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ADARI (adenosine deaminase acting on RNA) catalyzes the
conversion of adenosine to inosine, a process known as A-to-I
editing. Extensive A-to-I editing has been described in viral
RNAs isolated from the brains of patients persistently infected
with measles virus, although the precise role of ADAR during
measles virus infection remains unknown. We generated human
HeLa cells stably deficient in ADAR1 (“ADARI1* cells”)
through short hairpin RNA-mediated knockdown, and using
these cells, we tested the effect of ADARI1 deficiency on measles
virus (MVvac strain) growth and virus-induced cell death. We
found that the growth of mutant viruses lacking expression of
the viral accessory proteins V and C (V*° and C*°, respectively)
was decreased in ADARI-deficient cells compared with
ADARI1-sufficient cells. In addition, apoptosis was enhanced in
ADARI1-deficient cells following infection with wild type and
V¥ virus but not following infection with C*° virus or treatment
with tumor necrosis factor-« or staurosporine. Furthermore, in
C*°-infected ADARI1-sufficient cells when ADARI1 did not pro-
tect against apoptosis, caspase cleavage of the ADAR1 p150 pro-
tein was detected. Finally, enhanced apoptosis in ADAR1*? cells
following infection with wild type and V*° virus correlated with
enhanced activation of PKR kinase and interferon regulatory
factor IRF-3. Taken together, these results demonstrate that
ADARLI is a proviral, antiapoptotic host factor in the context of
measles virus infection and suggest that the antiapoptotic activ-
ity of ADARI is achieved through suppression of activation of
proapoptotic and double-stranded RNA-dependent activities,
as exemplified by PKR and IRF-3.

ADARI (adenosine deaminase acting on RNA) is an RNA-
specific C-6 adenosine deaminase that catalyzes the conversion
of adenosine (A) to inosine (I) on RNAs with double-stranded
character (1, 2). Such “A-to-I editing” by ADARI is of broad
biologic importance, because I is recognized as G instead of A
by ribosomes and polymerases (2, 3). For example, ADAR1
plays an important role in the nervous system, where site-spe-
cific editing of glutamate receptor and serotonin-2C receptor
pre-mRNAs changes their coding capacity, thereby leading to
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neurotransmitter receptor protein products with altered phys-
iological properties (4—-6). In addition, ADARI is involved in
the RNA interference pathway and is known to alter both the
targeting and the processing of microRNAs (7, 8). Furthermore,
RNA editing patterns characteristic of ADAR enzymes have
been detected in several viral RNAs, including those of measles
virus (9, 10), influenza virus (11), lymphocytic choriomeningitis
virus (12), polyomavirus (13), hepatitis delta virus (14), and
hepatitis C virus (15).

ADARI1 is encoded by a single-copy gene that maps to human
chromosome 1q21 (16, 17). The domain structure of the
ADARI protein product includes the C-terminal deaminase
catalytic domain, three centrally located dsRNA? binding
domains, and one or two N-terminal Z-DNA binding domains
(18 -20). Two size forms of the ADAR1 protein are known (18,
21, 22). One, p110, is constitutively expressed and found pre-
dominantly in the nucleus of cells; the other, p150, is interferon
(IFN)-inducible and is found in both the nucleus and the cyto-
plasm. Compared with p110, the p150 form of human ADAR1
possesses an additional 295 N-terminal amino acids. The func-
tion of the N-terminal extension of p150 is not entirely under-
stood, but the region contains a nuclear export signal (23) and
an additional Z-DNA binding domain (19). Because of its reg-
ulation by IFN and cytoplasmic localization, the p150 version of
ADARLI is thought to be the form responsible for the A-to-I
editing of viral RNAs produced by viruses that replicate in the
cytoplasm of infected cells (2, 3).

Measles virus (MV), a member of the Morbillivirus genus of
the family Paramyxoviridae, is a negative-stranded RNA virus
whose replication cycle takes place entirely in the host cell cyto-
plasm (24). MV causes an acute respiratory illness in humans,
and despite effective vaccination, MV continues to be a patho-
gen of major global importance (24). In rare cases, the acute
infection can lead to a persistent central nervous system infec-
tion, resulting in a chronic and fatal disease known as subacute

2 The abbreviations used are: dsRNA, double-stranded RNA; ADAR1*Y, ADAR1
knockdown cells; C°, C knockout measles virus; CON*9, control knock-
down cells; elF-2a, eukaryotic translation initiation factor-2q; IFN, inter-
feron; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethonyphenol)-2-
(4-sulfophenyl)-2H-tetrazolium; MV, measles virus; PARP, poly(ADP-ribose)
polymerase; PKR®, PKR knockdown cells; shRNA, short hairpin RNA; SSPE,
subacute sclerosing panencephalitis; TCIDs,, 50% tissue culture infectious
dose; TNF-a, tumor necrosis factor-a; V*°, V knockout measles virus; WT,
wild type; GFP, green fluorescent protein; z, benzyloxycarbonyl; fmk,
fluoromethylketone.
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sclerosing panencephalitis (SSPE) (25). Analysis of viral RNA
from SSPE autopsies reveals extensive A-to-I hypermutation in
the matrix gene and several other virus genes (10, 26, 27), impli-
cating a role for ADAR during MV infection. However, the
effects of ADAR enzymes on the infectious cycle of MV remain
largely unknown.

To investigate the role of ADAR1 during MV infection, we
used an shRNA-mediated knockdown strategy to create a
human HeLa cell line stably deficient in ADAR1 expression.
This cell line, called ADAR1*Y, was then used to study the
effects of ADAR1 on virus growth and cell killing induced by
MVvac, a recombinant MV based on the Moraten vaccine
strain. The results obtained with the parental MVvac were
compared with those of derived isogenic mutant viruses lacking
expression of either the V or C accessory protein. Because
ADARLI is an interferon-inducible enzyme and because biased
hypermutation such as that observed in SSPE appears to be
detrimental to MV, we predicted that MVvac, or at least the V
or C mutants of this virus, would grow to higher titers in the
ADAR1* cells compared with parental controls. However, we
found the opposite, that ADAR1 acts as a proviral host factor in
the context of MV infection and functions to enhance virus
growth and suppress virus-induced cell death. Moreover, the
mechanism of ADAR1 enhancement of virus growth and sup-
pression of virus-induced cell death is consistent with impair-
ment of dSRNA-mediated innate antiviral responses, exempli-
fied by those of PKR (protein kinase regulated by RNA) and
IRF-3 (interferon regulatory transcription factor-3).

EXPERIMENTAL PROCEDURES

Cells and Viruses—Parental HeLa and Vero cells were main-
tained in Dulbecco’s modified Eagle’s medium supplemented
with 5% (v/v) fetal bovine serum (HyClone), 100 wg/ml penicil-
lin, and 100 units/ml streptomycin (Invitrogen), as described
previously (28). HeLa cells with the stable knockdown of PKR
(PKR*) (29, 30) or ADAR1 (ADARI*% see below) by RNA
interference were maintained in the above-named medium
containing 1 ug/ml puromycin (Sigma). Treatment with
TNE-« (Sigma) was carried out at the indicated concentrations
and times together with 1 ug/ml cyclohexamide. Treatment
with staurosporine (Chemicon) was carried out with the indi-
cated concentrations and times. Treatment with the pan-
caspase inhibitor benzyloxycarbonyl-Val-Ala-Asp-fluorom-
ethylketone (z-VAD-fmk; EMD/Calbiochem) was with a
concentration of 100 uMm beginning after the virus inoculum
was removed.

The recombinant parental MVvac GFP(H) virus, herein des-
ignated as wild type (WT), as well as V-deficient (V*°) and
C-deficient (C*°) versions of this virus were constructed based
on the Moraten vaccine strain, as described previously (28, 31).

Construction of shRNA Expression Vector Plasmid—The
pSUPER.retro.puro vector with H1 promoter (Oligo Engine)
was used for construction of short hairpin expression con-
structs to silence human ADARI. The successful 21-nucleo-
tide human ADAR]1 targeting sequence (5'-GTTGACTAA-
GTCACATGTAAA-3') present in the 3’-untranslated
region of human ADARI (18) was identified using Promega
online software. The sense strand oligonucleotide (5'-GAT-
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CCCCGATTGACTAAGTCACATGTAAATTCAAGAGATT-
TACATGTGACTTAGTCAACTTTTTA-3') and antisense-
strand oligonucleotide (5'-AGCTTAAAAAGTTGACTAAG-
TCACATGTAAATCTCTTGAATTTACATGTGACTTAG-
TCAACGGG-3') shown with the targeting sequence under-
lined were annealed, and the resulting duplex was inserted into
the pSUPER.retro.puro vector using the HindIIl and BglII
restriction sites. Recombinant plasmid constructs were verified
by DNA sequence analysis.

Cell Transfection—HeLa cells were transfected at 80-90%
confluence using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s recommendations. Briefly, Lipofectamine
2000 and plasmid DNA were diluted and mixed in Opti-MEM
(Invitrogen), the DNA-Lipofectamine 2000 complexes were
applied to the cultures, and incubation continued for 4 h at
37 °C, after which the transfection medium was replaced with
fresh maintenance medium containing 5% (v/v) fetal bovine
serum. To select for stable transfectants, cells were trypsinized
24 h after transfection with the shRNA pSUPER.retro.puro
construct, seeded at various dilutions, and then carried in the
presence of 1 pg/ml puromycin. Puromycin-resistant clones
were isolated and screened by Western immunoblot analysis
for ADARI protein knockdown. HeLa cells transfected with the
pSUPER .retro.puro vector with H1 promoter without shRNA-
encoded insertion were selected and maintained in the puro-
mycin-containing medium. These cells, called CON*¢ (for-
merly called PKR*!“°" (28)), were used as an additional
PKR- and ADARI1-positive control.

Virus Infections and Growth Assays—ADAR1*, CON",
and/or ADAR1™ cells were infected at a multiplicity of infec-
tion of 5 TCID,/cell for the indicated amounts of time, as indi-
cated throughout. Virus yields were determined by 50% TCID,,,
titration on Vero cells according to the Spearman-Karber
method (28, 32).

Western Immunoblot Analysis—Whole cell extracts were
prepared at the indicated times postinfection, and protein con-
centrations were determined as described previously (28). Pro-
teins were fractionated by SDS-PAGE and transferred to nitro-
cellulose, and the membranes were blocked in 5% milk in
phosphate-buffered saline. Rabbit polyclonal antibodies against
measles virus proteins were described previously (28). Rabbit
polyclonal antibody against ADAR1 (K88#2) was described
previously (18). Rabbit polyclonal antibodies from the indicated
sources were used to detect GFP (Santa Cruz Biotechnology),
human PKR (Santa Cruz Biotechnology), IRF-3 (Santa Cruz
Biotechnology), phospho-Thr***-PKR (Santa Cruz Biotechnol-
ogy and Epitomics), and phospho-Ser®!-elF-2« (Cell Signal-
ing). Mouse monoclonal antibodies were used to detect B-actin
(Sigma) and human poly(ADP-ribose) polymerase (PARP) (BD
Biosciences).

Cell Viability Assays—The MTS colorimetric assay (Pro-
mega) was performed according to the manufacturer’s
instructions. This assay is based on the conversion of the
MTS tetrazolium salt into soluble formazan by endogenous
dehydrogenase enzymes found in metabolically active cells.
Cells were plated at 2.5 X 10* cells/well in 96-well plates. The
following day, cells were infected with WT, V¥, or C*° virus or
treated with TNF-a/cyclohexamide or staurosporine as indi-
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cated. Following infection or treatment, 20 ul of MTS was
added, followed by a 1-h incubation at 37 °C, after which the
absorbance was measured at 490 nm on a Victor®V plate reader
(PerkinElmer Life Sciences).

RESULTS

ADARI Enhances the Growth of Measles Virus—To test the
effect of ADAR1 on MV infection, we utilized a HeLa clonal line
in which ADARI1 expression is stably knocked down by RNA
interference. These ADAR1*® cells have less than 15% of the
p110 form and less than 10% of the p150 form of ADAR1 found
in either parental HeLa cells (ADAR1™") or drug-treated control
cells (CON*Y) (data not shown) (see Figs. 2C and 3B). We used
the recombinant MVvac strain and isogenic V*° and C*°
mutants of this virus. All of these viruses encode a GFP gene
downstream of the hemagglutinin gene, and since MVvac is a
vaccine lineage strain, these viruses can enter through CD46
(cluster of differentiation 46) (33), a receptor expressed on
ADARI1-deficient and -sufficient HeLa cell lines.

We examined the growth of MVvac WT and mutant recom-
binant MV in ADAR1-deficient (ADAR1*Y) and ADARI1-suffi-
cient (ADAR1" and CON*%) human cell lines, both qualita-
tively (Fig. 1A) and quantitatively (Fig. 1B). As previously
observed for PKR-sufficient cells (28), the GFP reporter signal
viewed by fluorescence microscopy was high for WT and V*°
but low for C* in parental HeLa (ADAR1") and drug control
(CONX) cells (Fig. 14). However, in ADAR1*? cells, the GFP
signal for all three viruses was very low (Fig. 14), suggesting that
these viruses grew poorly in the absence of ADARI. To quantify
the growth of virus, infectious virus yields were determined on
Vero cells. When grown in ADAR1™ parental HeLa cells and
CON™ drug control cells (28), the yield of the C*° virus was
about 30-fold lower than the WT virus, whereas the yield of V<
was similar to the WT virus (Fig. 1B), consistent with earlier
findings (28). The yields of the V*° and C*° viruses, however,
were significantly reduced in ADAR1* cells compared with
ADARI1-sufficient cells, about 8- and 12-fold, respectively (Fig.
1B). These results suggest that ADAR1 enhances the growth of
measles virus.

ADARI Suppresses WT and V*° Virus-induced Apoptosis—
While determining MV growth in ADARI-sufficient and
ADARI-deficient cells, we observed greater cytopathic effect
after infection of ADARI* compared with ADAR1 " or CON
cells with WT and especially V*° virus, as illustrated by the
phase-contrast images shown in Fig. 2A4.

To quantify the effect, the colorimetric MTS assay was
employed. The MTS assay revealed that the number of viable
ADAR1* cells was indeed decreased compared with the num-
bers of viable ADAR1 ™ or CON* cells following infection with
WT and V*virus (Fig. 2B). Although the C*° virus was far more
cytopathic than either WT or V*° (Fig. 2, A and B), which is
consistent with our prior observations in ADARI1-sufficient
cells (28), the cell killing capacity of C*°, however, was not fur-
ther enhanced in ADAR1* cells (Fig. 2B). We showed previ-
ously that the MV-induced cytopathic effect observed by
microscopy correlated well with cleavage of the caspase sub-
strate PARP and was therefore probably apoptotic (28). We
thus performed western immunoblot analysis with an anti-
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FIGURE 1. Growth of wild type and V- and C-mutant measles virus in
ADAR1-deficient and ADAR1-sufficient cells. ADAR1", ADAR1Y, and
CON*? Hela cells were infected with WT, V¥°, or C*° recombinant virus at a
multiplicity of infection of 5 TCID/cell for 36 h. A, fluorescence images show-
ing GFP signal in cells taken immediately before harvest. Ul, uninfected cells.
B, virus yields from ADAR1-sufficient (parental ADART™ and CON?) and sta-
bly ADAR1-deficient (ADAR1“?) cells were determined by 50% TCID, titration
on Vero cells. The results shown are the means with S.D. (n = 4).*, p < 0.05 by
Student’s t test for comparison of V<° and C*° virus yields in ADAR1T*? cells
versus ADAR1-sufficient controls.

PARP antibody to further assess the cell killing in ADAR1*
versus ADARI1-sufficient controls. As reported previously for
parental HeLa cells and drug control cells (28), the PARP cleav-
age was most pronounced following infection with the C*° virus
and least with the WT virus (Fig. 2C). In the ADAR1*? cells
compared with the ADAR1-sufficient cells, the PARP cleavage
following infection with WT and especially V*° virus was
greatly enhanced. However, apoptosis following infection with
C*° virus was not enhanced by the ADARI deficiency.

ADARI Does Not Protect against TNF-a- or Staurosporine-
induced Apoptosis—Double-stranded RNA is potentially the
trigger for apoptosis in MV-infected cells, since MV-induced
apoptosis is mediated at least in part by PKR (28), a protein
kinase that is activated upon binding structured RNA or
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FIGURE 2. Measles virus-induced apoptosis is enhanced in ADAR1-defi-
cient cells and ADART1 is cleaved by caspases during MV infection.
ADAR1™", ADAR1*, and CON*? HeLa cells were left uninfected (Ul) or infected
with WT, V¥, or C*° recombinant virus for 36 h. A, phase-contrast images
taken immediately before harvest. B, results of the colorimetric MTS assay to
measure cell viability 36 h postinfection, displayed as percentages of the
number of viable uninfected cells with S.D. (n = 4).*, p < 0.005 by Student’s t
test for comparison of the C*° virus yields in ADAR1* cells and those in
ADAR1" or CONK cells. C, Western immunoblot analyses performed on
whole cell extracts using antibodies against ADART, PARP, and B-actin. The
quantity of PARP cleavage based on the immunoblots, expressed as a ratio of
the 85-kDa cleavage product to total PARP (85/(85 + p116)), is shown below
each lane. Likewise, the quantity of ADAR1 cleavage based on the immuno-
blots, expressed as a ratio of the 120-kDa cleavage product to total ADAR1
(120/(120 + p150)), is shown below each lane. The arrowheads mark the posi-
tions of the PARP 85 and ADART 120 cleavage products.

dsRNA. Because ADARI suppresses MV-induced apoptosis
(Fig. 2) and because ADAR1 binds dsRNA (18) and was discov-
ered based on its dsSRNA-unwinding activity (34, 35), it is con-
ceivable that ADARI protects against dsSRNA-induced apopto-
sis. To determine if ADARI is a general suppressor of apoptosis,
we also tested whether ADARI protects against cell death
induced by two other inducers of apoptosis: TNF-q, an inflam-
matory cytokine that stimulates apoptosis via the FADD adap-
tor to activate initiator caspase 8 (36), and staurosporine, a
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broad kinase inhibitor and inducer of apoptosis (37). PKR*?,
ADAR1*Y, and CON* cells were treated with TNF-« together
with cyclohexamide, and cell viability following treatment was
measured by MTS assay and PARP cleavage. The percentage of
viable cells (Fig. 34, top) and the amount of PARP cleavage (Fig.
3B, top) following treatment with TNF-a/cyclohexamide were
similar between PKR*® and CON* cells, consistent with previ-
ous reports indicating that PKR does not play a role in TNF-a-
induced apoptosis (29, 38). Likewise, the percentage of viable
cells and the amount of PARP cleavage following TNF-a/cyclo-
hexamide treatment were similar between ADAR1* and
CON™ cells (Fig. 3, A (top) and B (top)). In addition, cell viabil-
ity and PARP cleavage following staurosporine treatment (Fig.
3, A (bottom) and B (bottom)) were similar in PKR*® and
ADAR1* compared with CON*? cells. These results suggest
that PKR enhances and ADARI1 protects against apoptosis
induced by some, but not all, triggers.

Caspase Cleavage of ADARI p150—Following infection with
the C*° virus and to a lesser extent V*° virus and also upon
treatment with TNF-a/cyclohexamide or staurosporine, we
detected an additional protein species with our ADARI1 poly-
clonal antiserum (Figs. 2C and 3B). This protein migrated at
~120 kDa and is a candidate degradation product of ADAR1
because it was recognized by ADARI antiserum and was
reduced in amount in the ADARI* cells (Figs. 2C and 3B).
Since the appearance of this protein correlated precisely
with PARP cleavage, we hypothesized that it was a caspase
cleavage product of ADAR1 p150. To test this hypothesis, we
used the pancaspase inhibitor z-VAD-fmk. Treatment of
ADARI1-sufficient cells with this drug prevented accumulation
both of the ~120-kDa ADAR1 product and the ~85-kDa PARP
cleavage product (Fig. 4), consistent with the conclusion that
the novel ADARI1 protein species was a caspase-mediated
cleavage product.

ADARI Suppresses WT and V*° Virus-induced PKR
Activation—We showed previously that PKR is activated upon
infection with C*° virus but not WT or V*° virus and that acti-
vation of PKR correlated with PKR-dependent measles virus
growth inhibition and apoptosis induction (28). We therefore
considered the possibility that the enhanced cell death and
decreased virus growth observed in ADAR1* cells was due to
enhanced PKR activation. To test this hypothesis, we measured
PKR phosphorylation using an antibody against phosphothreo-
nine 446. As we previously reported for PKR/ADAR1-sufficient
cells (28), very low levels of PKR activation were detected fol-
lowing infection with the WT or V*° viruses, but substantial
PKR activation by C*° virus was observed by 24 h postinfection
in these cells (Fig. 5, lanes 1-7). In the ADAR1*? cells, however,
activation of PKR was observed for all three viruses; further-
more, the amount and kinetics of activation were similar to that
of the C*° virus-induced activation in the CON* cells (Fig. 5,
lanes 8 —14). Activation of PKR correlated with activation of
elF-2a, as measured by phosphorylation of e[F-2« on serine 51,
and also with decreased expression of viral proteins hemagglu-
tinin and GFP.

ADARI Suppresses IRF-3 Activation by WT and V*° Viruses—
Because we observed enhanced PKR activation in ADAR1*
cells but not ADARI1-sufficient cells upon infection with
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FIGURE 4. Accumulation of the presumed ADAR p150 caspase cleavage
productis inhibited by z-VAD-fmk. CON*“ cells were infected with C*° virus
or left uninfected and were treated with medium alone or medium contain-
ing the caspase inhibitor z-VAD-fmk (100 um) as indicated. Whole cell extracts
were made 36 h postinfection, and Western immunoblot analyses were per-
formed using the indicated antibodies. The arrowheads mark the positions of
the PARP 85 and ADAR1 120 cleavage products.

WT and V*°, we next asked whether activation of additional
dsRNA-dependent pathways might also be enhanced in these
cells. To test this possibility, we examined IRF-3 activation.
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FIGURE 3. ADAR1 and PKR protein deficiencies do not affect TNF-« or staurosporine-induced apoptosis.
A, cells were treated with varying concentrations of TNF-a and 1 ug/ml of cyclohexamide (top) or staurosporine
(bottom), and MTS analysis was performed 8 h (TNF-a and cyclohexamide) or 12 h (staurosporine) after treatment.
The assay was performed with CON* cells (dotted line, triangles), ADAR1* cells (dashed line, diamonds), and PKR*?
cells (solid line, circles). The results shown are the means with S.D. values (n = 3 for each time point). B, top, CON*,
PKR", and ADAR1"? cells were treated with 10 ng/ml TNF-acand 1 ug/ml cyclohexamide (+) or left untreated (—),
and whole cell extracts were prepared 12 h after treatment. Western immunoblot analyses were performed using
the indicated antibodies. Bottom, same as the top panel, only cells were treated with 0.25 um staurosporine (stauro)
(+) or left untreated (—). The arrowheads mark the positions of the PARP 85 and ADAR1 120 cleavage products.

els (Fig. 6, top, lanes 5— 8). Enhanced
phosphorylation of PKR upon infec-
tion with each of the three viruses,
WT, V¥, and C*°, was again
observed in the ADAR1* cells (Fig.
6, second panel, lanes 5-8), similar
to the findings shown in Fig. 5.
These results indicate that ADAR1
enhances IRF-3 activation as well as
PKR activation following MV infection.

DISCUSSION

Although biased A-to-I hypermutation in SSPE brains impli-
cates ADAR1 in MV replication (1, 10), the role of ADARI1 in
measles virus infection has not been characterized. To test the
role of ADAR1 during MV infection, we generated a human cell
line stably deficient in ADAR1 that expressed levels of ADAR1
protein 10-15-fold lower than those of the parental cell line
that fully supports MV replication. We found that ADAR1
enhances the growth of VX° and C*° virus mutants deleted for
the V and C pathogenic factors (Fig. 1). In addition, we observed
that ADAR1 protected against apoptosis induced by WT and
Ve but not C*° virus (Fig. 2). These results indicate a proviral
and antiapoptotic role of ADARI during MV infection; in con-
trast, PKR is antiviral and proapoptotic during MV infection
(28). Thus, one enzyme may oppose the other’s activity. Indeed,
we observed enhanced PKR activation in ADAR1*! compared
with ADARI-sufficient control cells in response to infection
with WT and V*° virus.

Enhanced PKR activation in the ADAR1* cells following
infection with WT and V*° virus correlated with enhanced
elF-2a phosphorylation and decreased viral protein expression
(Fig. 5). Therefore, PKR-mediated translation inhibition might
be responsible for the decreased growth of WT and V*° viruses

VOLUME 284 -NUMBER 43 -OCTOBER 23, 2009



CONKX | ADAR1K

hpi: Ul 6 12 18 24 36 48| Ul 6 12 18 24 36 48
P-PKR

WT "-H‘ 'c--. H
= B P
~——— v e e = 3 _ 3¢ i )

Vko e - H
e --"" GFP

\------- ;--;-—B-acﬁn

T e R
ckO i — e — H

GFP

\-—--- - — — —— - - 3 _actin

e — —

1 2 3 4 5 6 7 8 910 11 12 13 14

FIGURE 5. PKR activation is enhanced in ADAR1-deficient cells com-
pared with ADAR1-sufficient cells following infection with WT and
V*° but not Ck° MV. CON¥“ and ADAR1X9 cells were infected with WT, V°,
or Ck°virus or left uninfected (Ul). Whole cell extracts were prepared at the
indicated times postinfection (hpi) and analyzed by Western immunoblot
analysis with phospho-PKR (Thr*4¢), phospho-elF-2« (Ser®'), and B-actin
antibodies as well as with antibodies against hemagglutinin (H) and GFP
proteins expressed by MV.
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FIGURE 6. IRF-3 phosphorylation is enhanced in ADAR1-deficient cells
compared with ADAR1-sufficient cells following infection with WT
and V*° MV. CON¥? and ADAR1% cells were infected with WT, V*°, and C*°
virus or left uninfected (Ul). Whole cell extracts were prepared 24 h after
infection and analyzed by Western immunoblot analysis with antibody
against IRF-3, phospho-PKR (Thr**¢) PKR, and B-actin. The brackets indi-
cate the mobility position of non-phosphorylated and C-terminally phos-
phorylated IRF-3 forms (41, 44).

in the ADARI* cells. However, PKR-mediated translation
inhibition cannot explain the substantially decreased growth of
the C*° virus in the ADAR1"? cells (Fig. 1), since enhanced PKR
phosphorylation was not seen in these cells following infection
with the C*° virus (Fig. 5). Since C protein has several functions
in cells, including control of virus transcription and replication
(45, 46) as well as virion assembly and release (47), it is conceiv-
able that ADARI affects some other step in the MV replication
cycle in addition to protein synthesis.
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Our results revealing an antiapoptotic activity for ADAR1 in
virus-infected cells are consistent with those obtained with
mouse Adarl gene disruption studies. Adarl /= mouse
embryos die at embryonic day ~12.5 due to severe apoptosis in
the liver and defects in hematopoiesis (48, 49). Moreover,
mouse embryo fibroblasts derived from Adar~’~ mice are
highly prone to serum-deprived apoptosis (49). However, we
observed that ADARI1 did not block cell death triggered by
TNE-« or staurosporine (Fig. 3), suggesting that ADARI is not
a general suppressor of apoptosis. Because ADAR1 is a dsSRNA-
binding protein with dsRNA editing and destabilizing activity
(1, 34, 35), it is likely that ADART1 selectively protects against
cell death induced by dsRNA or another virus-specific RNA
signal. If this is correct, then what might be the inducer of apo-
ptosis in the hematopoietic system during embryogenesis in the
Adarl~’~ mouse? It is tempting to speculate that a structured
RNA, possibly a microRNA, regulates apoptosis in that system,
and ADAR1 impairs the activating activity of this RNA through
editing (1, 50).

Upon infection with C*° but not WT measles virus, we
observed an ADARI-related protein product of ~120 kDa. We
also observed this product following infection with E3L dele-
tion vaccinia virus but not WT vaccinia virus (data not shown).
Since the C*° virus is highly apoptotic compared with WT mea-
sles, and likewise E3L deletion vaccinia virus is highly apoptotic
compared with WT vaccinia virus (30), we hypothesized that
this ADARI species might be a caspase cleavage product of
ADARI p150. Fully consistent with this idea, the appearance of
the 120-kDa species correlated with a decrease in ADAR1 p150
levels and with PARP cleavage (Figs. 2C, 3B, and 4) and further-
more was inhibited by the caspase inhibitor z-VAD-fmk (Fig.
4). The cleavage of ADAR1 by caspases further supports the
idea that ADARI plays an important role during apoptosis, but
the biological relevance of the presumed caspase cleavage prod-
uct remains entirely unknown.

In addition to PKR activation, we also observed increased
IRE-3 activation in the ADARI1-deficient cells following infec-
tion with WT and V*° virus (Fig. 6). IRF-3 is a pivotal compo-
nent of the host antiviral innate response leading to the induc-
tion of IFN- (39, 40). IRF-3 is activated through TLR3 and RLR
(RIG-I-like cytosolic receptor) pathways (41-43), which, like
PKR, are activated in response to dsRNA. IRF-3 activation, in
some cases, is enhanced by PKR (41). Enhanced activation of
IRE-3 in ADAR1 cells, therefore, might indicate that ADAR1
suppresses dsRNA-dependent antiviral pathways, such as
TLR3 or RIG pathways. The observation that IRF-3 is enhanced
in ADAR1" cells is intriguing, since enhanced IFN-stimulated
gene expression was reported in Adar~/~ mice during embry-
ogenesis (51).

The p150 form of ADARI is an IFN-inducible enzyme, and
since IFNs are cytokines with antiviral activity, our results
showing enhanced virus growth and reduced activation of anti-
viral pathways in the presence of ADARI seem paradoxical.
However, a proviral role for ADARI1 is not unprecedented,
since others have found that ADAR1 increases susceptibility to
infection with other viruses, including vesicular stomatitis virus
(52), human immunodeficiency virus (53-55), and hepatitis
delta virus (56). Together with our findings with MV, ADAR1
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thus has a positive role in the replication of RNA viruses of three
different genome classes, negative-strand linear RNA (rhab-
doviridae, paramyxoviridae), positive-strand linear RNA that
undergoes reverse transcription (retroviridae), and the single-
strand circular RNA delta virus agent. Furthermore, a promi-
nent role for ADAR1 during MV infection is consistent with the
frequent detection of regions of A-to-I hypermutation in MV
genomes amplified from brains of SSPE patients (27). It is con-
ceivable that these regions of biased hypermutation in MV are
the consequence of routine use of ADAR1 by MV as a replica-
tion factor. Presumably, MV not only takes advantage of the
ability of ADAR to inhibit antiviral pathways, such as PKR and
IRF3, but also has mechanisms to avoid frequent A-to-I modi-
fication of its genome RNA by ADAR1 during replication.

In conclusion, we report an antiapoptotic and proviral role
for ADAR1 during MV infection, and our results imply that
these activities of ADARI are achieved through suppression of
dsRNA-dependent pathways, such as PKR and IRF-3. Our
observations suggest that viruses, including MV, might use
ADARLI as a positive replication factor by selectively exploiting
the ability of ADAR to suppress dsSRNA-dependent and antivi-
ral pathways.
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