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Widespread inosine-containing mRNA in lymphocytes regulated by
ADARI1 in response to inflammation

JING-HUA YANG, XIAOXING LUO", YONGZHAN NIE", YINGJUN SU, QINGCHUAN ZHAO, KOROUSH KABIR, DEXIN
ZHANG & REUVEN RABINOVICI Department of Surgery, Yale University School of Medicine, New Haven, CT, USA

SUMMARY

Adenosine-to-inosine (A-to-I) RNA editing is a post-transcriptional modification of pre-mRNA
catalysed by an RNA-specific adenosine deaminase (ADAR). A-to-I RNA editing has been
previously reported in the pre-mRNAs of brain glutamate and serotonin receptors and in lung
tissue during inflammation. Here we report that systemic inflammation markedly induces inosine-
containing mRNA to approximately 5% of adenosine in total mRNA. Induction was the result of up-
regulation of A-to-I RNA editing as both dsRNA editing activity and ADAR1 expression were
increased in the spleen, thymus and peripheral lymphocytes from endotoxin-treated mice. Up-
regulation of ADAR1 was confirmed in vitro in T lymphocytes and macrophages stimulated with a
variety of inflammatory mediators including tumour necrosis factor-o. and interferon-y. A late
induction of RNA editing was detected in concanavalin A-activated splenocytes stimulated with
interleukin-2 in vitro. Taken together, these data suggest that a large number of inosine-containing
mRNAs are produced during acute inflammation via up-regulation of ADARI1-mediated RNA
editing. These events may affect the inflammatory and immune response through modulation of

protein production.

INTRODUCTION

Adenosine to inosine (A-to-I) RNA editing is a modification of
pre-messinger RNA (pre-mRNA) by RNA-specific adenosine
deaminases that leads to the production of protein isoforms.’~
This process appears to be well conserved during evolution as
A-to-I RNA editing enzymes and homologous gene products
were identified in a variety of species including mammals,*®
Drosophila,’ zebrafish'® and Xenopus.'' In mammals, four A-
to-I RNA editing enzymes, ADAR1, ADAR2, ADAR3 and
ADAT1 have been cloned.*® ADAR1 and ADAR? are widely
expressed in many tissues and cells*>'? and are capable of both
non-specific editing of double-stranded RNA (dsRNA) and site-
specific editing of glutamate receptor subunit B (gluR-B)
mRNA and serotonin receptor mRNA."'> ADAR3 was detected
exclusively in the brain and its deaminase activity has not been
demonstrated in vitro, possibly because of its substrate has not
yet been identified.” ADATI1, which was cloned from the
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human,® mouse'* and Drosophila," specifically targets transfer
RNA (tRNA)."®

Only limited data exist regarding the functional conse-
quences of A-to-I RNA editing. One function was demonstrated
in the mammalian brain, where editing of gluR-B pre-mRNA by
ADAR?2 has been shown to alter the calcium permeability of
excitatory neurons.'”'® Furthermore, studies in mice homozy-
gous for a targeted functional null allele showed that ADAR2™/~
animals displayed substantially reduced A-to-I RNA editing
activity in diverse mRNAs, which was associated with seizures
and mortality."® In the Drosophila brain, disruption of the
dADAR (a homologue of ADAR2) gene, completely abolished
sodium (Para), calcium (DmcalA), and chloride (DrosGluCl-
alpha) channels.’*>*> Mutants lacking dADAR exhibited
extreme behavioural deficits and neuronal degeneration.?? In
addition, an oxygen-sensitive dADAR mutant displayed pro-
longed recovery from anoxic stupor, vulnerability to heat shock,
and increased O, demands.?' Thus, editing of ion channel pre-
mRNAs by dADAR appears to be critical for the integrity and
function of the central nervous system.

The function of ADARI is also still obscure. Nevertheless, it
has been shown that editing by ADARI is crucial for the
embryonic development of erythrocytes as low editing activity
in these cells affects their proliferation and differentiation.*?
Moreover, studies in chimeric mouse embryos with a functional
null allele for ADARI1 revealed a heterozygous embryonic
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lethal phenotype. Another function for ADAR1 could be pro-
tection of host cells against viral infections.?* This theory draws
credence from several observations. First, ADAR1 edits and
unwinds dsRNA and therefore can theoretically modulate
dsRNA-dependent regulators containing dsRNA-binding
domains. Second, editing by ADARI in cell extracts in vitro
can be inhibited by synthetic VAI virus RNA 2+

Very recently, ADARI has been reported to play arole in the
development of acute, local lung inflammation induced by
endotoxin in mice.?® In that report, A-to-I editing activity
and ADAR1 mRNA expression were rapidly (2 hr) up-regulated
in polymorphonuclear and epithelial cells from inflamed lungs.
These events preceded the development of pulmonary oedema
and leucocyte accumulation in lung tissue, and followed the
local production of interferon-y (IFN-vy), a known inducer of
ADARI in other cell systems. The present study aimed to
investigate further the role of ADARI in acute inflammation
with emphasis on ADARI1 activity and expression in systemic
inflammation and following stimulation of inflammatory cells
in vitro.

MATERIALS AND METHODS

Materials

Endotoxin from Escherichia coli 0111:B4 (Sigma, St. Louis,
MO) was used as a fresh solution in 0-9% NaCl. Recombinant
mouse tumour necrosis factor-o (TNF-o) and IFN-y (Sigma)
were diluted to make 10 pg/ml and 10° U/ml, respectively.
Concanavalin A (Con A, Sigma) was obtained commercially.
The E. coli strain DH5a was incubated in Luria Broth at 37°
until an optical density at 600 nm (ODg) of 1.0 was reached or
5 x 10® colony-forming units (CFU)/ml. Human adenovirus
type V was prepared by infecting 293 cells [American Type
Culture Collection (ATCC, Manassas, VA) #CRL-1573] with
10% fetal calf serum at 37°. The transfected cells and super-
natant were harvested, cells were disrupted by ultrasonic manip-
ulation, and the suspension was clarified by centrifugation
(8000 g for 20 min). The supernatant was layered over 30%
sucrose in STEU buffer [NaCl 0-1 M, Tris—HCI 0-01 M, ethy-
lenediaminetetraacetic acid (EDTA) 0-001 M, and urea 1 M] and
centrifuged at 100 000 g for 1 hr. The virus pellet was resus-
pended in phosphate-buffered saline (PBS) and frozen at —70°.
The virus titre was determined and adjusted to 10'® plaque-
forming units (PFU)/ml.%’

Mouse acute inflammation protocol

The model utilized was described previously.?*° In brief, adult
male C57BL/6 mice (6-8 week-old, 20-25 g; Charles River
Laboratories, Cambridge, MA) were used. Endotoxin at 15 mg/
kg (lethal dose 60%; LDgy) was injected into the peritoneal
cavity of conscious animals and tissues were harvested at
several time-points for determination of editing activity and
expression of editing enzymes. The Yale Animal Care and Use
Committee approved the protocol.

RNA editing activity in inflamed tissues

Tissues from six mice were collected at each time point and
homogenized in four volumes of editing buffer (20 mM HEPES,
pH 7-9, 100 mm KCI, 5 mM EDTA, 0-5% nonidet-40, 10%

glycerol). The lysate was sonicated for 30 seconds and then
centrifuged for 30 seconds at 4000 g. The supernatant was
collected and the protein concentration was quantified and
adjusted to 10 mg/ml. RNA editing activity was determined
as previously described.'” In a typical dsRNA editing assay,
10 pl of cell extracts (100 ng total protein) were mixed with
1 pl of **P-labelled dsRNA and incubated at 37° for 1 hr. The
mixture was treated with an equal volume of PK buffer (10 mm
Tris—HCI pH 8-0, 300 mM NaCl, 0-2% sodium dodecyl sul-
phate, 0-5 mg/ml proteinase K). The edited dsRNA was
extracted with phenol, precipitated in ethanol, resuspended in
10 pl of RNase P1 mix (5 mM Tris—HCI pH 7.5, 10 mM NaCl,
1 unit of RNase P1) and incubated at 37° for 2 hr. After
development in saturated (NH4),SO4—isopropanol (95 : 5) solu-
tion, the converted inosine was analysed on thin-layer chroma-
tography (TLC), visualized by autoradiography and quantified
by scintillation.

RNA editing activity in cultured cells

Mouse cytotoxic T lymphocytes (CTLL-2, ATCC # TIB-214),
alveolar macrophages (MH-S, ATCC # CRL-2019), fibroblasts
(3T3, ATCC #CCL-92), or human umbilical vein endothelial
cells (HUVEC) were cultured in triplets (n = 3) in proper
culture media. Approximately 1 x 10° cells were stimulated
with IFN-y (1000 U/ml) or TNF-a (10 ng/ml) for several time
periods, ranging from 0 to 4 hr. Macrophages were also cultured
with escalating concentrations of E. coli (0-10% CFU/ml) or
adenovirus [0-0-1 multiplicity of infection (MOI)] for 2 hr. For
the RNA editing assay, cells were collected, resuspended in two
volumes of editing buffer and sonicated as described above.
Protein concentration was determined and equalized in each
sample and editing activity was determined. To examine RNA
editing activity in splenic cells activated by Con A and inter-
leukin-2 (IL-2), spleens harvested from sham mice (n = 4),
gently pressed through 40 uM Nylon Cell Strainer (Becton-
Dickinson Labware, Franklin Lakes, NJ, USA). The primary
cells were washed with PBS and activated in the presence of
500 units/ml of IL-2 and 2 pg/ml of Con A. Cells were col-
lected after 0, 9, 30, 72 and 90 hr of incubation, washed with
PBS and lysed by sonication in the editing buffer as described
above. Protein concentration was determined and equalized in
each sample and editing activity on dsRNA substrate was
assayed (see above).

Northern blotting, Western blotting, reverse
transcription—polymerase chain reaction

(RT-PCR) and sequencing

For Northern blotting and RT-PCR, total RNA and mRNA were
isolated from spleens (n = 6), thymuses (n = 60), or cultured
cells (n = 4) using Trizol (Invitrogen, Carlsbad, CA) and
Oligotex (Qiagen Inc., Valencia, CA) as described in the
manufacturers’ instructions. The quantity of the isolated
RNA was measured using UV spectrometry. Equal amounts
of mRNA (~4 ng) were used for Northern blotting. ADAR1 and
ADAR?2 were detected by hybridization of the blots with **P-
labeled antisense probes (ADAR1, 1305-1265 and 3004-2996,
GenBank accession number AF291050; ADAR2, 296-261,
AF291049). Membranes were hybridized at 65° over night
and washed with 0-1 x sodium saline citrate at 55° (final wash)
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for 10 min. For RT-PCR, 2 pg of total RNA was used for reverse
transcription primed with poly(dT);»_;3. ADAR1 mRNA was
determined by semi-quantitative RT-PCR>' using primers that
flank exons 5-8 (1975-2003 and 2436-2408, AF291050) or
exons 1-2 (1-24 and 2436-2408, AF291050). PCR was per-
formed at 60° for 30 seconds; 72° for 30 seconds; 94° for 30
seconds for 20, 22, 24, 26, 28 and 30 cycles. Only the results of
cycle 26 are shown. PCR amplification of the mouse GAPDH
gene in each sample was monitored as control for the semi-
quantitative RT-PCR assay. For Western blotting, 60 pg total
protein from splenic cells stimulated with Con A for different
time periods was resolved on 10% sodium dodecyl sulphate—
polyacrylamide gel electrophoresis and transferred on to poly-
vinyl difluoride membrane. The blot was detected using rabbit
antiserum against mouse ADARI (from 2765 to 3459).

Given the surprisingly high value of ~5% A conversion to I,
it was essential to confirm this finding by direct cloning and
sequencing of representative cDNAs from 0 and 24 hr samples.
To that end, A/G changes in the high abundant COII gene and
the constant region of T-cell receptor f (TCRf) gene (cyto-
chrome oxidase subunit II) from thymuses of endotoxin-chal-
lenged mice harvested at 0 or 24 hr were examined. COII and
TCRf cDNAs were amplified by RT-PCR, cloned into TA
cloning vector, and sequenced.

Determination of the edited mRNA in inflamed thymic cells

Mice (n = 4) were challenged with endotoxin (intraperitone-
ally, 15 mg/kg) and thymuses were harvested at 0, 2, 4, 8, 20 and
24 hr. Poly(A)* RNA was isolated using RNA Easy and Oli-
goTex (Qiagen, Inc.) and contaminations of tRNA and rRNA
were monitored on denatured agarose gel. Overloading of the
purified poly(A) + RNA (25 pg) showed no visible bands of
tRNA and rRNA, indicating contamination of <100 ng (0-4%).
Thus, the maximal contamination from tRNA and rRNA could
not exceed 0-1% even if all adenosines in the tRNA or rRNA
were converted to inosine. Equal amounts of poly(A)* RNA
were completely digested with RNase T2 and labelled by T4
polynucleotide kinase (PNK). The 5'-, 3’-diphosphate nucleo-
tides were treated with RNase P1 and sequentially analysed on
TLC."!? Briefly, the position of 5’-monophosphate inosine was
located in comparison with a standard 5'-[**P]monophosphate
inosine, which was prepared by labelling 3’-monophosphate
inosine by polynucleotide kinase followed by RNase P1 diges-
tion. To confirm that PNK labels all nuclease generated nucleo-
tides equally as efficiently, the same amount of 3'-
monophosphate nucleotides, that are identical to the nucleotides
generated with RNase T2, were labelled with PNK and analysed
under the same conditions. The cellulose on the TLC plate
together with 5'-phosphate inosine was recovered and extracted
in water. Five microlitres of the extract was directly spotted on
the second TLC plate. After autoradiography, inosines were
analysed and quantified by PHOSPHERIMAGER. The per cent of
inosine was estimated by the radioactive count of scintillation or
density of digitalized X-ray films in comparison with adenosine.

RNA editing on nuclear run-on transcripts

Nuclei were isolated from HeLa cells and applied to nuclear
run-on transcription in the presence of o-[>*P]ATP as previously
described.*>** The newly synthesized RNA with uniformly
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32p_labelled adenosines was purified using Trizol and precipi-
tated with ethanol. The labelled RNA (~5000 counts per
minute) was incubated with 20 pl of cell extracts (containing
50 pg total protein) from inflamed or sham mouse thymus
(n = 6), or bovine serum albumin (10 pg/ml) at 37° for 2 hr.
The edited RNA was recovered and inosines were analysed by a
TLC assay as described above.

RESULTS

Induction of A-to-I RNA editing in immune organs
during endotoxin-induced inflammation

To study A-to-I RNA editing in immune organs during acute
inflammation, tissue lysates were prepared from thymus and
spleen harvested from endotoxin-challenged mice. Editing
activity in these tissue lysates was measured by determining
the ratio of A-to-I conversion in dsRNA.'? Tissues from sham
animals (0 hr) displayed low baseline A-to-I conversion (less
than 0-5%) (Fig. 1). In contrast, thymus and spleen from
endotoxin-treated animals demonstrated increased editing
activity (~20% and ~10% conversion, respectively) at 4 hr
after stimulation (Fig. 1).
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Figure 1. Up-regulation of A-to-I RNA editing in mouse thymus (a)
and spleen (b) during acute systemic inflammation. Spleens and thy-
muses were harvested (n = 6) at the indicated time-points after endo-
toxin-challenge and whole cell extracts were examined for editing
activity. Editing activity was determined by measuring A-to-I conver-
sion of dsRNA on TLC. The percentage of inosines was estimated in
comparison with adenosines and plotted against the duration of endo-
toxin stimulation (c). pl, 5’-monophosphate inosine; pA, 5’-monopho-
sphate adenosine. The ratio between pl and pA represents the percentage
of adenosine that is converted to inosine.
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Figure 2. Up-regulation of ADARI expression in acute systemic
inflammation assayed by Northern blotting. (a) Mouse spleen, thymus,
and lung were harvested (n = 6) at different time-points as indicated
after endotoxin-challenge. Four micrograms of mRNA were isolated and
analysed by Northern blotting. ADAR1 mRNA was detected using
synthesized oligo complementary ADARI sequences from 1305 to
1265 and 3004 to 2996 (AF291050). Two transcripts, ADARIL and
ADARIS, were observed in all organs. (b) ADAR1 mRNA was quanti-
fied by PHOSPHERIMAGER and normalized to the internal control B-actin.
The ratios between ADARIL and B-actin and of ADARIS and B-actin
were calculated to compare their relative expression. Note that the
calculated ratios were similar prior to and early after induction of
inflammation. ADARIL became dominant later (>12 hr).

Up-regulation of ADARI1 in immune organs during
endotoxin-induced inflammation

Since ADAR3 is exclusively expressed in the brain>’ and

ADAT1 is specific to tRNA,*'* it is the induction of ADARI
and/or ADAR2 which conceivably accounts for the increased
editing activity observed in endotoxin-induced inflammation.
To determine which of the two latter editing enzymes is
responsible for the increased editing activity, Northern blotting
(Fig. 2) was performed on various tissues from sham and
endotoxin-treated mice. Control animals had a baseline ADAR1

mRNA signal, which was rapidly (within 4 hr) up-regulated by
endotoxin while no up-regulation of basal ADAR2 was
observed (data not shown). It should be noted that ADARI1
mRNA expression following induction reached brain mRNA
levels in sham animals previously reported to modulate gene
function in cultured neuronal cells (data not shown). Taken
together, these observations demonstrate that up-regulation of
ADARLI is responsible for the increased editing activity in
systemic inflammation.

It should be noted that long and short transcripts measuring 7
and 5 kb, respectively, were detected in all tissues from both
sham and challenged animals. The two transcripts were differ-
entially regulated because a late induction of the long but not of
the short transcript was observed after 16 hr of stimulation.

Up-regulation of ADARI1 in inflammatory cells

In situ hybridization studies were performed to identify the
cellular localization of the up-regulated ADAR1 during inflam-
mation. This technique demonstrated increased ADAR1 signal
in inflammatory cells such as lung monocytes and macro-
phages26 as well as peripheral lymphocytes from endotoxin-
treated mice (Fig. 3). Since both TNF-o and IFN-y are induced
during endotoxaemia and as their induction precedes the up-
regulation of ADARI,?3* we hypothesized that ADARI1 up-
regulation in inflammatory cells is mediated by pro-inflamma-
tory cytokines. To test this notion, macrophage (MH-S) and

Blood

Figure 3. Cellular localization of ADARI in peripheral blood during
acute systemic inflammation by in situ hybridization. In situ hybridiza-
tion was applied on mouse peripheral blood smear for the detection of
ADAR] mRNA using digoxigenin-labelled antisense ADAR1 RNA
probes (1305-1265 and 3014-2972, AF291050). Positive signals were
identified in lymphocytes (L). Similar observations were uniformly seen
in all animals (n = 6).
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lymphocyte (CTLL-2) cell lines were stimulated with a variety
of inflammatory agents and pathogens including TNF-a, IFN-y
and live E. coli and adenovirus, and were evaluated for their
ADAR1 mRNA expression by RT-PCR. As predicted, up-
regulation of ADARI mRNA was identified in lymphocytes
stimulated with IFN-y and TNF-o as well as in macrophages
stimulated with IFN-y (Fig. 4a). This result is consistent with
the previously reported induction of ADAR1 by IFN-y in U-
cells®® and the identification of IFN-response element in the
promoter region of the human ADAR1.*> Live E. coli and
adenovirus, both pathogens of systemic infection and inflam-
mation,*®*?” stimulated ADAR1 expression in macrophages
(Fig. 4b). No significant induction was observed in endothelial
cells (HUVEC) or fibroblasts (3T3) incubated with either
IFN-y or TNF-a (data not shown). Induction of ADARI in
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Figure 4. Induction of ADARI1 by inflammatory mediators (a) and
pathogens (b) in vitro. (a) Cytotoxic T cells (CTLL-2) and macrophages
(MH-S) were stimulated with IFN-y (1000 U/ml) or TNF-a (10 ng/ml).
In both cell types RT-PCR analysis indicated a marked increase in
ADARI after 4 hr of stimulation. (b) Macrophages (5 x 10° MH-S
cells) were stimulated with live E. coli (10*-10° CFU) or adenovirus
(0-01 and 0-1 MOI) for 2 hr. ADAR1 was up-regulated by both patho-
gens. Each gel represents a single experiment. Similar observations
were uniformly seen in all experiments (n = 3). The primers for RT-
PCR cover exons 5-8. Two RT-PCR products were seen in all cases
because of alternative splicing in exon 7 (AF291050 and AF291876).
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inflammatory cells by IFN-y, TNF-o. and pathogenic bacteria
suggests that ADAR1-mediated RNA editing is involved in the
development of inflammation.®

Association of RNA editing with lymphocyte proliferation

Non-specific dSSRNA RNA editing was monitored in activated
spleens from sham mice (n = 6). Activation was induced by the
commonly used combination of IL-2 and Con A, which is
known to stimulate both cell growth and proliferation.>® Editing
activity, which was undetectable in non-stimulated lympho-
cytes, increased at 30 hr and peaked at 72 hr (Fig. 5a). In
agreement with the late induction of editing activity, up-regula-
tion of ADARI protein was demonstrated by Western blotting in
splenic cells stimulated with Con A at 24 and 48 hr (Fig. 5b).
Thus, in addition to the early induction of ADARI expression
and activity, a later response occurs in activated lymphocytes.
As the time course of this late response parallels that of
lymphocytic growth, proliferation and function, A-to-I RNA
editing activity may play a role in lymphocyte-dependent
immunity.

It should be noted that at least two ADARI protein variants
with molecular weights of 115 000 and 150 000 were detected
in this experiment. Following activation, the 115 000 MW
ADARI1 was up-regulated whereas the 150 000 MW protein
was down-regulated. These findings are supported by the iden-
tification of two ADARI variants in human cells. Nevertheless,
the human 110 000 MW ADARI1 is constitutively expressed
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Figure 5. Late induction of RNA editing in activated splenic cells. (a)
Splenic cells were harvested from sham mice (n = 6) and activated
with Con A (2 pg/ml) and IL-2 (2 pg/ml) for the times indicated. Whole
cell extracts were prepared for editing activity. (b) Splenic cells were
harvested from sham mice (n = 6) and activated with Con A (2 pg/ml)
for the times indicated. Whole cell extracts were prepared for Western
blotting as described above. Note that induction of editing was observed
at 30 hr in correlation with cell proliferation. On the Western blots, two
ADARI variants (p150 and p115) were detected. Induction of the short
form corresponded with the increased RNA editing activity.
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whereas the 150 000 MW ADAR1 human variant was induced
in U-cells after IFN-y stimulation.”

Production of inosine-containing mRNA in thymic
lymphocytes in response to inflammation

Since inosine-containing mRNA is the product of A-to-I RNA
editing, the demonstration of increased levels of [-mRNA would
support the hypothesis that editing is induced during inflamma-
tion. Thus, the number of inosines in thymic mRNA from sham
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Figure 6. Induction of inosines in thymic mRNA during acute systemic
inflammation. (a) The first TLC assay. Inosine-containing mRNA was
analysed in thymuses from endotoxin-stimulated mice (n = 4) at 0—
24 hr. Total poly(A)" RNA (tRNA and rRNA were not visible when
monitored on denature agarose gels) from each time-point was isolated
and a synthetic RNA was made by in vitro transcription using a plasmid
with T7 promoter. Poly(A)" RNA was digested with RNase T2, labelled
with polynucleotide kinase and digested again with RNase P1. The
inosine-labelled mRNA was significantly increased. pA, pG, pl, pC and
pU are 5'-monophosphate nucleotides; I, the standard 5'-[**P]monopho-
sphate inosine. (b) The second TLC assay. After the first TLC, inosine
and adenosine were recovered and analysed on a new TLC. In agreement
with the first TLC, inosine-labelled mRNA was significantly increased.
S, synthetic RNA. (¢) Quantification of the increased level of inosine-
containing mRNA. Per cent of inosine was calculated using radioactive
counting or an NIH IMAGE software. Results were plotted against the
duration of stimulation. Note the increase from a baseline of approxi-
mately 0-5-5% at 24 hr. (d) Labelling efficiency of 3’-monophosphate
nucleotides. PNK equally labelled all 3’-monophosphate nucleotides
(pA, pG, pC, pU and pI).

or endotoxin-treated mice was analysed by two sequential TLC
after RNA T2 digestion, polynucleotide kinase labelling, and
RNase P1 treatment. The induction of inosine in thymic mRNA
was detected on the first TLC compared with the standard 3'-pl
(Fig. 6a). The increase in inosine level was further confirmed
when the inosines were recovered and analysed on the second
TLC plate (Fig. 6b). The ratio between inosine and adenosine in
thymic mRNA, calculated by comparing the radioactivity of
each spot, was increased from a baseline of approximately 0-5—
5% at 24 hr (Fig. 6¢). Although inosines are present in tRNA,*
their high level was mostly the result of editing of the thymic
poly(A) + RNA because the contamination tRNA and rRNA in
the purified poly(A) + mRNA was estimated to be less than
0-1%. To exclude the possibility that the high level of inosine in
mRNA was generated by incorporation of 5'-inosine tripho-
sphate during transcription, a newly synthesized nuclear RNA
prepared by nuclear run-on transcription was subjected to
editing in the thymic cell extracts. The detection of high levels
of inosine only in endotoxin-stimulated thymic cell extracts
(data not shown) confirmed that these inosines were generated
after RNA was transcribed. Therefore, inosines in the newly
transcribed RNA are derived from adenosines as a result of
inflammation-induced editing activity. Note that PNK labelled
all nuclease generated nucleotides equally as efficiently
(Fig. 6d).

The high level of A-to-I conversion in the inflamed thymic
tissue was confirmed by direct cloning and sequencing of
representative cDNAs from the COII and the TCRp genes.
While five A/G changes were identified in the cDNAs from
challenged thymuses only one was identified in normal thy-
muses.

DISCUSSION

The primary finding of the present study is the robust production
during endotoxin-induced inflammation of inosine-containing
mRNA through up-regulation of A-to-I RNA editing. Induction
of A-to-I RNA editing and ADRI1 expression occurred in
immune organs as early as 2 hr after endotoxin stimulation,
which peaked at 4-10 hr and was localized to lymphocytes and
macrophages. The expression of ADAR1 mRNA was also
confirmed in cultured lymphocytes and monocytes stimulated
with a variety of pro-inflammatory mediators and pathogens.
The up-regulation of ADAR1-mediated RNA editing by various
mediators suggests an important role for A-to-I RNA editing in
acute inflammation.

Clinically, endotoxaemia triggers the production of multiple
pro- and counter-inflammatory mediators,?*>***' which lead to a
systemic inflammatory response (SIRS) and multiple organ
failure. Our observation that a variety of inflammatory media-
tors and pathogens can trigger ADAR1 induction in vitro and in
vivo, suggests that ADAR1 may play a role in these clinical
conditions. Specifically, TNF-o and IFN-y, both induced by
endotoxin in mice,?****! triggered early induction of ADARI
in inflammatory cells in vitro. The possibility that these two
mediators affect RNA editing during inflammation is supported
by recent studies showing TNF-a and IFN-y expression prior
to ADARI induction in a mouse model of acute lung inflam-
mation.”**® TNF-a. and IEN-y may also be involved in the
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induction of RNA editing by live E. coli and adenovirus as these
mediators are rapidly produced during macrophage activation,*>
indicating that editing by ADAR1 may be also involved in
bacterial or viral infection.?* Taken together, these data suggest
that RNA editing is induced early in the inflammatory cascade,
possibly through de novo produced inflammatory mediators.

Although ADAR1 was induced early following inflamma-
tory stimulation, a later induction was also noticed in splenic
and thymic cells from endotoxin-challenged mice (24 hr) and in
IL-2 and Con A activated lymphocytes from the spleen (90 hr).
As IL-2 and/or Con A stimulate cell proliferation in a time
course that resembles this late induction, it is possible that RNA
editing during inflammation is bimodal. ADARI is induced
early through IFN-y or TNF-o mediation and later in parallel to
lymphocyte growth and proliferation.

The induction of RNA editing by proliferative mediators
suggests a potential role for ADARI1 in the proliferation and
differentiation of leucocytes during inflammation. This notion is
supported by a recent study that demonstrated a critical role for
ADARI in the proliferation and differentiation of embryonic
erythrocytes.?® In this study, chimeric embryos with a functional
null allele for ADARI1 died before embryonic day 14 with
defects in the haematopoietic system, suggesting that under-
editing by ADARI is detrimental to normal embryonic ery-
thropoiesis. Additional studies demonstrated that C-to-U edit-
ing in B lymphocytes modulates class switch recombination and
somatic hypermutation during B-cell maturation.**™*’ Taken
together, these observations point to a potential role for ADAR1
in the proliferation and differentiation of leucocytes during
inflammation. Furthermore, because Con A stimulates anti-
gen-dependent T-cell proliferation, it can be postulated that
the inflammation-induced editing activity correlates with anti-
gen-dependent clonal expansion of lymphocytes.

Two ADAR1 mRNA transcripts, ADARIL and ADARIS,
were observed in all tested tissues. These transcripts could be
transcribed from different promoters®' or from the same pro-
moter by alternative splicing. At the RNA level, the ratio
between ADARIL/fB-actin and ADAR1S/fB-actin changes after
endotoxin stimulation. In the thymus, ADARIL and ADARI1S
expression was similar in sham animals and equally up-regu-
lated during the early induction. Later, ADARIL became the
dominant form. At the protein level, two distinct ADAR1 forms
with 150 000 and 115 000 MW were identified in activated
splenic lymphocytes in vitro. Interestingly, the ratio between the
larger and smaller protein isoforms decreased following inflam-
matory stimulation because of both decreased production of the
larger form and increased expression of the smaller form. Two
ADARI protein products, which respond differently to inflam-
matory stimulation, were also identified in human cells.*® While
both the long (150 000) and short (110 000) ADARI1 forms are
present in sham conditions, only the long form of the human
ADARI is inducible when U-cells are stimulated by IFN-y.
Taken together, these data suggest that long and short ADAR1
isoforms are induced in the human and mouse, which may be the
result of different transcripts and/or alternative splicing of a
single pre-mRNA.

The functional role of A-to-I RNA editing in acute inflam-
mation is still obscure. Nevertheless, the dramatic increase of
inosine-containing mRNA to approximately 5% of adenosines
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in the poly(A) + RNA isolated from endotoxin-challenged
thymus suggests that ADAR1 could exert a modulatory effect
on protein production during inflammation. As inflammation
involves the production of multiple proteins, A-to-I RNA edit-
ing could be a key player in the pathogenesis of this process.
Since inosine is recognized as guanosine during transcription,
translation and base-pairing interaction, it is possible that during
inflammation these inosines produce more mutations and var-
iants at both the mRNA and protein levels. Therefore, it is
suggested that during inflammation the cDNA sequence may
not accurately represent the transcripts of genomic sequences
anticipated based upon the Watson—Crick model. A significant
fraction of codons in mRNA could be switched by RNA editing.
If inosines generated by the editing process are located in the
first or second codon positions, the identity encoded for amino
acids is switched with the resultant production of protein
variants (Fig. 7). Although editing at the third codon position
or outside the coding region does not change the encoded
protein sequences, this ‘silent’ editing may still affect mRNA
processing by coupling with alternative splicing® or by pro-
moting mRNA decay through inosine-specific RNase.>®!

ADARI is known to edit dsRNA. Thus, it is possible that as
yet unidentified mRNAs with long stretches of double-stranded
structure are its main substrates. Therefore, disruption of
dsRNA or mRNA with a long stretch of dsRNA structure
may affect the function of dsRNA-dependent proteins. One
such protein is the key modulatory enzyme dsRNA-dependent
protein kinase (PKR), which modulates both transcription and
translation through phosphorylation of I-kB>> and elF-2a,%,
respectively.

In summary, this study supports a functional role for RNA
editing by ADARI1 during acute inflammation. This observation
can serve as a basis for future studies on the involvement of
A-to-1 RNA editing in acute inflammatory diseases.

ond 0-1% - 5%
1st T C @"G 3rd
Phe | Ser | Tyr | Cys
T Phe | Ser | Tyr | Cys

Leu | Ser | Stop| Stop
Leu | Ser | Stop| Trp
Leu | Pro | His | Arg
C Leu | Pro | His | Arg

Leu | Pro | Gln | Arg
Leu| Pro | Gln | Arg
Ile | Thr | Asn | Ser
Ile | Thr | Asn | Ser
Ile | Thr | Lys | Arg
04%‘ Met | Thr | Lys | Arg

Val | Ala | Asp | Gly
5% G Val | Ala | Asp | Gly

Val | Ala | Glu | Gly
Val | Ala | Glu | Gly

B RS IRE TR

Figure 7. Codon switch by A-to-I RNA editing. Editing in the coding
region of mRNA could switch the codon identity. The arrows indicate
<0:1% codon switch in normal conditions and 5% during acute
inflammation. If editing occurs at the first or second codon positions,
it switches the encoded amino acids. Editing at the third codon position
or outside of the coding region of inosine-containing mRNA is termed
‘silent’ editing.
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