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Measles Virus C Protein Impairs Production of Defective Copyback
Double-Stranded Viral RNA and Activation of Protein Kinase R
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Measles virus (MV) lacking expression of C protein (CX%isa potent activator of the double-stranded RNA (dsRNA)-dependent
protein kinase (PKR), whereas the isogenic parental virus expressing C protein is not. Here, we demonstrate that significant
amounts of dsRNA accumulate during CX° mutant infection but not following parental virus infection. dsSRNA accumulated
during late stages of infection and localized with virus replication sites containing N and P proteins. PKR autophosphorylation
and stress granule formation correlated with the timing of dsRNA appearance. Phospho-PKR localized to dsRNA-containing
structures as revealed by immunofluorescence. Production of dsRNA was sensitive to cycloheximide but resistant to actinomy-
cin D, suggesting that dsRNA is a viral product. Quantitative PCR (qPCR) analyses revealed reduced viral RNA synthesis and a
steepened transcription gradient in C¥ virus-infected cells compared to those in parental virus-infected cells. The observed al-
terations were further reflected in lower viral protein expression levels and reduced C¥° virus infectious yield. RNA deep se-
quencing confirmed the viral RNA expression profile differences seen by qPCR between CX° mutant and parental viruses. After
one subsequent passage of the C*© virus, defective interfering RNA (DI-RNA) with a duplex structure was obtained that was not

seen with the parental virus. We conclude that in the absence of C protein, the amount of PKR activator RNA, including DI-
RNA, is increased, thereby triggering innate immune responses leading to impaired MV growth.

M easles virus (MV), a member of the Paramyxoviridae family,
is an important human pathogen and a model virus of the
Morbillivirus genus. Belonging to the order Mononegavirales, MV
possesses a nonsegmented, single-stranded RNA genome with
negative polarity (—ssRNA) of 15,894 nucleotides (nt) that carries
six individual genes (1, 2). These genes encode nucleoprotein (N),
phosphoprotein (P), matrix protein (M), fusion protein (F), hem-
agglutinin (H), and the viral RNP-dependent RNA polymerase
(or large protein [L]), in this order. The P gene also encodes two
additional proteins, the nonstructural V and C proteins (3, 4),
which play important roles in controlling both the induction of
interferon (5-9) and interferon signaling (10-14), two major arms
of antiviral innate immunity (15, 16).

We previously established that a recombinant version of the
MV Moraten vaccine strain unable to express the C protein
[MVvac-CX°(GFP) (where GFP is green fluorescent protein), also
designated C*© virus] induces double-stranded RNA (dsRNA)-
dependent innate immune responses via the pattern recognition
receptor retinoic acid-inducible gene I (RIG-I) and protein kinase
R (PKR) (17-19). RIG-I activation leads to the induction of inter-
feron B (IFN-B) expression via activation of interferon regulatory
factor 3 (IRF3) (20, 21). PKR activation triggers a cellular stress
response, which includes eukaryotic translation initiation factor
2a (elF2a)-mediated translational arrest and formation of stress
granules (SGs) (22). In contrast to the CXCvirus, isogenic parental
virus [MVvac-WT(GFP), also designated wild-type (WT) virus]
impairs the induction of the innate immune response (17-19, 21),
suggesting that one function of the C protein is to control dsSRNA
production. Earlier studies described the MV C protein as a viru-
lence factor (23) that might have a regulatory effect on the viral
RNA-dependent RNA polymerase, modulating its engagement in
transcription or replication (24, 25). In addition, the C protein is
able to prevent induction of IFN-B by a mechanism that involves
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its nuclear localization (9). However, in the case of PKR activa-
tion, direct inhibitory effects of C protein on the signaling path-
ways were excluded (17, 26), leading to speculation that C protein
might prevent the accumulation of RNA that otherwise would act
as a trigger for PKR activation.

Negative-strand viruses, such as MV or influenza A virus, pro-
duce little if any dsRNA during their infectious cycle (27), in con-
trast to dsRNA viruses or even positive-strand ssRNA (+ssRNA)
viruses or dsDNA viruses. However, recent studies suggested that
Sendai virus (SENV) and parainfluenza virus type 1 mutants un-
able to express C protein produce significant amounts of dsSRNA
that trigger MDAS5- and PKR-mediated innate immune responses
(26, 28). Similarly, we found enhanced activation of the dsRNA-
dependent PKR and phosphorylation of IRF3 in C*° mutant vi-
rus-infected cells (17, 21). The source of the putative activator
dsRNA in paramyxovirus-infected cells remains to be elucidated.
Possibilities include RNA of viral origin, such as a dsSRNA product
of aberrant viral replication, or a structured ssRNA product whose
spatial localization is altered in C*© virus-infected cells. Alterna-
tively, the RNA could be a cellular product that is upregulated
during viral infection, which acts as a trigger for pathogen recog-
nition receptors (PRRs).

Here, we show that formation of dsRNA is the trigger for PKR
activation during infection with recombinant C¥© mutant virus
and that the RNA responsible for this event is most likely of viral
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origin, as measured by intracellular localization, kinetics of accu-
mulation, and drug sensitivity tests. In addition, we found acti-
vated phospho-PKR (pPKR) accumulation at sites of dsRNA ac-
cumulation. Quantification of viral protein and RNA expression
revealed reduced replication of the C*° mutant compared to that
of the parental virus as well as a steeper transcription gradient. We
identify and characterize copyback defective RNAs amplified dur-
ing C*© virus infection but not during infection with parental
virus.

MATERIALS AND METHODS

Cells and viruses. Cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco, Life Technologies) with 5% (vol/vol) fetal bo-
vine serum (FBS; HyClone; Thermo Scientific), penicillin (100 wg/ml;
Gibco), and streptomycin (100 U/ml; Gibco). Generation of HeLa cells
with stable knockdown for PKR (PKR*), ADAR1 (ADAR1*Y), or a non-
specific control (CONKXY) has been described previously (29, 30). Cells
were maintained under selection in the presence of puromycin (1 pg/ml;
Sigma-Aldrich), but during experiments, puromycin was omitted. Virus
stock production and titer determination were performed with low-pas-
sage-number inoculum at a multiplicity of infection (MOI) of 0.01 on
Vero cells as previously described (31). Recombinant MV expressing GFP
from an additional transcription unit downstream of the H gene has been
described previously (31). Parental virus MVvac-WT(GFP) and C*° mu-
tant virus MVvac-CX©(GFP) are derived from the Moraten vaccine strain
of MV.

Virus infections. Cells were seeded into 12-well plates (1 X 10° cells/
well) 1 day before infection. For immunofluorescence analyses, cells were
seeded on glass coverslips at a lower density (approximately 5 X 10* cells/
well). Virus infections were carried out with an MOI of 0.1 unless other-
wise stated. Virus was diluted with Opti-MEM to obtain a final inoculum
volume of 300 pl/well. Cells were incubated with virus for 2 h at 37°C with
gentle rocking every 15 min. Virus-containing Opti-MEM was then re-
placed with DMEM containing 5% FBS, and the cells were incubated at
37°C until they were harvested or fixed.

Antibodies. We used rabbit antisera directed against MV-N(505),
MV-P(254), MV-V(C-terminal), MV-C(2), MV-M(81), MV-F(cyt), and
MV-H(cyt) as described previously (17, 31, 32). Rabbit polyclonal anti-
bodies were used to detect GFP (Molecular Probes, Life Technologies),
PKR (clone D7F7; Cell Signaling), and G3BP (Sigma-Aldrich). A rabbit
monoclonal antibody was used to detect phospho-PKR(T446) (Epitom-
ics). Mouse monoclonal antibodies were used to detect tubulin (Sigma-
Aldrich) and dsRNA (clone J2; English & Scientific Consulting). A
chicken polyclonal antiserum was used to detect GFP by immunofluores-
cence (Molecular Probes). Secondary antibodies for Western blot detec-
tion were anti-rabbit IRDye800 and anti-mouse IRDye680 (both from
LI-COR). Secondary antibodies for immunofluorescence were anti-rab-
bit Alexa Fluor 350, anti-mouse Alexa Fluor 594, and anti-chicken Alexa
Fluor 488 (all from Molecular Probes).

Immunoblot analysis. Protein lysates were prepared as described pre-
viously (17) and stored at —80°C. Protein concentrations were deter-
mined using the Bio-Rad protein assay (Bio-Rad) and calculated on the
basis of a bovine serum albumin (BSA) standard. Denaturing SDS-PAGE
and Western blotting were performed with 25 pg total protein/lane as
described previously (17). Membranes were blocked with 5% (wt/vol)
nonfat dry milk in phosphate-buffered saline (PBS) or with 5% (wt/vol)
BSA in Tris-buffered saline (TBS) for 60 min and incubated with antibod-
ies diluted in PBS containing 3% (wt/vol) nonfat dry milk and 0.5%
Tween 20 or in TBS containing 3% (wt/vol) BSA and 0.5% Tween 20
overnight at 4°C. Membranes were washed 3 times for 5 min with PBS or
TBS containing 0.5% Tween 20, incubated for 1 h with LI-COR IRDye-
conjugated secondary antibody diluted 1:5,000 in LI-COR blocking buffer
containing 0.1% (vol/vol) Tween 20 and 0.01% (wt/vol) SDS, and washed
again 3 times for 5 min. Membranes were scanned using the LI-COR
Odyssey FX imaging system and quantified using the Odyssey image pro-
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cessing software (version 3.0; LI-COR). Images were further processed
using GIMP (version 2.8.2).

Immunofluorescence analysis. Cells grown on coverslips, either in-
fected or not, were washed once with PBS and fixed by incubation with 3%
paraformaldehyde in PBS for 20 min followed by PBS supplemented with
50 mM NH,Cl for 10 min at room temperature. Cells were permeabilized
with PBS containing 0.5% (vol/vol) Triton X-100 for 5 min and blocked in
PBS containing 2.5% (wt/vol) nonfat dry milk and 0.1% (vol/vol) Triton
X-100 for 30 min. Coverslips were incubated with primary antibodies
diluted in PBS containing 0.1% Triton X-100 for 2 h at room temperature,
followed by being washed 3 times with PBS and incubation with Alexa
Fluor-labeled secondary antibodies (Molecular Probes) for 1.5 h. Finally,
coverslips were washed 3 times with PBS and 3 times with Nanopure H,O,
before being mounted using ProLong Gold (Molecular Probes). Nuclear
staining was carried out using DAPI (4,6-diamidino-2-phenylindole; In-
vitrogen, Life Technologies) in PBS for 5 min between the PBS and H,O
washing steps. Slides were analyzed using an IX71 fluorescence micro-
scope (Olympus), and images were captured with a Retiga-2000R camera
and QCapture Pro software (version 6.0; both QImaging). Images were
processed using IrfanView (version 4.33) and GIMP (version 2.8.2).

RNA isolation and qPCR analysis. Total RNA was isolated using the
RNeasy minikit and protocol (Qiagen) and quantified using a NanoDrop
ND-1000 spectrophotometer (Thermo Scientific). RNAs were stored at
—80°C until used. cDNA was prepared using 1 g total RNA and either
random hexamer or oligo(dT),s primers (Promega) and the Superscript
II reverse transcription (RT)-PCR kit (Invitrogen) in a total reaction vol-
ume of 10 pl. The resultant cDNA product was then diluted 10-fold, and
1 I was then used for PCR quantification carried out using the iQ SYBR
green supermix (Bio-Rad) and specific primer pairs (Table 1). Quantita-
tive PCRs (qPCRs) were performed using a MyiQ single-color optical
detection system and software (version 1.0, Bio-Rad). The qPCR program
included 45 cycles with real-time quantitation at each cycle as well as a
melting curve analysis at the end to verify the uniformity of the PCR
products in each individual sample. To calculate absolute copy numbers,
astandard 10-fold dilution series (from 1 ng [~4.7 X 10 copies] to 0.1 pg
[~4.7 X 10° copies]) of the MV full-length cDNA encoding plasmid
pB(+)MVvac2(GFP)H (33) was analyzed in parallel. Copy numbers for
each gene were calculated, including PCR efficiency and background cor-
rections using Microsoft Excel 2010 (Microsoft).

RNA sequencing. Aliquots (10 p.g) of total RNA from infected CON*?
cells were depleted of rRNA using the RiboMinus eukaryote kit (Ambion,
Life Technologies), and RNA sequencing libraries were generated using
the ion total RNA-Seq kit, version 2 (Ion Torrent; Life Technologies).
Sequencing was carried out on an Ion Torrent PGM instrument. Align-
ment to a combined Homo sapiens hgl9 (Build 37.2)-MVvac2(GFP)H
genome was accomplished with a two-stage process. Sequences were first
aligned using TopHat2 (version 2.06) (34). Reads that failed to map with
TopHat2 were then aligned with TMAP using 5’ and 3’ soft clipping (Life
Technologies). The two mappings were merged, and the results were vi-
sualized and quantified using Partek Genomics Suite (Partek). Identifica-
tion and quantification of single nucleotide polymorphisms were per-
formed using SAMTools Pileup (35). Only base reads with Q values of
>17 were considered.

DI-RNA detection. Confluent 100-mm dishes of Vero cells were
infected with either parental MVvac-WT(GFP) or mutant MVvac-
CKO(GFP) atan MOI of 0.1. Cells were scraped into 4 ml Opti-MEM at
the time of maximum GFP expression (~48 h after infection), sub-
jected to one round of freeze (—80°C) and thaw (ice), cleared of cel-
lular debris by centrifugation (1,600 rpm, 4°C, 10 min), and stored at
—80°C, yielding passage PO.

CONFK cells were infected either with original virus stock (MOI of 0.1)
or with 100 wl of PO inoculum. Cells were harvested 48 h after infection,
and total RNA was isolated using TRIzol reagent (Ambion, Life Technol-
ogies). cDNA was generated from 1 g total RNA using Superscript II
(Invitrogen, Life Technologies) and two DI-specific primers (Al, TCT
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TABLE 1 MV-specific primers for qPCR analysis

Primer

name Sequence (5'—3") Binding site”
Le-N fwd CCAAACAAAGTTGGGTAAGG 2

Le-N rev ACCGGATCCTGATGTAATGG 182r

N fwd ATTGACACTGCAACGGAGTC 1530

N rev GCCTTGTTCTTCCGAGATTC 1634r

N-P fwd AACAACATCCGCCTACCATC 1707

N-P rev TTCTGACCATGCTGCCATAG 1920r

P fwd GTCGGGTTTGTTCCTGACAC 3154

P rev AGGTAACGCTTCCGATCCTC 3248r

P-M fwd GCCAGTCGACCCACCTAGTA 3360

P-M rev CTTCCTGTCGCCTAGACCAG 3575r

M fwd AACGCAAACCAAGTGT 3843

M rev TGAAGGCCACTGCATT 4002r

M-F fwd CCCCCTCTTCCTCAACACAAG 4755

M-F rev TGGGTTCTGTTGGGTGTGTATG 4908r

F fwd TGATTGCAGTGTGTCTTGGAG 6953

Frey CCCGTAAGATCAGGCTTTAGG 7079t

F-H fwd CTTCGTCATCAAGCAACCAC 7153

F-H rev GCATTTATCCGGTCTCGTTG 72991

H fwd AACTCTGGTGCCGTCACTTC 8997

H rev CCATCCCAGAGTGAGTGATATG 9068r

H-GFP fwd CCCACTAGCCTACCCTCCAT (9172)

H-GFP rev GAACTTCAGGGTCAGCTTGC (9401r)

GEFP fwd AGAACGGCATCAAGGTGAAC (9736)

GFP rev TGCTCAGGTAGTGGTTGTCG (9870r)
GFP-L fwd ACATGGTCCTGCTGGAGTTC (9913)

GFP-L rev AGTCCATAACGGGGAACCAC 9240r (10074r)
L fwd AATCTCAAGTCCGGCTATCTG 15600 (16434)
L revy CCATTCTTTGGTCTCCTTGAC 15746r (16580r)
L-Tr fwd TGAACTCCGGAACCCTAATC 15791 (16625)
L-Tr rev AAAGCTGGGAATAGAAACTTCG 15887r (16721r)

“ Binding site are as in the Moraten vaccine strain reference sequence (GenBank
accession number AF266287.1) and/or in the MVvac(GFP)H sequence (parentheses)
for sequences downstream of the H gene.

GGT GTA AGT CTA GTA TCA GA; and A2, AAA GCT GGG AAT AGA
AAC TTC G) (36) in a total volume of 20 pl, using a modified protocol
(98° for 10 min; 4°C for 10 min; 42°C for 50 min; 72°C for 15 min). A total
of 1 pl of the resultant cDNA was then amplified with primers A1l and A2
using GoTaq DNA polymerase (Promega) in a total volume of 50 pl, and
the products were analyzed on a 2% agarose gel with an exACTGene
100-bp PCR DNA ladder (Fisher Scientific) as the size standard. The
~220-bp product obtained from C¥°-P1 was gel purified and sequenced
from both ends using primers Al and A2 (Genewiz). A control PCR for
standard full-length RNA was performed using primer A2 in combination
with primer B1 (ATG ACA GAT CTC AAG GCT AAC) (36).

RESULTS

Detection of dsRNA during C protein-deficient MV infection.
C*° mutant MV, in contrast to parental virus, is a potent activator
of PKR in infected cells, as shown by immunoblotting with a phos-
pho(T446)-specific PKR antibody (Fig. 1A) (17, 21). Since RNA
with double-stranded character is the activating pathogen-associ-
ated molecular pattern for PKR, we tested whether dsRNA forma-
tion can be monitored in MV-infected cells by immunostaining
with an antibody against dsSRNA (37). We used HeLa clones stably
knocked down for either PKR (PKR*Y) or ADAR1 (ADAR1*Y) or
a nonspecific control knockdown (CONX). These cells were in-
fected with either parental MVvac-WT(GFP) or the isogenic
MVvac-C*°(GFP) mutant virus. As shown in Fig. 1B and C, we
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detected dsRNA in CON*! and ADAR1" cells infected with C*©
virus but not in uninfected cells. The dsRNA signal appeared as a
punctate and compartmentalized staining pattern within the cy-
toplasm of infected cells (Fig. 1C). Quantification revealed detect-
able dsRNA in approximately 50 to 60% of C*© virus-infected
(GFP-positive) cells (Fig. 1D); dsRNA expression was much lower
in cells infected with the parental WT virus than in those infected
with the CX° mutant virus. ADAR1* cells were also tested for
dsRNA, because the dsRNA adenosine deaminase is known to
destabilize dsRNA structures (19, 38), and hence cells deficient in
ADARI1 might permit detection of lower levels of dsRNA that
otherwise would not be seen in ADAR1-sufficient CON*? cells.
Indeed, the abundance of dsRNA in parental virus-infected cells
was significantly increased in ADARI* cells compared to in
CONX cells, consistent with the earlier observations that parental
virus activates PKR in ADAR1 cells but not in CONK? cells (21,
30). Surprisingly, neither parental nor mutant C*© virus infection
resulted in detectable amounts of dsSRNA in PKR*! cells (Fig. 1B).
Higher levels of dsRNA in C*© virus-infected cells inversely cor-
related with lower infectivity, as quantified by virus-dependent
expression of GFP (Fig. 1E). However, increased generation of
dsRNA in WT virus-infected ADAR1* cells led only to a modest
reduction of GFP expression (Fig. 1E).

dsRNA localizes to sites of viral replication but not to stress
granules. Next, we assessed the subcellular localization of the
dsRNA in C*“-infected cells. We performed coimmunostaining
of dsRNA in C*° mutant-infected CON*? cells with that of viral
nucleoprotein (N), phosphoprotein (P), and the cellular stress
granule marker G3BP (Fig. 2). Both N and P colocalize in viral
“inclusion bodies,” presumably the sites of MV replication (39).
Indeed, we observed that the localization of the dsRNA signal and
the N and P signals largely overlapped (Fig. 2A and B). In contrast,
cellular stress granules, which form following C*© virus infection
(19), did not colocalize with dsRNA (Fig. 2C). However, the stress
granule structures formed in close proximity to the sites of viral
replication.

dsRNA accumulates with kinetics similar to PKR phosphor-
ylation and stress granule formation. We performed time course
experiments to determine the kinetics of dSRNA appearance rela-
tive to mutant CX© virus gene expression. HeLa CON* cells were
fixed for immunostaining at different times after infection.
dsRNA was detected at 24 h postinfection (p.i.), after which the
signal intensity and percentage of cells showing dsRNA increased
(Fig. 3A). Viral N protein was detected at 12 h p.i., which likely
correlates with primary transcription. Robust N expression as well
as GFP reporter expression was seen at 24 h p.i. and thereafter,
likely reflecting secondary transcription. Detection of dsSRNA dur-
ing a phase of strong viral gene expression, together with the fact
that dsRNA colocalized with N and P proteins (Fig. 2A and B), led
us to consider that the dsRNA observed during C*° mutant infec-
tion is a viral replication product.

We also analyzed the formation of stress granules, which de-
pends on PKR and the phosphorylation of elF2a (19, 22). Coim-
munostaining of dsRNA and the stress granule marker G3BP in-
dicated similar kinetics of appearance (Fig. 3B): the G3BP signal
(blue) was diffuse and cytoplasmic both in uninfected cells and in
infected cells at early stages of the replication cycle, but at later
times G3BP was recruited to stress granules. Next, we analyzed by
immunoblot analysis the phosphorylation status of PKR and
IRF3. Both phospho-PKR(T446) and phospho-IRF3(S396) were
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FIG 1 MV deficient in C protein expression causes increased phosphorylation of PKR and production of dsRNA. (A) Immunoblot of whole-cell lysates against
indicated proteins expressed in HeLa cells infected with MVvac-WT(GFP) or MVvac-C*?(GFP) or left uninfected (u.i.) for 48 h. (B) Immunofluorescence
staining against dsRNA (red), GFP (green), and nuclei (DAPT; blue) in HeLa cells stably expressing short hairpin RNA (shRNA) directed against PKR (PKRY),
ADARI (ADAR1*), or an unspecific control (CON*®) and infected for 48 h or left uninfected (u.i.). The merge shows combination of all three channels. Images
were taken at X 40 magnification. (C) Magnification of the framed section in panel B. (D) Quantification of dsSRNA-expressing cells as a percentage of WT or C©
mutant virus-infected (GFP-positive) cells. (E) Quantification of infection as the percentage of GFP-positive cells. Averages and standard deviations were
determined from six fields from two independent experiments with ~100 cells/field for each condition. Statistical significance was determined by Student’s # test
(two-tailed, two-sample test with equal variance) and P values are marked: *, P < 0.05; **, P < 0.01; ***, P < 0.005. n.s., not significant.

observed at 24 h after infection at a low MOI of 0.1 (Fig. 3C and
D). N protein was detected as early as 12 h after infection, but
robust viral protein expression was observed after 24 h of infec-
tion, correlating with the expression of dsRNA detected by immu-
nofluorescence (Fig. 3A and B). Thus, the kinetics of dsRNA pro-
duction and PKR and IRF3 phosphorylation correlate.

Phospho-PKR localizes at sites of dSRNA accumulation. Co-
immunostaining of dsRNA with either PKR (Fig. 4A) or phospho-
PKR (Fig. 4B) revealed that PKR relocalized to the sites of dSRNA
accumulation in CX© virus-infected cells. In contrast, PKR
showed a more uniform cytoplasmic staining in uninfected cells
and in cells infected with parental virus (Fig. 4A, left and middle
columns). Under these conditions, no phospho-specific PKR sig-
nal was detected (Fig. 4B, left and middle columns). In addition,
costaining with G3BP showed that the PKR-derived signal local-
ized to sites between stress granules in C¥C-infected cells (Fig. 4C
and D). Thus, dsRNA may be the activator of PKR during C°
virus infection.

dsRNA production is inhibited by cycloheximide but not ac-
tinomycin D. To further investigate the hypothesis that the
dsRNA is a product of viral replication, we examined the produc-
tion of dsRNA in infected cells in the presence and absence of
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actinomycin D. This drug inhibits RNA synthesis by dsDNA-de-
pendent RNA polymerases but not by the MV RNA-dependent
RNA polymerase. As a control, we treated infected cells with cy-
cloheximide, an inhibitor of protein synthesis. Cycloheximide in-
hibited the synthesis of both the viral N protein and dsRNA as
illustrated by the weak intensity staining (Fig. 5A) compared to
that of DMSO vehicle alone. In contrast, actinomycin D had no
appreciable effect on the synthesis of either N protein or dsRNA
(Fig. 5B). DMSO vehicle likewise did not affect dsRNA produc-
tion (compare Fig. 5C to Fig. 5A and B). The cycloheximide treat-
ment led to a strong reduction in the dsRNA-specific signal at all
times examined (Fig. 5A). Notably, viral gene expression was
strongly inhibited as well (compare N [blue] and GFP [green]
signal intensities and size of viral replication sites in Fig. 5). We
conclude that the dsRNA observed during C° virus infection is
likely of viral origin. This experiment further suggests that viral
secondary gene expression, which is protein synthesis dependent
(40), is necessary for the accumulation of dsRNA.

Deletion of C causes less efficient transcription and a steeper
transcription gradient. Since the C protein may regulate the bal-
ance of viral transcription and replication (24, 25, 41), we quan-
tified viral protein and RNA expression of both the parental and
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FIG 2 dsRNA localizes to sites of viral replication but not to stress granules. HeLa CON*¢ cells were infected with C© mutant virus or left uninfected (u.i.) and
fixed 48 h after infection. Immunofluorescence was performed against dsRNA (red), GFP (green), and viral N protein (A; blue), viral P protein (B; blue), or the
cellular stress granule marker G3BP (C; blue). The merge column shows the combination of all three colors. The detail column shows the expanded framed
regions in the merge column. Images were taken at X 64 magnification and are representative of three independent experiments.

CX© viruses (Fig. 6). Viral protein expression was reduced in C<°
virus-infected cells compared to that in parental virus-infected
cells (Fig. 6A); furthermore, while levels of N (64%) and P (78%)
proteins were slightly reduced, the levels of the downstream-en-
coded proteins M, F, H, and GFP were strongly reduced (16%,
34%, 14%, and 9%, respectively) (Fig. 6B).

We next examined the question of how protein expression lev-
els correlate with the viral RNA expression pattern using gPCR
analysis with probe sets corresponding to each viral gene, the in-
dividual gene borders, and the leader-N (Le-N) and the L-trailer
(L-Tr) regions (Fig. 6C and Table 1). We generated cDNA libraries
from RNA of infected HeLa CON*? cells using either oligo(dT),s
primers or random hexamer primers. The former library was used
to quantify viral mRNA levels with intragenic primer pairs (Fig.
6D and Table 2). Although generally reflecting the transcription
gradient for nonsegmented —ssRNA viruses (42), the intergenic
attenuation was more pronounced for the C*© virus, resulting in
a steeper transcription gradient.

Analysis of intercistronic regions in randomly primed cDNA
inferred readthrough transcripts for most genes (Fig. 6E). Quan-
titation of the Le-N and GFP-L intergene borders of parental virus
(WT) showed approximately 10 copies per cell, which correlates
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well with quantitative Northern blot analyses (43). Intercistronic
N-P, P-M, M-F, and F-H sequences were 5 to 10 times more
greatly expressed than the other intercistronic regions, possibly
due to high levels of bicistronic mRNAs (43). As expected, prod-
ucts obtained with intragenic primer pairs that also detect mono-
cistronic mRNAs were most abundant, about 10* copies for the N,
P, M, F, and H mRNAs (Fig. 6D). CXO virus exhibited a steeper
transcription profile with greater attenuation at gene junctions
than the parental virus. RNA quantities were reduced about 10-
fold more in cells infected with C¥° virus compared to those in the
parental virus. However, the L-Tr region was overrepresented in
CX© virus-infected cells but not in cells infected with parental
virus (Fig. 6E, compare GFP-L and L-Trin WT and C*?), perhaps
due to selective amplification (see below). We conclude that, in
CKXC-infected cells in the absence of C protein, the viral polymer-
ase may be less processive than in parental virus-infected cells
where C protein is present.

RNA deep sequencing confirms a steeper transcription gra-
dient in CX© virus-infected cells. We then analyzed RNA pre-
pared from C*° mutant and parental virus-infected cells by RNA
deep sequencing. Total RNA samples depleted of rRNA were se-
quenced using the Ion Torrent platform, and sequences that
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FIG 3 dsRNA accumulates with kinetics similar to PKR activation and stress granule formation. HeLa CON* cells were infected with MVvac-CX°(GFP) mutant
virus and fixed at the indicated times (h) after infection. (A) Cells were simultaneously stained with antibodies against dsRNA (red), GFP (green), and viral N
protein (blue). The first row shows dsRNA, the second row shows the merged GFP and N signals, and the third row shows phase contrast. Images were taken at
X 64 magnification. (B) Immunofluorescence was performed using antibodies directed against dsSRNA (red; left column), G3BP (blue; middle column), and GFP
(green; right column). Images were taken at X 64 magnification. (C) Immunoblot analysis of the indicated proteins. Blots are representative of three independent
experiments. (D) Quantification of pPKR levels. Levels are averages and standard deviations from two independent experiments. They were normalized to the
intensity of the corresponding tubulin band in each lane and are expressed as the percentage of the value at 36 h.

aligned to the viral genome were identified and quantified (Fig. 7).
In addition to obtaining single nucleotide resolution, RNA-Seq
permitted us to discriminate between viral sequences derived
from either +RNA (mRNA/antigenome; shown in blue) or
—RNA (genomic RNA; shown in red). The relative abundance of
viral transcript RNAs determined by RNA-Seq (Fig. 7) was in
good agreement with the relative abundance of gene-specific tran-
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scripts determined by qPCR analysis (Fig. 6D and E). The number
of +RNA reads obtained for C¥ virus was about 10-fold less than
those obtained for parental virus infection (Fig. 7, compare y axes
in top and bottom panels). N and P mRNA transcripts showed the
highest abundance by RNA-Seq for both viruses, and the GFP and
L transcript levels were the lowest. In contrast, —RNA sequence
reads were rare and distributed comparably along the whole MV
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G3BP (red), GFP (green), PKR (blue) G3BP (red), GFP (green), pPKR(T446) (blue)

FIG 4 Phospho-PKR localizes to sites of dsSRNA accumulation. HeLa CONX cells were infected with parental MVvac-WT(GFP) or mutant MVvac-C*°(GFP)
virus and fixed 48 h after infection. (A) Immunofluorescence against dsRNA (red), GFP (green), and total PKR (blue). (B) Immunofluorescence against dsRNA
(red), GFP (green), and pPKR(T446) (blue). (C) Immunofluorescence against G3BP (red), GFP (green), and total PKR (blue). (D) Immunofluorescence against
G3BP (red), GFP (green), and pPKR(T446) (blue). The merge row shows the combination of all three colors.

reference sequence. The RNA-Seq results also confirmed that the  quencing that likely arises from sequence-dependent differences
transcription gradient was steeper for the C*© mutant virus than  in sequencing efficiencies, was not further analyzed. Finally, the
for the parental virus. The uneven distribution of reads within RNA-Seq nucleotide analyses revealed similar mutation frequen-
individual genes, which is a common feature of short-read se- cies with measured error rates of about 0.1% for both viruses

A
Time dsRNA
(h)

24
30
33

36

Cycloheximide Actinomycin D DMSO

FIG 5 dsRNA is a viral product. HeLa CON* cells infected with MVvac-C*°(GFP) mutant virus and treated with 10 j.g/ml cycloheximide (A), 10 wg/ml
actinomycin D (B), or DMSO (C) at 24 h after infection. Cells were fixed at the indicated time points, and immunofluorescence was performed in parallel with
antibodies directed against dsRNA (red; left column), viral N protein (blue; middle column), or GFP (green; right column). Images were taken at X64
magnification and are representative of three independent experiments.
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FIG 6 Knockout of C protein slows viral macromolecular synthesis and results in a steeper transcription gradient. HeLa CON*? cells were infected with parental
MVvac-WT(GFP) or mutant MVvac-CX°(GFP) virus or left uninfected (u.i.). Cells were harvested at 48 h after infection. (A) Immunoblot analysis with antibodies
directed against the indicated viral and cellular proteins. Blots are representative of three independent experiments. (B) Quantification of the proteins from panel A.
Protein levels were normalized to the corresponding tubulin levels in each lane and are relative to the levels of MVvac-WT(GFP)-infected cells, which were set as 100%
for each protein. (C) Schematic representation of the genome organization of MVvac-WT(GFP). The relative size and location of the viral gene-specific (light-gray boxes)
and intercistronic (dark-gray boxes) qPCR products are shown. (D) qPCR analysis of viral mRNA from infected cells using cONA prepared with oligo(dT), 5 primers.
(E) qPCR analysis of intercistronic viral sequences from infected cells using cDNA prepared with random hexamer primers. The resulting cDNAs were analyzed for
product copy number as described in Materials and Methods. Data shown are average numbers = standard deviations from three independent experiments.

(parental virus, 4,979,339 sequenced viral nucleotides/4,247 ob- CXOvirus generates DI-RNAs. The above-described sequenc-
served mutations/0.1% mutation rate; C*© virus, 529,760/449/ ing data did not reveal MV-specific RNA species with new junc-
0.1%). Population-wide changes other than the engineered muta-  tions in C*-infected cells that may have been generated by rep-
tions to suppress C protein translation (U1830C and G1845A on lication errors, such as DI-RNAs. Because DI-RNAs can have long
the plus strand) (31) were not observed. complementary sequences prone to form dsRNA (44), and be-

TABLE 2 Expression of MV-specific transcripts®

MVvac-WT(GFP) MVvac-CXC(GEP) Pvalue (WT vs CKO)?
oligo(dT), 5 Copy no. % of N mRNA Copy no. % of N mRNA Copy no. % of N mRNA
N 31,000 £ 6,600 100 = 0 17,000 = 6,700 100 £ 0 0.054 (NS) ND
P 31,000 = 2,900 100 = 21 17,000 = 11,000 97 = 38 0.120 (NS) 0.888 (NS)
M 31,000 £ 12,000 107 = 53 9,000 * 6,300 48 £ 24 0.049* 0.151 (NS)
F 15,000 = 4,900 49+ 8 2,300 * 1,400 135 0.011* 0.002**
H 21,000 = 3,900 67 £ 12 3,400 * 2,600 18 £ 11 0.003** 0.006**
GFP 11,000 % 2,600 37 £10 3,100 = 2,100 16 £8 0.014* 0.056 (NS)
L 1,000 = 1,700 3£5 700 = 120 11 0.404 (NS) 0.530 (NS)

“ Oligo(dT),5-primed cDNA obtained from 10 ng of total RNA was used for gPCR quantification. Absolute copy numbers were calculated using an MV plasmid reference standard
as described in Materials and Methods. Results are average values = standard deviations from three independent experiments.
b P values were calculated using a two-tailed, two-sample Student ¢ test, with equal variance. ND, not determined; NS, not significant; *, P < 0.05; **, P < 0.01.
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FIG 7 RNA-Seq analyses of RNA from C*© mutant and parental virus-in-
fected cells. cDNA libraries prepared using 10 pg total RNA from virus-in-
fected cells depleted of ribosomal RNAs were analyzed by Ion Torrent se-
quencing as described in Materials and Methods. Diagrams show the
alignment of reads to the viral genome sequence for parental MVvac-
WT(GFP)-infected cells (top) and mutant MVvac-CX°(GFP)-infected cells
(bottom). Reads are separated corresponding to their polarity with +RNA
shown in blue (mRNA, antigenome) and —RNA (genome) shown in red.
Dashed lines correspond to gene borders.

cause copyback DI-RNAs have been described in MV infections
(36, 45), we tested for them using a specific PCR approach based
on two staggered primers, both of negative polarity (36). We an-
alyzed total RNA from parental and C*© virus-infected CON*
cells (passage P0) and from cells that were infected with an inoc-
ulum generated after one high MOI passage on Vero cells (passage
P1). With parental (WT-P0) and C*° (CX°-P0) viruses that had
not been passed, specific PCR products were not observed beyond
the low background level (Fig. 8A, lanes 3 and 5). However, using
CX© virus passed once at high MOI (C*°-P1), several product
bands in the size range of ~100 to ~1,000 bp were detected (Fig.
8A, lane 6). An ~220-bp product was most abundant. The paren-
tal virus (WT-P1) after high MOI passage did not show these
products (Fig. 8A, lane 4). A control PCR was carried out using a
primer pair of opposite polarity to test amplification of the stan-
dard MV genome. This control reaction yielded a 780-bp frag-
ment for all four conditions of infection as expected but not from
the uninfected cells (Fig. 8B). Direct sequence analysis of the C*©-
P1-derived 220-bp PCR product identified the breakpoint at ge-
nome position 15507 of Moraten vaccine strain (numbering as in
GenBank accession number AF266287.1) and the reinitiation site
(nt 15797), predicting a 486-nt copyback DI-RNA with a 98-nt
terminal stem and a 290-nt internal loop (Fig. 8C to E). Thus, C
deletion may favor amplification of copyback DI-RNAs.

DISCUSSION

We previously reported that an MV mutant lacking the expression
of the nonstructural C protein (C*°) is a potent activator both of
PKR (17) and PKR-mediated antiviral responses (19, 21, 46). Sim-
ilar observations have been made by others with paramyxoviruses
lacking C protein expression, including MV (6, 25) and human
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parainfluenza virus 1 (28). We show herein that in contrast to
parental MV, the amplification of a DI-RNA forming a dsRNA
structure was readily demonstrable in C*° mutant-infected cells.
This DI-RNA may account for the dsRNA formation detected
immunochemically that correlated both with activation of PKR
kinase autophosphorylation and formation of stress granules.
Furthermore, the suppression of ADAR1 expression in HeLa cells
led to increased formation of dsRNA in parental virus-infected
cells but had no significant effect on the already high dsRNA level
seen in cells infected with C<© virus. This observation is consistent
with earlier studies describing a proviral role for ADAR1 by coun-
teracting PKR activation (19, 21, 30). ADARI, an A-to-I dsRNA
editing enzyme, deaminates adenosine in dsRNA structures,
thereby destabilizing dsRNA because I-U base pairs are less stable
than A-U pairs (38, 47). ADARI is known to compete with and
suppress PKR activity (38, 48). Thus, generation of dsRNA is not
restricted to the C*° virus but also appears in parental virus-in-
fected ADAR1* cells. The levels of dsRNA generated during rep-
lication of parental virus, however, are apparently low enough to
become functionally destabilized in ADARI1-sufficient cells. Re-
markably, we did not detect dsSRNA in HeLa cells deficient in PKR
expression. Since ADARI is expressed at comparable levels in
HeLa PKR*! cells and parental cells (30), we suggest that the lack
of a dsRNA signal in PKR* cells may be due to the destabilizing
effect of ADARI1 on these structures. PKR conceivably competes
with ADARI for binding these dsRNAs, leading to their stabiliza-
tion.

We observed the dsRNA expressed in C*-infected cells in
close proximity to the sites of MV replication (39). These sites
contained high levels of viral N and P proteins, and in the case of
parental virus, they also contained C protein (data not shown) (6).
In contrast, most of the dsRNA did not localize with the SG pro-
tein marker G3BP. Stress granules form in response to C*° virus
infection but not in response to parental virus infection (19). In-
teraction and exchange of molecular components between cyto-
plasmic SG bodies and the sites of MV replication seem plausible.

Formation of SG and autophosphorylation of PKR occurred
exclusively in cells showing dsRNA immunostaining and with ki-
netics that correlated with the appearance of the dsRNA. Forma-
tion of SG is PKR dependent in a number of virus-infected cell
systems (49), including MV (19), hepatitis C virus (50), respira-
tory syncytial virus (51), and West Nile virus (52). Subcellular
localization, kinetics of accumulation, and sensitivity to cyclohex-
imide, a potent inhibitor of MV replication (40), suggest that the
RNA responsible for the dsRNA signal observed in C*© mutant
virus-infected cells is of viral and not of cellular origin. Phospho-
PKR staining was observed in all infected cells that showed detect-
able dsRNA staining, although only about 50 to 60% of the in-
fected cells measured by GFP or N protein expression were
positive for dsSRNA. This ratio was consistently observed and pos-
sibly reflects a higher concentration threshold required for dsSRNA
detection by the J2 monoclonal antibody than for GFP or N de-
tection in the immunochemical assays.

We carried out an extensive analysis of viral RNA and protein
expression profiles to gain insights into the mechanisms promot-
ing dsRNA formation and PKR activation seen in cells infected
with CX© virus. A steep transcription gradient observed for C°-
infected cells compared to parental virus-infected cells suggests
that the C protein may enhance the processivity of the viral poly-
merase at gene junctions. This effect appears largely independent
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FIG 8 C*° mutant virus generates copyback DI-RNA. cDNA generated from HeLa CON cells infected with original virus stocks of WT or C*© mutant viruses
(PO) or with viruses that have been passaged once on Vero cells (P1) were analyzed for copyback DI-RNAs by PCR. (A) DI-specific PCR using primers Al and
A2, both of which are negative polarity with respect to virus genome sequence. (B) Control PCR using primers B1 (positive polarity) and A2 (negative polarity).
(C) Schematic diagram of the sequence obtained for the 220-bp fragment observed with C*©-P1. Breakpoint (genome position —15507) and reinitiation point
(genome position +15797) of copyback DI are indicated, as well as relative binding sites of primers A1, A2, and Bl. (D) Schematic diagram of the DI-RNA
stem-loop model with the predicted 98-bp stem. (E) Sequence of the detected copyback DI-RNA. Complementary ends are shown in uppercase font, and the loop
sequence of the DI-RNA is shown in lowercase font. The PCR fragment that was sequenced is shown in underlined font. Antigenomic +RNA is shown in gray;
—RNA (genomic RNA) is shown in black in panels C, D, and E. Nucleotide positions correspond to the Moraten vaccine strain of MV (GenBank accession

number AF266287).

of the cellular interferon response, because we also observed a
stronger transcription gradient for the C*° virus than for the pa-
rental virus in IFN-deficient Vero cells (data not shown). We also
found an ~10-fold reduction of viral mRNAs in cells infected with
CX© virus compared to parental virus-infected cells. This ratio is
further reflected in the ~10-fold or greater reduction of final in-
fectious titers seen for the C*© virus than for the parental virus
(17, 25, 53). The reduction of viral genomic RNA seen in cko.
infected cells by RNA-Seq may also have a direct impact on the
mRNA copy numbers, since fewer template molecules for viral
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transcription are present. A strong overrepresentation of the L-Tr
sequence in CX© virus-infected cells was observed, which is sug-
gestive of the possible generation of defective genomes during
replication.

RNA-Seq allowed us to analyze the specific nucleotide se-
quence of expressed viral RNAs. We did not observe an increased
rate of viral mutations in cells infected with the C*° virus. There-
fore, the C protein is not necessary for polymerase fidelity nor does
it affect subsequent editing of the product RNA, for example, A-
to-I editing by an ADAR, at least during a single cycle of infection.
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We were unable to detect DI-RNA in C*-infected cells by
whole-genome analysis during single-cycle infection. However,
after further passage of the inoculum, we detected copyback DI-
RNAs, which are known to efficiently trigger innate immune re-
sponses: in the case of vesicular stomatitis virus (VSV) DI-011,
just a single particle is sufficient to induce a quantum yield of
interferon (54, 55). DI-RNAs have been observed not only with
VSV, SENV, and parainfluenza virus 5 (PIV5) (54, 56, 57) but also
for MV (36, 45), where a vaccine strain-derived inoculum able to
express the C protein produced high quantities of DI-RNAs after
high MOI passage in cell culture. Herein, we show that a single
round of CX© passage on Vero cells led to amplification of the
DI-RNA. In contrast, no copyback DI-RNAs were amplified from
cells infected with parental virus.

We identified the breakpoint site of polymerase dissociation
from the template strand and the reinitiation point on the newly
synthesized strand. This then allowed us to deduce the complete
486-nt-long sequence of the DI-RNA. This DI-RNA with self-
complementary ends can form a 98-bp dsRNA stem, which is a
sufficient dsRNA structure to trigger activation of PKR (15, 58).
Several additional higher-molecular-weight products were also
observed, suggesting that additional copyback DI-RNAs with dif-
ferent breakpoints and reinitiation sites are likely also generated
during CX© virus infection. dsRNA binding by PKR occurs at a
repeated domain in its N-terminal region that in turn leads to
autophosphorylation, including at Thr446 (47, 59). RNA binding
by PKR is not sequence specific but is RNA structure dependent.
Kinase activation is seen with ~30 to 50 bp of dsRNA and is
optimal with ~80 bp, although PKR interacts with aslittleas 11 bp
of dsRNA (15, 58).

At least two functions have been proposed for the MV C pro-
tein: modulation of the innate immune response, including PKR
activation and RIG-I signaling (25, 53), and downregulation of
viral RNA synthesis (24, 41). Our findings are consistent with the
notion that C protein may stabilize the RNP-polymerase complex,
and its absence results in more frequent chain termination occur-
ring both during transcription (steeper mRNA gradient) and
during replication (DI-RNA generation) modes of expression.
Whether the C protein functions through direct interaction with
the viral RNP-polymerase complex or indirectly through host
proteins, including SHCBP1 (60, 61), or perhaps through both, is
not clear. The C protein may interfere with PKR activation by
preventing the generation of dsRNA rather than by sequestering
dsRNA or by directly inhibiting the signal transduction cascade.
This hypothesis is supported by the observation that the C protein,
unlike the influenza virus NS1 protein (25), does not sequester
activator dsRNA in coinfections with MV and AE3L vaccinia virus
(17) or SENV and Newcastle disease virus (26). Likewise, MV C
protein does not detectably bind to PKR (17). Itis possible that the
C protein might have a supporting role in proper RNA encapsi-
dation. Knockout of C would increase the frequency with which
DI-RNAs are generated that subsequently form dsRNA structures
that activate PKR and PKR-mediated cellular responses, including
SG formation. The inhibitory effects of these responses on viral
replication would account for the decreased viral RNA production
and reduced infectious virus yields seen in Moraten and IC-B CX°
infections (17, 25, 53).

While we observed the amplification of DI-RNA in C*° but
not parental virus-infected cells following one passage, additional
mechanisms of dsSRNA-mediated activation of PKR that are inde-
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pendent of copyback DI-RNAs remain conceivable. We cannot
eliminate the possibility of other potential contributing mecha-
nisms of dsRNA-mediated activation of PKR that are dependent
upon spacial and temporal differences in subcellular architecture
that may occur between C© and parental virus-infected cells. For
example, a viral ssRNA may activate PKR following annealing
with a complementary strand that normally is efficiently encapsi-
dated or otherwise shielded in parental virus-infected cells but is
not in CX© virus infections. It is known that, in addition to syn-
thetic and natural duplex dsRNA effectors of PKR, naturally oc-
curring viral ssSRNAs with dsRNA character indeed can either ac-
tivate, as exemplified by reovirus s1 mRNA, or antagonize, as
exemplified by adenovirus VA RNA (15, 62).

In conclusion, our results link the C*© mutation of MV with a
propensity to generate elevated levels of dsRNA, including copyback
DI-RNAs. This provides an explanation as to why the CX© virus is
such a potent activator not only of PKR phosphorylation and stress
granule formation (19) but also of RIG-I activation and signaling
triggered by 5'-triphosphate-containing dsRNAs (18, 63).
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