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Opposing Roles of Double-Stranded RNA Effector Pathways and Viral
Defense Proteins Revealed with CRISPR-Cas9 Knockout Cell Lines
and Vaccinia Virus Mutants
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Laboratory of Viral Diseases, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Bethesda, Maryland, USA

ABSTRACT

Vaccinia virus (VACV) decapping enzymes and cellular exoribonuclease Xrn1 catalyze successive steps in mRNA degradation
and prevent double-stranded RNA (dsRNA) accumulation, whereas the viral E3 protein can bind dsRNA. We showed that
dsRNA and E3 colocalized within cytoplasmic viral factories in cells infected with a decapping enzyme mutant as well as with
wild-type VACV and that they coprecipitated with antibody. An E3 deletion mutant induced protein kinase R (PKR) and eukary-
otic translation initiation factor alpha (eIF2a) phosphorylation earlier and more strongly than a decapping enzyme mutant even
though less dsSRNA was made, leading to more profound effects on viral gene expression. Human HAP1 and A549 cells were ge-
netically modified by clustered regularly interspaced short palindromic repeat-Cas9 (CRISPR-Cas9) to determine whether the
same pathways restrict E3 and decapping mutants. The E3 mutant replicated in PKR knockout (KO) HAP1 cells in which RNase
L is intrinsically inactive but only with a double knockout (DKO) of PKR and RNase L in A549 cells, indicating that both path-
ways decreased replication equivalently and that no additional dsRNA pathway was crucial. In contrast, replication of the decap-
ping enzyme mutant increased significantly (though less than that of wild-type virus) in DKO A549 cells but not in DKO HAP1
cells where a smaller increase in viral protein synthesis occurred. Xrn1 KO A549 cells were viable but nonpermissive for VACV;
however, wild-type and mutant viruses replicated in triple-KO cells in which RNase L and PKR were also inactivated. Since KO
of PKR and RNase L was sufficient to enable VACV replication in the absence of E3 or Xrn1, the poor replication of the decap-
ping mutant, particularly in HAP1 DKO, cells indicated additional translational defects.

IMPORTANCE

Viruses have evolved ways of preventing or counteracting the cascade of antiviral responses that double-stranded RNA (dsRNA)
triggers in host cells. We showed that the dsRNA produced in excess in cells infected with a vaccinia virus (VACV) decapping
enzyme mutant and by wild-type virus colocalized with the viral E3 protein in cytoplasmic viral factories. Novel human cell lines
defective in either or both protein kinase R and RNase L dsRNA effector pathways and/or the cellular 5’ exonuclease Xrn1 were
prepared by CRISPR-Cas9 gene editing. Inactivation of both pathways was necessary and sufficient to allow full replication of
the E3 mutant and reverse the defect cause by inactivation of Xrn1, whereas the decapping enzyme mutant still exhibited defects
in gene expression. The study provided new insights into functions of the VACV proteins, and the well-characterized panel of
CRISPR-Cas9-modified human cell lines should have broad applicability for studying innate dsRNA pathways.

Double—stranded RNA (dsRNA) is a principal viral pathogen-
associated molecular pattern that is recognized by cellular
sensors, including oligoadenylate synthetase (OAS), protein ki-
nase R (PKR), Toll-like receptors, retinoic acid-inducible gene-I
(RIG-I)-like receptors, and nucleotide-binding oligomerization
domain (NOD)-like receptors, resulting in activation of RNase L,
phosphorylation of eukaryotic translation initiation factor alpha
(elF2at), and induction of interferon and proinflammatory re-
sponses (1-3). Many viruses produce dsRNA at some stage of their
life cycles. Poxviruses are vulnerable to dsRNA pathways because
of the synthesis of complementary transcripts that can anneal to
form dsRNA (4, 5). Approximately 15% of the polyadenylated
RNA synthesized by late times after infection with vaccinia virus
(VACV), the prototype of the poxvirus family, can anneal to form
long intermolecular duplexes with single-stranded RNA tails (6).

Viruses mitigate host responses to dsRNA by preventing its
formation, sequestering it, degrading it, or interfering with sens-
ing or effector pathways (2, 7). Poxviruses, including VACV, en-
code numerous proteins that protect against a variety of innate
defenses including those triggered by dsRNA (8-10). The VACV
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E3 dsRNA binding protein plays an important role: mutations in
the C-terminal dsRNA binding domain result in increased inter-
feron sensitivity and a severe host range defect involving activa-
tion of PKR, RNase L, and interferon regulatory factor 3 (IRF3)
(11-17). Roles of PKR and RNase L pathways were suggested by
partially restoring replication of a VACV E3 deletion mutant in
PKR- or RNase L-deficient mouse embryo fibroblasts (16).
Knockdown (KD) of PKR substantially restored replication of E3
mutants in HeLa cells (18). Nevertheless, the mode of action of E3
and the relative roles of different dsSRNA pathways in antagonizing
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E3 mutants are incompletely understood. Although binding of E3
to dsRNA has been demonstrated in vitro (11), the association of
E3 with dsRNA in poxvirus-infected cells has not been reported.
Moreover, mutations in the C-terminal region of E3 that affect
dsRNA binding in vitro do not uniformly correlate with the host
range function (19). In addition, the N-terminal region of E3 can
interact directly with PKR (20, 21), and both the N- and C-termi-
nal regions of E3 are required for virulence in mice (22, 23). The
inactivation of another VACV protein, K3, results in enhanced
interferon sensitivity and host range restriction in baby hamster
kidney cells (24, 25). K3 has homology with elF2a and competi-
tively prevents its phosphorylation by PKR (26-28).

All poxviruses encode one or two enzymes with Nudix hydro-
lase motifs that can cleave the 5’ cap of mRNAs to form 5" phos-
phate ends (29, 30). In VACV, these enzymes are encoded by the
D9 and D10 open reading frames (ORFs), which are 25% identical
in predicted amino acid sequence. Inactivation of the D9 gene has
no discernible effect on VACV replication, whereas inactivation of
the D10 gene reduces virus yields (31). In contrast, simultaneous
mutation of both D9 and D10 causes a severe host restriction,
suggesting that the two enzymes have compensatory functions
(5). The defect in replication is characterized by greatly increased
amounts of dsRNA and activation of RNase L and PKR, with re-
sulting inhibition of viral protein synthesis and degradation of
host mRNA and rRNA. Knockdown of the cellular 5" exoribonu-
clease Xrn1 decreases VACV replication (32), resulting in defects
similar to those of the D9/D10 deletion mutant (33), which sug-
gests that decapping enzymes and Xrn1 catalyze successive steps in
VACV mRNA degradation.

The present study was undertaken to compare the apparently
complementary roles of E3 and D9/D10 in preventing innate im-
mune responses and to determine whether the same host re-
sponses are important for restricting VACV replication of both
mutants and cells defective in Xrnl expression. Here, we describe
results obtained using wild-type and mutant VACVs to infect hu-
man cell lines that were modified by clustered regularly inter-
spaced short palindromic repeat-Cas9 (CRISPR-Cas9) editing of
PKR, RNase L, and Xrn1 genes individually and together.

MATERIALS AND METHODS

Antibodies and chemicals. Mouse monoclonal antibodies (MAbs) to E3
(34) and RNase L (35) were kind gifts of S. N. Isaacs (University of Penn-
sylvania) and R. H. Silverman (Cleveland Clinic Lerner Research Insti-
tute), respectively. Rabbit antibodies to VACV strain WR (36), A3, and
D13 (37) were prepared by our laboratory. The following antibodies were
purchased: phospho-(Ser396)-IRF3 (catalog number 4947), IRF3 (cata-
log number 11904), phospho-(Ser51)-elF2a (catalog number 3398), and
elF2a (catalog number 5324) (all from Cell Signaling Technology); phos-
pho (T446)-PKR (catalog number ab32036; Abcam); PKR (catalog num-
ber 700286; Life Technologies); mouse J2 MADb to dsRNA (SCICONS
English and Scientific Consulting Kft); mouse anti-FLAG M2 (catalog
number F1804) and actin (catalog number A2066) (both from Sigma);
Xrnl (catalog number A300-443A; Bethyl Laboratories). The 0.5- to
10-kb RNA ladder (catalog number 15623-200) was from Life Technolo-
gies. Cytosine [3-p-arabinofuranoside (AraC) (catalog number C1768)
was from Sigma.

Cells. BHK-21 (ATCC CCL-10) cells were grown in minimum essen-
tial medium with Earle’s balanced salts (EMEM) supplemented with 2
mM r-glutamine, 100 units of penicillin, and 100 pg of streptomycin per
ml (Quality Biologicals, Inc.) and containing 10% fetal bovine serum
(FBS) (Sigma-Aldrich). HAP1 control and genetically modified cell lines
obtained from Horizon Discovery (Vienna) were grown in Iscove’s mod-
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ified Dulbecco’s medium (Life Technologies) supplemented with 2 mM
L-glutamine, 10% FBS, 100 units of penicillin, and 100 pg of streptomycin
per ml. A549 control and modified cell lines were grown in Dulbecco’s
modified Eagle’s medium/F-12 (DMEM/F-12) medium (Life Technolo-
gies) supplemented with 2 mM r-glutamine, 10% FBS, 100 units of pen-
icillin, and 100 p.g of streptomycin per ml. The HAP1 RNase L genetically
modified cells had a 13-bp deletion in exon 2 causing a frameshift, and the
PKR-modified cells had a 13-bp deletion in exon 4 causing a frameshift.

Generation of A549 CRISPR-Cas9 genetically modified cell lines. To
inactivate the RNase L, PKR, and XRN1 genes in A549 cells (ATCC CCL-
185), the CRISPR-Cas9 system was adapted from a previous method (38).
Targeting sequences were designed using the Web-based tool CRISPR
Design (http://crispr.mit.edu/). The following target sequences were used:
RNase L, CACGTCCTCCAGCGGTAGAA; PKR, ATTCAGGACCTCCA
CATGAT; Xrnl, GTATCCCTGTCTCAGCGAAG. The DNA sequences
were synthesized (Eurofins, Luxembourg) and separately introduced into
the plasmid vector pSpCas9(BB)-2A-GFP (where GFP is green fluores-
cent protein) from Feng Zhang (PX458, plasmid 48138; Addgene, Cam-
bridge, MA), which drives expression of the Streptococcus pyogenes Cas9,
GFP, and the chimeric guide RNA in mammalian cells. A549 cells were
transfected with the recombinant plasmids using Lipofectamine 2000
(Life Technologies). Two days after transfection, single GFP-positive cells
were sorted by flow cytometry to allow single-colony formation. After 14
days, total protein was prepared from individual colonies, and the absence
of proteins was confirmed by Western blotting. The RNase L and PKR
CRISPR-Cas9 cell line was generated by inactivating the PKR gene in the
RNase L-inactivated cells. Genome sequencing indicated the addition of
an A residue (shown in italics in CACGTCCTCCAGCGGTAAGAA)
within the target sequence of the RNase L gene, a T residue (shown in
italics in ATTCAGGACCTCCACATTGAT) within the target sequence of
the PKR gene, and a deletion of two GC residues (indicated by boldface in
GTATCCCTGTCTCAGCGAAG) within the target sequence of the Xrnl
gene.

Viruses. Recombinant VACVs were derived from the Western Re-
serve (WR) strain of VACV (ATCC VR-1354). The vAE3L virus (AE3L-
F17R-venus) (39) was a gift of J. H. Connor (Boston University). The
vDImuD10mu double mutant, with catalytic site mutations of D9 and
D10, and the wild-type vD10rev (a revertant of a D10 mutant) viruses
were previously described (5). The vVFLAG-D9 and vD10-FLAG were
made with a FLAG tag at their N and C termini, respectively (40). The
VAE3L-venus/FLAG-D9 and vAE3L-venus/D10-FLAG viruses were con-
structed by homologous recombination in BHK-21 cells coinfected with 5
PFU/cell of vAE3L-venus and 5 PFU/cell of vVFLAG-D9 or vD10-FLAG.
The vD10rev-E3-GFP and vD9muD10mu-E3-GFP viruses were con-
structed by adding the GFP ORF to the C terminus of E3 by homologous
recombination with DNA generated by overlap PCR containing the GFP
OREF flanked by portions of E3L and E2L. After 24 h, cells were harvested
and subjected to three freeze-thaw cycles, and the lysates were diluted and
used to infect new BHK-21 cell monolayers. Fluorescent plaques were
picked and sequenced to identify the recombinant viruses, which were
clonally purified five times. The inserted regions of the recombinant vi-
ruses were PCR amplified and sequenced to confirm their identities.

Purification of virus particles. Recombinant viruses grown in
BHK-21 cells were purified by centrifugation through a 36% sucrose
cushion, followed by centrifugation through a 24% to 40% sucrose gra-
dient, as described previously (40), and used for infections after determi-
nation of infectivity by plaque assay in BHK-21 cells.

Plaque assay and immunostaining. VACV preparations were dis-
rupted in a chilled water bath sonicator with two 30-s periods of vibration,
followed by 10-fold serial dilutions in EMEM supplemented with 2.5%
EBS. Diluted viruses were distributed to BHK-21 cell monolayers. After
adsorption for 2 h, the medium was removed, and cells were covered by
EMEM supplemented with 2.5% FBS and 0.5% methylcellulose. After
incubation for 2 days, the cells were fixed with 1:1 methanol-acetone,
washed, and incubated with anti-VACV strain WR polyclonal antibody
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for 2 h. Cells were washed again and incubated with peroxidase-conju-
gated protein A (Thermo Scientific) for 1 h, followed by the addition of
the substrate dianisidine for 10 min. After plaques were visualized, the
dianisidine was removed, and cells were washed.

Immunofluorescence. Cells were seeded onto glass coverslips and
mock infected or infected with 5 PFU/cell of purified virus for 13 h, after
which the cells were fixed with 4% formaldehyde for 15 min and perme-
abilized with 0.1% Triton X-100. Samples were then blocked in 4% FBS,
incubated with primary antiserum, and incubated with fluorescence-con-
jugated secondary antibodies (Life Technologies). Nuclei and virus facto-
ries were stained with 4',6’-diamidino-2-phenylindole (DAPI). Cover-
slips were mounted on slides using ProLong Gold (Life Technologies).
Images were collected on a Leica DMI6000 confocal microscope (Leica
Microsystems). Images were collected and processed using Imaris, version
7.1 (Bitplane AG), and Adobe Photoshop CS3 (Adobe Systems) to adjust
brightness.

Intracellular staining of dsRNA for flow cytometry. Cells were mock
infected or infected with 5 PFU/cell of virus for 13 h. The cells were fixed
with intracellular (IC) fixation buffer (Life Technologies) on ice for 15
min, washed, and incubated with dsSRNA J2 MAD in IC permeabilization
buffer (Life Technologies) on ice for 30 min, followed by incubation with
fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse antibody
(BD Biosciences) for 30 min. After being extensively washed with IC per-
meabilization buffer, the cells were resuspended in phosphate-buffered
saline (PBS)—1% paraformaldehyde and then analyzed on a FACSCalibur
(BD Biosciences). The positive cells were gated by comparison to unin-
fected cells, and the results are shown in histograms.

dsRNA IP. Approximately 10° A549 cells were mock infected or in-
fected with 5 PFU/cell of purified vD9muD10mu-E3-GFP. At 13 h after
infection, cells were washed twice with cold PBS on ice, harvested by
scraping, and lysed in immunoprecipitation (IP) buffer (20 mM Tris [pH
7.4], 150 mM NaCl, 2 mM EDTA, 1% Triton X-100) containing Complete
EDTA-free protease inhibitor cocktail tablets (Roche) and 100 U/ml
RNase inhibitor (Fermentas) on wet ice for 30 min with frequent agita-
tion. Lysates were centrifuged for 10 min at 13,000 X g at 4°C, and the
supernatant was collected. The supernatant was incubated with 2 g of J2
MAD for 3 h at 4°C on a rotating wheel and then with 20 pl of protein G
conjugated to Dynabeads magnetic beads (Thermo Fisher Scientific) for 3
h at 4°C. The beads were then washed four times with IP buffer, and
proteins were eluted by boiling in reducing sample buffer.

Western blotting. Cells were harvested, washed, and lysed in Tris-
buffered saline (TBS) composed of 20 mM Tris (pH 7.4), 150 mM NaCl,
and 2 mM EDTA and containing 1% Triton X-100 and Complete EDTA-
free protease inhibitor cocktail tablets (Roche) on wet ice for 30 min with
frequent agitation. Cell lysates were cleared by centrifugation at 13,000 X
g for 10 min at 4°C; the proteins were resolved on 4 to 12% NuPAGE
Bis-Tris gels (Life Technologies) and transferred to a nitrocellulose mem-
brane with an iBlot2 system (Life Technologies). The membrane was
blocked with 5% nonfat milk in TBS for 1 h, washed with TBS with 0.1%
Tween 20 (TBST), and then incubated with the primary antibody in 5%
nonfat milk or 5% bovine serum albumin (BSA) in TBST overnight at
4°C. The membrane was washed with TBST and incubated with the sec-
ondary antibody conjugated with horseradish peroxidase (Jackson Im-
munoResearch) in TBST with 5% nonfat milk for 1 h. After the membrane
was washed, the bound protein was detected with SuperSignal West Dura
substrates (Thermo Scientific). For detection of phosphorylated elF2a,
PKR, and IRF3, cells were lysed with buffer containing phosphatase in-
hibitors as follows: 2 mM sodium orthovanadate, 2 mM sodium pyro-
phosphate, 50 mM glycerol-2-phosphate disodium, 50 mM sodium fluo-
ride, and a phosphatase inhibitor mixture tablet (Roche).

Northern blotting. Total RNA from infected cells was isolated using
an RNeasy minikit (Qiagen), resolved by electrophoresis on a glyoxal gel
(Life Technologies), transferred to a positively charged nylon membrane
using an iBlot system (Life Technologies), and fixed by UV cross-linking.
Double-stranded DNA probes to C11, F17, and glyceraldehyde-3-phos-

7866 jviasm.org

Journal of Virology

phate dehydrogenase (GAPDH) labeled with digoxigenin (DIG) were
prepared with a DIG-High Prime DNA labeling and detection starter kit IT
(Roche) using a 400-bp PCR fragment. After hybridization with the
digoxigenin-labeled probe for 20 h, the membrane was washed, blocked,
incubated with alkaline phosphatase-conjugated antibody to digoxigenin
(Roche), and visualized with a chemiluminescence substrate on X-ray
films.

Transmission electron microscopy. The cells were fixed with 2% glu-
taraldehyde and embedded in Embed 812 resin (Electron Microscopy
Sciences, Hatfield, PA) as described previously (41). Specimens were
viewed with a FEI Tecnai Spirit transmission electron microscope (FEI,
Hillsboro, OR).

RESULTS

Colocalization of dsRNA and the E3 protein in virus factories.
The role of the VACV E3 protein during infection has been in-
ferred from in vitro dsRNA binding studies, usually carried out
with poly(I-C), as well as by activation of dsSRNA pathways in cells
infected with mutant viruses. E3 had previously been localized in
cytoplasmic viral factories and the nucleus (42), but colocalization
with dsRNA had not been demonstrated. In our previous study
(5), we used a MAD specific for dsSRNA of more than 40 bp (43-46)
to visualize dsRNA foci by fluorescence microscopy in cells in-
fected with VACV. Based on total fluorescence intensity, the
amount of dsRNA in monkey BS-C-1 cells infected with
vD9muD10mu, which has inactivating point mutations in the cat-
alytic sites of both D9 and D10 (29, 30), was approximately 15-
fold greater than that in cells infected with vD10rev (a virus gen-
erated as a revertant of a D10 mutant and used as the wild-type
control) (5). Using dsRNA and E3 MADs of different isotypes and
DAPI to stain DNA, a strict coincidence of dsRNA and E3 in
cytoplasmic DNA factories was visualized by confocal microscopy
of human A549 cells infected with vD9ImuD10mu (Fig. 1A). DNA
factories are closely juxtaposed to nuclei, and one was enlarged in
Fig. 1A to more clearly show the site of the dsSRNA. The dsRNA
also colocalized with E3 in cells infected with vD10rev; however,
there were fewer dsRNA foci, and some with E3 staining had
barely detectable dsRNA (Fig. 1A). Only tiny dsRNA puncta,
which were also associated with cytoplasmic factories, were de-
tected in cells infected with vAE3L (Fig. 1A).

Flow cytometry was used to quantitatively compare the num-
bers of cells with detectable dsSRNA and the relative amounts of
dsRNA in mock-infected A549 cells and cells infected with
vD10rev, vDImuD10mu, and vAE3L. The numbers of dsRNA-
positive cells were similar in cells infected with vD9ImuD10mu
and vAE3L although the mean fluorescence intensity was much
higher in the former (Fig. 1B). A smaller number of cells infected
with vD10rev scored positive for dsRNA, but the fluorescence
intensity of a minority overlapped with that of cells infected with
vD9muD10mu and was higher than that of cells infected with
vAE3L (Fig. 1B). Therefore, the low levels of dsRNA in individual
cells infected with vAE3L could explain the small sizes of dsSRNA
puncta. However, the large number of dsRNA-positive cells in-
fected with vVAE3L compared to that in cells infected with vD10rev
was unexpected and implied that E3 might contribute to the sup-
pression of dsRNA accumulation. We will show later that synthe-
sis of both decapping enzymes was severely reduced in the absence
of E3, possibly leading to the increased number of cells with small
amounts of dsRNA.

The above confocal microscopy experiments were carried out
with different isotype mouse MAbs to dsRNA and E3. Although
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FIG 1 Colocalization of dsRNA and E3 protein in infected cells. (A) A549 cells on coverslips were mock infected or infected with 5 PFU per cell of vD10rev,
vD9ImuD10mu, or vAE3L. After 13 h, the cells were fixed, permeabilized, and stained for dsRNA with J2 MADb (green) and for E3 with E3 MAD (red), followed
by isotype-specific IgG2A and IgG3 fluorescent secondary antibodies, respectively, and DAPI. The cells were imaged by confocal microscopy. Arrows point to
virus factories. The factory region within the boxed area was enlarged and is shown in the row below. Scale bar, 10 pm. (B) A549 cells were infected as described
for panel A, stained with J2 MAD and fluorescent secondary antibody, and analyzed by flow cytometry. (C) The experiment is the same as that described for panel
A except that cells were mock infected or infected with vD10rev-E3-GFP or vD9ImuD10mu-E3-GFP and stained with J2 MADb to detect dsSRNA (red) followed by
secondary fluorescent antibodies. E3 was visualized by GFP fluorescence. The factory region in the boxed area was enlarged and is shown in the row below. (D)
A549 cells were infected with vDI9ImuD10mu-E3-GFP, and lysates were analyzed by Western blotting with antibody to GFP and RIG-I or immunoprecipitated

(IP) with J2 MAb or nonspecific IgG and then analyzed by Western blotting.

we confirmed the extremely low cross-reactivity between the iso-
type-specific secondary fluorescent antibodies (data not shown),
we wanted to confirm the colocalization data by an alternate
method involving E3 fused to GFP. Two recombinant viruses were
constructed, vD10rev-E3-GFP and vD9muD10mu-E3-GFP, with
GFP fused to the C terminus of E3. The ability of vD10rev-E3-GFP
to replicate in human cells (data not shown) provided evidence for
the function of the fusion protein. Colocalization of dsRNA and
E3 in virus factories was visualized using the J2 MAD to detect
dsRNA, and GFP fluorescence was used to detect E3. Again, colo-
calization of dsRNA and E3 occurred in cells infected with both
the wild-type virus and the decapping enzyme mutant (Fig. 1C).
The association of dsRNA with a virus factory is shown by the
enlarged image in one row of Fig. 1C.

vD9muD10mu-E3-GFP was also used to demonstrate interac-
tion of dsRNA with E3 by coimmunoprecipitation. The J2 MAb
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but not an IgG isotype control antibody was able to capture E3-
GFP, which was detected by Western blotting (Fig. 1D). A small
amount of RIG-I, another dsRNA binding protein, was immuno-
precipitated under these conditions (Fig. 1D). Thus, our data sup-
ported the role of E3 in binding dsRNA during VACV infection
and suggest a possible secondary or indirect role in preventing
dsRNA accumulation.

Replicative abilities of mutant viruses in CRISPR-Cas9
RNase L and PKR KO cells. The decapping enzyme mutant
vD9muD10mu and E3 deletion mutant have similar host range
defects, and both can replicate in BHK-21 cells, which were used
for their propagation (5, 16). The present study was intended to
compare causal relationships between cytoplasmic dsRNA sensor
pathways and the host restriction of vD9ImuD10mu and vAE3L by
inactivation of RNase L and PKR gene expression. Our previous
studies were carried out mainly with monkey BS-C-1 cells; how-
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FIG 2 Replication of decapping enzyme mutant and E3 deletion virus in HAP1 and A549 KO cells. (A) Absence of RNase L and PKR proteins in HAP1 KO cells.
Cell lysates from HAP1 control, RNase L KO, PKR KO, and DKO cells were analyzed by Western blotting using mouse polyclonal antibody to RNase L and rabbit
MAD to PKR. Antibody to actin was used as a loading control. (B) One-step virus replication. HAP1 control, RNase L KO, PKR KO, and DKO cell monolayers
in 12-well plates were infected in triplicate with 5 PFU/cell of purified vD10rev, vD9muD10mu, or VAE3L and harvested at 3 and 24 h. Virus titers were
determined by plaque assay in BHK-21 cells. The 3-h titers represent input virus. (C and D) Procedures were the same as those described for panels A and B except
that A549 control and KO cells were used. Each bar represents the standard deviation determined from three replicate infections.

ever, human cells have advantages for studying innate immunity
and for genetic modification. Since cell lines can vary in the extent
to which they constitutively express proteins involved in innate
immune pathways (47, 48), we chose two human cell lines, HAP1
and A549, for genome modification. HAP1 is an adherent fibro-
blast-like cancer cell that has been developed as a research tool
because it is haploid, simplifying gene modification (49). A549 is a
commonly used continuous hypotriploid alveolar epithelial car-
cinoma cell (50). Initial experiments verified that both human
parental cell lines were permissive for wild-type virus but nonper-
missive for vD9ImuD10mu and vAE3L.

To evaluate the differences in innate immune responses be-
tween the HAP1 and A549 cells and their effects on VACV repli-
cation, CRISPR-Cas9 was used to genetically inactivate RNase L
and PKR individually or together. Inactivation of RNase L and
PKR gene expression was demonstrated by Western blotting with
antibody to the encoded proteins (Fig. 2A and C) and confirmed
by DNA sequencing (see Materials and Methods). Because of the
absence of detectable PKR or RNase L protein, we refer to the
CRISPR-Cas9 cell lines as knockouts (KOs). The parental control
and genetically modified cell lines were infected with vD10rev,
vD9muD10mu, and vAE3L, and virus titers were determined at 3
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h (residual input virus) and 24 h (one-step yield). In the absence of
replication, the titer at 24 h decreases from the input value. As
expected, vD10rev replicated well in the control parental as well as
in the KO HAP1 and A549 cells (Fig. 2B and D). The vAE3L
mutant was unable to replicate in the control or RNase L HAP1
KO cells but replicated in PKR KO cells and in HAP1 cells with a
double knockout (DKO) of RNase L and PKR (PKR+RNase L
DKO) (Fig. 2B). In contrast, the vAE3L mutant replicated in DKO
but not in single PKR or RNase L KO A549 cells (Fig. 2D). We will
show later in this report that RNase L is not activated following
VACYV infection of HAPI cells, as determined by the stability of
rRNA. The absence of activated RNase L explains the ability of
vAE3L to replicate in PKR as well as in DKO HAP1 cells. The
inability of vVAE3L to replicate in either single PKR or single RNase
L KO A549 cells indicated that activation of either pathway blocks
VACV replication in the absence of E3. Furthermore, the ability of
vAE3L to replicate in PKR HAP1 and PKR+RNase L DKO A549
cells indicated that no additional dsRNA pathways severely inter-
fered with VACV replication under one-step growth conditions.
The titers of the vDImuD10mu mutant increased slightly be-
tween 3 and 24 h in the PKR KO and DKO HAP1 cells but not in
the control or RNase L KO cells (Fig. 2B). However, the increases
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TABLE 1 Virus replication in KO cell lines

Virus replication®

Cell line vAE3L

HAP1
Control”
PKR KO
RNase L KO
PKR+RNase L DKO

vD10Rev vDImuD10mu

++ + +
[
+ o+

A549
Control
PKR KO
RNase L KO
PKR+RNase L DKO
Xrnl KO
Xrnl+PKR+RNase L TKO + +°

|+ + + +
+ [
+ 0+ [

g

@ Cells were harvested at 24 h after infection, and virus titrations were performed
plaque assay in permissive BHK-21 cells. The presence (+) or absence (—) of
replication is indicated.

b Infected HAPI parental cells had undetectable RNase L activity.

¢ The increase in virus titer was significant but less than that of vD10rev.

Y

did not reach high significance (P = 0.069 and P = 0.053 for PKR
KO and DKO cells, respectively). The vD9ImuD10mu mutant in-
creased in titer between 3 and 24 h in the DKO A549 cells (Fig.
2D). Although this increase was significant (P = 0.005), it was
much less than that of vAE3L. The results of these and other in-
fectivity experiments are summarized in Table 1.

Transmission electron microscopy was performed to compare
the replication defect of vD9ImuD10mu in DKO HAP1 and A549
cells. Large numbers of immature and mature virions were present
in both DKO cell lines infected with vD10rev (Fig. 3). Immature
and mature virions were also present in DKO A549 cells infected
with vD9ImuD10mu. In contrast, mature brick-shaped virions
were not seen in DKO HAP1 cells infected with vDImuD10mu;
instead, low numbers of abnormal spherical, dense particles were
present, consistent with the block in infectious virus formation.

Further experiments were carried out to determine the basis
for the restriction of replication of the decapping enzyme and E3
mutants and the roles of PKR and RNase L. For clarity, we first
describe experiments with HAP1 PKR and RNase L KO cells, then
with A549 PKR and RNase L KO cells, and finally with A549 Xrn1
KO cells.

Viral gene expression in HAP1 KO cells. Time course exper-
iments were carried out to investigate the differential replication
of vD10rev, vVAE3L, and vD9ImuD10mu in HAP1 KO cells. Ly-
sates, obtained at 2, 4, 8, and 12 h after infection, were analyzed by
probing Western blots with broadly reactive VACV antibodies
that recognize abundant postreplicative proteins (Fig. 4A) and
with antibody to actin, which verified similar levels of gel loading
(data not shown). In cells infected with vD10rev, major viral pro-
teins were detected as faint bands at 4 h and increased at 8 and 12
hin control and RNase L KO cell lines, with only a slight enhance-
ment at 4 h in the PKR and DKO cells. Faint bands were detected
in the presence of cytosine (3-bD-arabinofuranoside (AraC), an in-
hibitor of DNA replication, confirming that the abundant pro-
teins made in the absence of drug belonged to the intermediate or
late class. In contrast to the results obtained with the wild-type
vD10rev, viral protein synthesis in the control HAP1 cells was low
or barely detectable throughout the course of infection with
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vD9muD10mu or vAE3L, respectively. Viral protein synthesis was
not increased in the HAP1 RNase L KO cells infected with either
mutant virus, consistent with the inability of such cells to support
their replication. However, in both PKR KO and DKO HAP1
cells there was a dramatic increase in wild-type viral protein
levels after infection with vAE3L and a lesser increase after
infection with vD9muD10mu. The low level of viral protein
synthesis in DKO HAP1 cells infected with vD9muD10mu
would account for the defect in formation of mature virus par-
ticles and infectious virions.

The abilities of the mutant viruses to synthesize early proteins
was demonstrated by probing Western blots with antibody to the
E3 protein, which was detected from 2 to 12 h after infection and
in the presence of AraC (Fig. 4B). The absence of a band in cells
infected with vAE3L confirmed the KO and antibody specificity.
Western blots probed with antibodies to the D13 (Fig. 4C) and A3
(Fig. 4D) proteins were used to analyze representative intermedi-
ate and late proteins, respectively. D13 and A3 were expressed
similarly in all cells infected with vD10rev although there was
slightly more present at the 4-h time point in the PKR and DKO
cells. The D13 and A3 proteins were faint or undetectable in con-
trol and RNase L KO cells infected with vD9muD10mu or vAE3L,
respectively. Expression increased modestly in PKR KO and DKO
cells infected with vD9ImuD10mu and more strongly upon infec-
tion with vAE3L. Thus, the different abilities of vDImuD10mu
and vAE3L to replicate in PKR KO and DKO HAP1 cells corre-
sponded with the levels of viral postreplicative protein synthesis,
and the defect of vD9ImuD10mu was not due to failure to synthe-
size the early E3 protein.

The rRNAs and representative viral mRNAs of infected HAP1
and HAP1 KO cells were also analyzed. Activated RNase L is an
endonuclease that cleaves single-stranded regions within rRNA
and mRNA. However, the rRNAs remained intact in control and
KO HAP1 cells, whether infected by wild-type vD10rev or mutant
VACYV, indicating an absence of active RNase L (Fig. 4E). Since
RNase L protein was made in HAP1 cells (Fig. 2A), the lack of
RNase L activity may be due to low basal levels of OAS, which was
detected only after addition of exogenous interferon (data not
shown). Early mRNAs are synthesized within virus cores derived
from the infecting virions, whereas intermediate and late mRNAs
require DNA replication and de novo viral protein synthesis. The
early C11 mRNA was detected by Northern blotting of RNA from
control and KO cells infected with vD10rev and both VACV mu-
tants (Fig. 4E). The late C17 mRNA was detected in all cells in-
fected with vD10rev and vD9ImuD10mu. However, KO of PKR or
PKR and RNase L was required for detection of F17 mRNA in cells
infected with vAE3L. The absence of F17 mRNA in the control and
RNase L KO cells infected with vAE3L is likely due to the early and
profound inhibition of viral protein synthesis, which would in-
clude transcription factors. Moreover, the dramatic increase in
F17 mRNA in the PKR KO and DKO cells infected with vAE3L
paralleled the increase in viral protein synthesis. In contrast, viral
late protein synthesis was less completely inhibited in A549 cells
infected with vD9muD10mu, corresponding to the detection of
late mRNA.

Previous studies have described greatly accelerated degrada-
tion of cellular mRNAs by VACV (51-53), which has recently
been attributed to the activity of the decapping enzymes (29). The
panel of mutant viruses and KO cell lines allowed us to examine
this hypothesis by Northern blotting. At 13 h after infection,
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FIG 3 Transmission electron microscopy. DKO A549 (upper two rows) and HAP1 cells (lower two rows) were infected with 5 PFU per cell of vD10rev or
vD9muD10mu and harvested after 13 h. The cells were fixed, cut into thin sections, and examined by transmission electron microcopy. IV, immature virion; MV,

mature virion; DV, aberrant dense virion.

GAPDH mRNA (which has been reported to have a half-life of 8 h
in HeLa cells [54]) was faint or undetectable in all cells infected
with vD10rev, consistent with accelerated host mRNA degrada-
tion (Fig. 4E). In cells infected with vD9ImuD10mu, only a small
amount of GAPDH RNA persisted, despite the absence of decap-
ping enzymes. Much more GAPDH mRNA was present in control
and RNase L KO cells infected with vAE3L, in which little or no
viral late mRNA or postreplicative protein synthesis was detect-
able. However, GAPDH mRNA was diminished when viral late
mRNA and protein synthesis increased in PKR KO and DKO cells
infected with vAE3L. The decrease in GAPDH mRNA in DKO
cells infected with vDI9ImuD10mu suggested that decapping en-
zymes and RNase L are not the sole causes of the instability of cell
mRNA and imply another mechanism dependent on synthesis of
additional viral proteins.

PKR and elF2« activation in HAP1 control and KO cells.
Western blotting experiments confirmed the presence of elF2a in
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all cells and PKR in the control and RNase L KO cells but not in
PKR KO and DKO cells (data not shown). Phosphorylated forms
of PKR and elF2a were detected with specific antibodies at 8 h,
and these increased at 12 h in HAP1 control and RNase L KO cells
infected with vD10rev and vD9muD10mu although the bands
were somewhat stronger with the latter virus, as indicated by the
quantification of their densities (Fig. 5A and B). In control and
RNase L KO HAP1 cells infected with vAE3L, phosphorylation of
PKR and elF2a was intense as early as 4 h and even in the presence
of AraC (Fig. 5A and B). The very small amounts of phosphory-
lated elF2a bands detected in PKR KO and DKO HAPI cells (Fig.
5B) were presumably due to membrane-associated PKR-like en-
doplasmic reticulum kinase (PERK) or other kinases.

The timing and extent of PKR and eIF2a phosphorylation in
HAP1 cells infected with vVAE3L and vD9muD10mu were con-
sistent with the greater inhibition of viral late gene expression
after infection with the former. However, the degree of phos-
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FIG 4 Viral gene expression in HAP1 KO cells. (A to D) Western blotting. Control, RNase L KO, PKR KO, and DKO HAP1 cells were infected with 5 PFU/cell
of purified vD10rev, vD9muD10mu, or vAE3L and harvested at the indicated times (shown in hours). The lysates were analyzed by Western blotting using
antibodies to VACV (A), the E3 early protein (B), the D13 intermediate protein (C), and the A3 late protein (D). Antibody to actin served as a loading control
(not shown). One set of cells was infected in the presence of AraC to inhibit viral DNA replication and confirm the stage of expression of the viral proteins. (E)
Northern blotting. HAP1 control, RNase L KO, PKR KO, and DKO cells were mock infected or infected with 5 PFU/cell of purified vD10rev, vD9ImuD10mu, or
vAE3L virus. At 13 h after infection, the cells were harvested, and the total RNAs were isolated and resolved on glyoxal gels. rRNAs were stained with ethidium
bromide and detected by UV fluorescence; reverse images are shown. The RNAs were transferred to a nylon membrane, incubated with the digoxigenin-labeled
probes to the viral early C11 mRNA, viral late F17 mRNA, and cellular GAPDH mRNA, detected with alkaline phosphatase-conjugated antibody to digoxigenin,
and visualized with the chemiluminescence substrate and X-ray film. p.i., postinfection; Ab, antibody.
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FIG 5 Innate immune responses in HAP1 KO cells. (A) PKR. Control, RNase L KO, PKR KO, and DKO HAP1 cells were infected with 5 PFU/cell of purified
vD10rev, vDImuD10mu, or vAE3L in the absence or presence of AraC and harvested at the indicated hour after infection. The lysates were analyzed by
SDS-PAGE and Western blotting using antibodies to phosphorylated PKR (a-p-PKR). Densities shown below the images were determined with Image]. (B)
elF2a. A Western blot prepared as described for panel A was probed with antibodies to phosphorylated elF2a (o-p-elF2a).

phorylation of PKR and eIF2a in control and RNase L KO cells
infected with vD10rev compared to that in cells infected with
vD9muD10mu was surprising to us in view of the large differences
in the levels of dsSRNA, gene expression, and replication of the two
viruses. These results indicate that relatively small amounts of
dsRNA made in cells infected with vAE3L and vD10rev can acti-
vate PKR and elF2« and that activation at late times of infection by
vD10rev does not necessarily block virus replication.

Viral gene expression in A549 CRISPR-Cas9 KO cells. We
considered that studies with A549 KO cells would allow us to
compare the relative effects of RNase L and PKR on viral protein
synthesis, which could not be done in HAP1 cells because of their
intrinsic deficiency in RNase L activation. In addition, we sought
to further investigate the basis for the improved replication of
vD9muD10mu in A549 DKO cells compared to that in HAP1
DKO cells. Lysates of parental control, RNase L KO, PKR KO, and
DKO A549 cells that had been infected with vD10rev, vVAE3L, or
vD9muD10mu for 13 h were analyzed by Western blotting with
VACYV antiserum (Fig. 6A). The vD10rev blots appeared very sim-
ilar regardless of cell type. In contrast, viral proteins were unde-
tectable in control, RNase L KO, and PKR KO cells infected with
vAE3L but were remarkably restored and comparable to levels of
vD10rev proteins in DKO cells. Small amounts of viral proteins
were detected in control, RNase L, and PKR KO cells infected with
vD9ImuD10mu. There was a substantial increase in viral proteins
in A549 DKO cells infected with vD9ImuD10mu (Fig. 6A), which
was greater than that in HAP1 DKO cells (Fig. 4A), although the
bands were lighter than those in cells infected with vD10rev or
vAE3L. Thus, RNase L and PKR had equivalent effects on viral
protein synthesis, and KO of both was required to enable full
replication of vAE3L and partial replication of vD9ImuD10mu.

We wanted to be certain that the effects on viral protein syn-
thesis in A549 cells infected with vD9muD10mu were not related
in part to decreased synthesis of the early E3 dsRNA binding pro-
tein. Similar amounts of E3 were detected over time by Western
blotting with an E3-specific MAD in control and KO cells infected
with vD10rev and vD9muD10mu (Fig. 6B). We showed earlier
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(Fig. 1A) that E3 colocalized with dsRNA in control A549 cells
infected with vD9ImuD10mu. Formation of dsRNA foci also oc-
curred in RNase L KO, PKR KO, and DKO A549 cells infected
with vD9ImuD10mu (data not shown).

Analysis of rRNAs and viral late F17 mRNA provided further
insights. Unlike the situation with HAP1 cells (Fig. 4E), cleavage of
rRNA was extensive at 13 h after infection of control and PKR KO
A549 cells with vDImuD10mu or vAE3L and moderate after in-
fection with vD10rev (Fig. 6C). The strong activation of RNase L
in A549 cells infected with vAE3L occurred despite the relatively
low levels of dsRNA in individual A549 cells, as determined by
flow cytometry (Fig. 7A). rRNA remained intact in the RNase L
KO and DKO cells infected with wild-type and mutant VACVs,
indicating that RNase L was solely responsible for degradation
(Fig. 6C).

In contrast to rRNA, the amount of intact F17 mRNA depends
on synthesis as well as degradation. Intact F17 mRNA was detected
in control and KO cells infected by vD10rev, even in those display-
ing moderate activation of RNase L, as in shown by rRNA cleavage
(Fig. 6E). For vD9muD10mu, in which rRNA cleavage was more
complete in control and PKR KO cells, F17 mRNA was detected
only in RNase L KO and DKO cells (Fig. 6E). For vAE3L, F17
mRNA was detected only in the DKO cells; apparently, the drastic
inhibition of viral intermediate and late protein synthesis in
RNase L KO cells prevented F17 mRNA synthesis.

Analysis of GAPDH mRNA in HAP1 cells had suggested that
accelerated degradation correlated with viral protein synthesis
and was not entirely dependent on the VACV decapping enzymes.
To confirm these impressions and determine whether activation
of RNase L could contribute to instability of host mRNA, we an-
alyzed cellular GAPDH mRNA in A549 control and KO cells. At
13 h, GAPDH RNA was undetectable in cells infected with
vD10rev, regardless of whether RNase L, PKR, or both were inac-
tivated (Fig. 6C), consistent with virus-mediated rapid turnover.
In contrast, GAPDH mRNA was detected in the RNase L KO cells
infected with vD9ImuD10mu or vAE3L but not in PKR KO cells in
which RNase L was active (Fig. 6C). GAPDH mRNA was degraded
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FIG 6 Viral gene expression and innate immune response in A549 KO cells. (A) Viral protein synthesis. A549 control, RNase L KO, PKR KO, and DKO cells were
mockinfected or infected with 5 PFU/cell of purified vD10rev, vD9muD10mu, or vVAE3L. At 13 h after infection, the cell lysates were analyzed by Western blotting
using rabbit polyclonal antibody to VACV proteins and actin. (B) E3 synthesis. Control and KO A549 cells were mock infected or infected with vD10rev,
vD9muD10mu, or vAE3L in the absence or presence of AraC. The cells were harvested at 2, 4, 8, and 12 h after infection and analyzed by Western blotting
with a MAD to E3. (C) rRNA and mRNA. Total RNA was isolated from cells infected as described for panel A and resolved on glyoxal gels. The RNAs were
stained with ethidium bromide and detected by UV fluorescence; reverse images are shown. RNAs were transferred from the glyoxal gel to a nylon membrane,
incubated with the digoxigenin-labeled probes to the viral late F17 mRNA or cellular GAPDH mRNA, detected with alkaline phosphatase-conjugated antibody
to digoxigenin, and visualized with a chemiluminescence substrate on X-ray films. (D) IRF3. Lysates from cells infected as described for panel A were analyzed

by Western blotting with antibodies to phosphorylated IRF3, IRF3 protein, and actin. Densities shown below the images were determined with Image].

in the DKO cells infected with vD9ImuD10mu in which neither
decapping enzymes nor RNase L was present, again suggesting a
role for an additional viral protein.

We also analyzed activation of IRF3 and elF2a in A549 KO
cells. Like elF2a, IRF3 is activated by phosphorylation. Strong
IRF3 phosphorylation was induced by vAE3L in the parental A549
cells but was reduced more in RNase L KO cells than in PKR KO
cells and was almost completely abrogated in the DKO cells (Fig.
6D), in keeping with the idea that RNase L cleavage products
activate this pathway (55). There was less IRF3 phosphoryla-
tion in A549 cells infected with vD10rev and vD9muD10mu
(Fig. 6D), suggesting that this was prevented by E3. As in HAP1
cells, phosphorylation of PKR and elF2a was greater in A549
cells infected with vAE3L than in cells infected with either
vD10rev or vD9ImuD10mu (see Fig. 8D).

From the experiments with A549 KO cells, we concluded that
the replication defect of vVAE3L and vD9muD10mu correlated
with inhibition of viral protein synthesis, which was mediated
by RNase L and PKR equivalently. KO of both pathways was
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required for full restoration of viral protein synthesis and rep-
lication in the case of vVAE3L and for partial restoration in the
case of vD9ImuD10mu.

Xrnl KO and triple knockout (TKO) of RNase L, PKR, and
Xrnl in A549 cells. Knockdown (KD) of Xrnl with small inter-
fering RNA (siRNA) results in increased accumulation of dsRNA,
activation of PKR and RNase L, and inhibition of viral gene ex-
pression in human fibroblasts infected with VACV (33), similar to
the effects caused by inactivating the decapping enzymes (5). Bur-
gess and Mohr (33) reported that double KD of RNase L plus Xrnl
improved viral protein synthesis compared to results with KD of
Xrn1 alone, whereas a double KD with PKR plus Xrn1 had less effect,
and a triple KD of RNase L, PKR, and Xrn1 was no better than KD of
RNase L and Xrn1. However, in neither the double nor the triple KD
was the effect on virus replication determined. Burgess and Mohr
(33) also reported that viral protein synthesis was further inhibited
when Xrn1 KO cells were infected with the single decapping enzyme
mutant vD9mu but not with vD10mu although both mutant viruses
appeared to further increase phosphorylation of PKR (31).
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microscopy. Scale bar, 10 pm.

Since genome editing is generally more stringent than KD with
siRNA, we constructed CRISPR-Cas9 Xrnl KO A549 cells. De-
spite the absence of detectable Xrnl by Western blotting as dis-
cussed and shown in the next section, the Xrnl KO cells were
viable and appeared normal. Flow cytometry was used to compare
the relative amounts of dsRNA in the control and Xrn1 KO cells by
staining with the J2 MAb. In the absence of VACV infection, no
dsRNA was detected in either A549 or Xrnl KO cells (Fig. 7A).
There was a large increase in the number of cells that were strongly
dsRNA positive in A549 Xrn1 KO cells compared to the number in
the A549 control cells infected with vD10rev, whereas the differ-
ences were smaller in cells infected with vD9ImuD10mu and
vAE3L (Fig. 7A). Deletion of E3 actually decreased the amount of
dsRNA relative to that in Xrnl KO cells infected with vD10rev,
likely due to less total viral mRNA due to rapid shutdown of gene
expression, as shown below. Foci of dsRNA associated with virus
factories were detected by confocal microscopy in the Xrnl KO
cells infected with vD10rev and vD9muD10mu but not in mock-
infected cells or in cells infected with vVAE3L, in which less dsSRNA
was made (Fig. 7B).

As expected, vD10rev was unable to replicate significantly in
the Xrn1 KO cells (Fig. 8B). To determine whether the deleterious
effect was solely due to PKR and RNase L pathways, we used
CRISPR-Cas9 to inactivate Xrn1l in our PKR+RNase L DKO A549
cells to make triple-KO (Xrnl1+PKR+RNase L TKO) cells and
tested the ability of wild-type and mutant viruses to replicate. The
inactivation of Xrnl in both the Xrnl KO and TKO cells was
confirmed by Western blotting (Fig. 8A). In contrast to the situa-
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tion in Xrnl KO cells, vD10rev replicated nearly as well in TKO
cells as in control and DKO cells (Fig. 8B). Thus, elimination of the
RNase L and PKR pathways was sufficient to counteract the ad-
verse effects of inactivating Xrnl. Likewise, vD9ImuD10mu and
vAE3L were unable to replicate in Xrnl KO cells, but their repli-
cation in TKO cells was only slightly less than that in DKO cells
that expressed Xrn1 (Fig. 8B).

To further analyze the effects of Xrn1 KO on replication, viral
protein synthesis was compared in control, PKR+RNase L DKO,
Xrnl KO, and TKO cells infected with vD10rev, vD9muD10mu,
and vAE3L (Fig. 8C). In Xrn1 KO cells infected with vD10rev,
inhibition of viral protein synthesis was similar to that in con-
trol cells infected with vD9muD10mu, consistent with the de-
capping enzymes and Xrn1 each contributing to destabilization of
mRNAs, resulting in increased dsRNA in the absence of either.
Viral protein synthesis was more strongly inhibited in Xrnl KO
cells infected with vD9muD10mu than in similarly infected con-
trol cells, suggesting an additive effect. Consistent with our other
experiments, viral protein synthesis was inhibited most in Xrnl
KO cells infected with vAE3L. In TKO cells, viral protein synthesis
was restored to levels similar to those of DKO cells in which Xrn1
was synthesized (Fig. 8C).

At 13 h, phosphorylation of PKR and eIF2a was detected in con-
trol and Xrnl KO A549 cells infected with vD10rev, vD9muD10mu,
and vAE3L but was most intense in cells infected with vAE3L (Fig.
8D). However, phosphorylation of eIF2a was not detected in in-
fected DKO or TKO cells lacking PKR. Thus, the deleterious effect
of Xrn1 KO on VACYV replication corresponded with inhibition of
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FIG 8 Replication of VACV in Xrnl and Xrnl+PKR+RNase L TKO A549 cells. (A) Analysis of KO cells. A549 cells and A549 PKR+RNase L DKO cells were
used to make Xrnl KO and Xrnl1+PKR+RNase L triple-KO (TKO) cells. Western blotting with Xrn1 and actin antibodies confirmed inactivation of the Xrn1
gene. (B) Virus replication. Control A549, DKO, Xrnl KO, and TKO cells were infected with 5 PEU/cell of purified vD10rev, vD9muD10mu, and vAE3L. Cells
were lysed at 3 and 24 h to determine the virus input and yield, respectively, by plaque assay on BHK-21 cells. (C) Viral protein synthesis. A549 control, DKO,
two independent Xrn1 KO, and TKO cells were infected with 5 PFU per cell of vD10rev, vD9ImuD10mu, or vVAE3L and harvested after 13 h. Lysates were analyzed
by Western blotting using antibodies to VACV and actin. (D) PKR and eIF2a phosphorylation. Cells were infected as described for panel C, and Western blots
were probed with antibody to phosphorylated PKR, PKR protein, phosphorylated elF2a, and elF2a protein. Densities shown below the images were determined
with Image]. (E) D9 and D10 synthesis. A549 control, DKO, Xrn1 KO, and TKO cells were mock infected or infected with 5 PFU/cell of vVFLAG-D9, vD10-FLAG,
VFLAG-D9AE3L, or vD10-FLAGAE3L. At 13 h after infection, the cells were harvested, and lysates were analyzed by Western blotting using antibodies to FLAG
and E3. (F) Time course of D9 and D10 synthesis. A549 cells were mock infected or infected with vFLAG-D9 or vD10-FLAG in the absence of presence of AraC.
At the indicated hours after infection, the cells were harvested, and lysates were analyzed by Western blotting with antibody to the FLAG epitope or actin.
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viral protein synthesis and was abrogated by KO of both PKR and
RNase L.

Inhibition of D9 and D10 synthesis in cells infected with
vAE3L and in Xrnl KO cells. We had determined that E3 was
synthesized in cells infected with the vD9muD10mu mutant;
however, there remained the opposite question of whether D9 and
D10 were synthesized in cells infected with vAE3L or in Xrn1 KO
cells and whether a decrease in their amounts might influence the
phenotypes of vAE3L in control cells and of wild-type VACV in
Xrnl KO cells. In order to detect D9 and D10, in the absence of
specific antibodies, we constructed recombinant viruses with a
FLAG epitope tag on the N terminus of D9 (vVFLAG-D9) and on
the C terminus of D10 (vD10-FLAG) and the corresponding
E3 deletion mutants (VAE3L/FLAG-D9 and vAE3L/D10-FLAG).
vFLAG-D9 and vD10-FLAG replicated well in control, DKO, and
TKO A549 cells, whereas vVAE3L/FLAG-D9 and vAE3L/D10-
FLAG replicated only in DKO and TKO cells, as determined by
Western blotting with VACV antibody (data not shown). After
infection with vFLAG-D9 and vD10-FLAG, the two FLAG pro-
teins were detected in control as well as in DKO and TKO cells but
only a small amount of D10-FLAG and no FLAG-D9 was detected
in Xrnl KO cells although E3 was made (Fig. 8E). After infection
with VAE3L/FLAG-D9 and vAE3L/D10-FLAG, the two FLAG
proteins were detected in the DKO and TKO cells but not in the
control or Xrn1 KO cells (Fig. 8E). The small amount of D10 made
in the Xrn1 KO cells infected with vD10-FLAG and the absence of
D10 in cells infected with vVAE3L/D10-FLAG were expected since
D10 is a late protein. However, the absence of D9 was surprising
since D9, like E3, has been considered an early protein although
this was based solely on analysis of the mRNAs (56, 57).

To investigate the temporal expression of D9 and D10 pro-
teins, the FLAG-tagged D9 and D10 viruses were used in a West-
ern blotting experiment. At 3 h, a strong D9 band was present,
whereas D10 was not detected until 6 h (Fig. 8F) unless the blot
was greatly over exposed (data not shown). In addition, D9 but
not D10 was made in the presence of AraC. Thus, D9 is an early
protein, whereas synthesis of D10 required viral DNA replication.
However, the intensity of D9 was considerably lessat 9and 12 h in
the presence of the DNA replication inhibitor, suggesting that D9
may be regulated by an intermediate or late promoter in addition
to an early promoter, which would account in part for the strong
inhibition by the E3 deletion virus and in Xrn1 KO cells. Inspec-
tion of the sequence upstream of the early D9 promoter revealed
candidate intermediate or late promoters (data not shown). We
concluded that failure to synthesize D9 and D10 could contribute
to the phenotypes of the E3 deletion mutant in control cells and of
wild-type VACV in Xrnl KO cells.

DISCUSSION

CRISPR-Cas9 genome editing provides a new and stringent way to
interrogate virus-host interactions. We focused on dsRNA, an im-
portant pathogen-associated molecular pattern, and analyzed
host defense mechanisms and viral countermeasures. In this re-
port we employed two VACV mutants, in which the E3 gene was
deleted or the two capping enzymes D9 and D10 were mutated at
their active sites, and six novel CRISPR-Cas9-modified human
cell lines in which PKR and RNase L were inactivated separately or
together and two more cell lines in which Xrnl was inactivated
alone or together with PKR and RNase L (Table 1). The major
experimental findings, which will be discussed further below, were
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the following: (i) dsRNA colocalized with the viral E3 protein in
discrete foci within virus factories in cells infected with wild-type
VACV or a decapping enzyme mutant; (ii) viral late gene expres-
sion was more profoundly inhibited in cells infected with an E3
deletion mutant than in those infected with the decapping enzyme
mutant, consistent with earlier time of onset and extent of PKR
and elF2a phosphorylation; (iii) in A549 cells viral late gene ex-
pression and replication of the E3 deletion mutant were restored
only by inactivating both RNase L and PKR, indicating that the
two pathways had comparable inhibitory effects and that no other
dsRNA pathways were important; (iv) in HAP1 cells RNase L was
intrinsically inactive and only KO of PKR was necessary to restore
viral gene expression and replication of the E3 mutant; (v) the
decapping enzyme mutant was unable to replicate significantly in
RNase L and PKR DKO HAPI cells in which viral gene expression
was only slightly enhanced, suggesting additional inhibitory
mechanisms; (vi) viral gene expression and replication of the de-
capping enzyme mutant were increased in DKO A549 cells but
levels remained lower than those of wild-type virus and the E3
mutant; (vii) Xrnl KO A549 cells were viable and resistant to
VACYV infection, whereas KO of PKR and RNase L in addition to
Xrnl restored VACV replication to wild-type levels; (viii) the de-
capping enzyme mutant expressed E3, whereas expression of de-
capping enzymes was markedly reduced in control cells infected
with an E3 deletion mutant or in Xrnl KO cells infected with
wild-type virus.

The ability of E3 to bind poly(I-C) was reported more than 2
decades ago, suggesting that E3 acts by sequestering dsRNA (11),
yet we were unable to find a publication documenting such an
association in infected cells even though specific MAbs to dsRNA
(43) and E3 (42) were described at about the same time. To rem-
edy this long delay, we first used isotype-specific dsSRNA and E3
MAbs to show by confocal microscopy that all dsRNA foci colo-
calized with E3 in cells infected with the decapping enzyme mu-
tant or wild-type VACV. To confirm this observation, we made a
recombinant VACV that expresses an E3-GFP fusion protein so
that we would not have to depend on isotype-specific MAbs and
obtained the same result. In addition, E3 coprecipitated with the
dsRNA MAD from infected cell lysates. In the absence of E3, con-
focal microscopy revealed only tiny dsRNA puncta in or near virus
factories, and flow cytometry showed lower levels of dsRNA in
individual cells than in wild-type VACV though the number of
cells with detectable dsRNA was higher. Our demonstration that
dsRNA colocalizes with E3 in infected cells lays the groundwork
for assessing the significance of a recent report (19), carried out by
in vitro binding of mutated E3 to poly(I-C), which concluded that
dsRNA binding by E3 does not uniformly correlate with host
range.

Despite the smaller amounts of dsRNA formed in cells infected
with the E3 mutant than in those infected with the decapping
enzyme mutant, PKR and eIlF2a phosphorylations were stronger,
occurred more rapidly, and led to more complete inhibition of
viral gene expression. Evidently, these catastrophic events were
triggered by relatively small amounts of dsRNA synthesized early
due to overlapping transcription (58, 59). The rapid shutdown of
viral gene expression by the E3 mutant prevented synthesis of viral
intermediate and late mRNAs, which are needed to form the larger
amounts of dsRNA in cells infected with wild-type virus and the
decapping enzyme mutant. In HAP1 and A549 cells, the forma-
tion of dsRNA and activation of innate immune responses even-
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tually occurred after infection with wild-type VACV. This suggests
that the primary role of E3 is to delay activation of dsRNA path-
ways and that activation at late times does not prevent virus rep-
lication in the case of the wild-type virus. The acquisition of resis-
tance to PKR and RNase L activation could be due to the
localization of transcription and translation within viral factories
(60) or to the presence of a 5" poly(A) leader present on all inter-
mediate and late mRNAs but on few early mRNAs (61-64), which
may reduce the need for certain translation initiation factors (65—
67). More dsRNA formed in cells infected with the decapping
enzyme mutant than in those infected with wild-type VACV,
leading to greater activation of RNase L, PKR, and eIlF2a phos-
phorylation.

The relative contributions of PKR and RNase L pathways to the
host restriction of VACV E3 and decapping enzyme mutants were
investigated using CRISPR-Cas9-modified cells. Since cell lines
can vary in their basal levels of innate immune defense proteins,
we employed two: HAPI and A549. We noted differences in the
responses of the cell lines to VACV infection; most apparent was
the absence of RNase L activation in HAP1 cells, as determined by
the stability of rRNAs. Since uninfected HAP1 cells expressed
RNase L, a deficiency of OAS seemed likely (47, 48). Consistent
with this, OAS was detected by Western blotting only after admin-
istration of interferon (data not shown). Since HAP1 cells are
defective in RNase L activation, the PKR KO was functionally a
DKO. The restricted replication of the E3 mutant was overcome
solely by inactivating PKR in HAP1 cells, whereas inactivation of
both PKR and RNase L was necessary in A549 cells. The latter
result indicated that RNase L and PKR prevented viral gene ex-
pression and replication equivalently. Furthermore, the data ob-
tained with both the HAP1 and A549 KO cell lines indicated that
only the OAS/RNase L and PKR/elF2ae dsSRNA pathways signifi-
cantly impaired replication of the E3 mutant. The results with the
decapping enzyme mutant were quite different. This virus was
unable to replicate significantly in the DKO HAP1 cell lines, and
replication was suboptimal in DKO A549 cells. Transmission elec-
tron microscopy revealed only immature and abnormal-looking
virus particles in DKO HAP1 cells infected with vD9ImuD10mu.
Further analysis showed that viral protein synthesis by the decap-
ping enzyme mutant increased more in the DKO A549 cells than
in the DKO HAPI1 cells, also consistent with better virus replica-
tion. Nevertheless, KO of PKR and RNase L was insufficient to
completely rescue viral gene expression.

Knockdown of Xrnl in cells infected with VACV leads to ac-
cumulation of dsRNA and activation of dsRNA pathways, sug-
gesting that Xrn1 has a role in viral mRNA degradation (33). Here,
we showed that a CRISPR-Cas9 A549 cell KO of Xrn1 was viable
yet nonpermissive for VACV. In some ways, the phenotype of
wild-type VACV in Xrn1 KO cells was similar to that of the decap-
ping enzyme mutant. In both cases, excess dsRNA formed, PKR
and elF2a phosphorylation occurred to similar extents, and viral
late gene expression was inhibited. However, there was a notable
difference: the replication defect of wild-type VACV caused by KO
of Xrnl was overcome in a triple KO of RNase L, PKR, and Xrnl,
whereas KO of RNase L and PKR in A549 cells had a lesser effect
on replication of the decapping enzyme mutant.

Why inactivation of PKR and RNase L was sufficient to reverse
the inhibitory effects in Xrnl KO cells or enable replication of a
VACYV E3 deletion mutant but not a decapping enzyme mutant is
intriguing. Assuming that degradation of viral mRNA is initiated
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by removal of the cap and followed by Xrn1 digestion, we would
expect viral mRNA to accumulate if either step was prevented,
leading to increased dsRNA, as seen in both cases. However, the
RNA that accumulates at least initially would be quite different:
the excess RNA would remain capped in the absence of decapping
enzymes and uncapped with a 5" monophosphate end in the ab-
sence of Xrnl. Since Northern blotting indicated that turnover of
late mRNA occurred in the absence of D9/D10, we propose that
capped RNA degradation products may be responsible for trans-
lational defects that persist even in the absence of PKR. Support-
ing such a possibility are previous studies suggesting that abortive
capped transcripts severely inhibit protein synthesis by competing
with mRNA for association with ribosomes or sequestering trans-
lation factors (68, 69). Thus, the role of decapping enzymes may
be to regulate the stabilities of viral and cellular mRNAs, reduce
the formation of dsRNA, and eliminate potentially harmful
mRNA degradation products.
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