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ABSTRACT Many negative-sense RNA viruses, including measles virus (MeV), are
thought to carry out much of their viral replication in cytoplasmic membraneless foci
known as inclusion bodies (IBs). The mechanisms by which IBs facilitate efficient viral
replication remain largely unknown but may involve an intricate network of regulation
at the host-virus interface. Viruses are able to modulate such interactions by a variety of
strategies including adaptation of their genomes and “hijacking” of host proteins. The
latter possibility broadens the molecular reservoir available for a virus to enhance its
replication and/or antagonize host antiviral responses. Here, we show that the cellular
59–39 exoribonuclease, XRN1, is a host protein hijacked by MeV. We found that upon
MeV infection, XRN1 is translocated to cytoplasmic IBs where it acts in a proviral manner
by preventing the accumulation of double-stranded RNA (dsRNA) within the IBs. This
leads to the suppression of the dsRNA-induced innate immune responses mediated via
the protein kinase R (PKR)-integrated stress response (ISR) pathway.

IMPORTANCE Measles virus remains a major global health threat due to its high
transmissibility and significant morbidity in children and immunocompromised indi-
viduals. Although there is an effective vaccine against MeV, a large population in the
world remains without access to the vaccine, contributing to more than 7,000,000
measles cases and 60,000 measles deaths in 2020 (CDC). For negative-sense RNA
viruses including MeV, one active research area is the exploration of virus-host inter-
actions occurring at cytoplasmic IBs where viral replication takes place. In this study
we present evidence suggesting a model in which MeV IBs antagonize host innate
immunity by recruiting XRN1 to reduce dsRNA accumulation and subsequent PKR ki-
nase activation/ISR induction. In the absence of XRN1, the increased dsRNA level
acts as a potent activator of the antiviral PKR/ISR pathway leading to suppression of
global cap-dependent mRNA translation and inhibition of viral replication.

KEYWORDS 59-39 exoribonuclease XRN1, inclusion body, integrated stress response,
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Measles virus (MeV) belongs to the Paramyxoviridae family that includes multiple
important pathogens including parainfluenza viruses, respiratory syncytial virus,

Hendra virus, Nipah virus, rinderpest virus, canine distemper virus, Newcastle disease
virus, and Sendai virus (1). The MeV genome is single-stranded, non-segmented RNA of
negative polarity (about 15.9 kb) and encodes 6 viral structural proteins, a feature
shared by most viruses of the Paramyxoviridae family (1). The genome is encapsidated
by the viral nucleocapsid protein (N). Together with the viral RNA-dependent RNA po-
lymerase complex consisting of the catalytic large protein (L) and the essential cofactor
phosphoprotein (P), these ribonucleoprotein (RNP) complexes constitute the functional
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unit for viral mRNA transcription and genome replication (1), both of which occur in
the cytoplasm of infected cells. Formation and budding of mature virions are initiated
by the matrix (M) protein, which directly interacts with MeV N and 2 membrane em-
bedded viral glycoproteins, the hemagglutinin (H) and the fusion (F) proteins, to recruit
viral RNPs to the plasma membrane where virion release takes place by budding.
Unlike other viral proteins that are translated in the cytoplasm, both H and F are syn-
thesized and form a complex in the endoplasmic reticulum (ER), then are transported
via the Golgi apparatus to reach the plasma membrane. MeV F is initially present in a
native inactive form known as F0 in the ER, which is cleaved by the host furin endopro-
tease in the Golgi to produce the active F1 and F2 fragments that are linked by disul-
fide bonds (2). During the initiation of infection, binding of MeV H to the host surface
receptor activates the F1 fragment that leads to the fusion of the viral envelope with
the host plasma membrane. The viral RNPs are released into the cytoplasm (3). In addi-
tion to the above structural proteins, MeV also encodes 2 additional proteins, C and V
(4, 5), that facilitate viral transcription/replication through functions ranging from
increasing the fidelity of the viral polymerase to antagonizing host innate immune
responses (6–10).

A hallmark of infection by MeV, as well as by many other cytoplasmic replicating non-
segmented negative-sense RNA viruses, is the biogenesis of viral inclusion bodies (IBs) in
the cytoplasm of infected cells (11). IBs are membraneless structures where viral replication
components, such as N, L, and P proteins, the single-stranded RNA viral genome and its
replication intermediates, are concentrated (7, 12–19). Several studies (20–22), including
ours with MeV (23), established that the formation and progression of IBs is mediated via
liquid-liquid phase separation (LLPS), a physiochemical process to organize intracellular
membraneless structures (24–28). A liquid-like organelle also has been described for
Influenza A virus (a segmented negative-sense RNA virus) and is suggested to facilitate the
viral genome assembly (29). Recent reports have further identified LLPS compartments
formed by a broad range of additional viruses from different families including SARS-CoV-
2 (a positive-sense RNA virus) (30, 31), HIV-1 (a retrovirus) (32), and HSV-1 (a DNA virus)
(33). Considering that these membraneless structures play a pivotal role during the viral
life cycle, one speculation is that they represent potential “hot spots” of virus-host macro-
molecular interactions.

We present evidence herein supporting a model in which MeV IBs utilize the host 59–39
exoribonuclease, XRN1, to downregulate the host innate immune response by impairing
the accumulation of dsRNA. XRN1 is known for its canonical role in mRNA degradation
within processing bodies (PBs) (34, 35). IBs and PBs are both cytoplasmic membrane-less
organelles that are assembled via a liquid-liquid phase separation process, but they differ
from each other by composition and function (11, 34, 36). IBs are supramolecular viral rep-
lication centers whose formation is triggered by viral proteins and RNA (11) whereas PBs
are storage sites of translationally repressed mRNAs and the RNA degradation machinery
that are constitutively formed and upregulated during stress responses (34, 37).

XRN1’s ability to degrade RNA raises an intriguing question as to what role XRN1 may
play in viral infections where large quantities of exogenous RNA are produced during viral
transcription and replication processes. Indeed, XRN1 has been shown to affect the replica-
tion of cytoplasmic replicating positive-sense RNA viruses. Prior studies indicated that
XRN1 mediates the subgenomic RNA production of flaviviruses that is essential for patho-
genesis (38, 39) and that XRN1 is hijacked by SARS-CoV to degrade cellular mRNAs and
induce host shutoff (40). On the other hand, subsequent investigation revealed that XRN1
negatively impacts the replication of hepatitis C virus (41) and encephalomyocarditis virus
(42). Compared to cytoplasmic positive-sense RNA viruses, knowledge about the role of
XRN1 in cytoplasmic negative-sense RNA virus replication is more limited. One study using
Newcastle disease virus (NDV) suggested that the antiviral activity of XRN1 only becomes
detectable in the absence of an interferon response (42). Moreover, depletion of XRN1
modestly increases reporter gene expression when inserted into the genome
of vesicular stomatitis virus (VSV) (43). Whether XRN1 broadly affects the replication
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of cytoplasmic negative-sense RNA viruses remains an important and, as of yet,
unresolved question. This prompted our examination of whether XRN1 affected the
replication of MeV. We found that XRN1 localized to the viral IBs and downregu-
lated the level of dsRNA during MeV infection, and furthermore functioned as a
potent proviral host factor by prevention of activation of the protein kinase R
(PKR)-mediated integrated stress response (ISR) innate pathway.

RESULTS
XRN1 is a proviral host factor for MeV replication. To test whether XRN1 affects

MeV replication, we compared virus yields as well as viral protein production between
a CRISPR engineered A549 cell line with XRN1 knocked out (KO) and parental wild-type
(WT) cells (44). We found that, relative to WT control cells, the XRN1 KO mutant cells
exhibited lower yields (reduced by up to ;120-fold) of infectious progeny virus (Fig.
1A). Consistent with the impaired virus yield, immunoblot analyses indicated that the
XRN1 KO cells also produced reduced levels of MeV proteins compared to the WT con-
trol cells (Fig. 1B). Notably, the decrease in level of M was the greatest among the MeV
proteins, with a reduction of over 95% (Fig. 1C). These data suggest that XRN1 acts as a
proviral factor for MeV. As a control, the proliferation/viability of infected WT and XRN1
KO cells was assessed using an MTT colorimetric assay. The results showed that com-
pared to the uninfected control cells, both infected WT and XRN1 KO cells exhibited a
comparable level of reduction in their total metabolic activity, 23% 1/2 0.91% for WT
versus 20% 1/2 2.3% for XRN1 KO (P . 0.14). Therefore, the difference in cell

FIG 1 Impaired MeV replication in XRN1 knockout cells. Parental wild-type (WT) and XRN1 knockout
(KO) A549 cells were infected with MeV using an MOI of 1.0. At 24 hpi one set of cells were lysed for
viral protein analysis and a parallel set were used for virus yield analysis. (A) Infectious viral yields were
determined and are plotted on a scatterplot. (B) Representative blots of MeV proteins are shown. (C)
Quantification of individual MeV protein levels relative to the WT cells are presented as a bar chart.
Both the scatterplot and bar chart represent the averages from 3 independent experiments. P values
were calculated using Microsoft Excel Student's t test: *, P , 0.05; **, P , 0.001; ns, not significant.
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proliferation/viability did not contribute significantly to the reduced viral yield (Fig. 1A)
observed with the KO cells under our experimental condition.

XRN1 suppresses the PKR-mediated integrated stress response and additional
dsRNA sensing pathways during MeV infection. Given the reduction of viral protein
production seen across the MeV genome together with the cap-dependent translation
of MeV mRNA (45–47), we investigated whether there was an involvement of ISR, an
antiviral host response that causes the global repression of cap-dependent translation
of infected cells (48). To assess the activity of ISR, we infected both WT and XRN1 KO
cells as described in Fig. 1, and examined the phosphorylation of translation initiation
factor eIF2a at serine 51 (p-eIF2a), a hallmark of ISR activation (49, 50). We found that
under previously utilized infection conditions (Fig. 1), the KO of XRN1 resulted in an
increased level of p-eIF2a without changing the amount of total eIF2a protein (Fig.
2A). This activation of ISR in XRN1 KO cells is further supported by the induction of
GADD34 (Fig. 2A), a phosphatase cofactor for p-eIF2a that is upregulated during ISR
activation as a negative feedback mechanism (51). Following the confirmation of ISR
activation, we next interrogated the responsible kinase for the production of p-eIF2a.
We found that the relative level of phosphorylated PKR at threonine 446 (p-PKR
[T446]), a modification correlated with PKR activation (52, 53), was much higher in
XRN1 KO cells compared to control cells, while the total PKR protein levels remained
similar (Fig. 2A). There also appeared to be a modest increase of p-PKR (T446) level in
uninfected XRN1 KO cells as well, although not nearly to the extent in infected cells
(Fig. 2A).

No evidence was obtained for enhanced activation of 2 other stress-responsive
eIF2a kinase pathways, PERK, and GCN2, following MeV infection of the XRN1 KO cells
(Fig. 2C). Activation of PERK (54) and GCN2 (55, 56) kinases was assessed by testing for
a shift in their gel mobility following phosphorylation. As controls, treatment of unin-
fected WT cells with thapsigargin (TG) or serum starvation caused selective activation
of PERK or GCN2, respectively (Fig. 2C, upper). However, neither WT nor XRN1 KO cells
displayed a shift in the mobility of either PERK or GCN2 protein following MeV infection
relative to uninfected cells (Fig. 2C, lower).

The observed increase in PKR activity in MeV-infected cells lacking XRN1 (Fig. 2) led
us to examine the impact of XRN1 KO on additional host dsRNA sensing pathways
such as interferon (IFN) production and RNase L activation. We first tested whether
XRN1 KO impacted the induction of beta interferon (IFN-b) or the action of IFN meas-
ured by Interferon-stimulated genes (ISG) expression. RNA was isolated from XRN1 KO
and WT A549 cells, both uninfected and MeV-infected. Reverse transcription (RT)/quan-
titative (q) real-time PCR was used to determine the relative transcript levels. As shown
in Fig. 3A, XRN1 KO cells expressed a higher basal level of IFN-b and ISG transcripts rel-
ative to the uninfected WT control, but both WT and XRN1 KO cells when infected dis-
played a robust increase in transcript amount for IFN-b and 5 ISGs, MxA, MxB, ISG56,
ISG54, and ISG60. These data suggest that, whereas XRN1 can suppress the basal
expression of IFN-b and ISGs, it does not prevent the induction of these transcripts
upon MeV infection. While quantitative western analysis showed that XRN1 KO had no
detectable effect on the protein level of ISG15, another gene that is highly regulated
by interferon (Fig. 3B), it remains possible that the IFN pathway contributes to the pro-
viral action of XRN1 given the small, but statistically significant, increase (2-4 fold) of
IFN-b and ISG transcript levels observed in the infected XRN1 KO cells compared to
the infected WT control (Fig. 3A). We also examined the effect of XRN1 KO on the host
antiviral RNase L pathway that is activated in response to the IFN-induced 2’-59 oligoa-
denylate synthetase (OAS)-dependent recognition of dsRNA and 2-5A synthesis. Once
activated, RNase L catalyzes the degradation of cellular and viral RNAs (57–59). By
using cleavage of 28S/18S rRNA as an indicator of RNase L activity (60, 61), we
observed a small but detectable amount of rRNA cleavage in total RNA samples iso-
lated from infected XRN1 KO cells; a poly(I�C) treated positive control was included for
RNase L-generated cleavage products (62) (Fig. 3C).
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FIG 2 Enhanced activation of the PKR kinase and ISR pathway in XRN1 knockout cells following MeV
infection. WT and XRN1 KO A549 cells were left uninfected (as a control) or were infected, and
processed as described in Fig. 1. (A) Lysates were analyzed by quantitative western immunoblotting
to probe for PKR and ISR activation with representative blots shown. (B) The bar charts represent the
average from 3 independent infected sample sets. P values were calculated using Microsoft Excel
Student's t test: *, P , 0.05; **, P , 0.001; ns, not significant. (C) Positive control lysates were
analyzed by quantitative western immunoblotting to verify the decreased gel mobility (indicated by
arrows) of activated PERK after treatment with thapsigargin (TG) at 400 nM for 4 h, and activated
GCN2 after serum starvation for 24 h (top). WT and XRN1 KO cell lysates from (A) were then probed
for activation of PERK and GCN2 (bottom).
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Inhibition of PKR-dependent integrated stress response provides a mechanism
to explain the proviral activity of XRN1. Following our observation that XRN1 impaired
PKR autophosphorylation/eIF2a phosphorylation and RNase L activation upon MeV infec-
tion, we next asked whether this inhibition contributed to the proviral role displayed by
XRN1. In order to test this possibility, we utilized an A549 cell line in which both PKR and
RNase L were knocked out in the background of the XRN1 knockout (designated as TKO
for triple KO). An A549 cell line with only PKR and RNase L knocked out (referred to as
DKO for double KO) was included as a control (44). As shown in in Fig. 4A, there was effi-
cient rescue of viral protein expression across the MeV genome in the TKO cells (to an
extent comparable to that observed in WT and DKO cells), with the exception of the
mature MeV F1 protein. F1 expression surprisingly was not rescued in the TKO when com-
pared to XRN1 KO (Fig. 4B). Accompanying the lack of rescue of MeV F1 expression in TKO
cells, we observed an ;1.6-fold accumulation of the pro-protein form F0, the uncleaved
version of F1. Consistent with the increased viral protein expression seen in the TKO cells,
infectious virus yields produced by TKO were also significantly increased in comparison to
XRN1 KO cells (Fig. 4C). The incomplete rescue of virus growth seen with the TKO may be
due to the inefficient processing of MeV F protein, and future study would be needed to
elucidate the mechanism involved. Taken together, our data indicate that the deficiency of
both PKR and RNase L largely restored the MeV growth in the XRN1 KO background. To
further delineate the roles of PKR and RNase L in the observed MeV rescue with TKO cells,

FIG 3 Increase of IFN-b induction and detectable RNase L activation in XRN1 knockout cells relative to parental wild-type cells following MeV infection. WT and
XRN1 KO A549 cells were infected as described in Fig. 1. (A) and (C) At 24 hpi total RNA was extracted from uninfected and infected cells. (A) Total RNA from WT
and XRN1 KO A549 cells were reverse transcribed into cDNA, and the relative IFN-b mRNA transcript levels determined using qPCR (top), as well as 5 different
interferon-stimulated genes: MxA, MxB, ISG56, ISG54, and ISG60 (bottom). The bar charts represent the averages from 3 independent experiments. P values were
calculated using Microsoft Excel Student's t test (top) or GraphPad Prism (version 9.2.0) one-way ANOVA and Šidák’s multiple-comparison test for selected pairs
(bottom): *, P , 0.05; **, P , 0.001; ns, not significant. (B) At 24 hpi a parallel set of cells were lysed and the level of ISG15 was quantified using western
immunoblotting. (C) Total RNA from WT and XRN1 KO A549 cells was analyzed using a Bioanalyzer on an RNA pico chip, including WT and RNase L KO A549
cells transfected with 1 mg/mL poly(I�C) for 6 h as a positive control for 28s/18s rRNA cleavage (indicated by arrows).
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we used RNAi to individually knockdown (KD) each protein in both WT and XRN1 KO cells
and then assessed how their KDs affected MeV growth. Although both siRNAs effectively
depleted their targets (.90% knockdown), PKR KD significantly enhanced MeV protein
synthesis in the XRN1 KO cells, whereas RNase L KD showed little to no rescue (Fig. 4D).

We also utilized an alternative pharmacological inhibitor approach to examine the
role of PKR/ISR in inhibiting MeV in the XRN1 KO cells. Consistent with the lack of PERK
and GCN2 activation (Fig. 2C), PKR KD essentially abolished the XRN1 KO-induced
eIF2a phosphorylation after MeV infection (Fig. 5A), suggesting that PKR is the major
ISR kinase activated in MeV-infected XRN1 KO cells. To directly determine how ISR
affected MeV replication in the XRN1 KO cells, we next examined the effect of ISRIB, an
ISR inhibitor (54), on the levels of multiple MeV proteins in infected XRN1 KO cells. We
found that this drug effectively enhanced viral protein expression (Fig. 5B and C).
However, the incomplete restoration of MeV protein expression by ISRIB was not unex-
pected. ISRIB is capable of inhibiting ISR only during the early infection stage in the
case of encephalomyocarditis virus when the eIF2a phosphorylation remains below a
critical threshold (63). Collectively, these results suggest that the PKR-mediated ISR is
an important contributor to the inhibition of MeV growth seen in the XRN1 KO cells.

The effect of XRN1 during MeV infection is independent of its role in process-
ing bodies. To assess whether XRN1’s effect on ISR during MeV infection is dependent
upon its role in processing bodies (PBs), we utilized the approach of disrupting PBs
without effecting total XRN1 expression and examined whether this resulted in a simi-
lar phenotype as the XRN1 KO alone. For this purpose, we disrupted PBs through
siRNA knockdown of a core PB structural protein, the eukaryotic translation initiation
factor 4E-transporter protein (eIF4E-T) that has been shown to be necessary for PB for-
mation/stability (64). The knockdown efficiency of two independent eIF4E-T siRNAs
was verified by both immunofluorescence and western analyses (Fig. 6A and B). We
furthermore confirmed that knockdown of eIF4E-T efficiently depleted the PBs in A549

FIG 4 Significant restoration of MeV replication in XRN1/PKR/RNase L triple knockout cells compared to XRN1 knockout cells. (A) to (C) WT, XRN1 KO, PKR/
RNase L double KO (DKO), and XRN1/PKR/RNase L triple KO (TKO) A549 cells were infected and analyzed as described in Fig. 1. (A) Representative blots of
MeV proteins. (B) Bar charts showing the relative average levels of F0 and F1 proteins produced in the different cell lines as determined from 3
independent experiments. (C) Infectious viral yields were determined and are plotted as a scatterplot. Each graph represents the average from 3
independent experiments. P values were calculated using Microsoft Excel Student's t test: *, P , 0.05; **, P , 0.001; ns, not significant. (D) WT and XRN1
KO A549 cells were transfected with a non-targeting control or siRNA targeting either RNase L or PKR on days 1, 3, and 5. Transfected cells were infected
on day 7, lysed on day 8, and analyzed as described in Fig. 1. Representative blots are shown.
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cells (Fig. 6A) without affecting the level of XRN1 (Fig. 6B). However, unlike what was
observed in XRN1 KO cells, neither eIF4E-T siRNA caused ISR activation nor had any de-
tectable impact on MeV N or P protein expression (Fig. 6B). These results suggest that
the effect XRN1 exerts on MeV is not dependent upon its function in PBs.

XRN1 is recruited to viral inclusion bodies in MeV-infected cells. Because the
effect of XRN1 on MeV replication was not dependent upon its PB localization, we
examined whether there was any alternative localization of XRN1 within the cytoplasm
of MeV-infected cells. For this analysis, we used live-cell imaging because comparison

FIG 5 Enhanced MeV protein synthesis in XRN1 knockout cells after treatment with an ISRIB inhibitor.
(A) Lysates from Fig. 4D were probed for eIF2a phosphorylation using western immunoblotting.
Representative blots are shown. (B) and (C) WT and XRN1 KO A549 cells were seeded at comparable
confluence and pretreated for 12 h with either 1 mM ISRIB inhibitor or an equal volume of DMSO solvent
as a control. Cells were then infected and processed as described in Fig. 1. The ISRIB treatment continued
throughout the 24 h of infection. (B) Representative blots of selected MeV protein levels are shown. (C)
Quantification of selected MeV protein levels relative to the DMSO-treated WT cells is presented as a bar
chart, representing the average from 3 independent experiments. P values were calculated using
Microsoft Excel Student's t test: *, P , 0.05; **, P , 0.001; ns, not significant.
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of the staining patterns between WT and XRN1 KO A549 cells revealed that the XRN1
antibody available for the western analyses exhibited a nonspecific IB staining (data
not shown). Moreover, live-cell imaging avoids potential artifacts associated with cell
fixation. We first validated the ability of transfected EGFP fusion of XRN1 (65) to localize
to the PBs in uninfected A549 cells (Fig. 7A). We next conducted live-cell imaging utiliz-
ing A549 cells, stably expressing either EGFP (as a negative control) or EGFP-XRN1
fusion, infected by a recombinant MeV expressing an mCherry reporter carrying a nu-
clear localization signal. We found that EGFP-XRN1, but not EGFP alone, was enriched
within large cytoplasmic puncta that are similar to viral IBs but distinguishable from
PBs that formed in infected mCherry-positive cells (Fig. 7B). To determine whether
these cytoplasmic puncta are viral IBs, we transfected constructs expressing either
EGFP or EGFP-XRN1 fusion into A549 cells, and then infected the transfected cells with
MeV before examining them by live-cell microscopy. This was done using an A549 cell
line stably expressing a WDR5-mCherry fusion protein in order to have a live reference
for MeV-induced IBs. It was previously shown that the host protein, WDR5, translocates
to viral IBs during MeV infection (12). Interestingly, we found that when compared to
EGFP alone, EGFP-XRN1 was more enriched within WDR5-mCherry puncta (Fig. 7C)
demonstrating that XRN1 is recruited to MeV IBs.

MeV-induced inclusion bodies accumulate dsRNA more frequently in XRN1 KO
than WT cells. The IB localization of XRN1 prompted us to consider whether XRN1 sup-
presses PKR activation during infection via a mechanism by which XRN1 acts to impair

FIG 6 Disruption of processing bodies does not affect MeV replication. WT A549 cells were transfected with a non-
targeting control or each of the 2 independent eIF4E-T siRNAs on days 1, 3, and 5. (A) Transfected cell were fixed and
stained using antibodies specific to eIF4E-T (to verify the knockdown efficiency) and DCP1A (to label the processing
bodies). (B) Transfected cells were infected on day 7, lysed on day 8, and analyzed as described in Fig. 1. Representative
blots for ISR activation and selected MeV protein levels are shown.
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accumulation of RNA species that have the propensity to form dsRNA structures within
IBs. To test this possibility, we used immunofluorescent staining to visualize both dsRNA
abundancy within IBs with the dsRNA specific monoclonal antibody J2. MeV P protein was
utilized as a marker for viral IBs. The J2 antibody was previously used with MeV to demon-
strate dsRNA accumulation in IBs during infection with MeV C KO, a mutant virus known
to overproduce viral dsRNA during viral replication in the form of defective interfering
RNA (DI-RNA) (7). After infection and staining of both WT and XRN1 KO A549 cells, we
found that there was a significant increase in the percentage of infected cells with IBs
enriched with dsRNA as measured by J2 staining, increasing from ;8% in WT A549 to
;50% in XRN1 KO cells (Fig. 8A). The time course analysis further indicated that this accu-
mulation of dsRNA in the XRN1 KO cells took place predominantly in the later stages of
the infection cycle, with most IB-associated dsRNA enrichment occurring between 24 hpi
and 30 hpi (Fig. 8B). Given that viral IBs are thought to represent replication factories for
cytoplasmic replicating negative-sense RNA viruses (11), the dsRNA that accumulated in
the XRN1 KO cells most likely was of viral origin.

DISCUSSION

Viruses have evolved strategies to hijack host cell components to antagonize innate
immune responses and subsequently enhance their replication. Herein we demonstrate

FIG 7 Induced translocation of EGFP-XRN1 to inclusion bodies following infection. (A) Validation of utilizing
the transfected EGFP-XRN1 fusion for the live-cell imaging reporter as shown by its expected enrichment
within the processing bodies (PBs) marked by DCP1A. (B) WT A549 cell lines stably expressing either EGFP
or EGFP-XRN1 were infected with MeV expressing mCherry (containing a nuclear localization signal for
reference of infected cells) using an MOI of 1.0. At 24 hpi live cells were imaged under a fluorescence
microscope to capture representative images of EGFP-XRN1’s MeV-induced localization to large cytoplasmic
puncta. (C) WT A549 cells stably expressing WDR5-mCherry fusion were transfected with either EGFP or
EGFP-XRN1 plasmids, and then infected using an MOI of 1.0. At 24 hpi live transfected cells were imaged
under a fluorescence microscope to capture representative images of EGFP-XRN1’s colocalization with viral
IBs using WDR5-mCherry as a live marker for MeV IB.
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that XRN1 is a potent proviral factor that enhances the replication of MeV. The conclusion
that maximal replication of MeV is dependent upon the presence of XRN1 is based on the
reduced viral protein production and reduced infectious virus yields observed in A549
XRN1 CRISPR KO cells infected by MeV (Fig. 1 and 4). We further show that, unlike what
has been described for influenza A virus (a negative-sense RNA virus that replicates in the
nucleus) (66), the proviral ability of XRN1 to enhance MeV replication was independent of
its PB localization (Fig. 6). Instead, we found that XRN1 was recruited to MeV IBs (Fig. 7)
where the accumulation of dsRNA is impaired and hence leads to the suppression of
dsRNA-mediated innate immunity (Fig. 8). Moreover, our data suggest that the PKR/ISR
response represents a key dsRNA-dependent pathway modulated by XRN1 (Fig. 4 and 5),
although a role for additional pathways, such as IFN and RNase L (Fig. 3), cannot be ruled
out. Moreover, some paramyxoviruses, exemplified by MeV, Sendai virus and simian virus,
do not encode PKR antagonists, and are generally assumed to tightly regulate their replica-
tion process via virally-encoded C (7, 10, 67) or P/V (68) proteins to prevent PKR activation.
Our study demonstrates that in addition to the viral components, MeV requires at least
some host factors, including XRN1, to effectively evade the PKR-mediated innate response.

Interestingly, similar to our findings for MeV, XRN1 has been found to promote the
replication of vaccinia virus (VV), a DNA virus that also replicates in the cytoplasm, by
reducing virus-derived double-stranded RNA (dsRNA) and antagonizing innate immu-
nity (44, 69). However, in contrast to our findings with MeV and earlier work with vacci-
nia virus, an antiviral role for XRN1 has been suggested in the case of Newcastle

FIG 8 Increased accumulation of dsRNA within MeV inclusion bodies in XRN1 knockout cells. (A) WT and XRN1
KO A549 cells were infected using an MOI of 0.1. At 36 hpi cells were fixed and stained using antibodies
specific to dsRNA (J2) or MeV P (to label viral IBs), and then imaged under a fluorescence microscope to
capture representative images (top). The bar chart shows the average percentage of infected cells with dsRNA
enriched IBs from 3 independent experiments with 200 infected cells counted for each group per experiment
(bottom). P values were calculated using Microsoft Excel Student's t test: *, P , 0.05; **, P , 0.001; ns, not
significant. (B) WT and XRN1 KO A549 cells were infected using an MOI of 0.1. Cells were fixed and stained
using the J2 and P antibodies and scored at different time intervals of infection (18, 20, 24, 30, and 36 hpi).
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disease virus (NDV) (42) and vesicular stomatitis virus (VSV) (43). It is not yet under-
stood why some cytoplasmic negative-sense RNA viruses, such as NDV and VSV, show
an antiviral response whereas MeV, also a cytoplasmic negative-sense RNA virus, shows
a proviral response to XRN1. Possible contributing parameters include the relative pro-
duction of dsRNA by the virus that triggers sensors such as PKR, and the extent of the
degradation of genomic/antigenomic RNA by XRN1, both determined in part by the
particular RNA structure which may vary among the specific viral RNAs. For example, if
there is more dsRNA produced which is degraded by XRN1, the effect would be provi-
ral as ISGs such as PKR and OAS would not be activated as efficiently. On the other
hand, if genomic/antigenomic RNA is sensitive to degradation the effect may be antivi-
ral as the functional viral RNA would be reduced in concentration (42). The differential
ability of viral N proteins to bind and shield viral genomic/antigenomic RNAs from deg-
radation by XRN1 may also be important. Perhaps in the case of MeV, genomic/antige-
nomic RNA is more completely protected from XRN1 degradation due to more efficient
co-replicational encapsidation by N than is the case of NDV or VSV RNAs. Moreover,
whereas XRN1 is generally assumed to degrade the bulk mRNA, studies have shown
that it may preferentially target specific transcripts (70–72), raising the possibility that
XRN1 may display different specificity of various types of virus-derived RNAs among
different viruses. Finally, one may speculate that the role of XRN1 in viral infection is
modulated by the differential thresholds of innate responses present in different tis-
sue/cell types, illustrated by ADAR1 (73–76).

Since viral IBs are thought to function as cytoplasmic replicating factories for negative-
sense RNA viruses, it is tempting to speculate that the dsRNA which accumulates within
IBs of MeV-infected XRN1 KO cells is derived from the virus. However, the specific identity
of the dsRNA affected by XRN1 has not yet been elucidated. One candidate is defective
interfering viral RNA (DI-RNA), a dsRNA error by-product of MeV replication which was pre-
viously shown to accumulate within viral IBs and that was found to be a strong activator
of PKR especially in cells infected by the MeV C KO mutant (7, 77). Another factor consist-
ent with the notion that DI-RNA is the likely substrate of XRN1 comes from the observation
that the fraction of dsRNA enriched IBs in XRN1 KO infected cells showed the greatest
increase at late times after infection, between 24 and 30 hpi (Fig. 8B). This coincides with
the time of MeV infection when replication of the genome exceeds that of the antigenome
and when DI-RNA accumulation within IBs begins to be detected (7, 78). Other possibilities
for viral RNA include the leader RNA and mRNAs. Despite the short length, it has sug-
gested that the leader RNA of MeV can activate the RIG I-mediated interferon response
(79). Whereas none of the MeV mRNAs were found to induce IFN (79), their effect on PKR
activation was not examined.

Regardless of the identity of the IB-associated dsRNA, given that XRN1 only recognizes
59-monophosphorylated RNA (35), we anticipate that XRN1-mediated reduction in amount
of IB-associated dsRNA requires the accessory factors. Candidates include factors that
remove the 59-cap (of MeV mRNAs [45–47]) or 59 pyrophosphate (of MeV leader RNA [79],
or full-length viral RNAs produced during MeV replication and their abortive products
such as DI RNAs [79–81]) to generate the 59-monophosphorylated RNA. In this regard, the
VV genome is known to encode 2 of its own decapping protein homologues (D9/D10)
that would produce suitable substrates for XRN1 degradation of VV viral mRNA thereby
preventing dsRNA accumulation (69). Since MeV does not encode either a viral decapping
factor or pyrophosphatase, we presume that the modification requires a host accessory
protein that functions together with XRN1. In human cells, the DXO exonuclease and 8
(DCP2, NUDT2, NUDT3, NUDT12, NUDT15, NUDT16, NUDT17, and NUDT19) members of
the NUDIX hydrolases have been suggested to be capable of carrying out the decapping
and/or pyrophosphatase activities (43, 82, 83). We are currently assessing the ability of
these candidates to affect PKR activity and MeV growth.

Our study raises the intriguing question of the relationship between the formation
of viral IBs and the triggering of innate immune responses. Recent reports have sug-
gested that in addition to functioning as a viral replication factory, viral IBs also provide
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a platform to permit viruses to escape the detection of host innate immunity.
Disruption of SARS-CoV-2 IBs through inhibition of LLPS was shown to activate the
innate immune response through the mitochondrial antiviral-signaling protein (MAVS)
pathway (84). Respiratory syncytial virus sequesters the host p65 subunit of NF-kB
within its IBs to inhibit an integral step of the antiviral NF-kB activation (85). We pro-
vide evidence herein that MeV hijacks XRN1 by localizing the protein to viral IBs as a
strategy to suppress innate immunity. Future work is needed to determine whether
XRN1 is recruited to viral IBs through a protein-protein or protein-RNA interaction.
Another important question concerns the mechanism by which the IB-associated
dsRNA results in the activation of PKR, either through the PKR protein gaining access
to the dsRNA within IBs or the dsRNA moving out of the IBs and activating the PKR in
the cytoplasm. The answer to this question is anticipated to shed insight into the role
that viral IBs play in the recognition of innate signals (e.g., dsRNA) by their sensors
(e.g., PKR, OAS, MDA5, RIG1, and ADAR1) (86).

Lastly, compared to other MeV proteins, the nearly complete loss of MeV M protein
production after XRN1 KO (Fig. 1) was unexpected. M protein is crucial for the forma-
tion and budding of progeny MeV virions (87). This drastic decrease in protein produc-
tion provides an explanation for the large reduction in infectious viral yield seen with
XRN1 KO compared to WT A549 cells. The observation that the level of MeV M protein
was fully restored in the TKO cells further suggests that a hypersensitivity of MeV M
mRNA translation to the PKR/ISR pathway may contribute significantly to the XRN1 KO-
induced ablation of MeV M, a model consistent with the efficient rescue of MeV M pro-
tein production after siRNA KD of PKR in XRN1 KO cells as well as treatment of XRN1
KO cells with ISRIB (Fig. 4 and 5). Further research is necessary to elucidate the underly-
ing mechanism. Isolation of MeV proteins from the brains of patients with subacute
sclerosing panencephalitis (SSPE), a progressive and deadly neurodegenerative disease
characterized by persistent MeV infection of the central nervous system, shows a signif-
icant depletion of MeV M in parallel with observations of increased fusion between
neighboring cells (88). Although evidence suggesting that the deficiency of MeV M
protein seen in SSPE specimens is the result of hyperediting of M gene mRNA poten-
tially by the A-to-I ADAR adenosine deaminase (4, 89), our study also raises the possi-
bility of a translational regulation of MeV mRNA in the SSPE patients.

MATERIALS ANDMEHTODS
Cells and virus. A549 cells were cultured with advanced Dulbecco’s modified Eagles medium

(DMEM; HyClone DMEM-RS) supplemented with 4% fetal bovine serum (Neuromics), 2 mM GlutaMAX
(Gibco), and penicillin (100 mg/mL)-streptomycin (100U/mL) (HyClone). The A549 cell lines stably
expressing EGFP, EGFP-XRN1, and WDR5-mCherry were grown in the same medium with an additional
3 mg/mL puromycin. Dissociation of cells was done using Trypsin-EDTA 0.25% (Gibco). XRN1 KO, RNase L
KO, PKR/RNase L double KO, and XRN1/PKR/RNase L triple KO, A549 cell lines as well as its parental WT
A549 control cells were generously provided by Bernard Moss (NIAID).

For MeV infection we used recombinant mCherry-expressing vac2 MeV with a nuclear localization
signal (mCherry NLS) isogenic to the Moraten vaccine strain as previously described (77). Cells were
infected with a multiplicity of infection of either 0.1 or 1.0 as indicated. For determination of infectious
yields, 6.7 X 105 cells as indicated were infected with an MOI of 1.0, harvested at 24 hpi unless otherwise
specified, and stored frozen at 280°C overnight. Cells were then subjected 3 cycles of freeze (liquid
nitrogen)/thaw (37°C water bath) followed by centrifugation at 3000 g for 3 min. Vero cells were used to
determine infectious virus titers of the supernatant solution using the Spearman-Kärber method (90, 91).

Cell viability assay. The MTT colorimetric assay was done similarly as described by Mosman (92).
Cells were infected with an MOI of 1.0 and after 24 hpi 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazo-
lium bromide (MTT reagent, Invitrogen) was added to the medium with cells from a prepared stock of
5 mg/mL in water to a final concentration of 0.5 mg/mL. Afterwards, cells were incubated at 37°C for
1 h, medium was removed, and MTT dye was released with DMSO at an equal volume to the original
medium volume. Cells were incubated at room temperature for 30 min in the dark, the DMSO was then
collected, and the cells had their absorbance read at 540 nm with an Ultrospec 2100 pro spectrophotom-
eter (Amersham Biosciences).

DNA and RNAi transfections. The recombinant plasmid PT7-EGFP-XRN1 expressing the EGFP-XRN1
fusion protein was previously described (65). TurboFect transfection reagent (Thermo Fisher) was used for
transfection of plasmids and poly(I�C) at a ratio of 3mL TurboFect per 1mg of DNA/poly(I�C).

Small interfering RNA knockdown of eIF4E-T, PKR, and RNase L was performed using Silencer Select
Predesigned siRNA from Ambion; eIF4E-T siRNA11 (s32160; target sequence, 59-CUA CCU CAG UGA UUC GUA
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ATT-39), eIF4E-T siRNA12 (s32162; target sequence, 59-GGA UAG UAG AUC CAC GAG ATT-39), PKR siRNA
(s11185; target sequence, 59-UAA CGU AAG UCU UUC CGU CAA-39), and RNase L siRNA (s12066; target
sequence, 59-UUG CAG ACA AGA GAC UUC CCG-39). The siRNAs were transfected using Lipofectamine
RNAiMAX transfection reagent (Invitrogen) at a working concentration of 5 nM. To obtain optimal knockdown,
cells were transfected with siRNA a total of 3 times (on days 1, 3, and 5).

Antibodies. Primary antibodies used for western analyses (WB) and immunofluorescence (IF) were as fol-
lows; mouse anti-b-actin (BD Transduction Lab. no. 612657; WB, 1:4000), rabbit anti-eIF4E-T (Bethyl no. A300-
706A; WB 1:2500), mouse anti-eIF4E-T (Santa Cruz Biotechnology no. sc-393788; IF 1:100), mouse anti-DCP1A
(Santa Cruz Biotechnology no. sc-100706; IF 1:250), mouse anti-XRN1 (Santa Cruz Biotechnology no. sc-
165985; WB, 1:1000), rabbit anti-eIF2a (Cell Signaling Technology no. 9722; WB, 1:1000), rabbit anti-p-eIF2a
(S51) (Abcam no. Ab32157; WB, 1:1500), rabbit anti-GADD34 (Proteintech no. 10449-1-AP; WB, 1:750), mouse
anti-PKR (Santa Cruz Biotechnology no. sc-100378; WB, 1:1000), rabbit anti-p-PKR (T446) (Abcam no. Ab32036;
WB, 1:1000), mouse anti-RNase L (Santa Cruz Biotechnology no. sc-74405; WB, 1:1000), mouse anti-ISG15
(Santa Cruz Biotechnology no. sc-166755; WB, 1:500), rabbit anti-PERK (Cell Signaling Technology no. 5683;
WB, 1:1000), rabbit anti-GCN2 (Cell Signaling Technology no. 3302; WB, 1:750), mouse anti-J2 (English &
Scientific Consulting no. J2-1102; IF, 1:250), rabbit anti-MeV N505 (WB, 1:5000), rabbit anti-MeV P254 (WB,
1:5000, IF, 1:5000), rabbit anti-MeV C2 (WB, 1:4000), rabbit anti-MeV VCT (WB, 1:3000), rabbit anti-MeV M81 (WB,
1:2000), rabbit anti-MeV F (WB, 1:4000), rabbit anti-MeV HCYT (WB, 1:4000), rabbit anti-MeV L2170 (WB, 1:2000).

SDS-PAGE and Western blotting. Radioimmunoprecipitation (RIPA) buffer was used for lysis
(50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, and 0.1% SDS) supple-
mented with 1X Halt Protease and Phosphatase Inhibitor Single-Use Cocktail (Thermo Fisher), and 5 mM
EDTA. Protein concentrations of lysates were determined with the CB-X protein assay (G-Biosciences).
Lysates were analyzed on SDS polyacrylamide gels at either equal volume of lysate (for analysis of viral
proteins) or equal amount of total protein (for analysis of host proteins). Protein transfer was done with
Immobilon-FL 0.45-mm polyvinylidene difluoride (PVDF) membranes (Millipore) and a mini PROTEAN 3
Cell machine (Bio-Rad). Membranes were incubated overnight in the primary antibody diluted in 1X
Western Blotting blocking buffer (Rockland). Membranes were then washed 3 times for 5 min each with
1X PBST (1X PBS supplemented with 0.1% Tween 20), incubated in the dark for 45 min with the DyLight
680 conjugated secondary antibody (Thermo Fisher), 3 times for 5 min each with 1X PBST, washed one
time for 5 min with 1X PBS, air dried in the dark, and analyzed on an Odyssey infrared imaging system
(LI-COR Biosciences). In the case of a phosphor-specific primary antibody, 1X TBST (1X TBS supple-
mented with 0.1% Tween 20) and 1X TBS were used instead of 1X PBST and 1X PBS, respectively.

RNA extraction, reverse transcription and quantitative real-time PCR. RNA extraction was per-
formed on 6.7 X 105 cells at 24 hpi at an MOI of 1.0 using the RNeasy Plus minikit (Qiagen). A total of 1 mg
RNA from each sample was converted to cDNA by RT-PCR using the Verso cDNA Synthesis Kit (Thermo
Fisher) following the suggested thermal cycling program (42°C for 30 min and 95°C for 2 min). The primers
used for RT-PCR of mRNA were a 3:1 (vol/vol) blend of random hexamers and anchored oligo-dT. The
cDNA product was then diluted 10-fold with H2O and 2 mL were used for subsequent quantitative PCRs
(qPCR). Quantitative PCR was performed using PowerUP SYBR green Master Mix (Thermo Fisher) and pri-
mers for IFN-b (forward 59-AAA CTC ATG AGC AGT CTG CA-39; reverse 59-AGG AGA TCT TCA GTT TCG GAG
G-39), MxA (forward 59-GGC TGT TTA CCA GAC TCC GAC A-39; reverse 59-CAC AAA GCC TGG CAG CTC TCT
A-39), MxB (forward 59-AAA AGC AGC CCT GTG AGG CAT G-39; reverse 59-GTG ATC TCC AGG CTG ATG AGC
T-39), ISG56 (forward 59-GCC TTG CTG AAG TGT GGA GGA A-39; reverse 59-ATC CAG GCG ATA GGC AGA
GAT C-39), ISG54 (forward 59-GGA GCA GAT TCT GAG GCT TTG C-39; reverse 59-GGA TGA GGC TTC CAG
ACT CCA A-39), ISG60 (forward 59-CCT GGA ATG CTT ACG GCA AGC T-39; reverse 59-GAG CAT CTG AGA
GTC TGC CCA A-39), GAPDH (forward 59-AGC AAG AGC ACA AGA GGA AGA G-39; reverse 59-GAG CAC AGG
GTA CTT TAT TGA TGG-39) with a Bio-Rad CFX96 Real-Time System (one cycle of 95°C for 2 min, followed
by 40 cycles of 95°C for 15 sec, 60°C for 1 min, and plate read for real-time quantification). The relative val-
ues for mRNA levels were determined by normalizing the Ct values to that of GAPDH in each sample, and
relative expression levels were calculated using the DDCt method.

Bioanalyzer RNA analysis. Total RNA samples were analyzed using an Agilent 2100 Bioanalyzer on an
RNA 6000 pico chip according to the manufacturer’s instructions.

Immunofluorescent microscopy. Immunofluorescent staining of dsRNA was performed on infected
A549 cells (0.1 MOI; 18, 20, 24, 30 and 36 hpi) as described (7). Coverslips were fixed using 3% formaldehyde
for 20 min, quenched with 1.0 M glycine solution for 10 min, permeabilized with 0.5% (vol/vol) Triton X-100
for 10 min, blocked in a buffer consisting of 2.5% (wt/vol) nonfat dry milk and 0.1% Triton X-100 for 30 min,
incubated with primary antibody in PBS with 0.1% Triton X-100 for 2 h, washed 3 times with PBS, incubated
with fluorescent-conjugated secondary antibodies (Jackson ImmunoResearch) in PBS consisting of 0.1%
Triton X-100 for 1.5 h, washed 3 times with PBS and 3 times with nanopure H2O, and air dried in the dark.
Coverslips were then mounted on slides with ProLong Gold Antifade Mount with DAPI (Invitrogen) and left
in the dark at room temperature for 24 h before imaging. Immunofluorescent staining of DCP1A and eIF4E-T
were conducted using the same protocol except the following modifications: 3% formaldehyde for 10 min,
permeabilized with 0.1% (vol/vol) Triton X-100 for 7.5 min, blocked in 1X Blocker BSA (10%) in PBS (Thermo
Fisher) supplemented with 5% normal goat serum (Jackson ImmunoResearch), and incubated with primary
and secondary antibodies in the above blocking solution.

Slides were imaged using an Olympus IX-81 microscope with a Plan-Apochromat 60� oil fluores-
cence objective (numeric aperture, 1.45; Olympus), Semrock excitation and emission filters, and an X-
Cite Exacte illumination source (Lumen Dynamics). Images were captured using a monochrome digital
camera (Evolution QEi; Media Cybernetics) controlled with in vivo acquisition software, v.3.2.0 (Media
Cybernetics). Image analysis was performed using ImageJ (NIH), and Illustrator (Adobe).
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Live-cell fluorescence microscopy. Glass-bottomed Delta T dishes (Bioptechs) were coated with rat
tail collagen type I (BD Biosciences) in 20 mM acetic acid at a concentration of 55 mg/mL in preparation
for cell attachment. Cells were imaged at 24 hpi using an Olympus IX-81 microscope while being kept at
37°C with 5% CO2 perfusion (Bioptechs).

Statistical analysis. Statistical tests were performed by Student's t test using Microsoft Excel. Unless
otherwise specified, data are presented as means with bars showing standard errors of the means (SEM).
For the ISG qPCR analyses, a one-way ANOVA followed by Šidák’s multiple-comparison test for selected
pairs was performed.
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