed NDV-induced mouse L-Y29 cells. A) RNA prepared from total cytoplasmic
RNA and purified by sucrose-gradient ultracentrifugation. B) RNA prepared
from precipitated polysomes. The cell cultures were primed (#) or not primed
(0) with crude mouse interferon (100 units/ml) for 2 h, induced with NDV, and
further incubated with fresh maintenance medium for the indicated periods at
which time IF mRNA was extracted and processed as described previously (18).
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tween the amounts of IF mRNA that are synthesised and degraded and/or exchan-
ged with other cellular compartments. It is, therefore, difficult to draw from
these data any definitive conclusions as to the rate of transcription or sta-
bility of IF mRNA in primed and unprimed cells.

Others have found that priming may displace peak IF mRNA appearance by
about 3 h (21). No such displacement was apparent in our studies (Fig. 2). The
discrepancies between our data and those reported previously (21) may at least
partially depend on technical differences, such as the method for RNA extrac-
tion, as well as biological differences between the cell systems that are evi-

dent from the kinetics of interferon production (Fig. 1).

Distribution of interferon mRNA in primed and unprimed NDV-induced L-929 cells

Since no major differences could be detected in the kinetics of IF mRNA
appearance in primed and unprimed cells, it was of interest to investigate
whether priming would lead to alterations in subcellular IF mRNA distribution.
Therefore, IF mRNA activity was measured in different cell fractions of primed
and unprimed NDV-induced L-929 cells. Both polysomal RNA and free cytoplasmic
RNA (sucrose-gradient purified RNA obtained from the supernatant of the cyto-
plasmic extract following precipitation of the polysomes), as well as sucrose-
gradient purified total cytoplasmic RNA showed a linear interferon response
when injected in oocytes (data not shown). Thus, the amounts of IF mRNA could
be quantitated for all three RNA fractioms. The results of this comparative
study are presented in Table 1. It is clear that priming of the cells with
102 units/ml interferon resulted in a marked {(generally 3- to 6-fold) decrease
in the amount of biologically active, sucrose~gradient purified, total cyto-
plasmic RNA (Table 1, upper part). In contrast, the amount of biologically ac-
tive mRNA that could be extracted from precipitable polysomes remained essen-—
tially unchanged and occasionally increased after the cells had been primed
with 102 units/ml interferon.

Thus, priming exerted a differential effect on total cytoplasmic (sucrose-
gradient purified) IF mRNA and polysomal IF mRNA. It is possible that in pri-
med cells biologically active IF mRNA molecules are shifted to the polysomes
(probably membrane-bound polysomes) and do not longer occur as free cytoplas-
mic RNA molecules. This could also be demonstrated when pure mouse interferon
was employed for priming (Table 1, lower part). In this series of experiments,
we measured both total polysomal and free cytoplasmic IF mRNA as well as total
cytoplasmic IF mRNA. The results suggest that the decrease in IF mRNA activity
observed for total cytoplasmic RNA of primed cells results from a reduction of
IF mRNA activity in the free (non-polysomal) cytoplasm. The reduction of free

cytoplasmic IF mRNA activity in primed cells may arise from a more rapid degra-
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Table 1
Quantitation of IF mRNA activity extracted from primed and from unprimed

NDV-induced mouse L-929 cells

Interferon titer (10g10 units/ml)

Treatment
Total cytoplasmic Polysomal Free cytoplasmic

RNA RNA RNA

Exp. I unprimed 3.5 2.1 ND
primed 2.7 2.7 ND

Exp. IT unprimed 3.2 3.2 ND
primed 2.7 3.0 ND

Exp. III unprimed 2.7 2.1 2.7
primed 2.2 2.1 2.0

Exp. 1V unprimed 1.6 2.85 2.1
primed < 1.2 2.7 < 1.2

All data represent the titer of mouse IF in an homogenate of 10 oocytes in-
jected with either sucrose-gradient purified total cytoplasmic RNA, free
cytoplasmic RNA or polysomal RNA at 100 ng per oocyte, and incubated for

17 b at 19°, All RNA preparations were obtained from primed and unprimed
cells 12 h after infection with NDV. All the numbers represent mean values
from duplicate assays. For experiments I and 1I the cells were primed with
crude mouse interferon (100 units/ml). For experiments III and IV the cells
were primed with electrophoretically pure mouse interferon (100 units/ml).
ND : Not done.

dation of IF mRNA in this fraction, and/or the accumulation of a ribonuclease

or translational inhibitor.

2-5A synthetase activity in the cytoplasmic extracts prepared from primed and

unprimed NDV-induced L-929 cells

The sequential events of interferon priming, followed several hours af-
ter NDV infection by the accumulation of viral double-stranded (ds)RNA inter-
mediates, may provide the conditions suitable for the induction and activa-
tion of an oligo(2'-5')adenylate (2-5A) synthetase and the synthesis of (2'-5")
oligoadenylate molecules. These molecules would then activate an endoribonu-
clease that degrades mRNA and would themselves be degraded by a phosphodieste-
rase (for review see 23). This nucleolytic activity may eventually account for
the decreased free cytoplasmic IF mRNA content noted in primed NDV-induced
cells. In a preliminary attempt to assess the validity of this hypothesis we
sought to detect 2-5A synthetase in primed and unprimed NDV-induced L-929

cells at the time they were generally processed for RNA extraction (12 h after
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Figure 3. Detection of 2-5A synthetase activity in S$10 cytoplasmic fraction
prepared from primed and unprimed NDV-induced mouse L-9Y29 cells. The cell
cultures were primed or not primed with crude mouse interferon (100 units/ml)
for 2 h, induced with NDV, and further incubated with fresh maintenance me-
dium for 12 h, at which time the cells were washed, lysed homogenized and
centrifuged at 10,000 x g. The S10 supernatant was assayed in a 12.5 ul reac-
tion containing 25 mM Mg(0OAc),, 100 mM KOAc, 5 mM ATP, 4 wM f{ructose 1-5 di-
phosphate, | mM dithiothreitol and 75 uCi of lyophylised (dszP]‘ATP (200 ci/
mmole, The Radiochemical center, Amersham, UK). (I)n.(C)n, when present, was
added at 20 ug/ml. After incubation for 2 h at 30°, 2-5A oligonucleotides were
isolated by chromatography on DEAE cellulose columns as described previously
(24). The 2-5A containing fractions were precipitated with 6 volumes of ace-
tone, resuspended in water and treated with bacterial alkaline phosphatase
before they were separated by thin layer chromatography on polyethyleneimine
cellulose in | M acetic acid (25).

The radioautogram depicts the results obtained for 5 reactions.
Reactions 1 and 3 contained 7 ul $10 from unprimed NDV-induced 1L~929 cells.
Reactions 2 and 4 contained 7 ul $10 from interferon primed (100 units/ml,
2 h before infection), NDV-induced L-929 cells. Reaction 5 contained 7 ul of
S10 from uninduced L-929 cells which were treated for 20 h with 200 units of
interferon. This additional reaction is served here as the reference for the
migration of di, tri and tetramers of 2-5A. To reactions 1| and 2 no (I)y.(C)y
was added. Reactions 3, 4 and 5 contained 20 ug/ml of (I),.(C)q-

infection with NDV : see Table 1). As shown in Fig. 3 only primed cells con-
tained a detectable 2-5A synthetase activity. [32P]—ATP labelled products with
identical chromatographic mobility as authentic 2-5A oligomers appeared in the
primed cell lysates that had been incubated with exogenous dsRNA ((I)n.(C)n).
No such products were detectable when dsRNA was omitted from the incubation
mixtures, or when normal unprimed cell lysates were incubated in the presence
or absence of exogenous dsRNA. These results imply that, if NDV dsRNA were
present in the induced cells, the amounts recovered in the cell lysate were
not sufficient to activate the 2-5A synthetase to a level that was detectable
under our assay conditions. In studies with antibodies specific for dsRNA,

we were unable to detect a significant increase (> 2 fold) in the amount of
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dsRNA primed NDV-infected cells compared to that from unprimed NDV-infected
cells (B.D. Stollar, M.I. Johnston, J. Content and E. De Clercq, unpublished
data).

The other steps in the 2-5A synthetase-endoribonuclease pathway have not
yet been analyzed. It would be interesting to know, whether primed NDV-infec-
ted cells, as compared to unprimed NDV-infected cells, contain significantly
different amounts of intracellular 2-5A (26), 2-5A dependent endonuclease or
2-5A degrading phosphodiesterase. It would also be worth investigating whether
the phosphoprotein kinase, the other major interferon-induced enzyme pathway

(23), is affected in primed NDV-infected cells.

DISCUSSION
In both primed and unprimed NDV-induced L-929 cell cultures, IF mRNA syn-

thesis peaks at 10 - 12 h after NDV infection. The appearance of IF mRNA is
clearly a transient phenomenon, reflecting a delicate balance between the
initiation and shut-off of RNA transcription, and RNA degradation. Kinetic
data similar to those presented here have been reported previously for IF mRNA
from (I)n.(C)n—induced human diploid fibroblasts (5,6). The most characteris-
tic feature noted upon priming of the cells with interferon was a reduction in
the total cytoplasmic IF mRNA fraction, whereas the polysomal IF mRNA fraction
remained constant or rather increased. Thus, priming significantly altered the
subcellular distribution of IF mRNA. The change in IF mRNA distribution upon
interferon priming appears reminiscent of the findings of Abreu and Bancroft
(27) who reported that in (I)n.(C)n—induced human fibroblasts most (85 - 90 7)
of the active IF mRNA was shifted from the membrane fraction to the free cyto-
plasmic fraction when translation was inhibited by cycloheximide.

Abreu et al. (21) inferred from their data, which, like ours, were derived
from unprimed and primed NDV-induced mouse L cells, that the enhanced inter-
feron production in primed cells resulted from enhanced efficiency of transla-
tion of IF mRNA in the primed cells. Our data corroborate the hypothesis that
interferon priming is indeed mediated by an effect at the translation level.
In addition, we have shown that interferon priming leads to a shift in the
subcellular distribution of IF mRNA, thereby diminishing the levels of free
cytoplasmic IF mRNA, and that the latter reduction may possibly be linked to
the 2-5A synthetase-endoribonuclease pathway (23).

The 2-5A mediated degradation of free cytoplasmic IF mRNA may occur fas-
ter in primed than in unprimed cells, since, under our experimental conditions,
we could detect 2-5A synthetase activity only in primed cells. Polysomal mRNA
might at least partially be protected from this degradation, which could ex-

plain why the total polysomal mRNA activities of primed and of unprimed cells
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were virtually identical. However, there is no known evidence for the protec-
tion of polysomal mRNA against degradation by the 2-5A activated nuclease.

The role of 2-5A synthetase in the altered distribution of IF mRNA in
interferon-primed NDV-induced L cells remains speculative at present, since
neither the activation of the 2-5A dependent endonuclease nor the presence of
2-5A itself has directly been demonstrated. It is not clear whether the propo—
sed 2-5A mediated degradation of RNA in the free cytoplasmic compartment would
be specific for IF mRNA or for amy particular class of mRNA, i.e. discrimina-
tive (28). Neither is it evident how this degradation could be related to the
enhanced production of interferon in primed cells. It is conceivable, however,
that degradation of untranslated mRNAs in the free cytoplasmic pool might in-
directly increase the rate of initiation of IF mRNA translation, by reducing
its competition with other cellular mRNAs.

In a different system consisting of primed and unprimed (I)n.(C)n—induced
mouse cells, Fujita et al. (4) observed a correlation between the amount of in-
terferon produced and the level of detectable IF poly(A)-mRNA. Their conclu-
sion was that priming influenced the rate of IF mRNA transcription and/or sta-
bility of the mRNA product. In view of our findings, we favor the second hypo-
thesis, that is an effect of priming on translation rather than transcription.
Since Fujita et al. (4) used (I)n.(C)n instead of NDV as the interferon indu-
cer, our data are not directly comparable to theirs. More work is required to
define the biochemical changes that occur in primed cells as a function of the
inducer.

Finally, all the data presented here concern biologically active (trans-
latable) mRNA. It would be valuable to reevaluate the present findings once
an appropriate probe is available for quantitating IF mRNA by nucleic acid

hybridisation.
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