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ABSTRACT Phospholipid/Ca2+-dependent protein ki-
nase (protein kinase C; PKC) appears to be involved in the
signal-transduction pathway mediated by human leukocyte
interferon (IFN) in HeLa cells. IFN treatment results in a rapid
increase in [311]phorbol 12,13-dibutyrate binding to intact
cells, indicating an activation ofPKC. In addition, inhibitors of
PKC (117 and staurosporine) block the induction of antiviral
activity by IFN against vesicular stomatitis virus. PKC inhib-
itors also block the accumulation of IFN-stimulated mRNAs in
the cytoplasm of HeLa cells and suppress the transcriptional
induction of IFN-stimulated genes. Activation of IFN-
stimulated genes is mediated through a DNA response element
that is necessary and sufficient for the transcriptional response
to IFN. IFN treatment induces the appearance of several
DNA-binding factors that specifically recognize the response
element, and the appearance of these factors is suppressed by
PKC inhibitors. This observation provides evidence that PKC
activity is involved during IFN-stimulated signal transduction.
Although activation of PKC appears to be required for the
response to IFN, agonists of PKC activity alone do not turn on
expression of IFN-stimulated genes.

Type I interferons (IFN a/f3) induce a variety of physiolog-
ical responses that include antiviral activity and inhibition of
cellular proliferation (1, 2). IFNs elicit these effects by
binding to specific cell surface receptors and transducing a
signal to the nucleus that results in the transcriptional stim-
ulation of a responsive set of genes. These genes possess an
IFN-stimulated response element (ISRE) that functions as an
inducible enhancer and is itself sufficient for transcriptional
activation by IFN (3-8). Several DNA binding factors that
recognize the ISRE have been identified and characterized
(4-9). The signal-transduction pathway of IFN appears to
involve the activation of a latent transcription factor resident
in the cytoplasm and its subsequent translocation to the
nucleus (10, 11). However, the nature of the receptor-
mediated signals, the mechanism of activation of the latent
cytoplasmic factor, and the influence of IFN-induced DNA
binding factors on transcriptional regulation remain to be
determined.

Since protein phosphorylation plays a major role in a
variety of signal-transduction pathways, the possible in-
volvement of protein kinases in the expression of IFN-
stimulated genes (ISGs) was investigated. In the present
study, inhibitors of the protein kinase C (PKC) enzymes were
found to block both ISG transcriptional activation and
mRNA cytoplasmic accumulation in HeLa cells. The PKC
family of enzymes can be activated by receptor-mediated
production of diacylglycerol or, alternatively, by tumor-
promoting phorbol esters (12). Activation of PKC correlates
with increased binding of the phorbol ester phorbol 12,13-

dibutyrate (PDBu) to intact cells, which was found to occur
within minutes of IFN-a treatment of HeLa cells. However,
activation of PKC enzymes by phorbol esters in the absence
of IFN is not sufficient to activate the transcription of ISGs.

Previous studies have shown that IFN-a treatment induces
two ISRE-binding factors in the nuclei of cells (4-9). These
induced DNA-binding factors are believed to play a role in
the transcriptional regulation of the ISGs. The protein PKC
inhibitor staurosporine was found to abrogate the appearance
of the IFN-a-induced binding factors. The ability of stauro-
sporine to block activation of these DNA-binding factors
correlates with a block in transcriptional stimulation of the
ISGs.

MATERIALS AND METHODS
Cell Cultures. HeLa S3 cell cultures were maintained as

monolayers in Dulbecco's modified Eagle's medium with
10% (vol/vol) fetal bovine serum. Recombinant human
IFN-aA was generously provided by Hoffmann-LaRoche
and used at 1000 units/ml. The protein kinase inhibitors, H7
[1-(5-isoquinolinylsulfonyl)-2-methylpiperazine dihydrochlo-
ride], H8 {N-[2-(methylamino)ethyl]-5-isoquinolinesulfona-
mide dihydrochloride}, and HA1004 [N-(2-guanidinoethyl)-
5-isoquinolinesulfonamide hydrochloride], were obtained
from Seikagaka America (Saint Petersburg, FL). Staurospo-
rine was obtained from Kamiya Biomedical (Thousand Oaks,
CA). [3HJPDBu (19 Ci/mmol; 1 Ci = 37 GBq) was obtained
from DuPont/NEN.
mRNA Analyses. The levels of specific cytoplasmic

mRNAs were measured by solution hybridization with an-
tisense RNA probes as described (3). The ISG15 probe was
generated from agenomic Taq I second exon fragment (3, 13);
the ISG54 probe was from a genomic EcoRI second exon
fragment (14); the y-actin probe was from a murine cDNA
clone (15). Nuclear run-on transcription assays were per-
formed with specific DNA test plasmids of ISG15, ISG54,
chicken 3-actin, and pBR322 as described (3, 16).
DNA-Protein Binding. Nuclear cell extracts were prepared

and employed in gel-retardation electrophoresis to analyze
specific protein-DNA complexes (5, 8). An ISRE-containing
EcoRI fragment of ISG15-TK-109 (3) was employed as the
specific DNA probe.

Antiviral Assay. HeLa cells were treated with various
agents for 30 min prior to the addition of IFN-a (250 units/
ml). After overnight incubation with IFN, the cells were
washed with saline and infected with vesicular stomatitis
virus at a multiplicity of infection of 0.1 plaque-forming unit
per cell. After viral adsorption, cells were washed and

Abbreviations: IFN, interferon; ISRE, IFN-stimulated response
element; ISG, IFN-stimulated gene; ISGF, IFN-stimulated gene
factor; PKC, protein kinase C; PMA, phorbol 12-myristate 13-
acetate; PDBu, phorbol 12,13-dibutyrate.
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incubated with fresh medium. Twenty-four hours later the
virus was harvested after a freeze-thaw cycle and yield was
assayed on mouse L cells.
[3H]PDBu Binding Assay. Binding of [3H]PDBu was deter-

mined as described (17, 18).

RESULTS

Influence of Protein Kinase Inhibitors on the IFN-Induced
Antiviral Response. One of the main physiological responses
to IFN is the establishment of resistance to viral infection. To
determine whether pathways involving known second mes-
sengers were necessary for the development of the antiviral
state induced by IFN, HeLa cells were pretreated with agents
that affect some of these pathways. The effect of these agents
on the replication of vesicular stomatitis virus was deter-
mined in IFN-a-treated cells. Agents that affect the intracel-
lular level of cAMP or cGMP (dibutyryl cAMP or cGMP,
forskolin, pertussis toxin, or cholera toxin) did not affect the
induction of the antiviral state in these cells (data not shown).
In contrast, pretreatment of cells with inhibitors of PKC
blocked the induction of antiviral activity by IFN-a.

Isoquinolinesulfonamide derivatives have been shown to
inhibit the action of distinct protein kinases differentially (19).
Among these derivatives H7 is the most potent and selective
PKC inhibitor. H8 is a more effective inhibitor ofcAMP- and
cGMP-dependent protein kinases, and HA1004 is a weak
PKC inhibitor and, therefore, the best control for H7 action.
These inhibitors were employed to assess the involvement of
protein kinases in the induction of antiviral activity by IFN-a
(Table 1). Viability of the cells was >90% after 24 hr in the
presence of the various agents tested. Any growth inhibition
noted was reversible upon removal of the agent. H8 and
HA1004 did not appear to influence the antiviral activity of
IFN-a in HeLa cells. However, the PKC inhibitor H7 dra-
matically impaired the antiviral response to IFN-a at rela-
tively low doses (ID50 = 10 AM). Staurosporine, a more
potent inhibitor of PKC, was also employed in these studies
(20). Staurosporine blocked the IFN-mediated response even
when used at low concentrations (ID50 = 10 nM). In addition,
pretreatment of cells with the phorbol ester phorbol 12-
myristate 13-acetate (PMA), which down-regulates PKC
(21), blocked induction of the antiviral activity of IFN,
although PMA alone is not antiviral. Depletion of PKC
activity by inhibitors or down-regulation of PKC with PMA
suggests that an active PKC system is necessary for the
development of the antiviral state in IFN-a-treated cells.

Table 1. Effect of protein kinase inhibitors on vesicular
stomatitis virus replication in IFN-a-treated HeLa cells

Virus titer,
plaque-forming units Reduction in

X lo-,/ml virus yield,
Inhibitor ,uM - IFN-a + IFN-a fold

None 0 39,000 13 3000
H7 10 38,000 30 1266

30 21,000 3100 7
50 11,000 4900 2

H8 50 35,000 14 2500
HA1004 50 20,000 8 2500
Staurosporine 0.01 37,000 33 1120

0.03 33,000 250 132
0.1 25,000 2600 10
0.3 5,100 1700 3

Stimulatory Effect of IFN-a on PDBu Binding. Since the
response to IFN-a seemed to require functional PKC activ-
ity, this suggested that IFN-a might activate PKC. The
activation of PKC activity has been correlated with a trans-
location ofPKC from the cytosol to cellular membranes, and
a subsequent increase in the binding of [3H]PDBu to intact
cells (17, 18). Therefore, [3H]PDBu binding was used to
determine the effect of IFN-a treatment on the activation of
PKC. Addition of IFN-a for 15 min was found to increase the
binding of PDBu to intact HeLa cells. Scatchard analysis of
the binding of PDBu indicated a resultant 93% increase in the
number of high-affinity PDBu binding sites after IFN-a
treatment (0.54-1.04 pM bound per 106 cells) without an

effect of IFN-a on the affinity of the receptors for PDBu (50
nM) (Fig. 1). The increase in PDBu binding sites induced by
IFN-a likely represents a redistribution of PKC from a

loosely associated component that binds PDBu at low affinity
to a more tightly associated form.

Inhibitors of PKC Suppress IFN-Stimulated Gene Expres-
sion. The requirement of functional PKC for the IFN-
mediated antiviral response suggested that blockage of PKC
would impair the expression of ISGs. For this reason kinase
inhibitors were tested for their ability to influence the ap-

pearance of cytoplasmic ISG mRNAs.
HeLa cells were treated with various concentrations of the

protein kinase inhibitors H7 or HA1004 for 10-15 min prior
to the addition of IFN-a. After 2 hr of IFN treatment,
cytoplasmic mRNA was isolated and hybridized to specific
antisense RNA probes, and the ribonuclease-resistant prod-
ucts were displayed on sequencing gels (Fig. 2). The expres-
sion of two ISGs, ISG15 and ISG54, was assayed in IFN-a-
treated cells (3, 13, 14). At 30 ,uM, H7 was found to abrogate
the induction of ISG15 and ISG54 mRNAs (compare lanes 2
and 7). The accumulation of ISG15 mRNA was unaffected by
pretreatment with HA1004 even at 70 ,uM (lane 5). Although
the appearance of ISG54 mRNA was slightly reduced with
HA1004, the extent of inhibition was not comparable to that
produced by H7. The slight effect of HA1004 on ISG54
expression ensured that this inhibitor was active in HeLa
cells and that it was appropriate to use as a control. To
ascertain whether H7 led to generalized instability ofmRNA,
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FIG. 1. Effect ofIFN-a on [3H]PDBu binding to HeLa cells. HeLa
cells were seeded into individual wells of 24-well multiwell plates.
After 1 day the medium was removed and the cells were refed with
0.25 ml of medium containing [3H]PDBu (20-80 nM) and IFN-a (1000
units/ml). Control cultures received no IFN. After a 15-min incuba-
tion, the cells were washed three times with saline and solubilized in
0.5% SDS/1 mM EDTA/0.1 M NaOH, and radioactivity was quan-
titated by liquid spectrometry. Specific PDBu binding represents the
difference between binding in the absence and presence of 10 ,uM
unlabeled PDBu. The data from four experiments performed in
duplicate were averaged (standard error, <20%o), corrected for cell
numbers, expressed as specific PDBu binding to cells [(Bound/free)
x 10-21], and plotted according to the method of Scatchard.

PMA 0.1 23,000 930 25

Data were compiled from the average of three experiments with a
standard error of <15%.
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FIG. 2. Effect of protein kinase inhibitors on cytoplasmic accu-
mulation of ISG mRNAs. HeLa cells were untreated (lane 1) or
treated with IFN-a (1000 units/ml) for 2 hr in the absence (lane 2) or
presence of protein kinase inhibitors. HA1004 (10 AM, 30 AuM, and
70 ,uM, lanes 3-5, respectively) or H7 (10 AM, 30 ALM, and 70 ,uM,
lanes 6-8, respectively) were added to cell cultures 15 min prior to
IFN. Cytoplasmic mRNA was hybridized to the specific antisense
probes for ISG15, ISG54, or y-actin, as indicated, and analyzed by
gel electrophoresis.

the levels of y-actin mRNA were analyzed and were found to
remain constant during the various treatments.
To examine whether inhibition of PKC resulted in the

cytoplasmic instability of ISG mRNAs, the levels of ISG
mRNAs were determined by adding H7 after IFN-a treat-
ment of cultures. H7 had little or no effect on the accumu-
lation of ISG mRNAs when it was added after ISG mRNA
induction (data not shown).

Since H7 blocked the appearance of cytoplasmic ISG
mRNAs but had little effect on mRNA stability, nuclear
run-on transcription assays were performed to determine
whether PKC activity was required for transcriptional acti-
vation by IFN-a. Nuclei were isolated from untreated cells or
cells treated with IFN-a for 10, 30 or 90 min in the presence
of protein kinase inhibitors. Nascent RNA was radiolabeled
in vitro by incubating the nuclei in the presence of [a-32P]UTP
for 10 min and was then hybridized to DNA samples fixed to
nitrocellulose (Fig. 3). The addition of HA1004 (30 gM) prior
to a 10-min treatment with IFN did not block the activation
of the ISGs by IFN. In contrast, the PKC inhibitor H7 (30
,M) did repress IFN-stimulated transcription of both ISG15
and ISG54. After 10 min of IFN treatment, transcription was
reduced by =80% and by 60% after 30 min with respect to
transcription of the control actin gene (as determined by
densitometric scanning of the autoradiogram within a linear
range of exposure). Although 30 ,uM H7 reduced the tran-
scriptional induction of the ISGs, it did not have the dramatic
effect seen on the accumulation of steady-state ISG mRNA.
It appears that this kinase inhibitor blocks the pathway
leading to transcriptional activation as well as the pathway
leading to the posttranscriptional appearance of ISG mRNAs
in the cytoplasm of HeLa cells.
H7 did not inhibit the transcriptional induction of a control

gene (hsp70) by heat shock. Although the cytoplasmic ap-
pearance of hsp70 mRNA was impaired by H7, nuclear
run-on assays showed no effect of H7 on transcriptional
induction (data not shown).
The more potent PKC inhibitor staurosporine was also

tested for its ability to block ISG expression. The cytoplas-
mic appearance of ISG15 mRNA was analyzed in the pres-
ence of increasing concentrations of staurosporine (Fig. 4
Left). Complete abrogation ofthe IFN-a-induced appearance
of ISG15 mRNA was observed with 1 ,uM staurosporine (lane
5). The inhibitory activity of staurosporine appears to result
solely from its effect on transcriptional activation by IFN-a.
Nuclear run-on experiments performed in the presence of

pBR ISGI5
actin ISG54

FIG. 3. Transcriptional analysis of ISGs in the presence of
protein kinase inhibitors. Nuclear run-on assays were performed, as
indicated, with control cells, cells treated with IFN-a for 10, 30, or
90 min, cells treated with IFN-a for 10 min in the presence of 30 ,uM
HA1004, or cells treated with IFN-a for 10, 30, or 90 min in the
presence of 30 AM H7. The position of test DNAs on the nitrocel-
lulose filter is shown at the bottom of the figure.

staurosporine demonstrate a dose-dependent inhibition of
ISG transcription. Transcription is reduced at 10 nM by 25%,
at 100 nM by 45%, and at 1 ,M by 100% with respect to actin
gene transcription. This inhibition correlates with the impair-
ment of ISG mRNA appearance in the cytoplasm (Fig. 4
Right). The effect of staurosporine was not reversed in the
presence of the protein synthesis inhibitor cycloheximide.
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FIG. 4. Suppression of IFN-induced gene expression by stauro-

sporine. (Left) Cytoplasmic levels of ISG15 and actin mRNAs. Cells
were untreated (lane 1) or treated with IFN-a 1000 units/ml for 2 hr
in the absence (lane 2) or presence of staurosporine (10 nM, 100 nM,
or 1000 nM, lanes 3-5, respectively). mRNA analyses were per-
formed by hybridization to specific antisense probes and gel elec-
trophoresis. (Right) Transcriptional induction by IFN-a. Nuclear
run-on experiments were performed with control cells or IFN-treated
cells (30 min) in the absence or presence of increasing concentrations
of staurosporine (St) as noted in the figure. The effect of cyclohex-
imide (CX) is shown as indicated. The pattern of test DNAs is shown
at the bottom of the figure.
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Protein synthesis inhibitors do not impair IFN-a-induced
transcription but can lead to prolonged transcription and
increased stability ofmRNAs (22). The result with cyclohex-
imide demonstrates that staurosporine acts at a step in the
signal-transduction pathway that leads to ISG transcriptional
activation and not at a step in the subsequent regulation of
transcriptional or posttranscriptional processes.

Effect of Protein Kinase Inhibitors on the Appearance of
ISRE-Binding Factors. The ISRE functions as an inducible
enhancer in the promoter of the ISGs (3, 5, 8). This DNA
sequence is recognized by at least three distinct DNA binding
proteins, designated IFN-stimulated gene factors (ISGFs) (5,
8). One of the factors is present constitutively in both
untreated and treated cells (ISGF-1), whereas two other
factors are induced by treatment with IFN-a (ISGF-2 and
ISGF-3). ISGF-2, whose appearance is dependent upon new
protein synthesis (5), is identical to interferon regulatory
factor-1 (IRF-1), a DNA binding factor involved in the
regulation of the IFN-P gene (23, 24). In contrast to ISGF-2,
the appearance of ISGF-3 does not require new protein
synthesis and appears in the cytoplasm within minutes ofIFN
treatment before its appearance in the nucleus (5, 10, 11).
Since IFN-a stimulation does not require ongoing protein
synthesis (22), ISGF-3 is likely to be a latent positive regu-
lator of transcription. The finding that PKC inhibitors impair
the ability of IFN-a to activate transcription of the ISGs
suggests that they might function by blocking the expression
of the IFN-a-induced ISGFs.

Gel-retardation analyses were employed to assess the
appearance of these DNA binding factors. Cell extracts were
prepared from untreated or IFN-a-treated cells in the pres-
ence of H7, HA1004, or staurosporine. Protein extracts were
incubated with a radiolabeled ISRE probe and specific pro-
tein-DNA complexes were analyzed by gel-mobility-shift
electrophoresis (Fig. 5). The appearance of the constitutive
ISRE-binding factor, ISGF-1, was not affected by the protein
kinase inhibitors and thereby served as an internal control.
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FIG. 6. Effect of phorbol esters on expression of ISG15 mRNA.
(A) Cytoplasmic mRNA was isolated from control cells (lane 1) or
cells treated with IFN-a (1000 units/ml for 2 hr; lane 2) or PDBu (100
nM for 2 hr; lane 3). Specific ISG15 or actin transcripts were
quantitated by hybridization to antisense probes and analyzed by gel
electrophoresis. (B) mRNA analysis of control cells (lane 1), IFN-
a-treated cells (lane 2), or IFN-a-treated cells that were pretreated
with PDBu (100 nM) for 30 hr (lane 3).

However, the induction of ISGF-2 was abolished when cells
were treated with the PKC inhibitors H7 or staurosporine
(Fig. 5 A, lane 4, and B, lane 4 and 5) but was unaffected with
HA1004 (Fig. 5A, lane 5). Since ISGF-2 is induced transcrip-
tionally by IFN (23), this result was not unexpected because
PKC inhibitors block the appearance of cytoplasmic ISG
mRNA (Figs. 2 and 4). However, when the potent PKC
inhibitor staurosporine was used at 200-1000 nM, the ap-
pearance of the ISGF-3-DNA complex was abolished (Fig.
SB, lanes 4 and 5). The ability of staurosporine to inhibit the
appearance of ISGF-3 correlates with its ability to inhibit
transcriptional activation by IFN-a. Cytoplasmic extracts of
staurosporine-IFN-treated cells do not reveal the presence of
ISGF-3, indicating that the PKC inhibitor blocks the activa-
tion of latent ISGF-3 by IFN-a and not merely its translo-
cation to the nucleus (data not shown).

Influence of Phorbol Esters on ISG Expression. Although
these studies provide evidence that functional PKC is re-
quired for the IFN-stimulated response in HeLa cells, acti-
vation of PKC by phorbol esters does not induce expression
of the ISGs (Fig. 6A). Treatment of cells with PDBu for 2 hr
does not increase the cytoplasmic appearance of ISG15
mRNA (lane 3) nor block its appearance in the presence of
IFN-a (data not shown). However, depletion of functional
PKC by prolonged exposure of cells to PDBu (30 hr) reduced
the IFN-stimulated appearance of ISG15 mRNA (60% of
control; Fig. 6B, compare lanes 2 and 3). This treatment did
not affect viability of the cells.

FIG. 5. Effect of protein kinase inhibitors on the appearance of
ISRE-binding factors. (A) Gel-retardation analyses were performed
with nuclear extracts isolated from untreated cells (lane 1), cells
treated with IFN-a for 2 hr (lane 2), cells treated with IFN-a in the
presence of cycloheximide (CX; 50 ,g/ml; lane 3), 30 ,uM H7 (lane
4), or 30 ,uM HA1004 (lane 5). (B) Gel-retardation analyses ofextracts
prepared from control cells (lane 1), IFN-a-treated cells (lane 2),
IFN-a-treated cells in the presence of cycloheximide (CX; lane 3),
200 nM staurosporine (ST; lane 4), or 1 ,uM staurosporine (lane 5) are

shown. Competitor ISG15 DNA containing the ISRE (100-fold
excess) was included in the binding reaction of IFN-a-treated cell
extracts to demonstrate ISGF specificity (lane 6).

DISCUSSION
IFNs are mediators of a primary host defense mechanism and
can confer cellular resistance to viral infections. The cellular
response to IFN is triggered by a receptor-mediated pathway
that transduces a signal from the plasma membrane to the
nucleus stimulating specific gene expression. The studies
presented here provide evidence that PKC may be involved
in the relay of information from the IFN-a receptor to the
transcriptional machinery of a HeLa cell.

Inhibition of PKC activity by H7 or staurosporine blocks
the ability ofIFN-a to establish an antiviral response in HeLa
cells (Table 1). This blockage appears to be the result of a
suppression of ISG expression. The cytoplasmic accumula-
tion of specific ISG mRNAs is impaired in the presence of
PKC inhibitors and, more significantly, nuclear run-on ex-
periments demonstrate a suppression of the transcriptional
activation of ISGs (Figs. 3 and 4). The PKC inhibitors did not
have any effect on IFN-a binding to its cell membrane
receptor (data not shown).

Proc. Natl. Acad Sci. USA 87 (1990)
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The transcriptional response to IFN-a is dependent upon
the presence of an ISRE that is recognized by the induced
DNA-binding factors ISGF-2 and ISGF-3 (4-8). Gel-retarda-
tion analyses revealed a block in the IFN-induced appearance
of ISGF-2 in cells treated with either PKC inhibitor H7 or
staurosporine (Fig. 5). Moreover, the potent PKC inhibitor
staurosporine blocked IFN-a activation of the latent cyto-
plasmic factor ISGF-3 (10, 11). The negligible effect of-30 AtM
H7 on induction of ISGF-3 may be due to the lower potency
of this agent or possible differential effects on the various
PKC isozymes leading to a decrease in transcriptional activ-
ity but not a decrease in DNA binding. Since H7 has an
additional inhibitory influence on the post-transcriptional
appearance of ISG mRNAs in the cytoplasm, this agent may
exert more complex effects upon gene expression. However,
a signal that mediates the activation of ISGF-3 is impaired in
the presence of the PKC inhibitor staurosporine. This result
suggests that a phosphorylation event induced by IFN-a is
required for ISGF-3 activation.
The requirement for PKC in the IFN-a-stimulated re-

sponse does not involve PMA-inducible enhancers. Phorbol
esters such as PMA or PDBu do not induce expression of the
ISGs (Fig. 6A). However, PDBu binding studies demonstrate
that IFN-a treatment leads to increased binding to intact cells
that correlates with activation of PKC (12). Recent immu-
nochemical analyses have demonstrated a specific translo-
cation of the p isoform of PKC from the cytosol to the
particulate fraction of HeLa cells after IFN-a treatment,
while other isoforms of PKC remain unaffected (25). In
addition, IFN-a induces a transient increase in diacylglyc-
erol, an activator of PKC (25, 26). The results described
herein thereby suggest that the increase in PDBu binding sites
induced by IFN-a treatment reflect the selective transloca-
tion of the p isoform of PKC. Depletion of cellular PKC by
prolonged exposure to phorbol esters has been reported to
decrease the level of IFN-a-induced gene expression in
certain cell lines (27, 28). We have seen a similar decrease in
ISG mRNA expression after extended exposure of HIeLa
cells to PDBu (Fig. 6).
The utilization of protein kinase inhibitors by other inves-

tigators has provided evidence for a role of phosphorylation
in the expression of IFN-a-induced genes (29-32). Although
the possible involvement of another protein kinase cannot be
ruled out, the results reported in this study indicate that
inhibition of PKC suppresses ISG transcriptional activation.
The evidence presented suggests that functional PKC is
required, but not sufficient, for IFN-a-induced gene expres-
sion. The future determination of physiological substrates of
PKC in IFN-a-mediated signal transduction should lead to an
elucidation of its role in this pathway.

We thank Dr. J. E. Darnell, Jr., for guidance in the initial phase of
this study. We also thank Dr. P. Sorter ofHoffmann-LaRoche for the
gift of human IFN-aA, Dr. J. Friedman for the y-actin plasmid, and
Dr. D. Levy for the ISG54 plasmid. This work was supported by
grants from the American Cancer Society (JFRA-300) and the
National Institutes of Health (CA 50773) to N.C.R., and by a grant
from the National Institutes of Health (GM 36716) to L.M.P. L.M.P.
is a Scholar of the Leukemia Society of America.

1. Lengyel, P. (1982) Annu. Rev. Biochem. 51, 152-282.
2. Pestka, S., Langer, J. A., Zoon, K. C. & Samuel, C. E. (1987)

Annu. Rev. Biochem. 56, 727-767.
3. Reich, N., Evans, B., Levy, D., Fahey, D., Knight, E., Jr., &

Darnell, J. E., Jr. (1987) Proc. Nati. Acad. Sci. USA 84,
6394-6398.

4. Porter, A. C. G., Chernajovsky, Y., Dale, T. C., Gilbert,
C. S., Stark, G. R. & Kerr, I. M. (1988) EMBO J. 7, 85-92.

5. Levy, D. E., Kessler, D., Pine, R., Reich, N. & Darnell, J. E.,
Jr. (1988) Genes Dev. 2, 383-393.

6. Cohen, B., Peretz, D., Vaiman, D., Benech, P. & Chebath, J.
(1988) EMBO J. 7, 1411-1419.

7. Rutherford, M. N., Hannigan, G. E. & Williams, B. R. G.
(1988) EMBO J. 7, 751-759.

8. Reich, N. & Darnell, J. E., Jr. (1989) Nucleic Acids Res. 17,
3415-3424.

9. Dale, T. C., Rosen, J. M., Guille, M. J., Lewin, A. R., Porter,
A. C. G., Kerr, I. M. & Stark, G. R. (1989) EMBO J. 8,
831-839.

10. Dale, T. C., Imam, A. M. A., Kerr, I. M. & Stark, G. R. (1989)
Proc. Nati. Acad. Sci. USA 86, 1203-1207.

11. Levy, D., Kessler, D., Pine, R. & Darnel!, J. E., Jr. (1989)
Genes Dev. 3, 1362-1371.

12. Nishizuka, Y. (1986) Science 233, 305-312.
13. Reich, N. C., Pine, R., Levy, D. & Darnell, J. E., Jr. (1988) J.

Virol. 62, 114-119.
14. Levy, D., Larner, A., Chaudhuri, A., Babiss, L. & Darnell,

J. E., Jr. (1986) Proc. Natl. Acad. Sci. USA 83, 8929-8933.
15. Enoch, T., Zinn, K. & Maniatis, T. (1986) Mol. Cell. Biol. 6,

801-810.
16. Larner, A. C., Jonak, G., Cheng, Y.-S. E., Korant, B., Knight,

E., Jr., & Darnell, J. E., Jr. (1984) Proc. Natl. Acad. Sci. USA
81, 6733-6737.

17. Dougherty, R. W. & Niedel, J. E. (1986) J. Biol. Chem. 261,
4097-4100.

18. Trilivas, I. & Brown, J. H. (1989) J. Biol. Chem. 264, 3102-
3107.

19. Hidaka, H., Inagaki, M., Kawamoto, S. & Sasaki, Y. (1984)
Biochemistry 23, 5036-5041.

20. Tamaoki, T., Nomoto, H., Takahashi, I., Kato, Y., Morimoto,
M. & Tomita, F. (1986) Biochem. Biophys. Res. Commun. 135,
397-402.

21. Young, S., Parker, P. J.,' Ullrich, A. & Stabel, S. (1987)
Biochem. J. 244, 775-779.

22. Larner, A. C., Chaudhuri, A. & Darnell, J. E., Jr. (1986) J.
Biol. Chem. 261, 453-459.

23. Pine, R., Decker, T., Kessler, D. S., Levy, D. E. & Darnell,
J. E., Jr. (1990) Mol. Cell. Biol. 10, 2448-2457.

24. Miyamota, M. T., Fugita, T., Kimura, Y., Maruyama, M.,
Harada, H., Sudo, Y., Miyata, T. & Taniguchi, T. (1988) Cell
54, 903-913.

25. Pfeffer, L. M., Stulovici, B. & Saltiel, A. L. (1990) Proc. Nail.
Acad. Sci. USA 87, 6537-6544.

26. Yap, W. H., Teo, T. S. & Tan, Y. H. (1986) Science 234,
355-358.

27. Akai, H. & Larner, A. (1989) J. Biol. Chem. 264, 3252-3255.
28. Yan, C., Sehgal, P. B. & Tamm, I. (1989) Proc. Natl. Acad.

Sci. USA 86, 2243-2247.
29. Faltynek, C. R., Princler, G. L., Gusella, G. L., Varesio. L. &

Radzioch, D. (1989) J. Biol. Chem. 264, 14305-14311.
30. Tiwari, R. K., Kusari, J., Kumar, R. & Sen, G. C. (1988) Mol.

Cell. Biol. 8, 4289-4294.
31. Wathelet, M. G., Clauss, I. M., Paillard, F. C. & Huez, G. A.

(1989) Eur. J. Biochem. 184, 503-509.
32. Lew, D. J., Decker, T. & Darnell, J. E., Jr. (1989) Mol. Cell.

Biol. 9, 5404-5411.

Cell Biology: Reich and Pfeffer


