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Activation of RNA-dependent protein kinase and nuclear factor-kB by
regulatory RNA from lipopolysaccharide-stimulated macrophages:
implications for cytokine production
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Abstract

Our previous results showed that L-RNA, extracted from lipopolysaccharide-stimulated macrophages, induces interleukin-1, interleukin-8
and tumor necrosis factor-a (TNF-a) in resident macrophages. It was demonstrated the promoter of these cytokine genes contain nuclear
factor-kB (NF-«B) binding sites. We hypothesized that this effect of L-RNA is mediated by RNA-dependent protein kinase (PKR) through
NF-kB activation. We found that L-RNA activates PKR and induces NF-kB activation through degradation of its inhibitor [-xBa. These data
support the idea that L-RNA acts as a regulatory RNA. A model for the mechanism of action of L-RNA is proposed.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Recent studies have demonstrated that non-coding
RNAs, named regulatory RNAs, regulate gene expression
and exert their actions at the RNA level (Eddy, 2001;
Erdmann et al., 2000; Mattick, 2001). We have previously
shown that L-RNA, extracted from lipopolysaccharide-
stimulated macrophages, induces the release of the TNF-
«, interleukin-1 and interleukin-8 by resident macrophages
(Ribeiro et al., 1993, 1995). We hypothesized that L-RNA
acts as a regulatory RNA and its effects are mediated by
RNA-dependent protein kinase (PKR) through the activa-
tion of the transcriptional regulator nuclear factor-kB (NF-
kB).

PKR is a serine—threonine kinase which is activated by
intermolecular autophosphorylation upon binding to RNA
(Clemens and Elia, 1997). It has been shown that the PKR
mediates antiviral activity of interferon o/p and its regu-

" Corresponding author. Tel.: +55-16-6023259; Fax: +55-16-6336840.

E-mail address: fldlucca@fmrp.usp.br (F.L. De Lucca).

! Present address: Departamento de Ciéncias Patologicas, Universidade
Estadual de Londrina, 86051970 Londrina, PR-Brazil.

lation by viral RNAs is well established (Clemens and Elia,
1997). Accumulating evidence during recent years has
implicated PKR in cell growth, differentiation and apoptosis
(Jagus et al., 1999). These findings raise the possibility that
PKR is also regulated by cellular RNAs. However, little is
known about the PKR regulation by cellular RNA (Li and
Petryshyn, 1991; Nussbaum et al., 2002; De Lucca et al., in
press).

The activation of PKR leads to the phosphorylation of
the [-kBa (Kumar et al., 1994), an inhibitor of NF-xB, and
its subsequent degradation which frees the NF-kB to trans-
locate to the nucleus where it regulates gene transcription.
Thus, the degradation of I-xBa is considered as a key step
in NF-kB activation (Karin and Ben-Neriah, 2000).

It should be emphasized that the promoters of interleu-
kin-1, interleukin-8 and TNF-a genes contain binding sites
for NF-kB (Tak and Firestein, 2001) and we have demon-
strated that these pro-inflammatory cytokines are induced by
treatment of resident macrophages with L-RNA (Ribeiro et
al., 1993, 1995).

In this study, the ability of L-RNA to activate PKR and
NF-kB was examined. L-RNA was fractionationed by
affinity chromatography and the L-RNA fraction responsi-
ble for activating PKR was also investigated. A model for
the mechanism of action of L-RNA is proposed.
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2. Materials and methods
2.1. Animals

Male Wistar rats (Rattus norvegicus, 180—200 g) main-
tained in temperature-controlled rooms at 25 °C with free
access to food and water were used as the source of
peritoneal macrophages. This study received prior institu-
tional approval according to the guidelines of the ethics
committee.

2.2. Treatment of macrophages with lipopolysaccharide

Rat peritoneal cavities were stimulated by the injection of
3% thioglycollate solution (10 ml/animal). Four days later,
the peritoneal macrophages were harvested in RPMI
medium and allowed to adhere to plastic tissue culture
dishes for 1 h at 37 °C in an atmosphere of air containing
5% CO,. The monolayers (2 x 10° macrophages/well) were
then washed three times with phosphate buffered saline
(PBS), pH 7.4, and incubated for 1 h at 37 °C in RPMI
medium containing 10 ng/ml of Escherichia coli lipopoly-
saccharide. The cells were harvested and used for RNA
extraction.

2.3. RNA extraction

RNA was extracted from lipopolysaccharide-stimulated
(L-RNA) or non-stimulated (N-RNA) macrophages accord-
ing to Ribeiro et al. (1995). The macrophage pellet was
homogenized in 0.05 M Tris—HCI buffer, pH 9.0, contain-
ing 0.01 M KCI and centrifuged at 12000 X g for 15 min at
4 °C. The supernatant was as the source of cytoplasmic
RNA which was stored under ethanol at — 20 °C until use.
The integrity of RNA was routinely evaluated by electro-
phoresis on 1% agarose.

Fig. 1. Effect of L-RNA on PKR autophosphorylation and I-«xBa
degradation. PKR assays were performed with macrophage extracts (50
png of protein) and the phosphorylated PKR was purified by affinity
chromatography, analyzed by SDS-PAGE and visualized by autoradiog-
raphy. Quantification of the bands was performed using ImageQuant
software, version 3.3, and the results were expressed in arbitrary units. The
band corresponding to medium alone was used as control. The same
amount of macrophage extract (50 ug of protein) used in PKR assay was
also subjected to immunoblotting using anti-PKR as a loading control. (A,
upper panel) PKR assay was performed using L-RNA in the presence or
absence of the 2-aminopurine (2-AP). Poly (I:C) and N-RNA were used as
positive and negative controls, respectively. (A, lower panel) Loading
control for PKR assay. (B, upper panel) PKR assay was carried out using
poly A(—) and poly A(+) L-RNA fractions. The effect of poly A(+) was
evaluated before and after treatment with ribonuclease (RNase). (B, lower
panel) Loading control for PKR assay. (C, upper panel) Degradation of I-
kBa induced by L-RNA was evaluated by immunoblot analysis using anti-
I-kBa and the immunoblot with anti-pB-actin was used as loading control
(C, lower panel). The percentage of I-xBa degradation was determined
using ImageQuant software, version 3.3, and the band corresponding to
medium alone was used as control. Results for (A—C) are representative of
three independent experiments.

2.4. Treatment of L-RNA with ribonuclease

The L-RNA preparations were subjected to enzymatic
treatment using a mixture containing ribonuclease T; and
bovine pancreatic ribonuclease type 1-A as described by
Passos and De Lucca (1991).

2.5. Oligo(dT)-cellulose chromatography

The poly A(+) and the poly A(—) RNA fractions were
separated from the bulk of L-RNA by affinity chromatog-
raphy on an oligo(dT)-cellulose column according to Ber-
tolini and De Lucca (1986).
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2.6. PKR assay

Macrophages were washed with ice-cold phosphate-
buffered saline (PBS) and lysed with three volumes of lysis
buffer consisting of 20 mM Tris—HCI (pH 7.6), 50 mM
KCl, 400 mM NaCl, 1 mM EDTA, 0.2 mM phenylmethyl-
sulfonyl fluoride, aprotinin (2 pg/ml), leupeptin (2 pg/ml), 1
mM dithiotreitol, 1% Triton X-100 and 20% glycerol. The
lysates were centrifuged at 10000 X g for 20 min and the
supernatant (S-10) was stored at —70 °C. The PKR
autophosphorylation reactions occurred in a volume of 50
pl containing S-10 (50 pg of protein), 1 mM sodium
orthovanadate, 5 mM MgCl, 2 uCi/ml [y->>P]ATP, 3 mM
2-aminopurine, and polyinosinic:polycytidylic (100 ng/ml),
L-RNA (150 pg/ml), poly A(—) L-RNA fraction (150 pg/
ml) or poly A(+) fraction L-RNA (2 pg/ml). After incuba-
tion at 30 °C for 20 min, the human PKR was purified by
using polyinosinic:polycytidylic-agarose and subjected to
8% sodium dodecyl sulfate (SDS) polyacrylamide gel
electrophoresis (PAGE) followed by autoradiography.
Quantification of PKR phosphorylation was determined
by using ImageQuant software, version 3.3 (Molecular
Dynamics) and the results expressed in terms of arbitrary
units. The same amount of macrophage extract (50 pg of
protein) used in PKR assay was also subjected to immuno-
blotting using anti-PKR (sc #6282, Santa Cruz) as a loading
control.

2.7. Western blot analysis

Confluent macrophages were incubated with the N-RNA
(75 ng/10° cells) or L-RNA (75 pg/10° cells) at 37 °C for 1
h in an atmosphere of 5% CO,. After incubation, the cells
were lysed and the proteins were separated by 8% SDS-
PAGE, transferred to a nitrocellulose membrane and immu-
noblotted with anti-I-Ba (sc #1643, Santa Cruz) and anti-
B-actin (Boehringer). Protein bands were visualized using
the enhanced chemiluminescence detection system (Amer-
sham) according to the manufacturer’s instructions. The
band corresponding to the P-actin was used as a loading
control in all experiments. Quantification of I-xBa degra-
dation was determined using ImageQuant software, version
3.3 (Molecular Dynamics).

3. Results

The first step was to examine the ability of L-RNA to
activate PKR from resident macrophages. We found that L-
RNA activates PKR in a dose-dependent manner and the
peak of activation was achieved at dose of 150 pg of L-
RNA/ml (data not shown). Fig. 1A shows results of a
typical experiment in which the L-RNA (150 pg/ml)
induced PKR autophosphorylation as the polyinosinic/poly-
cytidylic acid which is a classical activator of this protein
kinase. We also observed that this effect of L-RNA was

abolished by 2-aminopurine, an inhibitor of PKR, and that
this protein kinase is not activated by N-RNA.

To determine which L-RNA fraction is responsible for
activation of PKR, L-RNA was fractionated on an oli-
go(dT)-cellulose column. We found that the polyA(+) L-
RNA is the active fraction and its activity was abolished by
ribonuclease (Fig. 1B).

The next step was to test the effect of L-RNA on I-xBa,
an inhibitor of NF-«B. As shown in Fig. 1C L-RNA in-
duce the degradation of I-kBa whereas N-RNA had no
effect.

4. Discussion

We have previously demonstrated that L-RNA induces
the expression of interleukin-1, interleukin-8 and TNF-o
genes in resident macrophages (Ribeiro et al., 1993, 1995).
Recently, regulatory RNAs have been shown to regulate
gene expression by different mechanisms (Eddy, 2001;
Erdmann et al., 2001; Mattick, 2001). Lipopolysaccharide
is a potent activator of macrophages and our previous data
suggest that lipopolysaccharide induces the synthesis of
regulatory RNAs in naive macrophages. The results of the
present study support this idea since we found that L-RNA
activates PKR which activity was abrogated by its specific
inhibitor 2-aminopurine. We also found polyA(+) L-RNA is
the fraction responsible for PKR activation and this effect
was dependent of the integrity of the polynucleotide chain
since its activity was abolished by treatment with ribonu-
clease.

Several reports have described messenger RNA-like
transcripts which are spliced and polyadenylated but have
no defined open reading frames (Liu et al., 1997; Erdmann
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Fig. 2. Model for the mechanism of action of the poly A(+) L-RNA
fraction.
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et al., 2000). These findings indicate that regulatory RNAs
lack protein coding capacity and, therefore, they exert their
action at the RNA level (Erdmann et al., 2001; Mattick,
2001). In this context, it is noteworthy that around 98% of
all transcriptional output in eukaryotic cells is non-coding
RNA (Mattick, 2001).

The most striking observation was the induction of [-xBa
degradation by L-RNA which results in NF-kB activation.
Heitmeir et al. (1998) also observed I-xBa degradation in
macrophages treated with polyinosinic/polycytidylic acid
which is a synthetic double-stranded RNA.

On the basis of these data, we suggest a model for the
mechanism of action of L-RNA (Fig. 2). According to our
model, the incubation of L-RNA with murine macrophages
results in its uptake by these cells and thus polyA(+) L-
RNA fraction induces PKR activation in the cytoplasm of
macrophages. Thererafter, PKR can activate NF-xB either
by directly phosphorylating its inhibitor I-«Ba (Kumar et
al., 1994) or indirectly by activating the I-xB kinase (IKK)
complex (Gil et al., 2000). Thus, PKR activation leads to
the phosphorylation of I-xBa and its subsequent degrada-
tion, thereby freeing the NF-kB to translocate to the nucleus
of macrophages. The NF-«B binds to the promoter of
interleukin-1, interleukin-8 and TNF-a genes inducing the
expression of these genes and the newly synthesized
cytokine molecules are secreted into culture medium.
Therefore, the polyA(+) L-RNA fraction may act as a
regulatory RNA in the phenomenon of induction of the
pro-inflammatory cytokines interleukin-1, interleukin-8 and
TNF-a.

The results reported here with resting macrophages raises
the possibility that polyA(+) L-RNA is also involved in the
secretion of pro-inflammatory cytokines by lipopolysac-
charide-stimulated macrophages. In this context, our pre-
vious showed that macrophages stimulated with lipopoly-
saccharide release a low molecular RNA (Ribeiro et al.,
1993, 1995). These results are consistent with the idea that
RNA may be involved as an intercellular modulator of
cytokine release from macrophages. Thus, our working
hypothesis suggests that resident macrophages, when stimu-
lated by injurious stimuli, in addition to secreting cytokines,
are also able to release RNA which may act on the
surrounding resting macrophages, stimulating the release
of more cytokines. This process may represent amplification
of the mechanisms involved in defence responses.

It should be emphasized that most of the focus has been
placed on role of the synthetic double-stranded RNA on
macrophage activation. Thus, it was reported that polyino-
sinic/polycytidylic acid activates PKR from macrophages
(Gusella et al., 1995) and also induces [-xBa degradation
(Heitmeir et al., 1998). However, our work provides evi-
dence for the first time that cellular RNA, obtained from
lipopolysaccharide-stimulated macrophages, is also able to
activate PKR and NF-«B. Further experimental work is
required to isolate and characterize this regulatory L-RNA
from the polyA(+) L-RNA fraction.
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