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ABSTRACT Using Chinese hamster ovary (CHO) cells
transfected with a plasmid carrying the human B-interferon
gene, we find that inhibitors of protein synthesis, in the ab-
sence of any other inducer, stimulate the production of inter-
feron RNA; this effect is maintained in cells in which the plas-
mid sequences have been amplified 25- to 50-fold. Nuclear
transcription assays show that a major effect of cycloheximide
is to increase the rate of transcription of the interferon gene.
This contradicts the generally accepted explanation that inhib-
itors of protein synthesis augment interferon production by
stabilizing interferon mRNA. In addition, we have studied the
effects of double stranded RNA [poly(rI)-poly(rC)] on the in-
duction of interferon RNA in the presence and absence of cy-
cloheximide. Our results indicate that poly(rI)-poly(rC) by it-
self causes a transient increase in interferon RNA; however, in
the presence of cycloheximide this effect is prolonged. We do
not, however, find an increase in transcription of the interfer-
on gene(s) as an early response to poly(rI)-poly(rC). Finally,
we have found that cells treated with cycloheximide or infected
with Newcastle disease virus induce large amounts of a secret-
ed 11-kDa protein. This cellular protein is not inducible by
poly(rI)-poly(rC). We propose that both interferon and this 11-
kDa protein belong to a family of proteins in which production
is regulated in a coordinate fashion during viral inhibition of
cellular protein synthesis.

Interferons (IFNs) are hormone-like polypeptides with anti-
viral activity that are secreted by cells under a variety of
conditions. Type I IFNs (IFN-a and IFN-p) are induced by
viral infection or by treating cells with double-stranded
RNA, whereas type I (IFN-v) is produced by lymphocytes
in response to antigenic stimulation (1, 2). The human genes
encoding all three classes of interferons have been cloned
4nd their nucleotide sequences have been determined (3-8).
Human IFN-B (also known as fibroblast interferon) is a
glycoprotein with an apparent molecular size of 22 kDa and
is produced by virus-infected or double-stranded RN A-treat-
ed cells (1, 2). The production of IFN-B can be augmented by
addition of inhibitors of protein synthesis (e.g., cyclohexi-
mide) to cells treated with double-stranded RNA. Such cells
become superinduced and, on removal of the inhibitor, se-
crete levels of IFN (9-11) that are significantly higher than
after double-stranded RNA treatment. The prevailing expla-
nation for these phenomena is that normal human fibroblasts
must first be producing IFN-8 mRNA in order to respond to
cycloheximide, because superinduction is thought to be a
consequence of mRNA stabilization (9).
~ We have recently reported that the human IFN-Bgene can
be expressed in transfected Chinese hamster ovary (CHO)
cells (12). Furthermore, the transfected gene retains induc-
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ibility in response to virus infection and can be superinduce
by poly(rI)-poly(rC) and by cycloheximide. These inducible
properties are mairtained even when the gene is amplified
25-fold by selection for overexpression of a linked mouse
dihydrofolate reductase (dhfr) gene. In contrast, when the
IFN-B coding region is fused to a simian virus 40 promoter,
the hybrid gene does not exhibit virus or poly(rI)poly(rC)
inducible properties.

In this report we have investigated in greater detail the
mechanisms responsible for superinduction of the human
IFN-B gene. We have specifically taken advantage of the
various cell lines described previously to ascertain the ef-
fects of inhibitors of protein synthesis on the production of
IFN-B mRNA. Our results indicate that inhibition of protein
synthesis causes a rapid increase in the production of IFN-B
RNA and that superinduction is due to the synérgistic action
of double-stranded RNA and inhibitors of protein synthesis
on mRNA accumulation and, perhaps, on translation. In
contrast to the generally accepted model, a major effect of
cycloheximide appears to be on transcription of the human
IFN-B gene. '

MATERIALS AND METHODS

Cells. MI7.1 are CHO cells transfected with the plasmid
pMI7, which contains a mouse dihydrofolate reductase
cDNA and a 1.8-kilobase DNA fragment encoding the entire
human IFN-B gene (12). R1000 cells were derived from
MI7.1 by selection in increasing concentrations of metho-
trexate (up to 1 M) and contain 25-50 times as much human
IFN-B DNA and RNA as do MI7.1 cells (12).

Analysis of Secreted IFN-B. Confluent R1000 cells were
treated with cycloheximide (2 ug/ml), poly(rI)-poly(rC) (20
pug/ml), or both for various times. Newcastle disease virus
(NDV) infections were carried out using the Manhattan
strain of NDV at 10® plaque-forming units/ml; virus was
added for 3 hr. After removal of the drugs or NDV, cells
were washed 3 times with phosphate-buffered saline and
then labeled for 1 hr with 0.5 ml of [**S]methionine at 100
#Ci/ml (1164 Ci/mmol; 1 Ci = 37 GBq; New England Nucle-
ar) in serum and methionine-free Dulbecco’s modified Ea-
gle’s medium. A 50-ul aliquot of the tissue culture superna-
tant was concentrated by drying under vacuum and then it
was suspended in NaDodSO,/polyacrylamide gel sample
buffer. After boiling for 5 min, the samples were electropho-
resed on a 15% polyacrylamide gel according to the proce-
dure of Laemmli (13). The gel was dried and exposed to x-
ray film for 12 hr.

RNA Isolation and Dot Blots. RN A was prepared from cells
lysed in guanidine thiocyanate as described by Chirgwin et
al. (14) and analyzed on nitrocellulose dot blots as described
(12). The probe used was the 1.8-kilobase EcoRI fragment

Abbreviations: IFN, interferon; SSPE, 180 mM NaCl/lO mM
NaPO,, pH 7.7/1 mM EDTA; NDV, Newcastle disease virus.
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encoding the IFN-B; nick-translated (15) to a specific activi-
ty of 1 x 10® cpm/pug. The filters were exposed to Kodak
XAR-S film in the presence of a Cronex intensifying screen
at —70°C for the indicated periods of time.

Nuclear Transcription Assays. R1000 cells were grown to
confluence in methotrexate-free medium and incubated with
cycloheximide (10 ug/ml) and/or poly(rI)-poly(rC) (20 ug/
ml) for the indicated lengths of time prior to isolation of nu-
clei. Preparation of nuclei for RNA polymerase elongation
reactions was essentially as described by Stallcup and Wash-
ington (16) and nuclear RNA was prepared as described by
Smith et al. (17).

The 32P-labeled products (2 X 10° dpm) from each reaction
were hybridized to nitrocellulose filters containing 1 ug of
denatured IFN-B DNA (prepared as the EcoRI fragment
from plasmid pMI7), human actin cDNAs (gifts of P. Gun-
ning, P. Ponte, and L. Kedes), and rat tubulin cDNAs (gift of
S. Feinstein) in 200 ul of 50% formamide/Sx SSPE (1x
SSPE = 180 mM NaCl/10 mM NaPO,, pH 7.7/1 mM
EDTA)/2x Denhardt’s solution (18)/yeast RNA (200
ug/ml) at 37°C for 4 days with gentle mixing. Filters were
washed once with 2x SSPE/0.1% (wt/vol) NaDodSO, at
room temperature for 15 min, and then with 0.1x SSPE/
0.1% NaDodSO, twice at 50°C for 15 min and twice at 60°C
for 15 min. The filters were subsequently treated with pan-
creatic RNase (10 ug/ml) in 10 mM Tris-HCl, pH 7.4/300
mM NaCl for 1 hr at 37°C, washed briefly with the same
buffer, and exposed to film at —70°C with a Cronex intensi-
fying screen.

RESULTS

The effects of double-stranded RNA [poly(rI)-poly(rC)] and
cycloheximide on production of human IFN-B were studied
in CHO cells transformed with the plasmid pMI7 (Fig. 1).
This recombinant contains the entire human IFN-B gene
linked to a mouse dihydrofolate reductase cDNA. We have
recently demonstrated that the entire plasmid can be ampli-
fied by selection of cells capable of growing in high concen-
trations of the dhfr inhibitor, methotrexate (12). Further-
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FiGg. 1. Structure of the plasmid pMI7. This molecule was con-
structed by inserting a 1.8-kilobase EcoRI fragment containing the
entire human IFN-8 gene into the plasmid pSVM dhfr as described
(12). CHO dhfr~ cells transfected with this plasmid express both
dhfr directed by the mouse mammary tumor virus (MMTYV) promot-
er and human IFN-B under the control of its own promoter (12).
AmpR, ampicillin resistance; SV40, simian virus 40; bp, base pairs.
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more, the production of interferon is inducible by treatment
with poly(rI)-poly(rC) and cycloheximide in both amplified
and unamplified cells.

The secretion of biologically active IFN is the final step in
the complex process of expressing the IFN-3 gene. To as-
sess the role of cycloheximide and poly(rI)-poly(rC) in great-
er detail, we first determined the effects of these agents on
the rate of synthesis of IFN-B. To facilitate the analysis we
have used R1000 cells in which the transfected human IFN-B
gene has been amplified 25- to 50-fold. As seen in Fig. 2, the
secretion of newly synthesized IFN is increased =5-fold by a
3-hr treatment with poly(rI)poly(rC). Cycloheximide alone
produces an increase of similar if not greater magnitude after
a 3-hr treatment followed by a 1-hr labeling in the absence of
drug. As shown in Fig. 2 (lanes A-E), cycloheximide also
induces large amounts of an 11-kDa secreted protein; this
protein of unknown function, is also inducible in the parental
CHO cells (unpublished observation). Lastly, poly(rl)
poly(rC) and cycloheximide together (i.e., superinduction
conditions) have synergistic effects on IFN production, re-
sulting in a >50-fold increase in the secretion of newly syn-
thesized IFN. Similar results are obtained after infection
with NDV. These data are consistent with analysis of IFN
titers as assayed by an antiviral assay (data not shown).
Thus, we conclude that each of the inducing agents acts in-
dependently on increasing the production of IFN, and to-
gether they act synergistically.

Analysis of IFN RNA Levels. The mechanisms of IFN in-
duction by double-stranded RNA and cycloheximide have
not been thoroughly investigated. We have therefore ana-
lyzed the effects of these agents on the accumulation of IFN-
B RNA in MI7.1 and R1000 cells. Total cellular RNA was
prepared from control and drug-treated cultures, and various
amounts of each were analyzed by hybridization with radio-
actively labeled IFN-B DNA. The data depicted in Fig. 3
demonstrate that after 12 hr in the presence of cyclohexi-
mide (lanes b), IFN RNA levels increase 5- to 10-fold in both
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FiG. 2. Effects of cycloheximide, poly(rI)-poly(rC), and NDV on
secretion of newly synthesized IFN-B from R1000 cells. Confluent
R1000 cells were exposed to various inducing protocols as indicated
below and then labeled with [**S]methionine for 1 hr after removal
of inducer(s). Aliquots of the supernatants obtained from approxi-
mately equal numbers of cells were prepared for electrophoresis and
analyzed. Lanes: A, control; B-E, 1, 2, 3, and 4 hr of cycloheximide
(2 pg/ml), respectively; F, size markers; G, poly(rl)poly(rC) (20
pg/ml) for 3 hr; H, NDV for 3 hr; I, cycloheximide (2 ug/ml) and
poly(rI)-poly(rC) (20 ug/ml) for 3 hr. Arrow indicates the position of
native IFN; the additional induced band in lanes H and I of =18.5
kDa represents nonglycosylated IFN (see ref. 12).
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MI7.1 and in the amplified R1000 cells. In contrast, the lev-
els of RNA are not altered in cells treated with poly(rI):
poly(rC) for 12 hr (lanes c). However, poly(rI)-poly(rC) does
stimulate the accumulation of IFN RNA in cells treated con-
tinuously for 12 hr with cycloheximide (Fig. 3, lanes d; Fig.
4).

A time course of induction in response to poly(rI)-poly(rC)
indicates that there is in fact a transient stimulation of IFN
RNA in R1000 cells (Fig. 4); the effect is seen maximally at
=3 hr after drug treatment, with a rapid decrease thereafter.
The effect of cycloheximide is considerably more protracted
with IFN RNA levels peaking after =5 hr and remaining high
throughout the course of exposure to the drug. As previously
noted, the combined action of these drugs results in RNA
inductions that exceed those obtained with either alone. Fur-
thermore, the effect of poly(rI)poly(rC) is retained after
long-term exposure in the presence of cycloheximide (e.g.,
at 12 or 14 hr) despite the fact that the stimulation of RNA by
poly(rI)-poly(rC) alone has already decayed. This may be
due to inhibition of metabolism of poly(rI)- poly(rC) in cyclo-
heximide-treated cells.

To test whether the induction of IFN RNA by cyclohexi-
mide is specific to this drug, we tested the ability of two
other inhibitors of protein synthesis (emetine and puromy-
cin) to act as inducers (Table 1). At concentrations that in-
hibited protein synthesis by >95% (data not shown) both of
these drugs are as effective as cycloheximide in stimulating
the production of IFN RNA. In this regard, it is noteworthy
that puromycin, an analog of aminoacyl-tRNA, inhibits pro-
tein synthesis by effecting the separation of the growing pep-
tide chain from the tRNA-mRNA-ribosome complex,
whereas cycloheximide and emetine act by immobilizing ri-
bosomes and thereby blocking chain elongation. Thus the
induction of IFN RNA appears to be due to inhibition of
protein synthesis rather than to an anomalous effect of cy-
cloheximide.

Effects of Cycloheximide on IFN Transcription Rates. Al-
though it is clear that inhibitors of protein synthesis and dou-
ble-stranded RNA induce the accumulation of IFN RNA in
MI7.1 and R1000 cells, this could be due to either an increase
in the synthetic rate of the RNA or, as suggested by others
for the cycloheximide effect, a decrease in its rate of degra-
dation (9). To test this issue directly, we have analyzed the
synthesis of IFN RNA by using a nuclear transcnpuon as-
say. Briefly, nuclei prepared from cells grown in the absence
of inducer or after 1 hrin poly(rI) poly(rC) and/or cyclohexi-
mide were incubated with [**P]JUTP and nonradioactive ribo-
nucleoside triphosphates to allow nascent RNA chains to be
elongated The labeled RNAs were hybridized to filters con-

Fic. 3. Effects of cycloheximide and poly(r)-poly(rC) on IFN-B8
RNA accumulation. Confluent MI7.1 and R1000 cells were treated
continuously with cycloheximide (10 p.g/ml), poly(rI)-poly(rC) (20

ug/ml), or both for 12 hr. Total RNA was prepared and the indicated
amounts of RNA were loaded onto a nitrocellulose filter using a
Plexiglas dot-blot matrix. The filter was hybridized with =5 x 106
cpm of nick-translated IFN-B DNA, washed, and exposed to x-ray
film. Lanes: a, control; b, cycloheximide; c, poly(rD)- poly(rC); d,
cycloheximide and poly(rI) poly(rC) The R1000 dots are overly ex-
posed to show the relative increase in RNA expression in the ampli-
fied cells. Quantitation of RNA (see text) came from fllms exposed
for shorter times.
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Fic. 4. Time course of the effects of cycloheximide (10 ug/ml)
and poly(rl)-poly(rC) (20 ug/ml) on IFN-B8 RNA levels in R1000
cells. Cells were exposed continuously to either poly(rl)poly(rC)
(I:C), cycloheximide (CHI.), or both (S.1.) for the indicated times.
Total RNA was harvested and analyzed as described in Materials
and Methods and the legend to Fig. 3. The control for the superin-
duced (S.1.) samples is the same as the 0 time point for either the
cycloheximide or poly(rI)-poly(rC) samples.

taining denatured human IFN-B DNA in order to detect new-
ly synthesized IFN RNAs. The results in Fig. 5 and Table 2
indicate that cycloheximide alone is capable of increas-
ing the transcription rate of the IFN-B gene, whereas
poly(rI)-poly(rC) treatment for either 15 or 60 min is not.
When the drugs are added together, the rate of transcription
is equivalent to that seen in the presence of cycloheximide
alone. Thus, it appears that a major effect of inhibiting pro-
tein synthesis is to stimulate the transcription of the IFN-3
gene. As controls in this assay, we initially used a human
actin cDNA that detects both - and y-actin RNAs (19)
However, as shown in Flg SA, actin gene transcription is
also increased =~2.5-fold in cycloheximide-treated cells. Us-
ing DNAs specific for 8- and y-actins individually (20), we
find that both genes are induced by cycloheximide (Fig. 5B).
In contrast, when nuclear transcription products are hybrid-

Table 1. Induction of IFN RNA by inhibitors of protein synthesis
Treatment -fold induction

Exp. 1 Cycloheximide -5
Cycloheximide and poly(rI)-poly(rC) 15
Emetine 5
Emetine and poly(rI)-poly(rC) 20

Exp. 2 Cycloheximide 10
Cycloheximide and poly(rI)-poly(rC) 60
Puromycin 8
Puromycin and poly(rI)-poly(rC) 55

Cytoplasmic RNA was prepared 6 hr after treatment of R1000
cells with the indicated drugs. Cyclohexxmlde was used at 10 ug/ml,
emetine at 10 ug/ml, puromycin at 50 ug/ml, and poly(rI)-poly(rC)
at 20 ug/ml. RNAs were analyzed by the dot blot procedure using 2-
fold serial dilutions of each sample as described (12).
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FiGc. 5. Effect of cycloheximide (10 ug/ml) and/or poly(rl)
poly(rC) (100 ug/ml) on transcription rates of IFN-B, actin, and tu-
bulin genes in R1000 cells. Nuclei from untreated control cells or
cells treated for 1 hr with poly(rI)-poly(rC) [(I:C),], cycloheximide
(CHX), or both drugs were prepared and used in nuclear transcrip-
tion assays. 3?P-labeled RNA (2 x 10° dpm) from each transcription
reaction was hybridized to cDNAs immobilized on nitrocellulose fil-
ters. The DNAs used in A were gel-isolated EcoRI fragment from
pMI7 (IFN-B) and BamHI fragment of the plasmid pHFBA-1 (19)
containing full-length B-actin cDNA, which detects both 8- and ¥
actins. (B) The transcription rates of 8- and y-actins were deter-
mined by hybridizing against unique 3’-untranslated cDNA frag-
ments isolated from plasmids pHFBA-3'ut and pHFyA-3'ut de-
scribed by Ponte et al. (20); a- and B-tubulin (a-Tub and B-Tub)
cDNA clones in Agtl0 were obtained from S. Feinstein (Stanford
University). After washing and RNase treatment, the filters were
exposed to x-ray film with an intensifying screen at —70°C. Expo-
sure times were as follows: (A) IFN-B (2 hr) and actin (4 hr); (B)
IFN-B (2 hr), 8- and y-actin (20 hr), and a- and B-tubulins (3 days).
To assess whether differences in hybridization could be ascribed to
differences in length of the [*?P]JRNAs, the nuclear transcription
products were analyzed by polyacrylamide gel electrophoresis. All
were found to be of equal average length (400-500 nucleotides). Fur-
thermore, no significant differences were observed in total incorpo-
ration among the nuclear transcription products from cells treated
with cycloheximide or poly(rI)-poly(rC).

ized to rat a- and B-tubulin cDNAs (gift of S. Feinstein), no
stimulation (or perhaps a slight decrease) of tubulin gene
transcription rates is observed in the cycloheximide-treated
cells (Fig. 5B).

Whether the entire induction of IFN-B RNA by inhibitors
of protein synthesis is due to increased transcription is diffi-
cult to assess, but the 3- to 4-fold increase in RNA synthesis,
as compared with the 5- to 10-fold increase in RNA accumu-
lation typically seen in these cells, suggests that there may
be additional effects of inhibitors of protein synthesis on
IFN RNA stability. Unlike cycloheximide, it appears that
double-stranded RNA does not significantly alter the syn-
thetic rate of IFN RNA within 1 hr of treatment. Similar re-
sults have been reported by Raj and Pitha (21). Thus, the
transient increase in RNA levels seen with poly(rI)-poly(rC)
in R1000 cells may be a consequence of altered processing or
turnover of IFN RNA.

DISCUSSION

We have investigated the mechanisms by which double-
stranded RNA and inhibitors of protein synthesis regulate
the production of human IFN-B in stably transformed CHO
cells. Our results strongly suggest that a major site of action
of cycloheximide is at the level of transcription. We believe
that this effect may be the consequence of inhibiting the pro-
duction of a labile protein whose action regulates IFN-8
gene transcription. An attractive possibility is that a short-
lived repressor normally prevents the IFN gene from being
transcribed. Alternatively, the inhibition of protein synthesis
itself could lead to the production of a small molecule that
acts as an inducer of the IFN-8 gene. Such a molecule might
be analogous to the guanosine tetra- and pentaphosphates
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Table 2. Stimulation of IFN gene transcription in cycloheximide-
treated cells

-fold induction

Treatment Exp. 1 Exp. 2 Exp. 3
Cycloheximide (10 ug/ml) 3.1 4.3 3.0
poly(rI)-poly(rC) (100 ug/ml) 0.5 0.9 0.6

0.8*

Cycloheximide (10 ug/ml) and
poly(rI)-poly(rC) (100 ug/ml) 4.1 5.4 2.7

Products of nuclear transcription reactions were hybridized to im-
mobilized IFN-B DNA. The -fold induction was determined by den-
sitometric scanning of autoradiograms such as the one shown in Fig.
5 and represents the ratio of each experimental sample to a control
sample. Cells were exposed to inducing agents for 60 min prior to
isolation of nuclei.

*In this sample, cells were exposed to poly(rI)-poly(rC) for only 15
min.

produced in Escherichia coli during amino acid starvation
(22) and could act either by removing a repressor from the
gene, as in the case of the E. coli lac repressor, or by forming
an inducing complex, as in the case of steroid-receptor mole-
cules (23).

Since the effect of cycloheximide is maintained in cells
containing a 25- to 50-fold amplification of this gene, we also
surmise that if a repressor controls IFN-3 gene expression, it
must be present in excess of what is minimally required to
regulate this gene. It is intriguing to speculate that, regard-
less of the mechanism responsible for the induction of the
IFN-B gene, other genes are likely to be regulated in a simi-
lar fashion. The 11-kDa protein induced by cycloheximide in
wild-type and transfected CHO cells (Fig. 2) may be the
product of such a gene. Additional evidence has recently
been obtained that early adenovirus gene transcription can
be induced by inhibiting protein synthesis with cyclohexi-
mide if early gene expression is allowed before treatment
(24). Nevins (25) has argued that the product of the early
adenovirus gene 1A inactivates a cellular trans-acting re-
pressor that normally suppresses transcription of other ade-
novirus early genes. Strikingly similar data have recently
been obtained demonstrating that the gene encoding the
polycyclic hydrocarbon-inducible form of cytochrome P-450
is transcriptionally activated by inhibitors of protein synthe-
sis (D. Israel and J. Whitlock, personal communication).
Thus, the fact that we have not titrated the cycloheximide-
inducible property of the IFN-3 gene by a 25- to 50-fold am-
plification may simply reflect a redistribution of some of the
regulatory factor(s) normally associated with a large set of
genes that are under similar control.

The role of double-stranded RNA in regulating the produc-
tion of IFN remains a puzzle. The results presented here in-
dicate that only a transient effect is observed at the level of
RNA accumulation, and virtually no effect is seen at the lev-
el of IFN gene transcription at short times after poly(rl)-
poly(rC) treatment. Raj and Pitha (26) have reported very
similar results on transient accumulation of IFN-B RNA in
poly(rI)-poly(rC) treated human cells that could be prolonged
by cycloheximide treatment. They have also recently report-
ed (21) an increase in transcription of the IFN-B gene by
poly(rI)-poly(rC). This increase, however, was observed af-
ter 8-12 hr of treatment (i.e., at times when IFN mRNA con-
centrations had already returned to basal levels); thus, the
significance of this delayed increase in transcription remains
unclear. There is additional evidence, however, that the ef-
fect of poly(rI)-poly(rC) on IFN production requires the IFN
promoter region (12, 27, 28). When a simian virus 40 promot-
er is fused to the IFN-B coding region, the hybrid gene is not
inducible by either cycloheximide or poly(rl)-poly(rC) (12).
Similarly, deletions that remove sequences upstream of the
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IFN-B gene’s start of transcription abrogate its inducibility
by poly(rI)-poly(rC) (27, 28). Thus, although the data pre-
sented here suggest a nontranscriptional role for poly(rl)-
poly(rC), the hybrid and deleted promoter data as well as the
delayed transcriptional response suggest the opposite. Obvi-
ously, additional experiments will be required to clarify this
paradoxical situation.

Analysis of the effects of cycloheximide and poly(rl):
poly(rC) on synthesis of mature IFN indicate yet another
level of control. As shown here and previously (12), the in-
crease in IFN production, measured either by protein syn-
thesis or biological activity, can be 100-fold or greater when
cells are treated with both agents (Fig. 2). Similar increases
are observed when cells produce IFN- in response to virus
infection. Clearly, the magnitude of the IFN response ex-
ceeds the induction of RNA observed under these condi-
tions. Thus, it seems possible that treatment of cells with
double-stranded RNA (or, less likely, cycloheximide) in-
creases the translational capacity of IFN mRNA.

In sum, the experiments presented here document that in-
hibitors of protein synthesis in the absence of other agents
induce human IFN-B by stimulating the accumulation of IFN
RNA. Similar observations have recently been made by
Maroteaux et al. (29) using the IFN-B gene cloned into bo-
vine papillomavirus vectors, and by Raj and Pitha (21, 26)
studying the induction of the human IFN-B gene in human
fibroblasts. In contrast to their interpretation and the gener-
ally accepted explanation (1, 2, 9), we have found that this
effect is due at least in part to increased transcription of the
IFN-B gene. Although the precise mechanisms by which
double-stranded RNA stimulates the production of secreted
IFN remain to be elucidated, our data suggest a major role
for post-transcriptional events in this process. Lastly, these
observations indicate that perhaps it is the decrease in host
protein synthesis associated with infection of cells by many
classes of viruses that acts as the primary signal for induc-
tion of IFN gene expression (30). In this view, the translation
of IFN and a few other mRNAs would be refractory to the
general inhibition of host protein synthesis during virus in-
fection, whereas that of a putative repressor molecule would
not be. In support of this idea, we observe a large induction
of the (cycloheximide inducible) 11-kDa secreted protein in
NDV-infected cells, even though poly(rI)-poly(rC) alone has
little or no effect on its production.
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comments on the manuscript and Karen Benight for typing it. We
thank Drs. P. Gunning, P. Ponte, and L. Kedes for actin cDNA
clones and Dr. S. Feinstein for tubulin cDNA clones. The work per-
formed at Stanford was supported by a grant from the Cetus Corpo-
ration. G.M.R. is the recipient of an Established Investigator Award
from the American Heart Association.

1. Pestka, S. & Baron, S. (1981) Methods Enzymol. 718, 3-14.
2. Stewart, W. E. (1981) The Interferon System (Springer, New
York).

10.

11.
12.

13.
14.

15.
16.
17.
18.
19.
20.
21.
22.

23.
24.
25.
26.
27.

28.
29.

30.

Proc. Natl. Acad. Sci. USA 81 (1984)

Taniguchi, T., Sakai, M., Fujii-Kuriyama, Y., Muramatsu, M.,
Kobayashi, S. & Sudo, T. (1979) Proc. Jpn. Acad. Ser. B 55,
464-469.

Derynck, R., Content, J., DeClercq, E., Volckaert, G., Taver-
neir, J., Devos, R. & Fiers, W. (1980) Nature (London) 285,
542-549.

Goeddel, D. V., Yelverton, E., Ullrich, A., Heyneker, H. L.,
Miozzari, G., Holmes, W., Seeburg, P. H., Dull, T., May, L.,
Stebbing, N., Crea, R., Maeda, S., McCandliss, R., Sloma, A.,
Tabor, J. M., Gross, M., Familetti, P. C. & Pestka, S. (1980)
Nature (London) 287, 411-416.

Houghton, M., Stewart, A. G., Doel, S. M., Entage, J. S., Ea-
ton, M. A. W., Smith, J. C., Patel, P., Lewis, H. M., Porter,
A. G., Birch, J. R., Cartwright, T. & Carey, N. H. (1980) Nu-
cleic Acids Res. 8, 1913-1931.

Maeda, S., McCandliss, R., Gross, M., Sloma, A., Familetti,
P. C., Tabor, J. M., Evinger, M., Levy, W. P. & Pestka, S.
(1980) Proc. Natl. Acad. Sci. USA 77, 7010-7013.

Nagata, S., Taira, H., Hall, A., Johnsrud, L., Streuli, M., Ec-
sodi, J., Boll, W., Cantell, K. & Weissman, C. (1980) Nature
(London) 284, 316-320.

Sehgal, P. B., Lyles, D. S. & Tamm, 1. (1978) Virology 89,
186-198.

Tan, Y. H., Armstrong, J. A., Ke, Y. H. & Ho, M. (1970)
Proc. Natl. Acad. Sci. USA 67, 464-471.

Vilcek, J. & Ng, M. H. (1971) J. Virol. 7, 588-594.
McCormick, F., Trahey, M., Innis, M., Dieckmann, B. & Rin-
gold, G. (1984) Mol. Cell. Biol. 4, 166-172.

Laemmli, U. K. (1970) Nature (London) 227, 680-685.
Chirgwin, J. M., Przybyla, A. E., MacDonald, R. J. & Rutter,
W. J. (1979) Biochemistry 18, 5294-5304.

Rigby, P. W. J., Dieckmann, M., Rhodes, C. & Berg, P. (1977)
J. Mol. Biol. 113, 237-251.

Stallcup, M. R. & Washington, L. D. (1983) J. Biol. Chem.
258, 2802-2807.

Smith, M. M., Reeve, A. E. & Huang, R. C. C. (1978) Cell 15,
615-626.

Denhardt, D. T. (1966) Biochem. Biophys. Res. Commun. 23,
641-652.

Gunning, P., Ponte, P., Okayama, H., Engel, J., Blau, H. &
Kedes, L. (1983) Mol. Cell. Biol. 3, 787-795.

Ponte, P., Gunning, P., Blau, H. & Kedes, L. (1983) Mol. Cell.
Biol. 3, 1783-1791.

Raj, N. B. K. & Pitha, P. M. (1983) Proc. Natl. Acad. Sci.
USA 80, 3923-3927.

Gallant, J. & Lazzarini, R. A. (1976) in Protein Synthesis: A
Series of Advances, ed. McConkey, E. (Academic Press, New
York), Vol. 2, pp. 309-359.

Ringold, G. M. (1983) Curr. Top. Microbiol. Immunol. 106,
79-103.

Cross, F. R. & Darnell, J. E. (1983) J. Virol. 45, 683-692.
Nevins, J. R. (1981) Cell 26, 213-220.

Raj, N. B. K. & Pitha, P. M. (1981) Proc. Natl. Acad. Sci.
USA 178, 7426-7430.

Tavernier, J., Gheysen, D., Duerinck, F., Van der Heyden, J.
& Fiers, W. (1983) Nature (London) 301, 634-636.

Zinn, K., DiMaio, D. & Maniatis, T. (1983) Cell 34, 865-879.
Maroteaux, L., Chen, L., Mitrani-Rosenbaum, S., Howley, P.
& Revel, M. (1983) J. Virol. 47, 89-95.

Darnell, J. (1982) Nature (London) 297, 365-371.



