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Introduction

Summary

We and other investigators have demonstrated up-regulation of the
expression of the RNA-editing gene 150-kDa adenosine deaminase that
acts on RNA (ADARI) in systemic lupus erythematosus (SLE) T cells and
B cells, peripheral blood mononuclear cells (PBMC), natural killer (NK)
cells. The presence of a small proportion of activated T cells is the hall-
mark of SLE. Therefore, it was hypothesized that 150-kDa ADARI gene
expression is induced by the physiological activation of T cells. To
examine this hypothesis, normal T cells were activated by anti-CD3-¢ plus
anti-CD28 for various time periods from 0 to 48 hr. The expression of
110-kDa and 150-kDa ADARI, and interleukin (IL)-2 and B-actin gene
transcripts was analysed. An approximately fourfold increase in 150-kDa
ADARI gene expression was observed in activated T cells. ADAR2 gene
transcripts are substrates for ADAR1 and ADAR2 enzymes. Therefore, we
assessed the role of the 150-kDa ADAR enzyme in editing of ADAR2 gene
transcripts. In activated T cells, site-selective editing of the —2 site was
observed. Previous studies indicate that this site is predominantly edited
by ADARI. In addition to this, novel editing sites at base positions —56,
—48, —45, —28, —19, —15, +46 and +69 were identified in activated T cells.
On the basis of these results, it is proposed that 150-kDa ADARI1 gene
expression is selectively induced in T cells by anti-CD3-¢ and anti-CD28
stimulation and that it may play a role in site-selective editing of gene
transcripts and in altering the functions of several gene products of T cells
during activation and proliferation.
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of adenosine and cytosine by specific enzymes.*> In mam-
malian species, adenosine-to-inosine (A—I) editing and

Messenger RNA editing was first discovered in the kine-
toplast of trypanosomes by Benne et al. in 1986." In the
intervening 21 years, RNA editing has been described in a
diverse spectrum of organisms, ranging from viruses to
humans. RNA editing is the co- or post-transcriptional
modification of RNA which results in the insertion, dele-
tion or substitution of nucleotides. Two important mech-
anisms leading to mRNA editing have been identified:
(1) guide RNA (gRNA)-directed cleavage of pre-mRNA
and subsequent deletion of uridylate (U) residues from,
or their insertion into, the mRNA,*> and (2) deamination

cytidine-to-uridine (C—U) editing have been identified as
physiological mechanisms.® Mammalian A—I editing is
mediated by adenosine deaminases that act on RNA
(ADARs).” ADAR1 and ADAR2 belong to a family of
mammalian RNA-editing enzymes. The human ADARI1
gene transcribes two different sized forms of RNA-specific
adenosine deaminases using distinct promoter sites. These
are an interferon (IFN)-inducible 150-kDa protein and a
constitutively expressed N-terminally truncated 110-kDa
protein. The ADAR2 gene transcribes constitutively
expressed 80-kDa proteins. These enzymes have a catalytic

Abbreviations: ADAR, adenosine deaminase that acts on RNA; IL, interleukin; IP¢, inositol hexakisphosphate; MIMICs, neutral
DNA fragments with gene-specific primer ends; snoRNAs, small nucleolar RNAs; SUMO, small ubiquitin modifier; TADARI,

total adenosine deaminase that acts on RNA-1I.
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domain responsible for the conversion of adenosine to
inosine and three double-stranded RNA (dsRNA) binding
domains.”® ADAR family enzymes play an important role
in several physiological processes by catalysing the hydro-
lytic deamination at C6 of the adenosine base in certain
mRNAs, which leads to inosine formation.® Inosines are
subsequently recognized as guanosine by the translation
machinery. Such editing will result in an adenosine to
guanine (A—G) transcript mutation. RNA editing can
therefore correct, extend or diversify the information
encoded within the corresponding genomic sequence, and
frequently alters the function of the affected RNAs. The
frequent occurrence of selective ADARI1- and ADAR2-
mediated adenosine deamination in mRNA of the genes
encoding mammalian glutamate receptors (gluR),”™!
5HT,. serotonin receptors,12 the K(V)1-1 potassium chan-
nel”® and ADAR2'' has been reported. Widespread
occurrence of A-to-I editing of Alu-containing and intro-
nic regions of pre-mRNAs in the human transcriptome has
been identified recently.'®™"® Therefore, RNA editing plays
an important role in the regulation of gene expression and
the production of phenotypic variability.'*°

T lymphocytes are pivotal cells that regulate the
functions of other T cells as well as B cells and antigen-
presenting cells. We and other investigators demonstrated
up-regulation of 150-kDa ADARI expression in systemic
lupus erythematosus (SLE) T cells, peripheral blood
mononuclear cells (PBMC) and natural killer (NK)
cells.”*™* The presence of a small proportion of activated
T cells is the hallmark of SLE. Based on this finding, it
was hypothesized that 150-kDa ADARI1 gene expression is
induced in part by physiological activation of T cells in
addition to its up-regulation by type I IFNs.”> The poten-
tial significance of ADAR expression in T cells is altered
expression of gene(s) by transcript editing and the impact
of such editing on T-cell function and on the process of
immune regulation. The induction and regulation of
ADARI during T-cell activation may play a major role in
the initiation and propagation of immune functions. The
objective of the experiments carried out in this study was
to investigate the regulation of ADARI during T-cell acti-
vation and to determine its role in transcript editing.
ADAR?2 gene transcripts are substrates for ADAR1 and
ADAR2 enzymes, and adenosines selectively edited by
these enzymes have previously been identified.'*'> There-
fore, the other goal of these experiments was to identify
the role of 150-kDa ADARI in the editing of ADAR2
gene transcripts of normal and activated T cells.

Materials and methods

T-lymphocyte isolation and phenotypic characterization

Blood samples from normal subjects were obtained
at Wake Forest University Baptist Medical Center
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(WFUBMC) with the approval of the Institute’s Review
Board (IRB). Only normal subjects who were not on any
medication were enrolled in this study. The age of test
subjects ranged from 25 to 50 years. T lymphocytes from
healthy subjects were purified from PBMC and character-
ized as previously described.** Cytofluorographic analysis
[fluorescence-activated cell sorting (FACS)] of purified
T cells using fluorescein isothiocyanate (FITC)-anti-CD3
(Becton Dickinson, San Jose, CA) demonstrated that
94-5 + 3-5% of cells were positive for the CD3 membrane
complex that delineates T lymphocytes. These purified
fresh, quiescent T cells, which had not been exposed to
any activators or inhibitors, were utilized in the experi-
ments.

Activation of T lymphocytes

Purified T lymphocytes were activated with CD3-g¢ and
CD28 agonists, as these agonists reproduce physiological
conditions of activation by binding to T-cell surface
receptors. The T lymphocytes were activated as des-
cribed previously.”® Briefly, sterile polystyrene culture
tubes (12 X 75 mm) were coated with 10 pg/ml of affin-
ity-purified goat anti-mouse immunoglobulin G (IgG)
at 4° overnight, washed with phosphate-buffered saline
(PBS) (pH 7-4) and then coated with 5 pg/ml of anti-
CD3-g (Becton Dickinson) and incubated at 4° for 2 hr
before the addition of T cells. T lymphocytes (6 x 10°)
were resuspended in RPMI 1640 supplemented with
10 mm HEPES, 200 mMm L-glutamine, 10% fetal calf
serum (FCS), 50 pg/ml of penicillin and 50 ng/ml of
streptomycin. Anti-CD28 (Becton Dickinson) at a concen-
tration of 100 ng/ml was added just before activation.
T cells from control and treated series were incubated
at 37° in 5% CO, for time periods from 0 to 48 hr.
Activated and non-activated T cells were harvested for
further studies.

Isolation of genomic DNA, RNA and cDNA synthesis

Genomic DNA and total cellular RNA were extracted
from normal and activated T lymphocytes (6 x 10° in
each case) as described previously.”* Single-stranded
c¢DNA (sscDNA) was synthesized from 1 to 2 pg of total
RNA using the random primer (Invitrogen, Carlsbad,
CA) M-MLV H™ reverse transcriptase according to the
manufacturer’s instructions (Invitrogen).

Oligonucleotide primers for PCR amplification

Oligonucleotide primers for TADARI and 150-kDa
ADARI, ADAR2, IL-2 and B-actin were designed based
on published sequences using the program OLIGOMER, ver-
sion 5-0 (Molecular Biology Insights, Cascade, CO) and
synthesized by Sigma Genosys (Woodlands, TX).
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Amplification of 150-kDa ADARI, total
ADARI (TADARI1), ADAR2, IL-2 and [3-actin
cDNA

The cDNA was amplified by polymerase chain reaction
(PCR) using primer sets designed for 110-kDa and
150-kDa ADARI, IL-2 and f-actin gene transcripts. The
following primer sets were used: B-actin forward pri-
mer, 5-TGA CGG GGT CAC CCA CAC TGT GCC
CAT CTA-3’ (Accession number M10277; nucleotides
2133-2162); reverse primer, 5-CTA GGA GCA TTT
GCG GTG GAC GAT GGA GGG-3' (Accession number
M10277; nucleotides 2971-3000); IL-2 forward primer,
5'-ATG TAC AGG ATG CAA CTC CTG TCT T-3
(Accession number U25676; nucleotides 58-72); reverse
primer, 5-GTT AGT GTT GAG ATG ATG CTT TGA
C-3" (Accession number U25676; nucleotides 489-514);
150-kDa ADAR1 forward primer, 5-CCA CCT CCA
GTG CGG AGT AGC G-3' (exon 1A; nucleotides 71—
92); reverse primer, 5-TGC CCC TTG AGA AAT TCT
ATT TGC-3' (exon 2; nucleotides 289-312); TADARI
forward primer, 5-CTG GCA GCC TCC GGG TGT
C-3' (exon 1B; nucleotides 59-77); reverse primer as
for 150 kDa ADAR1 (exon 2; nucleotides 289-312);
ADAR2 forward primer, 5-GGA ATT CTA TTA GTC
ACT AAG CAA AGT GTC AG-3'; reverse primer,
5-GCG GTA CCC AGG TGT GCT GCC ATC CTIT
GG-3'. RNA replaced the ¢cDNA in negative control
PCR reaction tubes to exclude the possibility of con-
tamination of DNA in ¢cDNA samples, especially in the
amplification of the ADAR2 pre-mRNA. The cDNA
samples from control and activated groups were ampli-
fied as follows. Each reaction mixture consisted of 10%
of a single sscDNA reaction, 25 pmol of each primer,
1 X PCR buffer [10 mm Tris-HCl (pH 8-3) and 50 mm
KCl], 2-5 mm MgCl,, 200 pm of each dNTP, 1-25 units
of Taq polymerase (Perkin-Elmer-Cetus, Emeryville,
CA), and double distilled (dd) H,O to a final volume of
50 pl. The reaction mixture was subjected to 30 cycles
of denaturation (94° 1 min) and primer annealing
(temperature depending on primer set) for 1 min, and
extension for 2 min at 72° plus 2 seconds added for
each cycle utilizing a DNA Thermal Cycler (Perkin-
Elmer-Cetus). Ten pl of the reaction mixtures was then
analysed on a 2% agarose gel in Tris-HCl-acetate—
ethylenediaminetetraacetic acid (EDTA) (TAE) buffer.
One pg of Haelll-digested ¢x174 DNA (Gibco BRL,
Gaithersburg, MD) was utilized as molecular weight
markers of 1353, 1078, 872, 603, 310, 234, 194, 118 and
72 bp. PCR products were purified wusing a
Qiagen purification system (Qiagen, Valencia, CA). Spe-
cific gene amplification was confirmed by the sequen-
cing of the PCR products in an automatic DNA
sequencer (ABI Prism 377; Applied Biosystems, Foster
City, CA).

© 2007 Blackwell Publishing Ltd, Immunology, 122, 623-633

Construction of neutral DNA fragments with
gene-specific primer ends (MIMICs) for the ADARI
gene for competitive PCR

We constructed a MIMIC to specifically amplify 150-kDa
ADARI gene transcripts, as 150-kDa ADARI contains a
unique sequence at the 5 end that is not present in
110-kDa ADAR1.” The 110-kDa ADARI transcript does
not contain a unique segment which is not a part of
150-kDa ADARI. It is not possible to generate a MIMIC
to specifically quantify the 110-kDa ADARI transcript.
Therefore, we constructed a MIMIC that can amplify
150-kDa ADARI and total ADARI (TADARI) gene tran-
scripts. The concentrations of 110-kDa ADARI were
obtained by subtracting the 150-kDa ADARI values from
the TADARI1 values of the respective samples. Neutral
DNA of the Lambda ZAP II Vector (Promega, Madison,
WI) was used to construct TADARI1 and 150-kDa ADARI1
gene-specific MIMICs as described previously.** Briefly,
composite primers containing TADARI, 150-kDa ADARI1
gene-specific primer sequences, in addition to 20 nucleo-
tides that hybridize to the neutral DNA fragments, were
designed using the program OLIGOMER, version 5-0. Com-
posite primer sequences will be supplied upon request.
The above-mentioned TADARI, 150-kDa ADARI gene-
specific primers were used in these experiments. The
TADARI1, 150-kDa ADARI1 gene-specific MIMICs were
generated using composite and TADARI, 150-kDa
ADARI1 gene-specific primers in PCR amplification of
neutral DNA fragments. The size of TADARI, 150-kDa
ADAR1 MIMICs was adjusted to distinguish TADARI
and 150-kDa ADAR1 PCR products. This yielded neutral
DNA fragments with TADARI1, 150-kDa ADAR1 gene-
specific sequences incorporated at the ends which were
designated TADARI, 150-kDa ADAR1 MIMICs. Following
dilution of MIMICs to 100 attomoles/ml, the MIMICs
served as stock solutions for internal standards for quanti-
fication of transcripts by competitive PCR. The use of
MIMICs containing the same primer sequences made it
possible to quantify transcripts of TADARI, 150-kDa
ADARI1 because MIMICs and transcripts are amplified
with equal efficiencies. In a series of experiments, several
concentrations of MIMICs were used as internal standards
along with equal quantities of normal cDNA samples to
obtain the range of MIMICs to be used in the experimen-
tal series.

Quantification of TADARI, 150-kDa ADARI gene
transcripts

The twofold dilutions of MIMICs were added to PCR
reaction tubes containing equal amounts of cDNA sam-
ples. To quantify 150-kDa ADAR1 mRNA, 10% of
sscDNA synthesized from 1 pg of total cellular RNA was
used. Preliminary studies indicated that the quantity of
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Figure 1. Induction of 150-kDa adenosine deaminase that acts on
RNA 1 (ADAR1) gene expression in T cells by anti-CD3-¢ plus anti-
CD28 activation. An ethidium bromide-stained agarose gel is shown
demonstrating polymerase chain reaction (PCR)-amplified 110-kDa
and 150-kDa ADARI, interleukin (IL)-2 and B-actin gene transcripts
at various time-points of T-cell activation by anti-CD3-¢ plus anti-
CD28. All lanes contain PCR products derived from 10% of cDNA
synthesized from 1 pg of total RNA isolated from control and acti-
vated T cells at time-points ranging from 0 to 48 hr. The 150-kDa
ADAR1 mRNA expression was up-regulated at the 18-hr time-point
and had reached control levels by the 48-hr time-point.

TADARI is about 20-fold higher than that of 150-kDa
ADARI1. Therefore, to obtain a better resolution of
TADARI concentrations, 2% of cDNA synthesized from
1 ug of total RNA isolated from normal or activated
T-cells was used along with twofold dilutions of TADARI
MIMICs as described in the legend to Fig. 1. The sscDNA
from control and activated T cells and 25 pmol of each
primer, 1 X PCR buffer (10 mm Tris-HCI, pH 8-3, and
50 mm KCI), 200 mMm of each dNTP, 25 mm MgCl,, 1-25
units of Taq polymerase and ddH,O to a final volume of
50 pl were subjected to 30 cycles of denaturation at 94°
for 1 min, primer annealing (temperature dependent on
the primer pair) for 1 min, and extension at 72° for
2 min, plus 2 seconds added for each cycle utilizing a
DNA thermal cycler. Because MIMICs and gene-specific
PCR products have different base pair lengths, amplified
gene transcripts and their respective MIMICs were dis-
tinguished by electrophoresis on a 2% agarose gel and
staining with ethidium bromide. The amount of gene
transcript was estimated by comparison with different
concentrations of known standard (MIMIC) and identifi-
cation of the standard matching the gene product
(Fig. 2). The concentrations of 110-kDa ADARI were
obtained by subtracting the 150-kDa ADARI values from
TADARI values for the respective samples.

Immunoblotting of 110-kDa and 150-kDa ADARI
proteins

Cells from the control and experimental series were har-
vested at various times (0—48 hr) and lysed in 300 pl of
lysis buffer [50 mm Tris-HCI (pH 8-0), 150 mm NaCl, 1%
Triton X-100, 10 mM sodium pyrophosphate, 50 mm
NaF, 1 mm phenylmethylsulphonyl fluoride (PMSF),

626

(a) 150-kDa ADART transcripts (C) TADART transcripts

anti-CD3 plus
anti-CD28 i (MIMIC) i (MIMIC]
A ii(150kba  E ii (TADAR1)

- ~ ADAR1)

1 2 3 4 5 1 2 3 4 5
b d Il Control
() 0-30p ( )2~0 Anti-CD3 plus
—P = 0-03: |:| Anti-CD28
S 02 s
.25k —P =031=—

E € s

5 0-20f B

S ks

o 015 o 10

= =

8 2

Lot °

1S g 05

£ o005} el

< <

0 i 0

Figure 2. Quantification of 150-kDa and 110-kDa adenosine deami-
nase that acts on RNA-1 (ADAR-1) gene transcripts in normal and
activated T cells by competitive polymerase chain reaction (PCR).
(a) All lanes contain PCR products derived from 10% of cDNA syn-
thesized from 1 pg of total RNA isolated from normal or activated T
cells along with twofold dilutions of neutral DNA fragments with
gene-specific primer ends (MIMICs) for 150-kDa ADARI. Amplified
MIMICs (row i) and 150-kDa ADARI1 (row ii) transcripts are shown
in A-D. A and B are from control T cells; C and D are from T cells
activated with anti-CD3 plus anti-CD28. The concentrations of
the 150-kDa ADARI MIMICs in attomoles in row i are: lane 1,
625 x 107% lane 2, 3:12x107% lane 3, 1:56 X 107 lane 4,
7-80 X 107% lane 5, 3:90 X 10™* attomoles of 150-kDa ADARI
MIMICs. (b) Histograms indicating the concentrations of 150-kDa
ADARI transcripts from normal and activated T cells in attomoles/
ug of total RNA. There was a 3-9-fold increase in the amount of
150-kDa ADARI1 gene transcripts (P = 0-03) in activated T cells
compared with normal controls. (c) The quantity of total ADARI
(TADARI1) was about 20-fold higher than that of 150-kDa ADARI.
To obtain better resolution of TADARI1 concentrations, 2% of cDNA
synthesized from 1 pg of total RNA isolated from normal or acti-
vated T cells along with twofold dilutions of TADAR1 MIMICs was
used, as described below. Amplified MIMICs and TADARI tran-
scripts are shown in (c). Amplified MIMICs (row i) and TADARI1
(row ii) transcripts are shown in E-H. E and F are from control T
cells; G and H are from T cells activated with anti-CD3 plus anti-
CD28. The concentrations of the TADAR1 MIMICs in attomoles in
row i are: lane 1, 25 x 107% lane 2, 1-25 x 107 lane 3, 6:25 X 1075
lane 4, 3-12 x 107% lane 5, 1-56 x 107> attomoles, and each lane
contains 2% of cDNA. (d) Mean concentrations, in attomoles/pg of
total RNA, * standard deviation (SD) of 110-kDa ADARI transcripts
from normal and activated T cells. The concentrations of 110-kDa
ADARI were obtained by subtracting the 150-kDa ADARI values
from the TADARI values for the respective samples. No significant
change (P = 0-30) was observed in the quantities of 110-kDa
ADARI transcripts from control and activated T cells.

0-1 mm DL-dithiothreitol (DTT), and 10 pg/ml each of
leupeptin and aprotinin]. Samples were centrifuged at
9300 g at 4° for 5 min in a microcentrifuge to eliminate

© 2007 Blackwell Publishing Ltd, Immunology, 122, 623-633
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debris, supernatants were separated and the protein con-
tent was quantified. One hundred and fifty micrograms of
total protein from each sample was resolved on 10% one-
dimensional sodium dodecyl sulphate—polyacrylamide gel
electrophoresis (SDS/PAGE) and the proteins were trans-
ferred to immoblion-P (Millipore, Bedford, MA). Mem-
branes were blocked with Blotto (Amersham Biosciences,
Corp, Piscataway, NJ) for enhanced chemiluminescence
(ECL)-based detection overnight. The membranes were
immunoblotted with a 1/1000 dilution of anti-ADARI1
antibody, which detects both 110-kDa and 150-kDa
ADARL1 (kindly provided by Dr C. Samuel, Dept. of Mole-
cular, Cellular and Developmental Biology, University of
California, Santa Barbara, CA), washed with buffer B
[100 mm Tris-HCl (pH 7-5), 500 mm NaCl and 0-1%
Tween-20] and probed with a 1/5000 dilution of horserad-
ish peroxidase-labelled sheep anti-mouse IgG or a 1/5000
dilution of peroxidase-conjugated anti-rabbit IgG diluted
in Blotto. After washing four times with buffer B, the blots
were developed using ECL reagent. The primary and sec-
ondary antibodies were stripped from the blots using buffer
C [62-5 mMm Tris-HCI (pH 6-7), 100 mm 2-mercaptoetha-
nol (2-ME) and 2% SDS] and re-probed with a 1/1000
dilution of rabbit anti-human actin and a 1/5000 dilution
of horseradish peroxidase-labelled sheep anti-mouse IgG
and ECL. Proteins were quantified by densitometry.

Cloning and sequencing of ADAR2 ¢cDNA and
genomic DNA

ADAR? transcript editing has been used as a specific mar-
ker for assessing ADAR enzyme activity.'*'> The ADAR2
transcript has five previously known A to G editing sites
(=1, =2, +10, +23 and +24). Both the ADARI1 and
ADAR?2 enzymes edit ADAR2 gene transcripts. Therefore,
in the present study ADAR2 transcript editing was used
as a specific marker for assessing ADAR1 and ADAR2
enzyme activity. The amplified products of ADAR2 gene
transcripts from activated and nonactivated T lympho-
cytes of control subjects were cloned and sequenced.
These PCR products were t-tailed with Taq polymerase
and cloned into pCR2-1-TOPO vectors following the
manufacturer’s instructions (Invitrogen). Recombinant
clones were purified using Qiagen Miniprep kits and
sequenced using T7 and M13 primers and an ABI-377
sequencer (Applied Biosystems). Genomic DNA samples
from control and activated T cells were amplified using
primer sets used for cDNA amplification and sequenced
as described previously.**

Data analysis and statistical methods

Data are expressed as mean * standard deviation (SD)
throughout the text unless otherwise stated. Statistical
comparisons between control and activated samples were

© 2007 Blackwell Publishing Ltd, Immunology, 122, 623-633

made using Student’s t-test and the y* test. A value of
P < 0-05 was considered to be statistically significant.

Results

AntiCD3-¢ and anti-CD28 induce expression
of 150-kDa ADARI1 during T-cell activation

T cells were physiologically activated by anti-CD3-¢ and
anti-CD28 for various time periods from 0 to 48 hr. The
cDNA was synthesized from RNA extracted from acti-
vated and control T cells. The cDNA was amplified by
PCR using primer sets designed for TADARI, 150-kDa
ADARI, IL-2 and B-actin gene transcripts. The 110-kDa
ADARI and B-actin gene expressions were used as con-
trols and IL-2 expression as a marker for T-cell activation.
The 110-kDa ADARI and B-actin transcripts were consti-
tutively expressed at all time-points. Expression of IL-2
from the 18-hr time-point onwards indicates activation of
T cells treated with anti-CD3-¢ and anti-CD28. TADARI1
and 150-kDa ADARI gene expression was analysed by
conventional PCR. Expression of the 150-kDa ADARI
gene was up-regulated at the 18-hr time-point. A decrease
was noted at 24 hr and the background level was reached
by 48 hr (Fig. 1). Therefore, we analysed the 110-kDa and
150-kDa ADARI transcripts from control and activated T
cells at the 18-hr time-point by competitive polymerase
chain reaction (CPCR).

Quantification of 110-kDa and 150-kDa ADARI gene
expression in control and activated T cells

The TADARI] and 150-kDa ADARI1 gene transcripts of
three controls and three activated samples at the 18-hr
time-point were analysed, as up-regulation of 150-kDa
ADARI gene expression was observed at this time-
point in our preliminary studies. The concentrations of
110-kDa and 150-kDa ADARI gene transcripts were
calculated in attomoles per pg of total RNA. The concen-
trations of 110-kDa ADARI were obtained by subtracting
the 150-kDa ADARI1 values from the TADARI1 values for
the respective samples. In normal T cells, the concentra-
tion of 150-kDa ADARI transcripts ranged between 0-08
and 0-04 attomoles/plg, with a mean value of 0-067 £
0-13 attomoles/pug of total RNA. In activated T cells, it
ranged between 0-32 and 0-16 attomoles/plg with a mean
value of 0-266 + 0-039 attomoles/pug of total RNA (P =
0-03; Table 1). The concentration of 110-kDa ADAR tran-
scripts ranged between 1-52 and 1-56 attomoles/pig, with a
mean value of 1-53 £ 0-51 attomoles/ug of total RNA, in
control samples and between 1-28 and 1-68 attomoles/pg,
with a mean value of 1-47 + 0-13 attomoles/pug of total
RNA, in activated T cells (P = 0-31; Table 1). These
results revealed that the ratio of 150-kDa ADAR1 mRNA
to 110-kDa ADAR1 mRNA in normal T cells was
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Table 1. Concentrations of 150 kDa and 110 kDa ADARI transcripts
in control and activated T cells

150-kDa ADARI1 110-kDa ADAR1!

(attomoles/pg (attomoles/ug
Sample of total RNA) of total RNA)
Control 1 0-08 152
Control 2 0-08 1-52
Control 3 0-04 1-56
Mean + SD 0-067 + 0-013 1-53 £ 0-013
ADARI 150 kDa:110 kDa 1:22-8
Activated T cells 1 0-32 1-68
Activated T cells 2 0-32 1-28
Activated T cells 3 0-16 1-44
Mean + SD 0-266 + 0-053 147 £ 0-116

ADARI 150 kDa:110 kDa 1:55

"The concentrations of 110-kDa ADAR1 were obtained by subtract-
ing the 150-kDa ADARI values from the TADARI values for the
respective samples.

1:22-8. In activated T cells, we observed an approxi-
mately fourfold increase in 150-kDa ADAR1 mRNA con-
tent (Fig. 2 and Table 1). This increase in ADARI mRNA
content in activated T cells resulted in a decrease in the
ratio of 150-kDa ADARI1 to 110-kDa ADAR1 mRNA to
1:5-5 (Table 1). The increase in ADARI gene expression
in activated T cells suggests the regulation of ADARI dur-
ing T-cell activation by anti-CD3-& and anti-CD28 stimu-
lation. No significant change in 110-kDa ADAR gene
expression in activated T cells was observed compared
with normal controls. These results indicate that 150-kDa
ADARI gene expression is selectively induced in T cells
by anti-CD3-¢ and anti-CD28 stimulation and that it
may play a role in altering the functions of several gene
products of T cells during proliferation and development.
The increased expression of 150-kDa ADARI gene tran-
scripts in activated T cells suggests that A—I editing of
ADAR?2 transcripts of activated T cells may be a result of
increased RNA-editing enzyme activity.

Expression of 110-kDa and 150-kDa ADARI proteins
in control and activated T cells

The expression of 150-kDa ADARI protein was up-regu-
lated at the 24-hr time-point and thereafter stayed at the
same level until the end of the 48-hr period. No signifi-
cant change was observed in 110-kDa ADAR gene expres-
sion at any of the time-points (Fig. 3).

Editing of the ADAR2 gene transcripts in activated
and non-activated T lymphocytes of control subjects

The ¢cDNAs synthesized from RNA extracted from normal
non-activated T cells and from T cells activated with anti-
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Figure 3. Induction of 150-kDa adenosine deaminase that acts on
RNA 1 (ADARI) protein expression in T cells by anti-CD3-& plus
anti-CD28 activation. Immunoblots show the 150-kDa and 110-kDa
ADARI and actin proteins probed with specific antibodies using
enhanced chemiluminescence at various time-points of T cell activa-
tion by anti-CD3-g plus anti-CD28. The 150-kDa ADARI protein
expression was up-regulated approximately threefold at the 24-hr
time-point and stayed at the same level until the 48-hr time-point.

CD3-¢ and anti-CD28 for 24 hr were amplified by PCR
using specific primer sets designed for ADAR2 mRNA.
These transcripts were cloned into pCR2-1-TOPO vectors
and analysed for transcript editing. The cDNA was ampli-
fied by PCR using specific primers designed for the
ADAR2 mRNA region that contains five known A-to-I
editing sites, designated —1, 2, +10, 423 and +24. The site
co-ordinates are relative to the 3’-splice junction that is
known to be created by A-to-I editing."* Both ADARI
and ADAR2 enzymes edit ADAR2 gene transcripts at
these sites."*'*> A-to-I editing of the —1 site leads to alter-
native splicing of the ADAR2 pre-mRNA, which in turn
results in a non-functional enzyme.'*'> ADAR2 transcript
editing has been used as a specific marker for assessing
ADAR enzyme activity. The cDNA strands from normal
and activated samples were subcloned into TA cloning
vectors (pCR2-1) and sequenced using an automated
DNA sequencer. A total of 120 recombinant clones from
control series and 120 recombinant clones from activated
T cells were sequenced and analysed (Table 2). The theo-
retical background of base discrepancies resulting from
errors during reverse transcription and PCR amplification
was calculated as described previously.”* The frequencies
of guanosine, cytosine and uridine discrepancies in
c¢DNAs from controls and activated samples are within
this range, so these discrepancies are probably caused by
non-physiological events, such as errors during reverse
transcription and PCR. In contrast, adenosine to guano-
sine was often seen at selective sites, indicating physiolog-
ical evidence of these base modifications. A-to-I editing
was observed in the control and activated T cells at
altered frequencies. Multiple sites were edited in some
clones compared with other clones. Sequence analysis
demonstrated that 10% of the cDNA strands from normal
samples showed A-to-I editing (Table 2), whereas such
mutations were seen in 20% of cDNA strands from acti-
vated T lymphocytes.
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Table 2. Adenosine-to-inosine editing at spe-
cific sites in adenosine deaminase that acts on
RNA-2 (ADAR-2) pre-mRNA of control and
anti-CD3 plus anti-CD28-activated normal T

Total number of

Number of editing events at sites

Novel editing

cells Sample clones analysed =2 -1 +10 +23 +24 Total sites'
Control 1 40 1 0 1 1 0 2 1
Control 2 40 1 1 1 0 0 2 1
Control 3 40 0 2 1 1 1 5 1
Total 120 2 3 3 2 1 9 3
Activated T cells 1 40 2 0 1 0 1 4 4
Activated T cells 2 40 3 0 1 0 1 5 3
Activated T cells 3 40 2 1 1 0 0 4 4
Total 120 7* 1 3 0 2 13 11*

T cells were activated with anti-CD3 plus anti-CD28 as described in the ‘Materials and

methods’.

"Novel editing sites were at positions —59, —48, —45, -28, —19, —15, +46 and +69.
*P < 0-05 (calculated by the t-test).

Altered editing in ADAR?2 gene transcripts
of activated T cells

Sequence analysis of ADAR2 transcripts demonstrated the
occurrence of A-to-I editing events. All of the edited adeno-
sines are predicted to be located within a base-paired
region, and the majority of the 5'-neighbour bases of edi-
ted adenosine are either C or A, which is the preferred
configuration for ADARs. A-to-G editing at the —2 site
was frequently observed in ADAR2 gene transcripts
obtained from anti-CD3-¢ and anti-CD28 activated T
lymphocytes (P < 0-05; Table 2). In addition, hetero-
geneous A-to-I editing at several other base positions was
also identified in the ADAR2 gene transcripts of activated
T cells. As far as we know, this is the first identification
of the occurrence of ADAR-mediated heterogeneous
A-to-I editing in the gene transcripts. These editing events
were validated by comparing with known edited sites of
ADAR?2 gene transcripts. These results demonstrate the
occurrence of ADARI-catalysed A-to-1 editing of ADAR2
gene transcripts during antigen-induced T-cell activation
in normal subjects.

Novel edited sites identified in ADAR2 gene
transcripts of activated T lymphocytes

In ADAR2 gene transcripts obtained from control sam-
ples, 75% of A-to-G discrepancies observed were clustered
in a region that consists of known editing sites (P =
0-001; Table 3), and which is well documented as a sub-
strate for ADARs and as being susceptible to mRNA edit-
ing.'”” The frequency of such editing in this region in
activated T cells was decreased to 53%. This was compen-
sated by an increase in such editing at novel sites located
between base positions —56 and —15 and +46 and +69

(Fig. 4 and Table 2; P = 0-015).

© 2007 Blackwell Publishing Ltd, Immunology, 122, 623-633

Table 3. Frequency of adenosine-to-inosine editing observed at
known and novel sites in adenosine deaminase that acts on RNA 2
(ADAR?2) gene transcripts of control and activated T cells

Known sites Novel sites Total

Number' % Number! % Number' %
Control 9 75 3 25 12 100
Activated 13 53 11** 47 24 100

"Total number of editing events observed in all clones analysed in
control and activated T cells.
**P < 0-001 (calculated by the % test).

(a) . () (). (i) _
IlnII |IPI' lI !' ."I'. ﬂ 'I-'. [\ j\l\
A\ IR
(b), (d) ) (h) (1)
7 t t t t
|“| | .‘-I 'n'l I‘II ;‘:
I f\Aﬂ”

Edited base —48 Edited base —45 Edited base —28 Edited base +46 Edited base +69

Figure 4. Novel adenosine-to-guanine (A—G) editing observed in
adenosine deaminase that acts on RNA 2 (ADAR2) gene transcripts
from the control and activated T cells. (a, ¢, e, g, i) The normal
sequence. Normal counterparts of A—G mutated bases at the posi-
tions —48, —45, —28, +46 and +69 in different clones are indicated
with dots. (b, d, f, h, j) Edited bases at positions —48, —45, —28, +46
and +69, respectively, in different recombinant clones. All edited
bases are indicated with arrows. All sequences represent sense
strands.
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Absence of mutations in ADAR2 genomic DNA

None of the mutations observed in the gene transcripts of
ADAR2 from normal and activated T cells was seen in
the genomic DNA sequences. The absence of such muta-
tions in the ADAR2 genomic DNA sequences of T cells
indicates that their origin is in RNA and that transcript
editing is the mechanism involved. In general, the nature
of the transcript mutations observed in the present study
differs from that of somatic hypermutations.”® The lack
of such base changes in genomic DNA of T cells argues
against their occurrence as a result of somatic hypermuta-
tion and provides plausible evidence of a co- or post-
transcriptional modification mechanism affecting ADAR?2
gene transcripts in normal and activated T cells.

Discussion

The term ‘RNA editing’ encompasses a wide range of
activities that lead to the specific alteration of the primary
sequence of an RNA molecule and that play an important
role in increasing the flexibility of eukaryotic gene expres-
sion.* Recent studies have shown that the enzymes respon-
sible for site-specific deamination of adenosine to inosine
in mRNAs are evolutionarily related to those that carry
out this reaction in tRNAs. The ADARs catalyse the cova-
lent modification of dsRNA by hydrolytic C-6 deamina-
tion of adenosine to yield inosine.” Two iosforms of the
ADAR gene were identified in humans, but their selective
functions are unknown.”® However, a selective affinity for
editing some adenosines in ADAR2 gene transcripts has
been demonstrated in in vitro studies'” and in SLE patho-
genesis.”* The inosine generated by the RNA editing pro-
cess is typically recognized as guanine during translation
and cDNA synthesis.” Messenger RNA editing induced by
ADARSs and other editing enzymes plays an important role
in the regulation of gene expression.>" It also plays an
important role in pathophysiology.*"**»***”2*=3% However,
the effect of RNA editing and transcript mutations in
immune cell regulation has not been explored and is
therefore not well understood. Similar mRNA transcript
mutations could also occur during other physiological
events. Studies investigating this uncharted territory could
prove very fruitful and could have a wider importance in
improving our understanding the role of RNA editing in
gene regulation in physiological events. It is surmised that
the abnormal expression of RNA-editing genes such as
ADARI and cytidine deaminase apolipoprotein B mRNA
editing catalytic subunit (APOBEC)-3A might play an
important role in immune modulation and defence.
Altered expression of RNA-editing genes such as ADARI
and APOBEC3A has been observed in T cells, PBMC and
NK cells of patients with autoimmune diseases in which
immune modulations are well documented.**>*** The
data presented in this paper demonstrate that activation of
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normal T cells with anti-CD3-¢ and anti-CD28 agonists
induces the up-regulation of 150-kDa ADARI. These
results also indicate that up-regulated 150-kDa ADARI1
creates novel editing sites and modifies the editing at
known sites in ADAR2 gene transcripts.

The results of this study demonstrate that T-cell activa-
tion by anti-CD3-¢ and anti-CD28 up-regulated ADARI
expression at the transcript and protein level in addition
to its up-regulation via the type I interferon signalling
pathway. The mechanism underlying the up-regulation of
ADARI expression by anti-CD3-¢ and anti-CD28 via the
T-cell receptor signalling pathway remains to be estab-
lished. Studies are in progress to identify the downstream
molecules involved in 150-kDa ADARI1 up-regulation
during anti-CD3-¢ and anti-CD28 activation. The
increased editing of ADAR2 gene transcripts in activated
T-cell samples revealed increased enzymatic activity of
150-kDa ADAR1 by the induction of altered editing in
ADAR?2 gene transcripts. Although the mechanism under-
lying the occurrence of editing at novel sites in ADAR2
gene transcripts of activated T cells remains to be estab-
lished, several factors may be involved. One strong and
straightforward possibility is increased enzymatic activity
of 150-kDa ADARI1 in T cells. The second possibility is
altered expression of ADARI and ADAR2 splice vari-
ants,*®*" which will be explored in future studies. In
addition, alterations of the components of the editing
machinery such as editosome, helicases and small nucleo-
lar RNAs (snoRNAs) during T-cell activation might play
a role in the regulation of A-to-I editing. Several other
cellular factors have recently been implicated in regulating
intracellular editing activity by ADARs. For example, it
was shown that modification of ADARs by the small
ubiquitin modifier (SUMO) reduces their enzyme activ-
ity*> and the requirement of inositol hexakisphosphate
(IPs) for ADAR2 enzyme activity in general.*’ Taken
together, these findings suggest possible scenarios explain-
ing how, in activated T cells, editing levels at particular
sites in ADAR2 gene transcripts may be modulated. Fur-
ther studies are warranted to identify the precise mech-
anism(s) involved in functional variations of these
structurally divergent enzymes and their impact on sub-
strate editing to improve our understanding of the role of
transcript editing in immune modulations and specifically
during T-cell activation and survival.

The other finding of this study is the heterogeneous
editing of A to I in the long double-stranded
base-paired regions of ADAR2 gene transcripts and the
creation of novel editing sites between base positions
—56 and —15 and +46 and +69. The occurrence of
novel editing at specific sites in ADAR2 gene transcripts
of activated T cells may be a result of the up-regulation
of ADAR1 and/or formation of ADAR1 and ADAR2
heterodimers, which might have more affinity for the
observed novel editing sites.** On the basis of these
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results, we suggest a novel concept by which up-regu-
lated ADARI can randomly edit adenosines located in
double-stranded base-paired coding regions, which are
not normally edited by constitutively expressed ADARI1
and ADAR2 isozymes, and cause novel mutations in
gene transcripts. Therefore, it is proposed that the up-
regulation of 150-kDa ADARI1 by anti-CD3-¢ and anti-
CD28 activation may tilt the balance of the editing
machinery and cause novel mutations in the T-cell
transcriptome. Such mutations may contribute to the
abnormal function of gene products and to the modu-
lation of gene functions during T-cell activation and
proliferation. The precise role of up-regulated 150-kDa
ADARI in the modulation of editing at several known
sites, as well as in the occurrence of editing at new
sites, has not yet been identified. Interestingly, a recent
study on ADAR2-overproducing mice showed an
increase in editing of ADAR2-selective editing targets
and a decrease in ADARI-selective editing at specific
base positions.*” It is not known what the impact of
intronic editing in ADAR2 pre-mRNA may be on the
expression of ADAR2 proteins in vivo. It has recently
been demonstrated that hyperedited dsRNAs can be
subject to specific cleavage.** Some of the A-to-G
discrepancies in ADAR?2 transcripts may induce cleavage
of the edited transcripts or influence splicing and their
stability.*” On the basis of these findings, it is likely
that the transcripts of other genes are also edited by
up-regulated ADARI in a similar manner, resulting in
alterations in the functions of gene products and
contributing to the modulation of T-cell functions.
Identification of such editing sites in other gene
transcripts and their impact on edited gene function
will help in assessing the mechanism(s) involved in the
regulation of immune functions by mRNA editing.

As indicated in the Introduction, we and other investi-
gators demonstrated up-regulation of 150-kDa ADARI
expression in SLE T cells, PBMC and NK cells.?** The
presence of a small proportion of activated T cells is the
hallmark of SLE. Therefore, these results are in agreement
with previous findings of 150-kDa ADARI1 gene up-
regulation in SLE patients.”>>* These studies also indicate
that 150-kDa ADARI gene expression is induced in part
by physiological and/or immune complex-mediated acti-
vation of T cells in addition to up-regulation by type 1
IFNs in SLE pathogenesis. The finding that up-regulated
150-kDa ADARI induced novel editing in ADAR2 gene
transcripts (Table 2 and Fig. 4) also strengthens our pre-
vious finding of novel heterogeneous editing in ADAR2
gene transcripts of SLE T cells.**

In summary, we have identified up-regulation of 150-
kDa ADARI in T cells physiologically activated with anti-
CD3-¢ and anti-CD28. Such activation of 150-kDa
ADARI resulted in selective editing of the —2 site of the
ADAR? transcript. In addition, novel editing sites at base
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positions —59, —48, —45, —28, —19, —15, +46 and +69 of
the ADAR2 transcript were identified in activated T cells.
These results demonstrate that 150-kDa ADAR1 gene
expression is selectively induced in T cells by anti-CD3-¢
and anti-CD28 stimulation and that it may play a role in
site-selective editing in ADAR2 gene transcripts during
T-cell activation and proliferation. Messenger RNA edit-
ing induced by ADARs and other editing enzymes plays
an important role in the regulation of gene expression.”'?
The widespread occurrence of A-to-I editing of Alu-
containing and intronic regions of pre-mRNAs in the
human transcriptome has been identified recently.'*"®
The up-regulation of 150-kDa ADARI followed by altera-
tions in the editing pattern of ADAR2 gene transcripts
observed in the present study indicates the occurrence of
such alterations in widespread A-to-I editing in the
human transcriptome. Such altered editing could have
an enormous impact on gene regulation and function.
On the basis of published information and our present
findings, we propose that, in addition to specific muta-
tions at the DNA level and defective transcript splicing,
transcript editing is a novel unrecognized mechanism that
contributes to the modulation and/or regulation of gene
expression during T-cell activation and proliferation.
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