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Signal Transduction by Interferon-a Through
Arachidonic Acid Metabolism

GREGORY E. HANNIGAN AND BryaN R. G. WILLIAMS*

Molecular mechanisms that mediate signal transduction by growth inhibitory cyto-
kines are poorly understood. Type I (o and B) interferons (IFNs) are potent growth
inhibitory cytokines whose biological activities depend on induced changes in gene
expression. IFN-a induced the transient activation of phospholipase A, in 3T3
fibroblasts and rapid hydrolysis of [*H]arachidonic acid (AA) from prelabeled phos-
pholipid pools. The phospholipase inhibitor, bromophenacyl bromide (BPB), specifi-
cally blocked IFN-induced binding of nuclear factors to a conserved, IFN-regulated
enhancer element, the interferon-stimulated response element (ISRE). BPB also
caused a dose-dependent inhibition of IFN-a~induced ISRE-dependent transcription
in transient transfection assays. Specific inhibition of AA oxygenation by eicosatet-
raynoic acid prevented IFN-a induction of factor binding to the ISRE. Treatment of
intact cells with inhibitors of fatty acid cyclooxygenase or lipoxygenase enzymes
resulted in amplification of IFN-a—induced ISRE binding and gene expression. Thus,
IFN-a receptor—coupled AA hydrolysis may function in activation of latent transcrip-
tion factors by IFN-a and provides a system for studying the role of AA metabolism
in transduction of growth inhibitory signals.

4 HE GROWTH INHIBITORY ACTIVITY
Tof type I IFNs (o and B), as well as
the frequent deletion of genes that
encode these cytokines (on chromosome
9p22) in acute lymphoblastic leukemia (1),
identifies these IFNs as potential tumor sup-
pressors. Interaction of IFN-a with its
membrane receptor induces transcription of
genes that contain a conserved cis-acting
DNA element, the interferon-stimulated re-
sponse element (ISRE) (2). However, the
IFN receptor—coupled signal transduction
pathways are undefined. Conventional re-
ceptor-mediated signaling mechanisms that
involve protein kinase C, cyclic adenosine
monophosphate—dependent protein kinase
A, or fluxes in intracellular pH or calcium,
do not function in IFN-a—induced activa-
tion of ISRE-directed gene expression (3).
Because stimulation of phospholipase A,
(PLA,) is a source of second messenger for
receptor-mediated signaling (4), we tested
for activation of PLA, by IFN-a in mouse
Balb/c 3T3 (clone A31) cells. The A31 cells
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were grown to confluence, labeled for 2
hours with [3?PJorthophosphate, and treat-
ed with IFN-a for various durations. La-
beled extracts were then analyzed by thin-
layer chromatography (TLC) for IFN-
stimulated production of lysophospholipids,
which are the products of catalysis by PLA,
(Fig. 1A) (5). Within 5 min of IFN-a
treatment, lysophosphatidylcholine (lysoPC)
was increased by 60%, with a maximum
increase of 100% after 15 min, relative to
unstimulated amounts. By 2 hours after IFN
treatment, lysoPC returned to near basal
concentrations. Lysophosphatidylethanola-
mine (lysoPE) was not consistently elevated
in extracts of IFN-treated cells (6). Cellular
concentrations of phosphatidylcholine (PC)
decreased by 12 to 14% within 15 min of
IFN treatment, in accord with the increase
in lysoPC (Fig. 1A). The transient nature of
the PLA, response suggests that PLA, may
participate in signaling by IFN-a.

A consequence of membrane PLA, acti-
vation is release of arachidonic acid (AA)
from membrane phospholipids, typically PC
or phosphatidylinositol (PI) (7). Arachidon-
ic acid can then be used for synthesis of
prostaglandins (PGs) and other eicosanoids
via cyclooxygenase-, lipoxygenase-, and ep-
oxygenase-catalyzed  reactions.  Because

IFN-a stimulates cyclooxygenase-catalyzed
PG synthesis in human fibroblasts (8), AA
hydrolysis might be an important signaling
mechanism for IFN-a. We tested directly for
IFN-o—stimulated [*H]AA release from la-
beled mouse fibroblasts. Treatment of con-
fluent, [3H]AA-labeled A31 cultures with a
receptor-saturating concentration (10 ng/
ml) of IFN-a led to a rapid release of
[®H]AA into the culture medium (Fig. 1B).
Pretreatment of cultures with the phospho-
lipase inhibitor BPB (bromophenacyl bro-
mide) markedly inhibited both basal and
stimulated [*H]AA release (6). Treatment
of A31 cells with platelet-derived growth
factor (PDGF), as with IFN-a, induces
binding of nuclear factors to the ISRE,
albeit to a lesser degree (9). Similarly, PDGF
(10 ng/ml) treatment of A31 cells resulted in
rapid [*PH]AA release (Fig. 1B), as reported
(10). Because PDGF and IFN-a exhibit
antagonistic effects on fibroblast growth,
AA would not be expected to act as a second
messenger for both PDGF- and IFN-activat-
ed pathways. It thus seems more likely that a
specific eicosanoid second messenger is gen-
erated in response to IFN-a.

To test for the participation of AA metab-
olism in the activation of ISRE-binding
factors by IFN-a, we measured ISRE com-
plex formation in electrophoretic mobility-
shift assays (EMSA) (11). At subsaturating
amounts of IFN-a (300 IU/ml, 60 pM),
pretreatment of A3l cells in culture with
nordihydroguaiaretic acid (NDGA) (10
M), a lipoxygenase inhibitor, or indometh-
acin (INDO) (10 pM), a cyclooxygenase
inhibitor, led to a marked amplification of
the induced ISRE complex (Fig. 2A).
Quantification of the relative amounts of
induced ISRE-binding activity in extracts of
cells pretreated with NDGA or INDO indi-
cated that both agents yielded a threefold
amplification of the induced signal, relative
to nonsaturating IFN treatment (Fig. 2B).
Pretreatment of A31 cells with 50 pM
BW577C, an inhibitor of both lipoxygenase
and cyclooxygenase enzymes, also resulted
in signal amplification of approximately
threefold as much as untreated cells. Anoth-
er potent inhibitor of cyclooxygenase activ-
ity, flurbiprofen, had a similar amplifying
effect (6). Amplified amounts of ISRE-bind-
ing activity were identical to those induced
by a saturating dose of IFN-a (2000 IU/ml,
400 pM) in the absence of treatment with
the inhibitors (Fig. 2B). In the presence of
subsaturating concentrations of IFN-a, the
amount of ISRE-binding activity was direct-
ly proportional to the IFN-a receptor occu-
pancy (Fig. 2B), which regulates the rate of
IFN-a—induced transcription (12).

Significantly, pretreatment with BPB
blocked IFN-induced ISRE complex forma-
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Fig. 1. IFN-a—stimulated PLA, activity in confluent A31 fibroblasts. (A)
Treatment of confluent A31 cultures with a receptor- concentra-
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tion of IFN-a (2000 IU/ml) results in rapid stimulation of PLA, activity,
measured as an increase in [32P]lysoPC as a percentage of total labeled
phospholipid (5). At 5 min, treatment resulted in a 65 + 13% increase over
unstimulated lysoPC concentrations, and a 105 + 22% increase at 15 min.
Bars indicate the average of duplicate plates in a representative i

These increases are as a fold stimulation value [(stimulated/
unstimulated) — 1] for each time point, plotted against treatment time.
There was no stimulation by IFN-a of any of the major 32P-labeled lipid
species (PC, PE, PI, or PS); a small decrease in PC concentration was
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15
IFN treatment (min)

tion (Fig. 2, A and B). These changes in
binding activity were relatively specific for
ISRE-binding factors, because factor bind-
ing to a regulatory site from the human
IFN-B gene (13) was unaffected by treat-
ment with the inhibitors (Fig. 2C). In the
absence of IFN, AA metabolic inhibitors did
not induce detectable ISRE-binding activity
(Fig. 2B). Thus, inhibition of AA metabo-
lism through cyclooxygenase and lipoxyge-
nase systems affected early signals generated
by IFN-a binding to its receptor. This con-
clusion is supported by experiments in
which addition of AA to intact A31 cells
potentiated IFN-a induction of ISRE-bind-
ing without inducing binding in the absence
of IFN (6).

Experiments with an analog inhibitor of
AA oxygenation, 5,8,11,14-cicosatetraynoic
acid (ETYA) (14), further indicated the
participation of AA metabolism in ISRE
signaling; ETYA is a specific inhibitor of AA
metabolism that affects cyclooxygenase-, li-
poxygenase-, and epoxygenase-catalyzed AA
oxygenations (14). Pretreatment of A31 cul-
tures with ETYA (10 pM) specifically inhib-
ited subsequent IFN-a—induced ISRE bind-
ing by ~50% (Fig. 2D). This amount of
inhibition is consistent with the reported
effects of similar concentrations of ETYA on
AA oxygenation reactions (15). The effects
of the various AA metabolism inhibitors on
IFN-a activation of ISRE-binding factors
clearly implicate AA metabolism in IFN-o—
induced binding of factors to the ISRE.
However, formation of the putative regula-
tory AA metabolite does not appear to occur
via cyclooxygenase or lipoxygenase reac-
tions.

It is a formal possibility that the effect of
INDO and NDGA on ISRE binding oc-
curred because products of cyclooxygenase
and lipoxygenase enzymes inhibit the bind-
ing of transacting factors to the ISRE. How-
ever, this seems unlikely, as the addition of
prostaglandin E, (a cyclooxygenase prod-
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uct) to activated extracts had no effect on
ISRE complex formation, nor did the com-
pounds AA861 (a specific inhibitor of 5-li-
poxygenase) or diethylcarbamazine (an in-
hibitor of lipoxygenase-mediated leuko-
triene synthesis) modify IFN-a induction of
ISRE factors (6). A more likely interpreta-
tion is that substrate AA derived from IFN-a

Fig. 2. IFN-c-induced A 0

IFN,

120 0- -
None PDGF IFN

plates in a representative experiment. In three independent experiments IFN-induced [3H]AA release (measured

receptor activation is redirected from cyclo-
oxygenase- and lipoxygenase-catalyzed trans-
formations to another AA metabolic pathway
(for example, epo: AA con-
versions would not be inhibited by INDO
or NDGA) (16). The alternate path-
way may also be directly stimulated by
IFN.
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In all studied to date, activation
of ISRE-binding factors by IFN-a correlates
with activation of transcription of ISRE-
containing genes (2). In order to determine
whether inhibition of factor binding to the
ISRE correlated with an inhibition of IFN-
induced gene expression, the effect of BPB
on IFN-a induction of specific mRNA tran-
scripts was measured. A31 cultures that had
been treated with 0, 10, 30, and 50 uM
BPB, were incubated with IFN-a for 4.5
hours. Total cellular RNA was isolated and
analyzed (17) for the expression of two
ISRE-containing genes, 2-5A synthetase
and 1-8 (2, 12). IFN-induced expression of
these two genes was inhibited by BPB in a
dose-dependent manner, while a control ac-
tin mRNA (Fig. 3A) was unaffected by this
agent.

To confirm that BPB inhibited IFN-in-
ducible gene expression at the level of tran-
scription, we performed transient transfec-
tion assays. A plasmid that carried the
Escherichia coli chloramphenicol acetyltrans-
ferase (CAT) reporter gene, under the con-
trol of a viral thymidine kinase promoter
and a single IFN-inducible ISRE (2, 9), was
introduced into COS-1 (monkey) cells.
Transfectants were briefly incubated with
BPB followed by IFN-a treatment and as-
sayed for IFN-induced CAT activity (17). In
the COS-1 transfectants, IFN-a treatment
induced CAT activity that was 40-fold as
much as unstimulated amounts. Pretreat-
ment with BPB at 35 and 45 pM reduced
this induction to 20-fold and 4-fold, respec-
tively (Fig. 3B). Identical results were ob-
tained with A31 transfectants (6). Thus the

results obtained with BPB inhibition of
ISRE binding are clearly reflected at the
level of IFN-a—induced ISRE-dependent
transcription.

To test the general involvement of AA
metabolism in IFN-a signaling, we treated
L929 fibroblast cultures with natural murine
IFN-a/B, in the presence and absence of
cyclooxygenase and lipoxygenase inhibitors,
and assayed for endogenous, IFN-induced
2-5A synthetase activity (Fig. 3C). Induc-
tion of the 2-5A synthetase gene by IFN-a is
mediated by an ISRE sequence (2). Pretreat-
ment of 1929 cells with INDO (10 uM) or
BW577C (50 pM) yielded approximately
threefold increases in the amounts of in-
duced 2-5A synthetase activity. Similar re-
sults were obtained with A31 cells (6). The
results with L929 and COS-1 cells (Fig. 3)
show that the involvement of the PLA,/AA
mechanism in IFN-a—induced gene expres-
sion is not limited to A31 cells. Further-
more, recent reports that show synergistic
antitumour activity with both cyclooxy-
genase inhibitors and IFN-a in vivo (18)
also indicate general involvement of this
mechanism in mediating biological effects
of IFN-a.

One target of IFN-a—mediated signaling
of ISRE-dependent transcription is a cyto-
plasmic factor, ISGF3a, which associates
with a distinct cytoplasmic factor, ISGF3yy,
to form the ISRE-specific trans-acting factor
ISGF3 (2). Our results suggest that genera-
tion of an eicosanoid second messenger
functions in regulating the induced cytoplas-
mic association of ISGF3a and ISGF3y. As
mentioned above, AA is not an attractive
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e =] OIFN 3 O IFN =Tl
> @
Actin ] o
-eeem ;- f. )
s -]
z g
E 2 § 4004
§ 3 £
= 80+
3 5
i) < | L
.—Z bR = 5 9  °"None BWS7TIC  INDO
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o =18 Fig. 3. Effect of inhibitors of AA metabolism on ISRE-dependent
" Actin transcription activation and gene expression. (A) RNA from IFN-
a—treated (2000 IU/ml) A31 cultures pretreated with the indicated
0 — concentrations of BPB was analyzed (17) for IFN-induced expres-

10 30 50
BPB (uM)

sion of the ISRE-containing genes 2-5A synthetase and 1-8, as well
as a control actin gene. Relative densitometric quantitation of 1-8

and actin transcripts is indicated (the average of duplicate plates).
(B) IFN-a—induced expression of a transfected ISRE-CAT gene (17) was analyzed in COS-1 cells that
had been pretreated (15 min) with the indicated concentrations of phospholipase inhibitor BPB. (C)
L929 fibroblasts were treated simultaneously with IFN-a/B and the lipoxygenase and cyclooxygenase
inhibitors, BW577C (50 pM), or INDO (10 M) and assayed for IFN-a induction of 2-5A synthetase
activity (17) expressed as picomoles of [*H]ATP polymerized per hour per absorbance unit (at 260

nm).
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second messenger candidate in view of the
specificity that must be maintained in the
IFN-a transcription response. Addition of
AA to ecither intact cells or cell extracts
does not activate ISRE-binding factors (6).
However, AA has been shown to specifi-
cally suppress guanosine triphosphatase
(GTPasc)—activating protein (GAP) activi-
ty, a regulator of cellular Ras p21 GTPase
activity (19). Treatment with IFN (type I)
of c-H-ras—transformed 3T3 cells leads to a
sustained reversion of the transformed phe-
notype (20), and thus free AA may function
in the inhibition of cellular growth and
transformation by IFN-a. An intriguing
question is whether GAP activity is modu-
lated in response to IFN-stimulated AA. In
addition to modulation by tyrosine kinase
(mitogenic) signaling pathways (21), GAP
may be an carly target of phospholipid
hydrolysis mediated by non—tyrosine kinase
(22) growth inhibitory receptors.

IFN-a receptor—mediated activation of
ISRE-specific trans-acting factors provides a
convenient experimental model for elucidat-
ing the precise role of PLA,-generated lipid
mediators in the coupling of environmental
signals to specific changes in gene expres-

sion. Because of the large number of AA

metabolites (14, 16) that could act as second
messengers in signaling cascades, eicosanoid
synthesis provides a mechanism for main-
taining signal fidelity along the activation
pathway between IFN-a receptor and cyto-
plasmic ISRE trans-acting factors. Our re-
sults suggest that stimulation of receptor-
coupled PLA, and AA metabolism may
participate in signaling cytokine-specific
growth inhibitory responses through activa-
tion of latent transcription factors.
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