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Abstract
ADAR1 (adenosine deaminase acting on RNA) catalyses the deamination of adenosine to inosine
on RNA substrates with double-stranded character. Here, we show that co-expression of ADAR1 in
mammalian cells markedly increases plasmid-based gene expression in transfected cells. The
enhanced expression was independent of the nature of the promoter (viral, cellular) used to drive
gene expression, was independent of the protein reporter (luciferase, RRP) tested, and was
independent of the human cell line examined (293T, HeLa). Exogenous protein levels were increased
~20 to ~50-fold when ADAR1 was co-expressed, whereas RNA transcript levels changed less than
2-fold. The activation of PKR protein kinase and the phosphorylation of translation initiation factor
eIF-2α seen following plasmid DNA transfection were both greatly reduced in ADAR1-transfected
cells. Stable knockdown of the PKR kinase increased reporter gene expression in the absence, but
not the presence of ADAR1 co-expression. Both size forms of ADAR1, the p150 inducible form and
the p110-like constitutive form, enhanced plasmid-based gene expression. Taken together, these
results indicate that the ADAR1 deaminase increases exogenous gene expression at the translational
level by decreasing PKR-dependent eIF-2α phosphorylation.
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INTRODUCTION
Among the proteins inducible by interferon (IFN) are two double-stranded (ds) RNA binding
enzymes, ADAR1 and PKR.1 Adenosine deaminase acting on RNA (ADAR1) catalyzes the
hydrolytic C-6 deamination of adenosine (A) in RNA substrates with ds-character to yield
inosine (I).2–4 The resultant A-to-I substitutions destabilize dsRNA structures otherwise
formed between complementary strands. Indeed, ADAR1 was first identified by its dsRNA-
unwinding activity.2,5 Because I is recognized as G instead of A, A-to-I editing can alter several
processes including mRNA translation by changing codons and hence protein amino acid
sequence; pre-mRNA splicing by changing splice site recognition sequences; and RNA-
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structure dependent activities that entail binding of RNA by proteins.6,7 The single copy
mammalian Adar1 gene encodes two size forms of ADAR1 protein: an IFN-inducible ~150
kDa form (p150) found in both the cytoplasm and nucleus and a constitutively expressed ~110
kDa form (p110), found predominantly if not exclusively in the nucleus.8,9 Alternative
promoters, one of which is IFN-inducible, and alternative exon 1 splicing generate transcripts
that encode p150 and p110 in mammalian cells.9,10 Both p150 and p110 are active deaminases,
with the catalytic deaminase domain present in the C-terminal region and three copies of the
canonical dsRNA binding motif in the central region of the proteins.8,11–13 The p150 form of
ADAR1 also includes two copies of a Z-DNA binding motif (Zα, Zβ) with homology to the
poxvirus E3L protein,8,14 whereas the N-terminally truncated p110 form (that initiates
translation at the methionine corresponding to AUG-296 of p150 in human) lacks the Zα motif.
10 A-to-I editing can be highly selective, as in the cases of the cellular pre-mRNAs for the
glutamate and serotonin receptors, hepatitis D antigenome RNA, and herpes virus HHV8
kaposin mRNA.15–18 A-to-I editing also can occur at multiple sites, as observed in viral RNA
genomes such as those of measles,19 hepatitis C20 and lymphocytic choriomeningitis viruses.
21

Protein kinase regulated by RNA (PKR) is an IFN-inducible protein kinase that plays an
important role in antiviral innate immunity, apoptosis, cell proliferation and stress signaling.
1,4,22 The N-terminal region of PKR includes a repeated dsRNA binding motif through which
RNA binding mediates the activation, or antagonism, of protein serine/threonine kinase
activity. The C-terminal region of PKR contains the kinase catalytic domain.1 PKR is inactive
as a monomer through interdomain autoinhibition.23,24 Binding of either dsRNA or structured
single-stranded RNAs can mediate PKR autophosphorylation and autoactivation. A
prototypical activator of PKR is dsRNA 30 to 50 bp or longer, which includes viral dsRNA
produced during replication and synthetic dsRNA such as polyinosine-polycytidylic acid
(polyI:polyC). The best-characterized substrate of PKR is protein synthesis initiation factor
eIF-2α.25

A universal mechanism for the regulation of protein synthesis in eukaryotes involves eIF-2α
phosphorylation that can occur in response to a diverse range of environmental stresses.26,27

The Ser-51-phosphorylated form of eIF-2α (P-eIF-2α) inhibits guanine nucleotide exchange
of GDP with GTP bound to eIF-2 by the eIF-2B factor.28 The resulting reduction in eIF-2
activity leads to inhibition of translation initiation. Phosphorylation of eIF-2α is mediated by
a family of protein kinases that are activated by different types of stress stimuli. Among them,
in addition to the PKR kinase activated by RNA, are the heme-regulated inhibitor kinase (HRI)
found in reticulocytes and activated by hemin deficiency and heavy metals;29,30 the general
control non-derepressible kinase 2 (GCN2) activated by amino acid deprivation;31 and the
endoplasmic reticulum related eIF-2α kinase (PERK) activated by protein misfolding in the
endoplasmic reticulum.32 Several studies have demonstrated the importance of eIF-2α kinase
pathways in disease pathologies, including viral infections and neurological disorders.4,22,33

Because A-to-I editing mediated by ADAR1 has the capacity to alter base pairing and
destabilize dsRNA structures,2,4,5 and because some cellular proteins including PKR and 2′,
5′-oligoadenylate synthetase are regulated by dsRNA and inhibit gene expression,1,22 we tested
the effect of ADAR1 on plasmid-based gene expression in transfected human cell lines. We
found that ADAR1 overexpression decreased PKR activation and eIF-2α phosphorylation, and
increased exogenous gene expression at the translational level.
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RESULTS
ADAR1 increases plasmid-based gene expression

Because dsRNA is an established effector of gene regulation27,34 and ADAR activity was
originally discovered as a dsRNA unwinding activity,2,5 we tested the effect of ADAR1 on
gene expression in transfected cells. As shown in Figure 1A, when 293T cells were transfected
with pGL3 control plasmid encoding a firefly luciferase reporter driven by the SV40 promoter,
cotransfection with pCTAP ADAR1 p150 strongly up-regulated luciferase activity compared
to cotransfection with the empty pCTAP vector. This enhancing effect of ADAR1 p150 on
luciferase expression was independent of the promoter used to drive reporter expression, and
the nature of the luciferase reporter. ADAR1 p150 co-expression also increased expression of
an NF-κB promoter driven firefly luciferase reporter, an IRF promoter driven firefly luciferase
reporter, and a CMV promoter driven Renilla luciferase reporter (Fig. 1A). The enhancing
effect of ADAR1 p150 was independent of the cell-type transfected. Results similar to those
seen in 293T cells (Fig. 1A) were obtained with HeLa cells (Fig. 1B). Western blot analysis
confirmed that ADAR1 p150 was overexpressed in 293T and HeLa cells after cotransfection
(data not shown).

In addition to measuring firefly or Renilla luciferase enzymatic activity as the reporter (Fig.
1A, B), we also analyzed the expression of additional cotransfected genes directly by Western
blot analysis. Expression of two V5 epitope tagged RNA-binding proteins, RRP41 and RRP42,
in 293T cells was extremely low in the absence of ADAR1, but was enhanced by co-expression
of ADAR1 p150 (Fig. 1C). Quantification showed that the expression of RRP41 and RRP42
was enhanced ~50 to ~80 fold compared to the vector control. Taken together, these results
establish that ADAR1 p150 co-expression enhances exogenous plasmid-based gene expression
by a mechanism not only independent of the nature of the promoter used to drive gene
transcription, but independent as well of the nature of the specific gene (firefly and Renilla
luciferase; RRP41 and RRP42) and assay (enzymatic, Western) examined.

To further test the role of ADAR1 on plasmid-based gene expression, we used siRNA to
transiently knock down endogenous ADAR1 protein. The siRNA targeted an exon 2 sequence,
and hence knockdown both size forms of ADAR14, p110 and p150 (Fig. 1D). Knockdown of
endogenous ADAR1protein reduced the expression of the CMV promoter driven Renilla
luciferase reporter by ~70% compared to an siRNA against firefly luciferase used as a control.
Thus, in HeLa cells, overexpression of ADAR1 p150 increased CMV-RL plasmid-based
expression (Fig. 1B), and siRNA knockdown of ADAR1 reduced CMV-RL reporter expression
(Fig. 1D).

The dsRNA binding domain of ADAR1 is sufficient for translational enhancement of
exogenous gene expression

Full-length ADAR1 p150 protein includes a repeated Z-DNA binding domain, in addition to
three copies of the dsRNA binding domain and the deaminase catalytic domain that are present
in both p150 and p110.4,8 Asan approach to testing whether the gene expression enhancing
activity of ADAR1 was a unique property of the inducible p150 protein, or whether the
constitutively expressed p110 form of ADAR1 or even the Z-DNA or dsRNA binding domain
regions also enhanced gene expression, various ADAR1 isoforms containing a C-terminal
CBP-SBP epitope tag were constructed (Fig. 2A) and tested (Fig. 2B–C).

As shown in Figure 2B, when 293T cells were cotransfected with the luciferase reporter pGL3
and ADAR1-CBP constructs encoding p150, the p110-like form of ADAR1 (D4), or the
dsRNA binding domain region (D2), luciferase activity was substantially increased. By
contrast, neither the Z-DNA binding domain region (D1) nor the catalytic domain region (D3)
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of ADAR1, when tested as CBP-domain fusions, significantly enhanced luciferase activity
(Fig. 2B). Firefly luciferase transcript levels present in the transfected 293T cells when
quantified by real time PCR showed less than a 2-fold difference among vector, ADAR1 p150
and D1 to D4 transfected cells (Fig. 2C). The increased luciferase enzymatic activity per
amount of luciferase transcript seen with p150, D2 and D4 suggests that the up-regulation of
reporter expression mediated by ADAR1 is predominantly a translational effect (Fig. 2D).
Furthermore, ADAR1 p150, the p110-like form (D4) and the dsRNA binding domain of
ADAR1 alone (D2) all were capable of mediating the translational up-regulation. Similar
results were obtained when the RRP RNA-binding proteins were utilized; p150, D2 and D4
enhanced their expression, but D1 and D3 did not (data not shown).

Decreased phosphorylation of eIF-2α in ADAR1-transfected cells
One mechanism of translational control involves the phosphorylation of protein synthesis
initiation factor eIF-2 on the α subunit.26 When eIF-2α is phosphorylated on Ser 51, translation
is inhibited. To test whether the phosphorylation status of eIF-2α is altered under conditions
of up-regulation of gene expression by ADAR1, we compared the eIF-2α phosphorylation level
in 293T cells transfected with the pcDNA6-RRP42 together with either empty vector or
ADAR1 p150. As shown in Figure 3A, the level of phosphorylated eIF-2α was decreased and
the expression of RRP42 increased by co-expression of ADAR1 p150 compared to vector.
Similar results were obtained for RRP41. Increased RRP41 expression was observed when
ADAR1 p150 was coexpressed, which correlated with a decrease in phosphorylated eIF-2α
(data not shown).

We next examined 293T cells cotransfected with pcDNA6-RRP42 and the ADAR1 domain
constructs. We found that enhanced RRP42 expression, as measured by the V5 epitope tag,
correlated with decreased phosphorylation of eIF-2α seen in cells transfected with the p150,
D2 or D4 ADAR1 construct (Fig. 3B). By contrast, the D1 and D3 ADAR1 constructs neither
enhanced RRP42 expression nor decreased eIF-2α phosphorylation in transfected cells (Fig.
3B). These results establish that p150 ADAR1, the p110-like ADAR1 (D4) and the dsRNA
binding domain of ADAR1 (D2), all of which enhanced luciferase (Fig. 2) and RRP42 (Fig.
3) expression, also decreased eIF-2α phosphorylation in plasmid-transfected cells.

Activation of PKR is antagonized in ADAR1 transfected cells
Among the protein kinases that catalyze eIF-2α phosphorylation is the RNA-activated protein
kinase PKR. The level of PKR protein was similar in 293T cells transfected with pcDNA6-
RRP41 or -RRP42, either with or without ADAR1 cotransfection, and cells not transfected
(Fig. 4A). The phosphorylation of both PKR and eIF-2α were increased in vector-transfected
cells and reduced phosphorylation of both PKR and eIF-2α were seen in ADAR1 p150
transfected cells (Fig. 4A). This decreased phosphorylation and activation of PKR correlated
both with decreased phosphorylation of eIF-2α and with increased RRP41 and RRP42
expression. Furthermore, the p150, p110-like (D4) and dsRNA binding domain (D2) ADAR1
constructs led to decreased activation of PKR, decreased phosphorylation of eIF-2α, and
increased RRP protein expression (Fig. 4B).

To further test the role of PKR protein as a determinant of gene expression efficiency, we
utilized HeLa cells stably knocked down for PKR expression (PKRkd). These cells (Fig. 4C)
have less than 5% of the PKR protein present in PKR-sufficient parental or knockdown control
(PKRkd-con) cells.35 Luciferase reporter pGL3 activity was nearly 10-fold higher in PKRkd

cells than in PKR-sufficient PKRkd-con cells when cotransfected with vector, while pCTAP
ADAR1 p150 cotransfection gave comparably high levels of reporter activity in both PKRkd

and PKRkd-con cells (Fig. 4C). A further enhancement of ~2-fold of reporter activity gene
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expression was observed in the PKRkd cells following ADAR1 p150 coexpression (Fig. 4D)
that correlated with a modest reduction in eIF-2α phosphorylation (data not shown).

Tranfection with plasmid DNA but not synthetic DNA or phage λ DNA activates PKR
Since we observed that lipid-based transfection of pCTAP vector plasmid DNA activated PKR
and eIF-2α phosphorylation robustly (Fig. 3, 4), we examined whether transfection with other
DNAs would activate PKR. As shown in Figure 5A, neither synthetic dsDNA polydI:polydC
nor λ-phage DNA when transfected in 293T cells activated PKR phosphorylation while the
plasmid pCTAP vector DNA did (Fig. 5A). This result further suggests that either an
immunostimulatory motif present in the plasmid, or possibly RNA expressed by the plasmid
template, activated PKR. The empty plasmid vector pMT2 (Fig. 5B, lane 5), like the pCTAP
plasmid vector (lane 3), also activated PKR phosphorylation. The vaccinia virus E3L protein
is known to antagonize PKR, either by sequestering dsRNA or interacting with PKR directly.
36,37 When the E3L protein was expressed (lane 6), the phosphorylation of PKR was decreased
as was seen when ADAR1 p150 was overexpressed (Fig. 5B, lane 4).

DISCUSSION
ADAR1 is firmly established as an RNA editing enzyme that catalyzes the deamination of
adenosine to yield inosine, which can alter RNA structure and function since I is recognized
as G instead of A.6,7 The results reported herein also implicate ADAR1 as a key positive
effector of exogenous gene expression in transfected cells. We found that ADAR1 increased
expression of four different plasmid-based reporters, independent of the promoter used to drive
their expression in two different human cell lines. Furthermore, the enhanced expression was
predominantly if not exclusively at the translational level: reporter protein expression was
increased more than 20-fold under conditions of ADAR1 co-expression, whereas the level of
reporter mRNA transcript changed less than 2-fold. The phosphorylation of PKR and eIF-2α
was greatly reduced in ADAR1 transfected cells.

What is the mechanism of ADAR1 enhancement of exogenous gene expression in transfected
cells? We found that the steady state level of protein was increased several fold while the steady
state level of mRNA transcript largely remained unchanged, suggesting a translational control
response modulated by ADAR1. Because phosphorylation of eIF-2α is a universally
recognized mechanism of translational control,27,28 eIF-2α phosphorylation status was
examined. Furthermore, because ADAR1 was originally discovered as a dsRNA unwinding
protein,2,5 we further considered the possibility that the enhancing effect on gene expression
was mediated at the level of dsRNA-dependent activation of PKR.22 Indeed, we found that
plasmid transfection resulted in enhanced PKR Thr-446 phosphorylation and eIF-2α Ser-51
phosphorylation. ADAR1 p150 protein co-expression greatly decreased both PKR
phosphorylation and eIF-2α phosphorylation, and these changes in phosphorylation status
correlated with increased gene expression. In HeLa cells stably deficient in PKR kinase,
reporter expression in the absence of ADAR1 co-expression was increased nearly 10-fold
compared to PKR-sufficient control cells. The ~2-fold further increase in reporter expression
seen in PKRkd cells in the presence of ADAR1 coexpression may reflect impairment of the
residual PKR present in the cells.

Two lines of evidence indicate that only plasmid-based gene expression and not chromatin-
based gene expression is enhanced by ADAR1. First, when we transfected ADAR1 p150 or
p110 construct into 293 cells that stably overexpress NF-κB driven firefly luciferase, no
reporter upregulation was seen (data not shown). Consistent with this notion that chromatin-
based gene expression is unaffected by ADAR1, neither endogenous PKR, alpha subunit of
eIF-2 or β-actin protein levels were detectably altered by ADAR1 p150 overexpression (Fig.
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3 and 4). Previous studies have also shown a distinction between the effect of transfection on
plasmid-based versus chromatin-based gene expression.38–40

We found that both size isoforms of ADAR1 protein, the IFN-inducible p150 protein and the
constitutive p110-like protein,8 both enhanced plasmid-based gene expression consistent with
the observations of others.38,41 We further found that enhanced gene expression correlated
with reduced PKR activation and reduced eIF-2α phosphorylation in plasmid-transfected cells.
Because the ADAR1 p150 and p110 proteins are both active deaminases8,13,17 and because
both are dsRNA-binding proteins, at least two different mechanisms could account for these
observations. By one mechanism, sequesteration of dsRNA structures that function as
activators of PKR would abolish the PKR cascade. The other mechanism would entail RNA
editing by adenosine deamination that would destabilize dsRNA structures and reduce the
effective concentration of activator dsRNA. When subdomains of ADAR1 were tested in
isolation of the whole protein, we found that neither the N-terminal Z-DNA binding domain
nor the C-terminal catalytic domain alone were able to enhance gene expression, but that the
central dsRNA-binding domain of ADAR1 was as effective as the whole p150 or p110 ADAR1
protein in enhancing gene expression. Furthermore, the vaccinia virus E3L protein which
possesses one Z-DNA and one dsRNA binding domain also enhanced exogenous gene
expression. These results indicate that dsRNA binding activity is sufficient to mediate the
enhanced gene expression in transfected cells. But, they do not exclude a further contribution
from A-to-I conversions by the active p150 and p110 deaminases that would destabilize dsRNA
structures. What is clear is that dsRNA binding proteins including ADAR1 p150, ADAR1 p110
and E3L as shown herein, and E3L42 and PACT43 as shown independently, can all enhance
exogenous gene expression.

That plasmid-based transfection leads to activation of PKR and eIF-2α phosphorylation is an
interesting and known phenomenon.39,44,45 Our results presented herein establish that ADAR1
enhances exogenous gene expression by inhibiting the PKR and eIF-2α phosphorylation. PKR
is well established as an RNA-dependent kinase that alters the translational pattern in cells by
phosphorylation of eIF-2α.1,22 The dsRNA binding domains of PKR, however, do not bind
DNA, and DNA is not an activator of PKR.1,22,46 Neither the synthetic dsDNA poly(dI):poly
(dC) DNA nor phage-λ DNA when transfected into 293T cells led to PKR activation. PKR
activation was not dependent upon plasmid DNA replication following transfection, as the
effect was seen in both 293T and HeLa cells, with and without stably expressed of SV40 large
T antigen respectively, as well as with both linearized (data not shown) and circular superhelical
plasmid DNA forms. The extent of PKR activation following plasmid DNA transfection also
varied with different plasmid backbones (data not shown).

What then is the source of the PKR activating moiety, presumably dsRNA produced in plasmid-
transfected cells? Recent findings suggest two possibilities. RNA polymerase III has been
identified as a cytosolic DNA sensor which generates 5-triphosphate containing dsRNA from
transfected plasmid templates and poly (dA-dT) that is sufficient to trigger an innate immune
response measured by IFN-β induction.47 Conceivably these polymerase III-generated
dsRNAs, which activate RIG-I signaling, also activate PKR as we too recently described short
synthetic 5′-triphosphate-containing ssRNA and dsRNA that activate both IFN-β induction
and PKR phosphorylation.48 Short antisense strand RNAs also have been identified that are
produced near the promoter regions of genes transcribed by RNA polymerase II in eukaryotic
cells.49,50 Conceivably this occurs with transfected plasmid vectors as well, even without a
cDNA insert in a manner in which there is sufficient overlap of some short transcripts made
from the abundant plasmid templates to yield dsRNA activators of PKR that are otherwise
sequestered or inactivated in the presence of overexpressed ADAR1. Recent evidence suggests
that some bacterial-based plasmid DNAs display immunostimulatory effects when exposed to
the cytosol,51,52 independently of CpG motifs recognized by endosomal TLR9.53 ADAR1
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might function as a potent negative regulator of such a DNA-mediated signaling response.
Consistent with this notion, ADAR1 p150 has recently been reported as a DNA sensor and
suppressor of DNA-mediated activation of innate immunity in mouse embryonic fibroblast
cells.54

Plasmid DNA transfection is a broadly utilized method for gene expression, with applications
ranging from gene expression-function analyses in basic research to DNA vaccine vehicles for
the prevention and treatment of disease.55,56 Our findings demonstrate that the regulation of
PKR activation in transfected cells is an important factor that must be considered in gene
expression studies. It is now of utmost importance to establish more precisely the mechanism
by which ADAR1 functions to enhance exogenous plasmid-based gene expression through
down-regulation of PKR kinase activity.

MATERIALS AND METHODS
Cell lines and maintenance

Human 293T and HeLa cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 100 μg/ml of penicillin and 100 units/ml streptomycin (Invitrogen) and
fetal bovine serum (Hyclone), either 10% (v/v) for 293T cells or 5% (v/v) for HeLa cells. HeLa
cells stably knocked down for PKR expression by shRNA interference were as previously
discussed;35,37 they were maintained in the above medium containing 1 μg/ml puromycin
(Sigma). Cell growth was maintained at 37°C in a 5% CO2 atmosphere.

Plasmid constructs
The pCTAP vector (Stratagene) was used to construct pCTAP ADAR1 p150 with a C-terminal
calmodulin binding peptide (CBP) epitope as follows. The cDNA encoding the 1226 amino
acid human full-length ADAR1 p150 protein8,10 with M296L and UAG stop1227L mutations
was subcloned as a HindIII fragment from pcDNA6 ADAR1 p150 (generously provided by
A. Toth of this laboratory) at the HindIII site to generate pCTAP ADAR1 p150. Using pCTAP
ADAR1 p150 as template, domain selective ADAR1 fragments D1–D3 were generated by
PCR (Fig. 2A) and then inserted into the TOPO vector (Invitrogen). The integrity of the
recombinant TOPO plamids was confirmed by sequence analysis; the corresponding ADAR1
fragments were then subcloned as either EcoRI (D1 and D3) or BamHI (D2) fragments into
the pCTAP vector. The following primers were used for amplifying ADAR1 fragments: for
D1 (Zα, Zβ), forward primer 5′-GCAGCGGAATTCACCACCATGAATCCGCGG-3′,
reverse primer 5′-GCAGCGGAATTCGATTGCAGCTGGAGC-3′; for D2 (RI, RII, RIII),
forward primer 5′-GGATCCACCATGGATGACTTGAATAGT-3′, reverse primer 5′-
GGATCCGAAGGTGCTGCCAGTGAG-3′; for D3 (RIII, catalytic) forward primer 5′-
GCAGCGGAATTCACCACCATGAGATACCTG-3′, reverse primer 5′-
GCAGCGGAATTCCAATAGTGGGCAGAG-3′. To generate D4, which corresponds to the
constitutive ADAR1 p110-like protein, the BamHI fragment was deleted from the pCTAP
ADAR1 p150 construct.8

The pcDNA6/V5-His vector (Invitrogen) was used to generate the pcDNA6-RRP41 and
pcDNA6-RRP42 constructs following PCR amplification of the open reading frame regions
corresponding to human RRP41 (Genbank NM019037) and RRP42 (Genebank NM015004)
using random-primed HeLa cell cDNA as a template. PCR fragments were initially cloned
using the TOPO vector, DNA sequence analysis was performed, and then the RRP41 and
RRP42 cDNA inserts were subcloned to the pcDNA6 vector. The primers used for PCR
amplification of the RRP41 and RRP42 inserts were as follows: RRP41 forward 5′-
GACACCATGGCGGGGCTGGAGCTC-3′, reverse 5′-
ACCACAGTCCCCCAGCAAGATAGAGGC-3′; RRP42 forward 5′-
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GGCACCATGGCGTCCGTGACGCTG-3′, reverse 5′-
AGAACATCCCAGGAATCCAACTTTCTG-3′.

The luciferase constructs were as follows: the SV40 firefly luciferase (SV40-FF) construct,
pGL3 control, was from Promega; the NF-κB-dependent firefly luciferase construct was
generously provided by I. Verma (Salk Institute, La Jolla, CA); the interferon regulatory factor-
dependent firefly luciferase construct was generously provided by T. Fujita (Kyoto University,
Japan); and the CMV Renilla luciferase (CMV-RL) construct, pRL, was from Promega. All
plasmids were propagated in E. coli (XLI-Blue) grown in LB medium and purified using the
MaxiPrep protocol procedure (Qiagen).

Transient transfection
293T or HeLa cells were transfected at 70 to 80% confluence using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s protocol. Briefly, the plasmid DNA and
Lipofectamine 2000 were diluted and mixed in Opti-MEM (Invitrogen), incubated for 20 min
at room temperature, and then the DNA-Lipofectamine 2000 complexes were applied to the
monolayer cultures in either 12-well (Western analyses) or 24-well (luciferase assay) plates.
For transient knockdown of ADAR1, chemically synthesized siRNA with dTdT overhangs
and the following validated sense-strand sequence as described by Jayan and Casey57 was
obtained from Dharmacon: 5′-CGCAGAGUUCCUCACCUGUATT-3′. SiRNA against firefly
luciferase was used as a negative control and was previously described.58 Sequential siRNA
transfection was utilized to achieve maximal ADAR1 knockdown. Briefly, HeLa cells at ~50%
confluency were transfected with 50nM of siRNA with Lipofectamine 2000 on day 1; the cells
were transfected a second time with 50nM of siRNA on day 2, and then on day 3 were reseeded
into 24-well plate for reporter plasmid transfection and western analysis on day 4.

Luciferase measurement
Cell-free extracts were prepared from 293T or HeLa cells at 24 h after transfection using passive
lysis buffer (Promega). Luciferase activity was measured according to the manufacturer’s
protocol (Promega) using a GEM Biomedical OPTOCOMP I luminometer. Protein
concentrations of extracts were determined by the modified Bradford method (Bio-Rad). The
luciferase activity was normalized to the protein concentration.

Western blot analysis
Extracts were prepared from 293T or HeLa cells at 48 h after transfection; the lysis buffer
(50mM HEPES, pH 7.5, 300mM NaCl, 1mM DTT, 0.5% NP-40) contained 1% (vol/vol)
protease inhibitor cocktail (Sigma). Proteins were fractionated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), transferred to nitrocellulose membranes,
blocked in Tris-buffer saline containing either 2% (wt/vol) bovine serum albumin (for detection
of phosphoproteins) or 5% (wt/vol) nonfat milk (for detection of all other proteins) for 1 h at
room temperature, and then incubated overnight at 4°C with the indicated primary antibody.
Rabbit polyclonal antibodies were used to detect calmodulin binding peptide epitope
(Millipore), human PKR (Santa Cruz Biotechnology), PKR phosphorylated at Thr 446 (Santa
Cruz Biotechnology), eIF-2α (Cell signaling), eIF-2α phosphorylated at Ser51 (Cell signaling),
and human ADAR1 (K88 number 2 as previously described8). Mouse monoclonal antibodies
were used to detect β-actin (Sigma) and V5 peptide epitope-tagged proteins (Invitrogen).
Rabbit polyclonal antibody against vaccinia virus E3L was as described.37 Western blot
detection was done with IRDye 800-conjugated anti-rabbit immunoglobulin G or IRDye 680-
conjugated anti-mouse immunoglobulin G secondary antibody according to the manufacturer’s
protocols (Li-Cor). Immunoreactive bands were detected and quantified using a Li-Cor
Odyssey infrared imaging system.
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Reverse transcription and real time PCR analysis
Total RNA was purified from 293T or HeLa cells using an RNeasy kit (Qiagen). In order to
eliminate residual DNA, on-column RNase-free DNase digestion was performed. Reverse
transcription was carried out using random hexamer oligonucleotide primers and SuperScript
II (Invitrogen) reverse transcriptase. Quantitative real-time PCR analyses were performed in
triplicate, using iQ SybrGreen PCR Supermix (Bio-Rad) and a Bio-Rad Icycler MyIQ
multicolor real time PCR instrument. Luciferase levels were normalized to glyceraldehydes-3-
phosphate dehydrogenase (GAPDH) values. The primers used were: forward 5′-
GGTGGTCTCCTCTGACTTCAACA-3′, reverse 5′-
GTTGCTGTAGCCAAATTCGTTGT-3′ for GAPDH and forward 5′-
GCCTGAAGTCTCTGATTAAGT-3′, reverse 5′-ACACCTGCGTCGAAGATGT-3′ for
firefly luciferase.
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Figure 1. ADAR1 enhances plasmid-based gene expression
A, 293T cells were transfected with the indicated luciferase reporter construct and either empty
pCTAP vector (Vec) or pCTAP p150 encoding the full-length long form of ADAR1 (p150).
Cells were harvested 24 h after transfection and analyzed for luciferase activity. Reporter
plasmids expressing firefly (FF) or Renilla (RL) luciferase were driven by an SV40, CMV, IRF
or NF-κB-dependent promoter. Standard deviations were determined from three or more
independent experiments. B, as for A, except that HeLa cells were used. C, 293T cells were
transfected with expression constructs encoding V5 epitope tagged CMV-RRP41 or -RRP42
and either empty vector or ADAR1 p150. Extracts were harvested at 48 h after transfection
and analysed by Western blot with antibody against V5 (RRP), CBP (ADAR1), or β-actin.
D, HeLa cells were transfected with siRNA targeting ADAR1 (siADAR1) or firefly luciferase
(siLucFF) as a control, and then analyzed for Renilla firefly luciferase expression using the
CMV-RL reporter plasmid. Western analysis was with antibody against ADAR1 or β-actin.
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Figure 2. Reporter transcript levels are similar in the presence and absence of ADAR1 but reporter
activity is upregulated
A, Schematic representation of ADAR1 constructs possessing a C-terminal CBP epitope. Dark
gray, the repeated Z-DNA binding motifs (Zα, Zβ); light gray, the three dsRNA binding motifs
(RI, RII, RIII); black, the deaminase catalytic domain. B, 293T cells were transfected with the
pGL3-control luciferase reporter (SV40-FF) and either empty vector or an ADAR1 domain
construct (D1 to D4) as indicated. Extracts were prepared 24 h after transfection and analysed
for luciferase activity. C, 293T cells were transfected with the pGL3-control luciferase reporter
(SV40-FF) and either empty vector (Vec) or ADAR1 construct (p150, D1–D4) as indicated.
RNA was isolated 24 h after transfection and quantified by real time PCR. Relative luciferase
mRNA levels are shown for cotransfection with an ADAR1 construct compared to empty
vector; the mean values and standard deviation were determined from three independent
experiments. D, Luciferase activity per transcript amount at 24 h post transfection. Luciferase
levels are from Figure 2B; transcript amounts are from Figure 2C.
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Figure 3. Phosphorylation of eIF-2α is decreased by ADAR1
A, 293T cells were transfected with pcDNA6-RRP42-V5 and either empty pCTAP vector (Vec)
or pCTAP ADAR1 p150 (p150). Extracts were prepared 48 h after transfection and analysed
by Western blot. The right panel shows the normalized quantification of the level of phospho-
eIF-2α relative to the level of total eIF-2α. B, 293T cells were transfected with pcDNA6-
RRP42-V5 and empty vector (Vec), p150 or an ADAR1 domain construct (D1–D4) as
indicated. Cells were harvested 48 h after transfection and analysed by Western blot with the
indicated antibodies.
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Figure 4. Activation of PKR kinase is decreased by ADAR1
A. 293T cells were transfected with pcDNA6 constructs encoding RRP41-V5 or RRP42-V5,
together with either empty pCTAP vector (Vec) or pCTAP ADAR1 p150 (p150). Extracts were
prepared 48 h after transfection and analysed by Western blot as indicated for phospho-Thr446-
PKR (P-PKR); PKR, phospho-Ser51-eIF-2α (P-eIF-2α); eIF-2α, ADAR1 (CBP); RRP41 and
42 (V5); and, β-actin. B, 293T cells were transfected with pcDNA6 constructs encoding
RRP41-V5 or RRP42-V5 and empty pCTAP vector (Vec) or an ADAR1 pCTAP construct
(p150, D1 to D4) as indicated. Extracts were prepared 48 h after transfection and analysed by
Western blot as for A. C, HeLa cells stably knocked down for PKR (PKRkd) or PKR-sufficient
control (PKRkd-con) cells were transfected with the SV40-FF luciferase reporter construct and
either empty pCTAP vector (Vec) or pCTAP ADAR1 p150 (p150). Extracts were prepared at
24 h after transfection and analysed for luciferase activity and Western blot for PKR and β-
actin. Transfections were repeated a minimum of three times and the mean and standard
deviation are shown.
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Figure 5. Transfection of plasmid DNA but not synthetic or phage λ DNA activates PKR
A. 293T cells were transfected with the synthetic poly(dI):poly(dC) dsDNA; bacteriophage
lambda DNA (λ-phage); pCTAP vector; or, the ADAR1 construct (pCTAP-p150). Extracts
were prepared 48 h after transfection and analysed by Western blot for phospho-Thr446-PKR
(P-PKR); PKR; and, β-actin. B. 293T cells were not treated (control); treated with lipofectamine
and no DNA (L2000); or transfected with pCTAP vector, ADAR1 construct (pCTAP-p150),
pMT2 vector or vaccinia virus E3L construct (pMT2-E3L). Extracts were prepared 48 h later
and analysed by Western blot for phospho-Thr446-PKR (P-PKR); PKR; phospho-Ser51-
eIF-2α (P-eIF-2α); eIF-2α; ADAR1 (CBP); E3L; and, β-actin.
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