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RNase L and RNA-dependent protein kinase (PKR) are effec-
tors of the interferon antiviral response that share homology in
their pseudokinase and protein kinase domains, respectively.
Sunitinib is an orally available, ATP-competitive inhibitor of
VEGF andPDGF receptors used clinically to suppress angiogen-
esis and tumor growth. Sunitinib also impacts IRE1, an endo-
plasmic reticulum protein involved in the unfolded protein
response that is closely related to RNase L. Here, we report that
sunitinib is a potent inhibitor of both RNase L and PKR with
IC50 values of 1.4 and 0.3 �M, respectively. In addition, flavonol
activators of IRE1 inhibited RNase L. Sunitinib treatment of
wild type (WT)mouse embryonic fibroblasts resulted in about a
12-fold increase in encephalomyocarditis virus titers. However,
sunitinib had no effect on encephalomyocarditis virus growth in
cells lacking both PKR and RNase L. Furthermore, oral delivery
of sunitinib inWTmice resulted in 10-fold higher viral titers in
heart tissues while suppressing by about 2-fold the IFN-� levels.
In contrast, sunitinib had no effect on viral titers in mice defi-
cient in both RNase L and PKR. Also, sunitinib reduced mean
survival times from12 to 6 days in virus-infectedWTmicewhile
having no effect on survival of mice lacking both RNase L and
PKR. Results indicate that sunitinib treatments prevent antivi-
ral innate immune responses mediated by RNase L and PKR.

RNase L and PKR2 are host enzymes of higher vertebrates
that participate in innate immunity against viral infections
(1–4). Activation of both RNase L and PKR is triggered by the
viral pathogen-associated molecular pattern, double-stranded
RNA (dsRNA). However, whereas dsRNA directly binds to and
activates PKR, in the case of RNase L activation is indirect.
Interferon (IFN) treatment of cells induces PKR that, upon
binding to dsRNA, phosphorylates first itself and then EIF2�
thus blocking protein synthesis among other effects. RNase L
degrades single-stranded RNA resulting in pleiotropic antiviral
effects (5). Short 5�-triphosphorylated, 2�,5�-oligoadenylates
(2–5A) are produced from ATP when viral dsRNA stimulates

IFN-inducible oligoadenylate synthetases. 2–5A binds an-
kyrin repeats 2 and 4 in the N-terminal region of RNase L
causing its dimerization and activation (6). RNase L is also
pseudokinase with amino acid sequence homology to the
PKR kinase domains (7).
IRE1, a kinase and endoribonuclease involved in the

unfolded protein response, is another relative of RNase L (8).
IRE1 spans the endoplasmic reticulum (ER) membrane. The
intralumenal domains of IRE1 directly or indirectly sense
unfolded proteins in the ER leading to autophosphorylation
and ribonuclease activities in the cytoplasmic domains. IRE1
excises an intron from pre-mRNA for a transcription factor
(HAC1 in yeast and XBP1 in mammals) leading to splicing and
translation (9). HAC1/XBP1 drives expression of ER chaper-
ones and protein folding enzymes that re-establish ER function.
The kinase-extension-nuclease (KEN) domains of RNase L and
IRE1 are highly homologous (8, 10, 11). However, although
IRE1 is functional kinase, RNase L has dispensed with phos-
phoryl transfer activity (12). Nevertheless, residues involved in
ATP binding are conserved in RNase L as well as in PKR (Table
1). In addition, ADPhas a stimulatory effect on RNase L activity
in the presence of 2–5A (13).
Kinase homology between RNase L, PKR, and IRE1 sug-

gested to us that a compound that regulates one enzyme might
affect all three. Sunitinib, a kinase inhibitor of VEGF-R and
PDGF-R used clinically to suppress angiogenesis in cancer
patients (14), activates yeast IRE1 (11) but inhibits human
IRE1� (15). Here, we investigated the effects of sunitinib on
RNase L and PKR in the context of antiviral innate immunity in
vivo. In addition, we investigated flavonols, such as quercetin,
that activate yeast IRE1 by binding at the dimer interface (Q
site) in the IRE1 KEN domain (16). We also report that fla-
vonols inhibit, rather than activate, RNase L.

EXPERIMENTAL PROCEDURES

Reagents, Antibodies, and Chemicals—Chemicals, unless
stated otherwise, were analytical grade from Sigma. Sunitinib
was obtained either from LC Laboratories, Woburn, MA or
from Pfizer, Inc., New York. Poly(rI)�poly(rC) was from Calbi-
ochem. Antibodies against PKR, phosphorylated PKR, EIF2�,
and phosphorylated EIF2�were fromCell Signaling, Inc. (Dan-
vers, MA). Monoclonal antibody against glutathione S-trans-
ferase was from BioLegend Inc. (San Diego). HPLC columns
were fromDionex (Chelmsford, MA). The Äkta purifier and all
columns and accessories were from GE Healthcare.
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Cell Lines and Mice—WT, Rnasel�/�, Pkr�/�, and
Rnasel�/� Pkr�/� mice, all on C57/Bl6 background, were
described previously (17–19). Mouse embryonic fibroblasts
(MEF) were transformed with SV40 large T antigen. The
human ovarian carcinoma cell line, Hey1b, was a kind gift from
A. Marks (Toronto, Ontario, Canada) (20). Cells were cultured
in RPMI 1640 medium with 10% fetal bovine serum (FBS).
Expression and Purification of RNase L—RNase L was puri-

fied as described previously (21) with modifications. Untagged
recombinant human RNase L was expressed from baculovirus
vector pFastBac1 in SF21 insect cells. Suspension cultures of
SF21 cells were grown in SFM-II 900 insect cell medium (Invit-
rogen) supplemented with 10% FBS to a density of 1.5–2.0 �
106 cells/ml. Cells were infected at a multiplicity of infection of
5 at 27 °C, further grown for 72 h, and harvested by centrifuga-
tion at 1500 � g. Cell pellets were washed twice with chilled
phosphate-buffered saline (PBS), resuspended in lysis buffer A
(20 mMHEPES, pH 7.4, 5 mMMgCl2, 50 mM KCl, 1 mM EDTA,
10% glycerol, 7.1 mM 2-mercaptoethanol, 2 �g/ml leupeptin,
2 �g/ml pepstatin, 50 �M phenylmethylsulfonyl fluoride
(PMSF)), and disrupted using a French press at 1000–1500
p.s.i. Supernatants were collected after centrifugation at
100,000 � g for 1 h. The clarified lysates were incubated with a
25-ml bed volume of CL6B Blue-Sepharose affinity resin for 1 h
at 4 °C. The protein-bound affinity resin was washed four times
with 2 bed volumes each of buffer A and packed into an HR
16/26 column interfaced with an ÄKTA purifier UPC 10. The
bound RNase L was eluted with a 0–1 M linear gradient of NaCl
in buffer A over a period of 1 h at a flow rate of 1 ml/min. The
peak fractions containing RNase L were pooled and desalted in
buffer A. Desalted peak fractions were loaded onto a Mono Q
HR10/10 column,washed to attain a stable base line, and eluted
with a 10–60% gradient of buffer B (buffer A plus 1 M NaCl) in
60 min at a flow rate of 1 ml/min. The purity of RNase L was
�95%, as determined by SDS-PAGE and staining with Coo-
massie Blue.
Expression and Purification of Constitutively Active Mutant

RNase LN�335—A constitutively active N-terminally truncated
RNase L, RNase LN�335, was cloned and expressed as GST-
tagged protein in pGST-parallel-2 and purified using glutathi-
one-Sepharose as reported previously (22) with modifications.
The plasmid RLN�335-pGST-parallel-2 was expressed in
BL21DE3pLysS bacteria. A single colony was inoculated in 50
ml of LB containing 2% glucose and grown overnight at 37 °C,
250 rpm. The overnight cultures were inoculated in fresh LB
containing 100 �g/ml ampicillin (no glucose) at 10ml/liter and
grown at 37 °C, 250 rpm until the A600 nm reached 0.6 arbitrary

units. The bacterial cultures were cooled on ice, induced using
0.1 mM isopropyl 1-thio-�-D-galactopyranoside, and further
grown for 16 h at 22 °C. Cells were harvested and washed twice
with chilled Tris-buffered saline (TBS) and lysed in CelLyticTM
B cell lysis reagent (Sigma) supplementedwith 5mM 2-mercap-
toethanol, 0.5 �g/ml lysozyme, 5 units/ml benzonase, and pro-
tease inhibitor mixture (Roche Applied Science). Lysates were
clarified by centrifugation and loaded on a GSTPrep FF16/60
column interfaced with an ÄKTA purifier UPC 10. The column
was washed with buffer C (20 mM Tris-HCl, pH 8.0, 150 mM

NaCl, 10% glycerol, 5 mM 2-mercaptoethanol) until a stable
base line was achieved. The bound GST-tagged RNase LN�335
was eluted with 20 mM reduced glutathione in buffer C in a
one-step gradient over 5 column volumes. The fractions were
analyzed by SDS-PAGE, and peak fractions (�90% purity) were
pooled and loaded on a Sephacryl S 200 HR 26 mm � 100 cm
size exclusion column and eluted in buffer A. Peak fractions
were pooled and concentrated using Centriprep MWCO of
15-kDa centrifugal filter units and stored at �80 °C in aliquots.
Expression and Purification of PKR—Full-length human

PKR cDNA cloned in a bi-cistronic bacterial expression
vector, pET15b-hPKR-� phosphatase, was expressed in
BL21DE3pLysS bacteria (Novagen, EMD Chemicals,
Gibbstown, NJ). A single colony of BL21DE3pLysS bacteria
expressing pET15b-hPKR-� phosphatase was inoculated in
50 ml of Luria Broth (LB) containing 2% glucose and grown
overnight at 37 °C, 250 rpm. The overnight cultures were
inoculated in 10 ml/liter fresh LB containing 100 �g/ml
ampicillin (without glucose) and further grown at 37 °C, 250
rpm until the A600 nm reached 0.7 arbitrary units. The bacte-
rial culture was cooled on ice, induced using 1 mM isopropyl
1-thio-�-D-galactopyranoside, and further grown for 4 h at
23 °C. Cells were harvested and washed twice with chilled
TBS, pH 7.5, and resuspended in lysis buffer D (20 mM Tris-
HCl, pH 8.0, 500 mM NaCl, 10% glycerol, 5 mM 2-mercapto-
ethanol) supplemented with 0.2% Nonidet P-40, protease
inhibitor mixture (Roche Applied Science) plus 5 units/ml
benzonase. The resuspended cells were freeze-thawed twice
followed by brief sonication. Lysates were clarified by cen-
trifugation and loaded on a HisPrep 16/60 column interfaced
with an ÄKTA purifier UPC 10. The columnwas washed with
20 column volumes of buffer D followed by 10 mM imida-
zole in buffer D until a stable base line was achieved. The
bound hexahistidine-tagged PKR was eluted with imidazole
linear gradient (10–250 mM) in buffer D, 10 column vol-
umes. The fractions were analyzed by SDS-PAGE, and peak
fractions (�90% purity) were pooled and loaded onto a Sep-

TABLE 1
Residues involved in ATP binding in IRE1 KEN domain are conserved in PKR and RNase L

Residue in yeast IRE1 Interaction Residue in RNase L Residue in PKR
Conserved in

RNase L PKR

Lys-702 H-bond Lys-392 Lys-357 � �
Leu-745 van der Waals Val-434a Met-366a � �
Glu-746 H-bond Thr-435 Glu-367 � �
Cys-748 H-bond Cys-437 Cys-369 � �
Asn-751 H-bond Thr-440 Gly-372 � �
Leu-804 van der Waals Leu-492 Leu-492 � �
Asp-828 H-bond Asp-504 Asp-503 � �

a The equivalent amino acid substitution can mimic the interaction.
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hacryl S 200 HR 16 mm � 100 cm size exclusion chromatog-
raphy column in buffer E (20 mM HEPES, pH 7.5, 150 mM

NaCl, 10% glycerol, and 5 mM �-mercaptoethanol). Peak
fractions were pooled and concentrated using Centriprep
MWCO 15-kDa centrifugal filter units (Millipore Inc., Bil-
lerica, MA) and stored at �80 °C in aliquots.
Synthesis and Purification of 5�-Triphosphoryl, 2�–5�-Linked

Oligoadenylates (2–5A)—2–5A (p3(A2�p)nA, where n � 1 to
�3) was enzymatically synthesized from ATP using hexahisti-
dine-tagged and purified recombinant porcine 42-kDa 2–5A
synthetase (a generous gift fromRuneHartmann, Aarhus, Den-
mark) (23). Individual 2–5A oligomers were purified (�98%
purity) using a Dionex PA100 22 � 250 mm semi-preparative
column interfaced with a Beckman system gold HPLC system
under the control of 32-KaratTM workstation (24).
Fluorescence Resonance Energy Transfer (FRET) Assays—

FRET assays were used to measure RNase L activity (25–27).
Briefly, recombinant human RNase L (24 nM) or its constitu-
tively active variant, RNase LN�335 (27), was incubated with
varying concentrations of 2–5A, sunitinib, or flavonols. RNase
L was preincubated with flavonols or sunitinib for 5 min on ice
followed by the addition of 2–5A and a FRET probe (100 nM) in
Cleavage buffer (25 mM Tris-HCl, pH 7.4, 100 mM KCl, 10 mM

MgCl2, and 7 mM 2-mercaptoethanol) for 10 min on ice
and incubated for 60 min at 22 °C. The FRET probe is a 36-nu-
cleotide synthetic oligoribonucleotide with a fluorophore
(6-FAMTM) at the 5� terminus and a quencher (black hole
quencher-1) at the 3� terminus derived from the intergenic
region of respiratory syncytial virus genomic RNA. The FRET
RNAprobe is highly susceptible to cleavage by RNase L because
of the multiplicity of cleavage sites (UU or UA), 6-FAMTM-
UUAUCAAAUUCUUAUUUGCCCCAUUUUUUUGGU
UUA-BHQ-1. In its uncleaved state, the fluorophore is in prox-
imity to the quencher, and hence there is no emission due to
FRET pairing. However, RNase L activation leads to the cleav-
age of the RNA probe, which separates the fluorophore and
quencher. This cleavage of the FRET probe was monitored by
excitation at 485 nm and emission at 535 nm using a Victor-2
multiplate reader (PerkinElmer Life Sciences). Each experi-
ment was performed in triplicate, and data were plotted using
GraphPad Prism.
Surface Plasmon Resonance (SPR)—Kinetic characterization

of sunitinib binding was performed by SPR with a Biacore 3000
(GE Healthcare). Response units, a measure of binding, were
monitored as a function of time. Purified anti-GSTmonoclonal
antibody clone P1A12 (BioLegend Inc., San Diego) was immo-
bilized on sensor CM5 chips (GE Healthcare) to achieve a base
line gain of �400 response units. The purified GST-tagged
RNase LN�335 (200 ng/ml) in buffer A supplemented with
0.005% surfactant P20 (SPR buffer) was immobilized on a sen-
sor chip at a flow rate of 10 �l/min for 3 min at 25 °C to achieve
a resonance response of 450–500 response units. An additional
wash for 5 min at a flow rate of 20 �l/min was performed with
buffer alone. Sunitinib (�99%, HPLC-purified, LC Laborato-
ries) was dissolved in DMSO at 20 mM and diluted to working
concentrations of 20, 10, 5 and 1 �M in SPR buffer HBS-P (GE
Healthcare). Sunitinib solutions of different concentrations
were passed over the sensor chipwith immobilizedGST-RNase

LN�335 at a flow rate of 10�l/min for 3min, and associationwas
monitored. Dissociationwasmonitored using SPR buffer for an
additional 5 min. Data normalization against a reference chan-
nel immobilized with GST alone, analysis, and fitting was per-
formedwith BIAEvaluation software, version 3.2 (Biacore Inc.),
with the option for simultaneous Ka/Kd calculations. Fitting of
sensorgramdatawas carried out according to global fitting, and
the Ka and Kd values were calculated with a 1:1 Langmuir
model. In addition, these data were also used for independent
Kd calculations by Scatchard plot analysis.
Ribosomal RNA (rRNA) Cleavage Assays—Effects of

sunitinib on 2–5A-induced rRNA cleavage were monitored as
described previously (28). Briefly, either Hey1b or MEF cells
were plated. After 16 h, cells at about 60% confluency were
treated with varying amounts of sunitinib for 3 h (Hey1b) or 2 h
(MEF), and 2–5A was then transfected using LipofectamineTM
2000 (Invitrogen). Thirty min after transfection, complete
media with or without sunitinib were added. Cells were incu-
bated for 5 h afterwhich total RNAwas isolated usingTRIzolTM
(Invitrogen) and resolved on RNA chips using an Agilent 2100
BioAnalyzer.
Chemical Cross-linking of RNase L with Dimethyl Suberimi-

date (DMS)—Chemical cross-linking of 2–5A-induced dimers
of purified recombinant human RNase L was performed in the
presence or absence of sunitinib as reportedwithmodifications
(22, 29). The purified RNase L (1.4 mg/ml) was dialyzed three
times against an 	500-ml volume of buffer A at 4 °C for 16 h.
Five �l of 0.5 �M RNase L was incubated in the presence or
absence of 10 �M sunitinib with or without 100 �M ADP for 30
min on ice. 2–5Awas added to a final concentration of 5�Mand
further incubated for 2 h. To obtain cross-linking, DMS in 0.4 M

triethanolamine, pH 8.5, was added to a final concentration of 4
mg/ml and incubated for additional 2 h on ice. RNase L was
denatured by adding loading buffer (Novagen, EMDChemicals,
Gibbstown, NJ) and heating at 95 °C for 5 min. Proteins were
separated by 10% SDS-PAGE, transferred to nitrocellulose
membranes, probed with 1:5000 dilution of monoclonal anti-
bodies against RNase L (22) followedwith goat anti-mouse IgG-
peroxidase (Cell Signaling, Danvers, MA), and developed with
enhanced chemiluminescence (GE Healthcare).
PKR Assays—Recombinant purified human PKR at 10 �g/ml

was incubated with varying concentrations of sunitinib on ice
for 30 min in buffer F (20 mM Tris-HCl, pH 7.5, 50 mM KCl, 5%
glycerol, 2 mM MgCl2, and 2 mM MnCl2) followed by the addi-
tion of 200 ng/ml (final concentration) of poly(rI)�poly(rC) and
10 �Ci of [�-32P]ATP. The mixtures, in a final volume of 50 �l,
were incubated for 20 min at 30 °C, stopped by heating the
sample in SDS-PAGE loading buffer at 95 °C for 3 min, and
resolved by 10% SDS-PAGE. Gels were fixed in 10% acetic acid,
50% methanol for 10 min followed by five washes in water and
dried. The dried gels were placed with a phosphor screen and
scanned on Storm 840 variable mode imager (GE Healthcare).
The data fitting and analysis was performed using nonlinear
regression in GraphPad Prizm.
Monitoring EIF2� Phosphorylation—MEF were seeded at

60% confluence, grown for 16 h, and treated with the indicated
amounts of sunitinib for 2 h. A 2 �g/ml final concentration of
poly(rI)�poly(rC)was transfected using Lipofectamine 2000 and
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incubated for 2 h in the presence or absence of sunitinib. The
cells were harvested in Nonidet P-40 lysis buffer (50 mM Tris-
HCl, pH 7.2, 0.15 M NaCl, 1% Nonidet P-40, 200 �M sodium
orthovanadate, 2 mM EDTA, and 5mMDTT). Protein amounts
were estimated using the Bradford method (Bio-Rad), and 25
�g of total protein was separated on 10% SDS-PAGE, trans-
ferred onto nitrocellulose membranes, and probed with either
antibody against total anti-EIF2� or Ser-51-phosphorylated
EIF2�.
Viral Growth Assays in MEF—MEF were plated at 60–70%

confluence and grown overnight. The MEF were then pre-
treated with sunitinib for 2 h and infected with encephalomyo-
carditis virus (EMCV) at a multiplicity of infection of 0.05 in
RPMI 1640 medium containing 2% serum. After 1 h the super-
natants were removed; cells were washed at room temperature
with PBS, and fresh complete RPMI 1640 media with 10% FBS
with or without 5�M sunitinib was added. Cells were incubated
for 6 h in a humidified CO2 incubator at 37 °C. Media contain-
ing virus were harvested, and serial 10-fold dilutions were used
to infect the indicator cell line, L929. After a 1-h viral adsorp-
tion step, cells were washed and incubated for 16 h in plaquing
media (1% carboxymethylcellulose in DMEM containing 10%
FBS) (26). The media were removed, and cells were fixed with
10% formaldehyde in PBS and stained using 0.1% crystal violet.
The plaques were counted, and data were analyzed.
Animal Experiment—All mouse experiments were per-

formed according to institutional guidelines at the Cleveland
Clinic, Lerner Research Institute, under a protocol approved by
the Institutional Animal Care and Use Committee. Wild type
(WT)mice andRnasel�/�, Pkr�/�, andRnasel�/�Pkr�/�mice
(all on a genetic background of C57/bl6) at 9–16 weeks of age
received daily treatments with 50 �l of either PBS or sunitinib
(20mg/kg bodyweight) by oral gavage beginning 2 days prior to
infection and continuing until the mice were sacrificed. Infec-
tions were with EMCV (2000 plaque-forming units (pfu)/kg) by
the intraperitoneal route. To determine the viral titers in heart
tissue, virus-infected mice were monitored at least twice daily
and sacrificed at 96 h post-infection. For animal survival exper-
iments, virus-infected mice were sacrificed when death was
imminent. All virus infections and treatments were performed
in an animal bio-safety level 2 laboratory (ABSL2).
For viral growth assays, mice were sacrificed at 96 h, and

heart tissues and blood were harvested and processed. Hearts
were perfused with PBS and homogenized using a Sample
Grinding kit (GE Healthcare). The tissue homogenates were
centrifuged at 1000 � g for 15 min at 4 °C in a swinging bucket
rotor. The supernatants were collected and used for plaque
assays on the indicator cell line L929 (26).
IFN-� ELISA—IFN-� levels were measured in mouse serum

using a mouse IFN-� ELISA kit (Pestka Biomedical Laborato-
ries, Inc., Piscataway, NJ).

RESULTS

Sunitinib Inhibits RNase L Activity—A FRET-based assay
was used to monitor RNase L activity (25). Trimer 2–5A
(p35�A2�p5�A2�p5�A) potently activated RNase L with an EC50
of 0.2 nM (Fig. 1A). In contrast, sunitinib inhibited RNase L
activity measured in the presence of 2–5A (Fig. 1B). The IC50

(50% inhibition of enzyme activity at a saturating concentration
of 2–5A) for sunitinib was determined by nonlinear regression
analysis to be 1.4 �M. A constitutively active N-terminal dele-
tion mutant form of RNase L (N�335) (27) that lacks the 2–5A
binding domain was similarly inhibited by sunitinib (IC50 �
0.5 �M). RNase L activity was also determined in intact
human (Hey1b) and MEF cell lines by monitoring highly
specific and characteristic cleavages in rRNA in intact ribo-
somes (30). Cells were treated with sunitinib for 2 h prior to
transfection with trimer 2–5A for 5 h. RNase L activation
was completely prevented by pretreatment with 5 �M of
sunitinib in both cell lines (Fig. 1, C and D). However, partial
inhibition of RNase L activity was apparent at concentra-
tions of sunitinib as low as 1 �M.
Binding Affinity of Sunitinib to RNase L—To determine the

affinity RNase L for sunitinib, we employed SPR (“Experimental
Procedures”). There was no apparent binding of sunitinib by
itself to the sensor chip under experimental conditions (data
not shown). In contrast, the sensograms indicate concentration-
dependent, steady-state binding of sunitinib to the RNase L KEN
domain with rapid kinetics (Fig. 2A). The dissociation constant
(Kd), 6.4 �M, was determined by Scatchard analysis using reso-
nance at equilibrium and separately by global data analysis with
BIAevaluation software (Fig. 2B and data not shown). The quality
of the fit was determined by �2 values, as well as from the magni-
tude and distribution of the residuals (31).
Sunitinib Prevents RNase L Dimerization—2–5A binding

causes RNase L dimerization coinciding with enzyme activa-
tion (22, 32). A missense mutation in the ATP-binding domain
residue, K392R, in protein kinase-like domain II was previously
shown to inhibit enzyme dimerization (12). Therefore, because
sunitinib is an ATP competitor drug, we determined the effects
of sunitinib onRNase L dimerization triggered by 2–5A (Fig. 3).
As reported previously, addition of 2–5A induces RNase L

FIGURE 1. Sunitinib inhibits RNase L. A, RNase L activation by
pppA2�p5�A2�p5�A (2–5A) was determined by FRET as described under
“Experimental Procedures.” B, inhibition of RNase L (24 nM) and RNase LN�335
(0.5 �M) by sunitinib. RFU, relative fluorescence units. C and D, inhibition of
RNase L by sunitinib in Hey1b cells (C) and MEF (D) as determined by moni-
toring rRNA cleavage following transfection with 2–5A. SU, sunitinib; AU, arbi-
trary units.
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dimerization as determined by protein-protein cross-linking
with DMS (Fig. 3, compare lanes 1 and 2) (29). Although ADP
alone did not cause dimerization, ADP enhanced dimerization
induced by 2–5A (Fig. 3, compare lanes 2 and 3). Sunitinib (10
�M) completely prevented RNase L dimerization in response to
2–5A (Fig. 3, lane 4). However, a 10-fold molar excess of ADP
prevented the inhibitory effect of sunitinib (Fig. 3, lane 5).
Results suggest that the inhibitory effect of sunitinib is medi-
ated through the ATP-binding pocket.
Flavonols Inhibit RNase L Activity—A prior study showed

that flavonols, in particular, quercetin, activates the RNase
activity of yeast IRE1 and potentiates stimulation by ADP (16).
Because of homology between the RNase L and IRE1 KEN
domains, we determined the effects of a number of different
flavonol compounds on RNase L activity (Fig. 4 and Table 2).
Remarkably, all of these flavonols, including quercetin, were
inhibitors of RNase L activation by 2–5A, although the inhibi-
tion could be partially prevented by the addition of ADP. These
findings suggest that the effect of the flavonols was mediated
through the ATP binding domain of RNase L, similarly to the
effect of sunitinib, and were therefore distinct from effects of
flavonol on yeast IRE1.
Inhibition of PKRActivity by Sunitinib—Because of sequence

homology between the kinase and kinase-like domains of PKR
and RNase L, respectively, we reasoned that sunitinib might
similarly inhibit PKR activity. Therefore, autophosphorylation

of purified recombinant human PKR was monitored in the
presence or absence of sunitinib after subsequent stimulation
with poly(rI)�poly(rC) (Fig. 5A). A dose-dependent inhibition of
PKR was obtained with increased concentrations of sunitinib.
Sunitinib inhibited PKR with an IC50 of 0.3 �M (Fig. 5B).

FIGURE 2. Sunitinib binding to the KEN domain of RNase L determined by
SPR. A, sensograms of sunitinib binding with RNase LN�335 as a function of
time with different amounts of sunitinib. B, Scatchard plot for binding of
sunitinib to RNase LN�335. RU, response units; SU, sunitinib; Req, response unit
at equilibrium.

FIGURE 3. Sunitinib inhibition of RNase L dimerization is prevented by
ADP. Chemical cross-linking of RNase L in the presence or absence of 2–5A (5
�M), ADP (100 �M), and sunitinib (10 �M) as indicated was performed using
DMS as described under “Experimental Procedures.” The cross-linked prod-
ucts were resolved on 10% SDS-PAGE followed by transfer on nitrocellulose
membrane and probed with monoclonal antibody against RNase L.

FIGURE 4. Inhibition of RNase L activity by flavonols is partially pre-
vented by ADP. RNase L activity was determined by FRET assay as
described under “Experimental Procedures,” in the presence or absence of
3 nM 2–5A, flavonol compounds (as indicated) at 5 �M, and ADP (100 �M).
The experiment was done in triplicate. Standard deviations are indicated.
AU, arbitrary units; RFU, relative fluorescence units.

FIGURE 5. Sunitinib inhibits PKR activity. A and B, autophosphorylation of
purified PKR in response to poly(rI)�poly(rC) is inhibited by sunitinib (SU). The
data in A were analyzed using ImageQuant 2.0 and plotted in B by GraphPad
Prism with nonlinear regression fit. C and D, phosphorylation of EIF2� in MEF
and Hey1b cells in response to transfection with poly(rI)�poly(rC) is inhibited
by sunitinib (SU). Lane 1 was performed without poly(rI)�poly(rC). Results in C
were analyzed using ImageJ (rsb.info.nih.gov) and presented as ratios of
phosphorylated/total EIF2� in D. Phos-EIF2�, phosphorylated EIF2�.

TABLE 2
IC50 values of flavonols on RNase L activity in the presence and
absence of ADP (100 �M)

Compounds
IC50, �M

� ADP � ADP

Quercetin 20 25
Rhamnetin 10 �50
Kaempferol 10 �10
Luteolin 12 �50
Apigenin 0.5 13.5
Genistein 4 22
Isorhamnetin 9 28
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Translational initiation factor EIF2� is one the principal sub-
strates of PKR (reviewed inRef. 4). Phosphorylation of EIF2�on
serine 51 by PKR and related kinases (HRI, GCN2, and PERK)
results in a cessation of protein synthesis because of a block in
recycling of EIF2� bound to GDP. Pretreatment of cells for 2 h
with sunitinib prior to transfection with poly(rI)�poly(rC) (to
specifically activate PKR) inhibited phosphorylation of EIF2�
with IC50 values of 4.4 and 4.9 �M inWTMEF and Hey1b cells,
respectively (Fig. 5, C and D).
Sunitinib Inhibits the Antiviral Activities of RNase L and PKR—

Because RNase L and PKR have antiviral activity, we reasoned
that inhibition of both proteins by sunitinib should enhance
virus replication. Therefore, the effect of sunitinib on virus rep-
lication was determined in MEF that were wild type (WT) or
singly or doubly deficient for RNase L and PKR. MEF were
pretreated with sunitinib for 2 h prior to infection with EMCV,
a cardiovirus in the Picornaviridae family (Fig. 6). Sunitinib
treatment led to a 12-fold increase in viral yield in theWTMEF,
but only a 3.5- and 2.5-fold increase inMEF lacking RNase L or
PKR, respectively. In contrast, sunitinib had no effect on viral
yields in MEF doubly deficient for RNase L and PKR. These
results indicate that sunitinib inhibition of RNase L and/or PKR
in cells leads to enhanced virus replication.
Effect of Sunitinib Treatment on Antiviral Innate Immunity

inMice—Todeterminewhether the pro-viral effect of sunitinib
treatment could be demonstrated in vivo, viral infections were
performed inmice in the presence or absence of sunitinib treat-
ments. Sunitinib (20mg/kg) was administered by oral gavage to
WT (Rnasel�/� and Pkr�/�), Rnasel�/� Pkr�/�, Rnasel�/�

Pkr�/�, and Rnasel�/� Pkr�/� mice beginning 2 days prior to
infection with daily treatments until the mice were sacrificed.
Mice were infected with EMCV (2000 pfu/kg) and sacrificed
at 4 days post-infection. The viral yields in the heart were de-
termined by plaque assays (Fig. 7A). Sunitinib treatments
increased viral yields in heart by 11-, 5-, and 4-fold in WT,
RNase L-null, and PKR-null mice, respectively. However, in

mice lacking both RNase L and PKR, there was no effect of
sunitinib on virus replication in the heart.
Levels of IFN-� were determined by ELISA in the blood of

these samemice as ameasure of the innate immune response to
infection (Fig. 7B). Basal levels of IFN-� in the absence of infec-
tionswere�10 units/ml (data not shown). Virus-induced levels
of IFN-�were slightly higher inWTmice (391 units/ml) than in
PKR-deficientmice (351 units/ml) but about 4-fold higher than
in mice lacking RNase L alone (109 units/ml) or lacking both
RNase L and PKR (88 units/ml). Sunitinib treatment reduced
viral induction of IFN-� by 1.8-, 1.3-, and 1.4-fold in the WT,
PKR-null, and RNase L-null mice, respectively. However, there
was no effect of sunitinib of IFN-� levels in the mice doubly
deficient for both RNase L and PKR.
Sunitinib Enhances Viral Pathogenesis in WT Mice but Not

in Mice Lacking RNase L and PKR—To determine whether
sunitinib treatment affected viral pathogenesis, sunitinib-
treated and control mice were infected with EMCV and moni-
tored for moribund state as defined by huddled posture, ruffled
fur, and inactivity. In untreatedmice,median survival following
EMCV infection was 12, 9, 8, and 9 days in the WT, RNase
L-null, PKR-null, and RNase L-null/PKR-null, respectively (Fig.
8 and Table 3). Sunitinib treatments dramatically shortened
median survival time in the WT mice from 12 to 6 days (p �
0.005) (Fig. 8 and Table 3). In contrast, sunitinib treatments
reduced median survival time by 2 days in the RNase L-null
mice (p� 0.014) and by 1 day in the PKR-null mice (p� 0.015).
There was no effect of sunitinib on animal survival in mice
lacking both RNase L and PKR. These findings suggest that
inhibition of RNase L and PKR by sunitinib enhances viral rep-
lication and pathogenesis.

DISCUSSION

Inhibitory Effects of ATP-competitive Drugs on RNase L
Activity—Here, we demonstrate that sunitinib, an ATP-com-
petitive inhibitor of receptor tyrosine kinases, including
PDGF-R and VEGF-R, is also an inhibitor of the serine/threo-
nine kinase, PKR, and pseudokinase, RNase L.We used a highly
specific and sensitive FRET assay in vitro to directly measure

FIGURE 6. Sunitinib enhances virus replication in MEF by inhibiting RNase
L and PKR. A, MEF cells of the indicated genotype were treated with 5 �M

sunitinib (Su) for 2 h followed by EMCV infection for 6 h. Viral titers were
determined by plaque assays (“Experimental Procedures”). B, results from A
are presented as fold-increase in viral yield upon sunitinib treatment. Results
are an average of two experiments done in triplicate.

FIGURE 7. Sunitinib treatments enhance viral replication in vivo while
suppressing IFN-� induction. A, groups of five mice of the indicated geno-
types were treated with sunitinib (Su) (20 mg/kg/day) beginning 2 days prior
to infection by oral gavage. Mice were inoculated with EMCV (2000 pfu/kg) by
the intraperitoneal route, and viral titers in the heart at 96 h post-infection
were determined by plaque assays. Viral yields (pfu/mg protein) are shown.
B, IFN-� levels in sera were determined by ELISA in the same experiment at
96 h post-infection. The horizontal lines are the mean (IFN-�). Data analysis
was performed in GraphPad Prism. The p values from Student’s t tests are as
follows: *, �0.05; **, �0.005.
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RNase L activity. A complete RNase L protein and an isolated
KEN domain were both inhibited by sunitinib. Specific and
characteristic cleavage of rRNA in intact ribosomes is a hall-
mark of RNase L activation in mammalian cells (30). We
showed that sunitinib inhibition of RNase L prevented rRNA
cleavage in intact human andmouse cells. Sunitinib specifically
binds to the ATP binding pocket of several different protein
kinases, including VEGFR2, PDGF-R2, FGFR�1, and EGF-R
(33). RNase L has a protein kinase-like domain, including con-
served residues responsible for ADP/ATP binding. Sunitinib
interacts with the KEN domain of RNase L, presumably
through the ATP-binding pocket in the protein kinase domain
II (12). Although ADP enhances RNase L activity in some
instances (13), ADP/ATP is not required as a co-factor for
RNase L activation by 2–5A (34). RNase L activation is a two-
step process. First, 2–5A binds to N-terminal ankyrin repeats 2
and 4 of RNase L (6). Second, RNase L is believed to undergo a
conformational change upon 2–5A binding in which protein-
protein interaction domains are exposed, and the nuclease
domain is thought to disassociate from an internal inhibitory
domain (35). Hence, dimerization is an essential step in the
activation of RNase L. Our protein-protein cross-linking data

show that sunitinib effectively blocks the dimerization of RNase
L. However, a 10-fold molar excess of ADP was able to prevent
inhibition of dimerization by sunitinib. These results support
the idea that sunitinib inhibition of RNase L occurs through the
ADP/ATP-binding site of RNase L. These findings could be the
first example of a pseudokinase that is inhibited by a kinase
inhibitor.
Flavonols, such as quercetin, activate IRE1 because of inter-

action at a “Q site” at the dimer interface of the IRE1 KEN
domain and not through the ATP-binding site. However, the Q
site residues in yeast IRE1 are not conserved in RNase L. It was
therefore of interest to determine the effect of quercetin and
other flavonols on RNase L activity. Interestingly, flavonols
inhibit, rather than activate, RNase L, effects that were partially
prevented by a 20-fold molar excess of ADP. Therefore, fla-
vonols have effects similar to sunitinib that are likely to be
mediated through the ADP/ATP binding pocket of RNase L.
RNase L and IRE1 are highly similar in their KEN domains,

although RNase L is a pseudokinase and IRE1 is a functional
kinase (8, 12). A recent structure of the dephosphorylated KEN
domain of human IRE1� is a face-to-face dimer that precedes
the active back-to-back structure (15). Sunitinib is an inhibitor
of both human IRE1� autophosphorylation and mRNA splic-
ing, the latter effect catalyzed in part by the IRE1� RNase. Our
results demonstrate similar effects of sunitinib on RNase L, an
inhibition mediated through the ADP/ATP-binding site that
blocks ribonucleolytic activity. In contrast, sunitinib is an acti-
vator, rather that an inhibitor, of yeast IRE1 (11).
Sunitinib Is a Novel Inhibitor of PKR—Sunitinib is shown

here to be an effective inhibitor of the antiviral enzyme, PKR, in
a cell-free system and in intact mammalian cells. Both PKR
autophosphorylation and phosphorylation of EIF2� were
potently suppressed by sunitinib treatment. Although we did
not investigate the mechanism for the inhibition of PKR, the
most likely explanation for the effect is competitive inhibition
of binding of ATP substrate to the enzyme. We demonstrate
using highly specific and selective in vitro aswell as a cell culture
model system that sunitinib is a potent inhibitor of both RNase
L and PKR with IC50 values of 1.4 and 0.3 �M, respectively.
These IC50 values are well within the range of earlier reported
targets of sunitinib (36). For example sunitinib inhibits AKT1
and AMPK serine kinases with IC50 values of 3.8 and 0.2 �M,
respectively (37). Conversely, the Kd values of sunitinib for
VEGF-R and PDGF-R are in the nanomolar range, whereas the
Kd value for PKR was 0.67 �M (36).
Sunitinib Treatments Enhance Viral Infections in Mice by

Blocking RNase L and PKR—We show here that sunitinib
inhibits RNase L and PKR and thus enhances viral growth in
cultured cells and in mice. The proviral effect of sunitinib is
observed only when RNase L and PKR are present. Indeed, viral
yields in hearts of WT mice were about 10-fold greater when
the animals received sunitinib orally. However, sunitinib had
no effect on viral yields in mice lacking both RNase L and PKR.
Viral induction of IFN-� was about 4-fold greater in WT mice
than in mice lacking RNase L. The RNase L effect could be due
to short RNA cleavage products that amplify IFN-� induction
through RIG-I or MDA5 (5, 38, 39). In contrast, a deficiency in
PKR had only a minimal effect on virus induction of IFN-�.

FIGURE 8. Sunitinib treatments hasten death of mice from viral infections
due to inhibition of RNase L and PKR. A–D, mice of the indicated genotypes,
untreated or treated with sunitinib (Su), were infected with EMCV as
described in the legend to Fig. 7. Kaplan Meier survival curves in the absence
or presence of sunitinib are shown.

TABLE 3
Effect of sunitinib treatments on animal survival from viral infection

Genotype
Median survival

p valueSunitinib (n)a Control (n)a

days
Rnasel�/� Pkr�/� 6 (13) 12 (11) 0.005
Rnasel�/� 7 (11) 9 (11) 0.014
Pkr�/� 7 (13) 8 (11) 0.015
Rnasel�/� Pkr�/� 9 (11) 9 (9) 0.77

an � number of mice per group.
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These results are consistent with a prior study in which the
induction of type I IFN genes by poly(rI)�poly(rC) and virus was
shown to be unimpaired in Pkr�/� mice (40). Sunitinib treat-
ments reduced viral induction of IFN-� in theWT, Rnasel�/�,
and Pkr�/� mice but not in the Rnasel�/� Pkr�/� mice. How-
ever, levels of IFN-� were already very low in the double
knock-out mice rendering these results difficult to interpret,
especially given that sunitinib might affect other kinases
involved in the induction of IFN-�. As shown here and in our
previous studies, mice lacking either or both RNase L and PKR
are at a higher risk of viral infection (17, 18).
In these studies, death from viral infection was dramatically

hastened by sunitinib treatments. Remarkably, this occurred in
WT mice but not in mice lacking both RNase L and PKR. An
intermediate effect of sunitinib on animal survival was obtained
inmice lacking only RNase L or only PKR.Our findings indicate
an important role for the kinase-like domain, in particular the
ATP-binding site, in the regulation of RNase L activity. In addi-
tion, sunitinib is shown to be a useful research reagent for sup-
pressing both RNase L and PKR in cell culture experiments as
well as inmice. The relevance of these studies to sunitinib use in
humans is presently unknown, but results suggest that under
some circumstances sunitinib treatments might increase the
risk of viral infections.
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