MOLECULAR AND CELLULAR BIOLOGY, Aug. 2005, p. 6956-6963
0270-7306/05/$08.00+0  doi:10.1128/MCB.25.16.6956-6963.2005

Vol. 25, No. 16

Copyright © 2005, American Society for Microbiology. All Rights Reserved.

ADARTI Interacts with NF90 through Double-Stranded RNA and

Regulates NF90-Mediated Gene Expression Independently
of RNA Editing

Yongzhan Nie,' Li Ding,'t Peter N. Kao,” Robert Braun,” and Jing-Hua Yang'*

Department of Surgery, Yale University School of Medicine, New Haven, Connecticut 06520"; Division of
Pulmonary and Critical Care Medicine, Stanford University Medical Center, Stanford, California
94305-5236% and Department of Genome Sciences, University of Washington
School of Medicine, Seattle, Washington 98195>

Received 5 January 2005/Returned for modification 10 March 2005/Accepted 16 May 2005

The RNA-editing enzyme ADAR1 modifies adenosines by deamination and produces A-to-I mutations in
mRNA. ADAR1 was recently demonstrated to function in host defense and in embryonic erythropoiesis during
fetal liver development. The mechanisms for these phenotypic effects are not yet known. Here we report a novel
function of ADARI in the regulation of gene expression by interacting with the nuclear factor 90 (NF90)
proteins, known regulators that bind the antigen response recognition element (ARRE-2) and have been
demonstrated to stimulate transcription and translation. ADAR1 upregulates NF90-mediated gene expression by
interacting with the NF90 proteins, including NF110, NF90, and NF45. A knockdown of NF90 with small interfering
RNA suppresses this function of ADAR1. Coimmunoprecipitation and double-stranded RNA (dsRNA) digestion
demonstrate that ADARI1 is associated with NF110, NF90, and NF45 through the bridge of cellular dsRNA. Studies
with ADAR1 deletions demonstrate that the dsRNA binding domain and a region covering the Z-DNA binding
domain and the nuclear export signal comprise the complete function of ADARI1 in upregulating NF90-mediated
gene expression. These data suggest that ADAR1 has the potential both to change information content through

editing of mRNA and to regulate gene expression through interacting with the NF90 family proteins.

The RNA-editing enzyme ADAR (adenosine deaminase
acting on RNA) is a typical double-stranded RNA (dsRNA)
binding protein (DRBP) that modifies dsSRNA and pre-mRNA
by adenosine deamination (20, 36, 51). Homologous genes
occur in organisms from unicellular protozoa to humans, indi-
cating a widespread conservation in evolution. In mammals,
two homologous genes encoding ADAR1 and ADAR?2 have
been identified, each of which is endowed with domains for
dsRNA binding and adenosine deaminase. Both render site-
specific editing on pre-mRNA and preferably convert ad-
enosines in dsSRNA. A third homologue, ADAR3 or RED2, is
a candidate as an A-to-I editing enzyme that has both the
dsRNA binding domain and the adenosine deaminase domain,
but it does not demonstrate editing activity on dsRNA (19).

ADARI1 exhibits several features that are different from
those of ADAR?2 and ADARS3; it comprises two putative Z-
DNA binding domains (7), three dsSRNA binding repeats, and
an interferon-inducible promoter (29, 45). Unlike ADAR?2 and
ADAR3, which are predominately found in the brain, ADAR1
is ubiquitously expressed in immune organs. Thus, the function
of ADARI has been implicated in host defense mechanisms
(37, 44). ADARLI is upregulated in response to viral and mi-
crobial infections (31, 37, 50). An upregulation of ADARI1 was
observed in vitro in T lymphocytes and macrophages stimu-
lated with gamma interferon (IFN-y). Recent studies demon-
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strated that ADART1 is critical for embryonic erythropoiesis
and subserves critical steps in developing nonnervous tissue (9,
43). ADARI1-deficient embryonic stem cells failed to contrib-
ute to the development of the liver, bone marrow, spleen, thymus,
and blood in adult chimeric mice. In mice homozygous for an
ADARI1 null mutation, widespread apoptosis was detected in
many tissues (44). Fibroblasts derived from ADARI '~ embryos
were prone to apoptosis induced by serum deprivation.

ADARI1 modifies highly structured pre-mRNAs such as
those that encode the glutamate and serotonin receptors, re-
sulting in mutations of the encoded proteins and alterations in
their biological functions (18). Widespread inosines occur in
mouse brain mRNAs (30). We have observed a significant
induction of A-to-I mutations in mRNAs during infection (49).
Extensive A-to-I modifications have been observed in viral
RNA during the late stages of polyomavirus infection (15), and
biased hypermutations were found in single-stranded RNA
viral genomes during lytic and persistent infections (1). Thus,
the modification of highly structured mRNA or viral RNA is
one way for ADART1 to participate in the host response during
infections. However, too few ADARI1-produced protein vari-
ations have been identified to account entirely for the biolog-
ical phenotypes of ADARI.

Because ADARI1 preferably edits dSRNA, ADAR1 may in-
terfere with other DRBPs by sequestering the cellular dsSRNA
components. The aims of this study were to analyze the pro-
teins that are associated with ADART1 in vivo and to elucidate
the role of ADARI in interacting with these proteins. We
demonstrate that ADARI interacts with the nuclear factor 90
(NF90) family proteins and upregulates NF90-mediated gene
expression.
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MATERIALS AND METHODS

Cell culture and transfection. The cell lines used for this study include HEK
293T and N18. Cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum (FBS) and penicillin-streptomycin-am-
photericin B. When cells were grown to ~50% confluence, transfection was
performed in 6-cm tissue culture dishes or 24-well plates (Falcon) using Lipo-
fectamine 2000 according to the manufacturer’s protocol (Invitrogen, CA). The
transfected cells were washed with warm DMEM containing 10% FBS 6 h after
transfection and were cultured for 48 to 60 h in the same medium.

Immunoprecipitation. 293T or mouse N18 cells (3 X 10°) were transfected
with double-tagged ADAR1 or ADARI fragments for 48 h. Cells were lysed in
a buffer containing 150 mM NaCl, 25 mM Tris-HCI, pH 7.45, 0.5% Nonidet P-40,
0.1% sodium dodecyl sulfate (SDS), 1 mM dithiothreitol (DTT), 0.2 mM phe-
nylmethylsulfonyl fluoride (pH 7.5), and a protease inhibitor cocktail (Roche). Cell
lysates were cleared with rabbit or mouse immunoglobulin G (IgG) immobilized to
protein A-Sepharose for 1 h at 4°C and mixed with anti-His-, anti-NF90-, or anti-
p68-coated protein A-Sepharose (Amersham) at 4°C overnight. The agarose was
extensively washed with a high-stringency wash buffer containing 0.1% SDS, and the
associated proteins were stored at —80°C for further analysis.

Protein identification by mass spectrometry. The coprecipitated proteins were
separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and stained
with SYPRO Ruby (Bio-Rad). The visible bands were excised, proteins were
digested with modified trypsin, and peptides were subjected to liquid chroma-
tography-electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS)
analysis (Yale Keck Facility). The most abundant ions were obtained, and the
MS/MS spectra were directly searched against the National Center for Biotech-
nology Information’s nonredundant protein database with the SEQUEST data-
base search algorithm.

Immunoblotting. Cell lysates (approximately 80 pg of protein) or immuno-
precipitated proteins on agarose beads were heated to 95°C for 5 min in 100 mM
dithiothreitol and 2% SDS. The proteins were resolved by 5 to 12% SDS-PAGE
and transferred onto a nitrocellulose membrane. The membranes were blocked
with 5% nonfat dry milk and stained with a primary antibody against NF90,
NF45, ADARI, the Hisq tag, the Myc epitope (Santa Cruz Biotechnology), or
eukaryotic initiation factor 2a (eIF2a; Cell Signaling Technology). The secondary
antibodies included donkey anti-rabbit and donkey anti-mouse horseradish per-
oxidase-linked IgG (Jackson Immunoresearch Laboratories Inc.).

Electrophoretic mobility shift assay. A modified native gel was applied to
detect the formation and subgrouping of ADARI1-DRBP complexes. Since
0.05% SDS did not affect the interaction of ADAR1 with NF110, NF90, and
NF45, it was included in all electrophoretic mobility shift assays. Protein samples
were resuspended in the loading buffer with or without DTT and directly loaded
onto SDS-5% PAGE gels containing 0.05% SDS. The resolved proteins were
transferred and analyzed by immunoblotting using proper antibodies as de-
scribed above.

RNase V1 digestion. The immunoprecipitated proteins on agarose beads were
washed twice with RNase V1 digestion buffer (Ambion) and resuspended in the
same buffer containing 0 to 0.4U/ul of RNase V1 (Ambion). The samples were
incubated at 37°C for 25 min and quickly pulled down by centrifugation. The beads
containing the still-bound proteins and the supernatant containing the released
proteins were mixed with the loading buffer, heated to 95°C for 5 min, and resolved
by SDS-PAGE. The blots were analyzed by immunoblotting as described above.

Luciferase reporter assay. 293T or N18 cells were seeded in 24-well plates in
triplets (n = 3) and cotransfected with a plasmid containing ADAR1 cDNA and
the luciferase reporter. The reporters included c-fos—luciferase (a gift from J. Ye,
Yale University), IFN-B-luciferase (a gift from John Hiscott, McGill University),
simian virus 40 (SV40)-luciferase (pGL3-control; Promega), Rous sarcoma virus
(RSV)-luciferase, and cytomegalovirus (CMV)-luciferase (pGL3-CMV; a gift
from Stratford May, University of Florida). Typically, 0.6 g of the reporter
DNA and 0.8 ng of pcDNA3-ADAR1 were mixed with 2.7 pg of Lipofectamine
2000 in 80 pl of serum-free medium, incubated at room temperature for 30 min,
and diluted with 340 pl of medium. The cell medium was replaced with the
transfection cocktail. The transfected cells were incubated for 6 h and then
continuously cultured for 48 h in fresh DMEM containing 10% FBS. Cells were
washed with phosphate-buffered saline and lysed in 150 pl of reporter lysis buffer
(Promega) for 30 min. The luciferase activity in 20 wl of lysate was determined
and normalized to the protein level (Promega).

siRNAs. Two pairs of complementary oligoribonucleotides, specific for the
sequences GGCAGAGUCCGAUAACAUGTT (positions 443 to 461; GenBank
accession no. NM004516) and GGUUUCCAGUACUACUUGCTT (positions
426 to 406; GenBank accession no. NM001111), were chemically synthesized and
annealed to form small interfering RNAs (siRNAs) against the 5" end of human
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NF110/NF90 and the 5" end of ADARI p150, respectively. A siRNA targeting a
bacterial RNA (Ambion) was used as a negative control. 293T cells (2 X 10°)
were seeded in 24-well plates and allowed to adhere overnight. A 120 nM
concentration of NF90, ADARTI, or control siRNA was cotransfected alone with
0.6 pg of the SV40-luciferase reporter. Cells were harvested 60 h after transfec-
tion. Western blotting was performed to examine ADAR1 and NF90 expression,
and a luciferase assay was performed to examine SV40-luciferase expression.

ADARI constructs. The constructs of ADARI variants used for transfection
were made by PCR. To facilitate cloning, an Xhol or BamHI cleavage site was
added to the 5" primer or 3’ primer, respectively. The pCRII-ADARI1 plasmid
(GenBank accession no. AF291050) was used to amplify the fragments from
positions 1 to 3459 (LF or p150), 748 to 2459 (p110), 1561 to 3466 (SF or p80),
1 to 2263 (Dcat), 1 to 748 (Z-DBD/NES), and 748 to 2263 (dsRBD). Each
fragment was cleaved with BamHI and Xhol and subcloned into the pcDNA3.1-
myc-his vector (Invitrogen) for transient expression. The expression of each
protein fragment was confirmed by the transfection of 293T cells and detected by
immunoblotting using an antibody against the Myc epitope.

RESULTS

NF90 proteins are associated with ADARI. To understand
the molecular basis of ADARI1 function, we analyzed the pro-
teins that physically interact with ADARTI in vivo. Because the
dsRNA binding domain (dsRBD) stabilizes protein-protein
interactions between DRBPs (35), we speculated that ADAR1
might interact with other dsSRNA-dependent proteins through
cellular dsRNA substrates. The long and short forms of
ADARI1, pl150 and p80 (49), were tagged with Myc-His
epitopes at their C termini and transiently expressed in human
or mouse N18 cells. Cell lysates were subjected to immuno-
precipitation using an anti-His antibody immobilized on aga-
rose. The proteins associated with ADARI1 were extensively
washed with a high-stringency buffer containing 0.1% SDS to
remove nonspecific proteins thoroughly. The remaining pro-
teins were resolved by SDS-PAGE. Other than the transiently
expressed ADARI1 protein, we found three protein bands, of
approximately 45, 90, and 110 kDa, that were specifically as-
sociated with ADART1 p150 to the exclusion of the short vari-
ant p80 (unpublished data). These proteins were excised, di-
gested with trypsin directly in the gel slices, and subjected to
LC-ESI-MS/MS protein identification. The MS/MS spectra
were searched against the National Center for Biotechnology
Information nonredundant protein database with the SE-
QUEST database search algorithm. As shown in Table 1, the
mass spectra for the 45-kDa band matched five peptides of
NF45 (GI:1082855). The other two bands matched eight pep-
tides of NF90 (GI:9714266) and four peptides of NF110 (GI:
9081982), respectively. These data suggest that NF45, NF90,
and NF110 are specifically associated with ADAR1 p150.

Interactions between ADAR1 and the NF90 proteins. We
next examined the formation of ADARI1 complexes by using
an electrophoretic mobility shift assay. Because ADAR1 and
NF90 proteins were tightly associated even in the presence of
0.1% SDS, we reasoned that the ADAR1 complex might re-
main intact during polyacrylamide gel electrophoresis. The cell
lysates were then precipitated with Myc-agarose beads; asso-
ciated proteins were mixed with loading buffer without a re-
ducing reagent and separated by SDS-5% PAGE (0.1% SDS).
Mobility shifts of the ADARI1 complexes were detected with
an anti-Myc antibody. A few slow-migrating ADAR1 com-
plexes were detected (Fig. 1A). Under the same conditions,
however, these complexes were completely disrupted by DTT,
indicating that the complexes were supported with disulfide
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TABLE 1. ADARI regulates NF90-mediated gene expression

Characteristic of peptide matching MS/MS spectra®

GenBank no.

Mass * error” Sequence® Positions
GI:1082855 (NF45) 1,040.63 + 0.05 VLQSALAAIR 187-196
1,235.76 + 0.07 ILITTVPPNLR 175-185
1,408.83 + 0.08 LLPTLEAVAALGNK 128-141

1,370.91 + 0.09 VKPAPDETSFSEALLK 44-59
2,581.38 + 0.14 INNVIDNLIVAPGTFEVQIEEVR 81-103
GI:9714266 (NF90) 1,019.57 + 0.18 AYAALAALEK 448-457
1,071.56 + 0.19 VLGMPLPSK + oxi® 199-208
1,294.94 + 0.23 FVMEVEVDGOQK + oxi® 425-435
1,359.63 + 0.25 AEPPQAMNALMR 263-274
1,414.02 + 0.26 LFPDTPLALDANK 458-470
1,458.99 + 0.27 VLODMGLPTGAEGR + oxi® 327-340
1,615.81 + 0.28 SIGTANRPMGAGEALR 124-139

1,908.98 + 0.34 VLAGETLSVNDPPDVLDR 49-66
GI:9081982 (NFllO)d 1,019.57 + 0.19 AYAALAALEK 389-400
1,295.61 — 0.67 FVMEVEVDGQK + oxi® 368-378
1,413.75 + 0.27 LFPDTPLALDANK 401-413
1,458.71 + 0.27 VLODMGLPTGAEGR + oxi® 274-287

“ Three proteins corresponding to molecular masses of 45, 90, and 110 kDa that were specifically associated with ADAR1 p150 were digested with trypsin and
subjected to LC-ESI-MS/MS for identification. The peptides that match the MS/MS spectra are listed.

> The error is difference between the calculated and detected molecular masses.

¢ Matches the molecular mass with oxidized methionine.
4 The molecular mass of this protein band is approximately 110 kDa.

bonds. To confirm the association of NF110, NF90, and NF45
in the ADARI complexes, we next performed coimmunopre-
cipitation using an immobilized antibody against the His-
tagged ADARI protein. The associated proteins were ana-
lyzed by immunoblotting using antibodies against NF90 or
ADARI1 (Myc or His tagged). In agreement with the mass
spectrometry study, NF110 and NF90 were equally detected in
association with ADAR1 p150 to the exclusion of the short
form, ADARI p80, or the Myc-His tag (Fig. 1B). The NF45
protein was also confirmed to be present in the complex (Fig.
1C). Because NF45 is usually associated with NF90 (12), this
result suggests that ADARI1 p150 interacts with the NF110/
NF90/NF45 complex. In contrast, neither NF110/NF90 nor
NF45 was detected in association with ADAR1 p80 or the
Myc-His tag, indicating the specificity of the interaction.
Interactions occur under endogenous conditions. To ad-
dress whether these interactions occur between endogenous
ADARI1 and NF90, we analyzed NF90-associated proteins in
human SGC7901 cells (5) without the transient expression of
ADARI. SGC7901 cells were used because of their high levels
of ADARI1 p150. Cell lysates were analyzed with affinity col-
umns containing immobilized antibodies against NF90, rabbit
IgG, or an unrelated protein, p68 (human RNA helicase p68).
The associated proteins were eluted and detected by immuno-
blotting using antibodies against ADAR1, NF110/90, NF45, or
another unrelated protein, elF2a. In anti-NF90 antibody-asso-
ciated proteins, we detected endogenous NF110, NF90, and
NF45 as well as endogenous ADARI1 p150 (Fig. 2). ADARI1
pl110, an N-terminally truncated form of ADARI p150 that
still contains three dsRBDs and the entire C-terminal end (10,
36, 50), was also immunoprecipitated. In contrast, none of
these proteins were detected when affinity purification was
performed with an antibody against p68 or rabbit IgG; elF2a
was also not detected in the NF90-associated proteins. These

data support the observation that the interactions between
ADARI1 p150 and the NF110/90/45 complex are specific.
ADARI1-NF90 complexes are bridged by cellular dsRNA
components. Because ADAR1 and NF90 proteins are all
DRBPs, it was essential to establish whether the observed
ADARI1 complexes are formed by protein-protein interactions
or bridged through cellular dsRNA. This question was ad-
dressed by immunoprecipitation and dsRNA digestion. For
this purpose, ADAR1-NF90 complexes were coimmunopre-
cipitated and digested with RNase V1. Complexes that were
sensitive or resistant to RNase V1 digestion were analyzed by
SDS-PAGE and detected with antibodies against ADARI,
NF90/NF110, or NF45. We confirmed that NF110, NF90, and
NF45 were detected in association with ADARI1 before RNase
V1 digestion. When the complexes were digested with RNase
V1, however, the NF90, NF110, and NF45 proteins were quan-
titatively released from the complex in a concentration-depen-
dent manner (Fig. 3A and B). Similarly, the dsSRNA bridge is
required for the interactions between ADARI1 and NF90 pro-
teins under endogenous conditions, because RNase V1 diges-
tion disrupted the complex in SGC7901 cells without transfec-
tion (data not shown). As a negative control, RNase V1
digestion did not affect immobilized ADART1 (Fig. 3C). Treat-
ments with RNase S1 or DNase I did not affect the ADARI
complexes. Thus, cellular dsSRNA is an essential component of
the ADAR1-NF90 complexes. Because dsRNA is known to be
the substrate of ADARI1 and the effector of NF90, this result
suggests a dynamic interplay among ADAR1, NF90 proteins,
and dsRNA and reveals a unique regulatory mechanism of
ADARLI in regulating NF90-mediated gene expression.
ADARI regulates NF90-mediated gene expression. To elu-
cidate possible functions of the interaction, we examined
whether ADARI affects NF90-mediated gene expression. The
NF90 proteins have been demonstrated to stimulate gene ex-
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FIG. 1. Interactions between ADAR1 and NF90 proteins.
(A) Electrophoretic mobility shift assay. Human 293T cells were trans-
fected with Myc-His-tagged long-form ADARI1 (p150) or the Myc-His
tag (tag). Cell lysates were coimmunoprecipitated with an anti-His
antibody. Associated proteins were resuspended in the loading buffer,
with or without DTT, and resolved by SDS-PAGE (0.1% SDS). Pro-
tein complexes containing ADARI1 were identified by immunoblotting
with antibodies against the Myc epitope. NS, nonspecific. (B) Coim-
munoprecipitation of NF110 and NF90 with ADARI. Cell lysates
(Lys) were coimmunoprecipitated using an immobilized anti-His anti-
body; the associated proteins (Co-IP) were denatured in loading buffer
containing 100 mM DTT and analyzed by immunoblotting using anti-
bodies against NF90 (lower panels) or Myc (upper panels). (C) Coim-
munoprecipitation of NF45 with ADARI. The same membrane was
detected with an antibody against NF45.

pression at multiple levels, including transcription (32, 34),
translation (47, 48), posttranscriptional stabilization (41, 42),
and nuclear exportation (42). In particular, the NF90 proteins
stimulate the activation of the cellular antiviral expression cas-
cade and are important mediators for gene expression during
viral infection (12, 14, 34). We tested whether ADARI1 affects
the expression of the promoters that are regulated by NF90
proteins. It is known that NF90 upregulates the SV40 pro-
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FIG. 2. Interaction between endogenous ADAR1 and NF90.
(A) Cell lysates (Lys) of SGC7901 cells (human gastric cancer cells)
were separated with immobilized rabbit IgG or antigen-purified anti-
p68 antibody (ap68). Associated proteins were eluted and analyzed by
immunoblotting using antibodies against ADAR1 (upper panel), NF90
(middle panel), or NF45 (the lower panel). (B) For negative controls,
the cell lysates were immunoprecipitated with an antibody against an
unrelated protein, RNA helicase p68 (ap68), followed by immunoblot-
ting to detect ADARI1 (upper panel), NF110/NF90 (middle panel), or
another unrelated protein, eIF2a (lower panel).

moter (33, 34, 39); however, it has less effect on CMV and no
effect on the RSV promoter. IFN-B was included because
NF90 activates both IFN-B and dsRNA-inducible promoters
(14, 26) and because IFN-B is a typical dsSRNA-inducible gene
(8). The c-fos gene was tested because it is regulated through
protein kinase R (PKR) (4, 21) and because NF90 interacts
with PKR (14, 16, 26). Thus, a luciferase reporter driven by the
IFN-B, c-fos, SV40, RSV, or CMV promoter was cotransfected
into 293T cells along with pcDNA3-ADARI. The effects of
ADARI1 on the expression of these promoters were examined.
While ADARI1 p150 markedly enhanced luciferase expression
driven by the IFN-B, c-fos, or SV40 promoter, it had only a
minor effect on luciferase reporter expression driven by the
RSV or CMV promoter (Fig. 4A). This result was confirmed by
a dose-dependent assay, in which IFN-B— or SV40-luciferase re-
sponded to ADARTI in a concentration-dependent manner (Fig.
4B and C). Since the expression of SV40, IFN-B, and c-fos is
regulated by the NF90 proteins (14, 34), these data suggest that
ADARI1 upregulates NF90-mediated gene expression.
ADARI1-mediated gene expression requires NF90. To con-
firm the role of NF90 proteins in the ADARI1-induced upregu-
lation of gene expression, we examined the c-fos— and SV40-
luciferase reporters by silencing the expression of NF90 using
siRNA. Because NF110 and NF90 are translated from a dif-
ferentially spliced mRNA (38), a single siRNA was chemically
synthesized to target both NF110 and NF90. To eliminate
nonspecific effects, a 21-mer siRNA against a bacterial RNA
was used as a control. In the cells treated with siRNA, a
reduced expression of NF110 and NF90 expression was con-
firmed by immunoblotting using an anti-NF90 antibody (Fig.
5A). The total expression levels of the c-fos— and SV40-lucif-
erase reporters were suppressed when the endogenous NF90
was silenced; this confirmed that the expression of these genes
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FIG. 3. dsRNA components in ADAR1-NF90 complex. ADARI-
NF90 complexes immunoprecipitated with an anti-His-tag antibody
were digested with 0, 0.006, 0.025, 0.1, or 0.4 units/ul of RNase V1
(lanes 1 to 5, respectively). Proteins resistant (R) or sensitive (S) to
RNase V1 digestion were analyzed by immunoblotting using antibod-
ies against NF90 (A), NF45 (B), or ADART1 (C).

is regulated by NF90. While ADARTI stimulated the expression
of the c-fos—luciferase reporter in cells with normal NF90 ex-
pression, this function of ADARI1 was suppressed when the
endogenous NF90 was silenced by siRNA (Fig. 5B). Specifi-
cally, ADARI1 stimulated increases in SV40 expression of ap-
proximately eight- and threefold in the absence and presence
of siRNA, respectively. In support of these data, a reciprocal
experiment with a knockdown of the endogenous ADARI
showed a decrease in SV40-luciferase activity (Fig. 5C and D).
Thus, the NF90 proteins are important for ADAR1-mediated
gene expression. This supports the observation that the inter-
action between ADARI1 and the NF90 proteins plays a role in
regulating NF90-mediated gene expression.

The function of ADARI1 is independent of RNA editing.
Finally, we characterized the selectivity and hence the biolog-
ical significance of the interaction and function of ADARI. A
few tagged ADARI fragments were constructed (Fig. 6A), and
their expression in 293T cells was confirmed by transfection
(Fig. 6B, top panels). Interactions of these fragments with
NF110 and NF90 were determined by coimmunoprecipitation
and immunoblotting analysis (Fig. 6B, bottom panels), and
their function of upregulating the SV40-luciferase reporter was
examined (Fig. 6C). Consistently, ADAR1 pl150 interacted
with the NF90 proteins and promoted SV40-luciferase expres-
sion. While ADARI1 p110 that lacked the Z-DNA binding
domain (Z-DBD)/NES (10, 50) still interacted with the NF90
complex (Fig. 2 and 6B), it lost its function (Fig. 6C). The short
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FIG. 4. ADAR1 upregulates NF90-mediated gene expression.
(A) Effects of ADARI on different promoters. A plasmid containing
the IFN-B—, c-fos—, SV40-, RSV-, or CMV-luciferase reporter was
cotransfected into 293T cells along with pcDNA3-ADARI1 p150 (LF)
or pcDNA3 vector DNA (Vr) for 48 h. Luciferase activities were
determined and normalized to the amount of protein in cell lysates.
Relative upregulation was calculated in comparison with the vector.
Data are expressed as means = standard deviations (n = 3).
(B) ADARI1 upregulates IFN-B-luciferase. 293T cells were cotrans-
fected with the IFN-B-luciferase reporter along with a mixture of
pcDNA3-ADARI1 and pcDNA3 at a ratio of 0:0.6, 0.2:0.4, 0.4:0.2, or
0.6:0 (ng:pg). Luciferase activities were determined and normalized as
described above. *, P < 0.05 for lane 1 versus lane 2, 3, or 4.
(C) ADARI upregulates SV40-luciferase. 293T cells were cotrans-
fected with the SV40-luciferase reporter along with a mixture of
pcDNA3-ADARI1 and pcDNA3 at a ratio of 0:0.6, 0.2:0.4, 0.4:0.2, or
0.6:0 (pg:pg). Luciferase activities were determined and normalized as
described above. *, P < 0.05 for lane 1 versus lane 2, 3, or 4.

form, ADARI1 p80, which deleted the Z-DBD/NES and the
first dsRBD, lost both the interaction and the function. Be-
cause the dsRBD fragment alone interacted with the NF90
complex as efficiently as ADAR1 p150 (Fig. 6B), we reasoned
that the dsRBD fragment is essential for interaction but not
sufficient for function. A regulatory domain, likely the Z-DBD/
NES region, is suggested to comprise the complete function of
ADARLI in regulating NF90-mediated gene expression. In sup-
port of this, neither the dsRBD fragment nor the Z-DBD/NES
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FIG. 5. NF90 is required for ADAR1-mediated gene expression. %
(A) A siRNA specific for a bacterial RNA (siBac) or the NF110/NF90 )
mRNA (siNF90) was cotransfected into 293T cells along with pcDNA3- 2 * i
ADARI p150 (LF) or Myc-His-tagged vector (tag). The protein levels of o 0 (] i i i
ADARI, NF110, NF90, and B-actin were determined by immunoblotting. & [m) O +« o
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means * standard deviations (n = 3). *, P < (.05 for LF versus tag. (C) A N g =

siRNA specific for the 5" end of ADARTI p150 (siADARTI) or the control
siRNA (siBac) was cotransfected into 293T cells along with the SV40-
luciferase reporter plasmid. The protein levels of ADARI1 and B-actin
were determined by immunoblotting. (D) SV40-luciferase expression in
transfected cells was determined and normalized to the amounts of pro-
tein in cell lysates. The relative expression affected by siADAR1 was
normalized to that of the siBac control.

alone had detectible activity. However, the Dcat fragment con-
taining both the Z-DBD/NES and the dsRBDs was active (Fig.
6C). This demonstrated that the dsRBD fragment and the
Z-DBD/NES region together comprise sufficient components
to promote NF90-mediated gene expression. Markedly, the
deaminase domain or RNA-editing activity of ADAR1 was not
required for its interaction or function.

DISCUSSION

It is intriguing that ADARTI has the potential both to change
information content through editing mRNA and to regulate

FIG. 6. Selectivity of ADARTI interaction and function. (A) Double-
tagged ADARI constructs used for interaction and function assays. p150,
p80, Dcat, dsRBD, and Z-DBD/NES are ADARI fragments amplified
from positions 1 to 3466, 1561 to 3466, 1 to 2263, 748 to 2263, and 1 to 748
of the ADAR1 DNA (GenBank accession no. AF291050), respectively.
(B) Expression and interaction of ADAR1 fragments. The double-tagged
ADARI fragments were transfected into 293T cells, and their expression
was detected by immunoblotting using an anti-Myc antibody (upper pan-
els). Interactions of ADARI fragments with NF110/NF90 were deter-
mined by coimmunoprecipitation using an immobilized anti-His antibody
followed by immunoblotting using an anti-NF90 antibody (lower panels).
The expression and interaction of the transient ADAR1 p110 were de-
termined and are shown in the right panels. (C) Upregulation of SV40-
luciferase by ADARI fragments. Luciferase activities in the cell lysates
were determined and normalized to the amounts of protein. Relative
upregulation was calculated compared to the tag control. Data are ex-
pressed as means * standard deviations (n = 3). *, P < 0.05 for Vr versus
Dcat or p150.

gene expression through interacting with the NF90 family pro-
teins. Because the deaminase domain of ADARI is not required
for the interaction and the observed function, our data reveal a
novel mechanism of ADARI in regulating NF90-mediated gene
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expression independently of RNA editing. This function requires
the dsRBDs and a regulatory domain of ADARI.

Notably, ADAR1 and the NF90 proteins are typical DRBPs.
A common feature of the DRBPs is that they all contain
dsRBDs, which are known to stabilize homo- or heterotypic
protein-protein interactions between different DRBPs and of-
ten subserve a regulatory function between these proteins (3,
27, 35, 50). ADARI possesses this feature and has been shown
to dimerize in order to target and edit the dsSRNA substrate
(2). We demonstrated that NF110 and NF90 are associated
with ADARI. The interaction is specific to ADARI1 p150 and
occurs between the endogenous proteins, suggesting that the
biological functions of NF90 are dynamically affected by ADAR1
or vice versa. Consistent with this, the ADAR1-NF90 complexes
are bridged through not-yet-defined cellular dSRNA components.
In addition, dsRNA is the preferential substrate of ADARI that
can be efficiently unwound. The dsRNA binding property is also
required for the function of NF90, since mutations that reduced
the dsRNA binding ability of NF110 reduced the ability of NF110
to stimulate gene expression (32). Our results show that the en-
zyme, the substrate/effector, and the transcription regulators are
spontaneously associated, supporting a dynamic interplay be-
tween these components that plays a regulatory role in NF90-
mediated gene expression.

The NF90 family consists of a group of closely related pro-
teins (6, 32, 38, 48), which are also known as interleukin en-
hancer binding factor 3 (ILF3) (6), translation control protein
80 (TCP80) (47), dsRNA-binding nuclear protein 76
(DRBP76) (28), and nuclear factor associated with dsRNA
(NFAR) (38). The NF90 proteins have been demonstrated to
stimulate gene expression at the transcription (32) and trans-
lation levels (47, 48) in vertebrates. The mechanisms of these
functions are still under investigation. It was previously re-
ported that TCP/NF90 interacts with beta-glucosidase mRNA
and inhibits its translation in vitro and ex vivo (47, 48). It also
interacts with interleukin-2 mRNA and increase its stabiliza-
tion (42). At the transcription level, NF110 is proposed to
interact with a putative regulatory RNA or the nascent tran-
script to stimulate transcription initiation or elongation (32).
Particularly, NF110 upregulates gene expression driven by the
IFN-B or SV40 promoter/enhancer (12, 14, 34). We show ev-
idence here that ADARI stimulates the expression of IFN-B—
or SV40-luciferase and regulates NF90-mediated gene expres-
sion. Further evidence of this conclusion comes from knock-
down experiments, in which the expression of NF90 and NF110
was reduced by siRNA. The ADARI1-mediated upregulation
of SV40-luciferase decreased accordingly when the expression
of NF90 and NF110 was reduced. It remains to be addressed
whether ADARI regulates NF90-mediated gene expression at
the transcription or translation level. Because the NF90 pro-
teins have been shown to either promote (41, 42) or inhibit (47,
48) translation by stabilizing mRNA, we propose that ADARI1
is involved in translation control by facilitating interactions
between the NF90 proteins and the dsRNA components of
highly structured mRNAs. Furthermore, since these highly
structured mRNAs themselves can potentially be cellular ac-
tivators of PKR (23, 25), the ADAR1/NF90/dsRNA complex
may also affect protein synthesis through PKR-mediated sig-
naling (46).

We also demonstrated that the dsRBDs of ADARI are
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required for both its interaction and function. ADARI variants
that lack the first dsSRBD will not form complexes with NF90 or
stimulate NF90-mediated expression. Instead, the complete
function requires the N-terminal region, including the Z-DBD/
NES. ADARI variants that contain the dsRBDs but lack the
Z-DBD/NES region still interact with NF90 but do not stim-
ulate its function. A regulatory domain and the dsRBD frag-
ment comprise the essential components needed to sufficiently
upregulate NF90-mediated gene expression. Our data indicate
that the interaction domain of ADARI, the dsRBD region,
interacts with NF90 through the dsRNA components; the reg-
ulatory domain, the Z-DBD and/or NES domain, facilitates
the function of NF90 through a mechanism that has yet to be
determined. Notably, ADARI1 p150 is predominantly cytoplas-
mic, and the Dcat fragment is exclusively cytoplasmic (7, 22).
These observations suggest that ADAR1 might act in the cy-
toplasm by stimulating translation, which is consistent with the
function of NF90 in stabilizing mRNA and promoting protein
translation (42).

Most DRBPs, including the NF90 proteins, are known to
modulate antiviral responses (11, 14, 17, 35, 37, 40). ADARL1 is
ubiquitously expressed in immune organs and upregulated in
response to viral and microbial infections and is thus suggested
to be important for host defense mechanisms (31, 37, 44, 50).
The data presented here suggest a possible mechanism for how
ADARLI participates in antiviral responses through the NF90
proteins. The link is further emphasized by the involvement of
cellular dsSRNA components in the ADAR1-NF90 complexes.
This is because the presence of foreign dsRNA in infected cells
will signal for the defense mechanisms of the innate immune
system against viral pathogens. In the case of human adenovi-
rus, the highly structured viral RNA counteracts a cellular
antiviral defense mechanism by blocking the activation of PKR
that would otherwise lead to the shutoff of protein synthesis in
infected cells (13, 24). The viral RNA also binds NF110b and
modulates its activity (17), possibly by competing with the
cellular ligand and thereby inhibiting its activity and blocking
gene expression. Therefore, it is possible that the role of ADARI1
is to prevent the counteraction of viral RNAs by interacting with
other DRBPs in addition to its primary role in RNA editing. By
forming complexes with the NF90 proteins, ADARI1 conse-
quently sustains gene expression critical for antiviral responses.
Furthermore, NF90 is also associated with and phosphorylated by
PKR (14, 26). Whether ADARLI is involved in the activation of
PKR requires further investigation.
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