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ABSTRACT

Coronavirus EndoU inhibits dsRNA-activated antiviral responses; however, the physiologic RNA substrates of EndoU are
unknown. In this study, we used mouse hepatitis virus (MHV)-infected bone marrow-derived macrophage (BMM) and cyclic
phosphate cDNA sequencing to identify the RNA targets of EndoU. EndoU targeted viral RNA, cleaving the 3’ side of py-
rimidines with a strong preference for U'A and C'A sequences (endoY'A). EndoU-dependent cleavage was detected in
every region of MHV RNA, from the 5 NTR to the 3’ NTR, including transcriptional regulatory sequences (TRS).
Cleavage at two CA dinucleotides immediately adjacent to the MHV poly(A) tail suggests a mechanism to suppress neg-
ative-strand RNA synthesis and the accumulation of viral dsSRNA. MHV with EndoU (EndoU™"") or 2’5’ phosphodiesterase
(PDE™ ") mutations provoked the activation of RNase L in BMM, with corresponding cleavage of RNAs by RNase L. The
physiologic targets of EndoU are viral RNA templates required for negative-strand RNA synthesis and dsRNA accumula-
tion. Coronavirus EndoU cleaves U'A and C'A sequences (endoY!A) within viral (+) strand RNA to evade dsRNA-activated
host responses.
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INTRODUCTION Arterivirus (nsp11) and coronavirus (nsp15) EndoU pro-
teins have been characterized by genomic (Gorbalenya
et al. 2006), structural (Ricagno et al. 2006; Zhang et al.
2017, 2018) and biochemical studies (Ricagno et al.
2006; Bhardwaj et al. 2008; Nedialkova et al. 2009).
EndoU is encoded near the 3’ end of ORF1b (Fig. 1A, sche-
matic of the MHV genome; Gorbalenya et al. 2006). Mouse
hepatitis virus (MHV), a well-studied coronavirus, has a
single-stranded positive-sense RNA genome 31.1 kb in
length. MHV RNA, like other coronaviruses, is 5 capped
and 3’ polyadenylated. Upon infection, the ORF1a and
ORF1b regions of MHV RNA are translated into two
polyproteins (ORF1a and ORF1ab) through a frameshifting
mechanism (Bredenbeek et al. 1990). MHV proteins nsp1-

Viruses in the order Nidovirales express a virus-encoded
endoribonuclease, NendoU (lvanov et al. 2004). NendoU
is unique to nidoviruses (Gorbalenya et al. 2006), including
viruses of the Coronaviridae and Arteriviridae families.
Nidoviruses that express NendoU have vertebrate hosts,
whereas nidoviruses of crustaceans (Roniviridae), and
RNA viruses outside the Nidovirales order, do not encode
this protein. The precise role(s) of NendoU in virus replica-
tion remain enigmatic; however, significant progress has
been made in recent years to elucidate the contributions
of NendoU to virus replication and pathogenesis. The
SARS-CoV-2 pandemic underscores the importance of un-
derstanding host—pathogen interactions, including the im-

munomodulatory functions of EndoU (Wu et al. 2020).
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EndoU targets U'A and C'A sequences in MHV RNA
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FIGURE 1. Coronavirus RNA genome and experimental approach. (A) MHV RNA genome
highlighting two mutations: His to Arg mutation in the MHV phosphodiesterase domain active
site (PDEM'?%R), and a His to Ala mutation in the MHV EndoU domain active site (EndoU™2774)
(Roth-Cross et al. 2009; Kindler et al. 2017). MHV proteins are categorized as nonstructural
(light gray), accessory (dark gray), and structural (black). Subgenomic mRNAs 27, produced
during infection, are illustrated. (B) Bone marrow—derived macrophage (BMM) from wt,
IFNAR™=, and RNase L™~ mice were mock-infected or infected with wt MHV (MHV® and
MHVY), the PDE™, or EndoU™" for 9 and 12 h (Zhao et al. 2012; Kindler et al. 2017), after
which total cellular RNA was isolated for cyclic phosphate sequencing. (C) Schematic of cyclic

phosphate sequencing; protocol adapted from Schutz et al. (2010).

nspl1é are produced via proteolytic processing of the
ORF1a and ORF1ab polyproteins. EndoU is the nsp15 pro-
tein of MHV (Fig. 1A, schematic of MHV RNA genome).
Other proteins from the ORF1a/1b region of the RNA ge-
nome include viral proteases and components of the viral
replicase (nsp12is the RARP, nsp13 is a helicase, nsp14isa
3’ =5 exonuclease, and an N7-methyltransferase, and
nsplé is a 2'-O-methyltransferase). An H277A mutation
in nsp15 greatly reduces the catalytic activity of EndoU
(Fig. 1A, EndoU™; Kang et al. 2007).

Coronavirus RNA replication and RNA transcription are
mediated by the replicase expressed from the ORF1a/1b
region of the genome (Fig. 1A) with assistance of the nucle-
ocapsid protein (Sawicki et al. 2007). Both RNA replication
and RNA transcription occur within membrane-anchored
replication organelles in the cytoplasm of infected cells
(Knoops et al. 2008; van Hemert et al. 2008; van der
Hoeven et al. 2016). MHV RNA replication involves nega-
tive-strand RNA synthesis, wherein the positive-strand viral
RNA genome is copied into a genome-length negative-
strand RNA intermediate, which is subsequently used as a
template to make new positive-strand RNA genomes.
MHV RNA transcription involves the synthesis of subge-
nomic (sg) negative-strand RNAs from the viral RNA ge-
nome via discontinuous transcription mechanisms and

of MRNAZ2b, as well as a nonsense mu-
tation at codon 15 (Luytjes et al. 1988;
Shieh et al. 1989; Kazi et al. 2005; Lis-
senberg et al. 2005). EndoU colocal-
izes with viral RNA replication and
RNA transcription machinery at mem-
brane-anchored replication organ-
elles (Deng et al. 2017; V'Kovski et al.
2019). Colocalization of EndoU with
viral RNA synthesis machinery may in-
fluence the RNAs targeted by EndoU.
Furthermore, coronavirus nsp16, a 2'-O-ribose-methyl-
transferase (2'-O-MT), could potentially modify RNA sub-
strates to make them resistant to cleavage by EndoU
(lvanov et al. 2004). These studies suggest that viral RNA
stability may be regulated by nsp15 (EndoU) and nsp16
(2’-O-MT).

Intriguingly, neither EndoU (nsp15) nor 2/-O-MT (nsp16)
enzyme activities are required for virus replication in trans-
formed cells in culture (Kang et al. 2007; Ulferts and
Ziebuhr 2011; Zust et al. 2011); rather, these enzymes
counteract dsRNA-activated antiviral responses (Zust
et al. 2011; Deng et al. 2017; Kindler et al. 2017). EndoU
catalytic activity inhibits the activation of dsRNA-depen-
dent antiviral innate immune pathways (Deng et al. 2017;
Kindler et al. 2017), including type | and type Il IFN re-
sponses, PKR, and OAS-RNase L (Deng et al. 2019).
EndoU-deficient viruses can replicate in IFNAR™~ cells or
cells lacking PKR and RNase L (PKR™~ and RNase L™7)
(Deng et al. 2017, 2019; Kindler et al. 2017). In addition
to EndoU, coronavirus NS2, a 2’-5' PDE, inhibits the activa-
tion of RNase L (Zhao et al. 2011, 2012, 2013). Thus, there
are two pathways by which MHV inhibits the activation of
OAS-RNase L, suggesting this pathway is crucial for antivi-
ral defense. Whereas coronavirus EndoU inhibits dsRNA-
activated antiviral responses within virus-infected cells, it
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is unclear how it achieves this because the physiologically
relevant targets of EndoU have not been defined.

In this study, we used MHV-infected bone marrow-de-
rived macrophage (BMM) and cyclic phosphate cDNA se-
quencing to identify the host and viral RNA targets of
EndoU. Cyclic phosphate cDNA sequencing reveals the lo-
cation and frequency of endoribonuclease cleavage sites
within host and viral RNAs (Schutz et al. 2010; Cooper
et al. 2014, 2015; Donovan et al. 2017). We exploited
wild-type and mutant forms of MHV (wt MHV, PDE™",
and EndoU™"") along with wild-type and mutant forms of
BMM (wt BMM, IFNAR™~, and RNase L™7) to distinguish
between EndoU-dependent cleavage sites and RNase L—
dependent cleavage sites within host and viral RNAs.

RESULTS

Products of cleavage by coronavirus EndoU have 2/,3'-cy-
clic phosphate termini (lvanov et al. 2004), effectively
marking the location of cleavage within host and viral
RNAs. Thus, in this study, we used cyclic phosphate
cDNA sequencing to monitor the frequency and location
of endoribonuclease cleavage sites in RNA from MHV-in-
fected bone marrow—derived macrophage (BMM) (Fig.
1). Wild-type and mutant MHVs (wt MHVY, wt MHV®,
PDE™", and EndoU™") along with BMM derived from
wild-type and particular knockout C57BL/6 mice (wt,
IFNAR™~, and RNase L™/~ BMM) were used to distinguish
between EndoU-dependent cleavage sites and RNase
L-dependent cleavage sites (Fig. 1B). A pair of wt and mu-
tant viruses derived from each isolate were used (Fig. 1A,
B): wt MHV from Susan Weiss' laboratory designated
MHV® and a phosphodiesterase mutant designated
PDE™ (Roth-Cross et al. 2009; Zhao et al. 2011, 2012,
2013), wt MHV from Volker Thiel’s laboratory designated
MHVY, and an EndoU mutant designated EndoU™
(Kindler et al. 2017). We chose to use RNA samples from
9 and 12 hpi based on a previous study of wt MHV and
EndoU™M“infected BMM cells (Kindler et al. 2017). These
are sequential time points when coronavirus NS2 PDE
and nsp15 EndoU activities prevent dsRNA-dependent
antiviral responses (Kindler et al. 2017), including the
OAS/RNase L pathway (Zhao et al. 2011, 2012, 2013).
Furthermore, virus replication is nearing completion by
the later time point, ensuring abundant amounts of viral
RNA. Abundant amounts of viral RNA make it more likely
that endoribonuclease cleavage sites will be readily de-
tected and easily comparable from one condition to an-
other. Under these experimental conditions (Fig. 1B), we
expect that RNase L activity will be increased within
PDE™ " infected and EndoU™ " infected wt BMM, as com-
pared to MHV®-infected and MHV™-infected wt BMM.
Furthermore, we expect that EndoU activity will be evident
within MHV®)-infected and MHVM-infected BMM, as com-
pared to EndoU™"-infected BMM.
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Cyclic phosphate cDNA libraries were prepared using to-
tal cellular RNA (Fig. 1C). The RNA ligase RtcB was used to
ligate a 3’ adaptor to RNA fragments containing a cyclic
phosphate. The 3’ adaptor has a biotin moiety and a unique
molecular identifier to enumerate cleavage sites (Kivioja
etal. 2011). A5 adaptor was ligated to the RNA samples,
followed by reverse transcription, PCR amplification, and
lllumina sequencing. Analysis of DNA sequences revealed
the frequency and location of endoribonuclease cleavage
sites in host and viral RNAs. Figures 2-7 correspond to
data from the experiment outlined here (Fig. 1). Replicate
data from infections by wt and mutant MHV (wt MHV®),
PDE™", and EndoU™") in wt and RNase L™~ BMM yield
similar outcomes (Supplemental Figs. S9 and S10).

Endoribonuclease cleavage sites in host
and viral RNAs

Endoribonuclease cleavage sites were detected in host
and viral RNAs at 9 (Fig. 2A) and 12 hpi (Fig. 2B). The fre-
quency of cleavage sites in individual RNAs was normal-
ized to percent total cDNA reads in each library, allowing
for quantitative comparisons between individual RNAs in
each sample and between RNAs across distinct samples.
The vast majority of cleavage sites were detected in
MHV RNA, cellular mRNA, and ribosomal RNAs (18S,
28S, 5.8S, and 5S rRNAs), with a smaller portion of cleav-
age sites in tRNAs and U6 snRNA (Fig. 2A,B).

Cleavage sites in MHV RNA were found predominantly
in the positive strand of viral RNA, ranging from 10% to
40% of all cleavage sites in each library (Fig. 2A,B), with
cleavage in all regions of the MHV genome (Fig. 2C).
Very few reads were detected in the MHV negative-strand
RNA (Supplemental Figs. S1B and S12C,D). Cleavage of
MHV RNA in the ORF1a/1b region can be definitively at-
tributed to cleavage of the MHV RNA genome (aka
mRNA1). However, because MHV sg mRNAs 2-7 are
3’ coterminal with the MHV genome (Fig. 1A), cleavage
detected in MHV RNA downstream from the ORF1a/1b re-
gion could be in the MHV RNA genome (mRNA1) orin any
of the MHV sg mRNAs (mRNAs 2-7).

The relative amount of host RNAs captured at 9 and 12
hpi were similar across all cell types and in agreement with
capture frequencies from uninfected and virus-infected
cells previously reported (Schutz et al. 2010; Cooper
et al. 2014, 2015). Data from an independent experiment
revealed similar outcomes, with 10% to 30% of all cleavage
sites in MHV RNA, 5% to 10% of cleavage sites in cellular
mRNA, and more than 60% of cleavage sites in ribosomal
RNAs (Supplemental Fig. S8A).

Cleavage sites in cellular RNAs can be attributed to spe-
cific endoribonucleases in some cases, but not others. For
instance, U6 snRNA had 3'-terminal cyclic phosphates
(Supplemental Fig. STA) attributed to the nucleolytic activ-
ity of C160rf57/USB1 (Mroczek et al. 2012; Shchepachev
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FIGURE 2. Endoribonuclease cleavage in host and viral RNAs. (A,B) Relative amounts of endonucleolytic cleavage in host and viral RNAs.
Normalized cyclic phosphate cDNA reads (reads at each position/total reads in library) mapped to host and viral RNAs at 9 and 12 hpi in wt,
IFNAR™~, and RNase L™~ bone marrow macrophages (BMMes). (C) Frequency and location of cleavage sites in MHV RNA. Normalized cyclic
phosphate cDNA reads captured at each position along the MHV genomic RNA at 9 and 12 hpi from MHV®-, MHV™-, PDE™, and
EndoU™““infected wt BMM. Putative cleavage sites attributed to EndoU or RNase L were calculated from RNase L- or EndoU-dependent signal
generated by subtracting signal from each captured position that occurs in the absence of either enzyme (RNase L™~ BMM or during EndoU™"
infection). These data were then filtered for sites with reads representing at least 0.01% of total reads in the library. At each of these positions, the
log,-fold change in signal when either RNase L or EndoU were absent was calculated and sites with >2.5-fold change were designated putative

RNase L or EndoU sites.

etal. 2012; Cooper et al. 2014). Ribosomal RNAs account-
ed for ~50%-80% of the cleavage sites detected in each
library (Fig. 2A,B). The majority of cleavage sites within
rRNAs are the result of unspecified endoribonucleases,
along with some RNase L-dependent cleavage sites

(Cooper et al. 2014, 2015). Cellular mRNAs accounted
for ~5% of endoribonuclease cleavage sites in each
cDNA library (Fig. 2A,B). As described below, we attribute
cleavage sites in host and viral RNAs to specific
endoribonucleases.
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FIGURE 3. Sequence specificity of cleavage sites in MHV RNA. (A, D) Dinucleotide specificity analysis for cleavage in MHV RNA by percent total
cDNA reads captured at each 3'-dinucleotide in wt BMM at 9 and 12 hpi for (A) Dinucleotide analysis for positions —2:—1 and (D) dinucleotide
analysis for positions —1:+1 from captured cleavage position (0 position). (B, E) Dinucleotide enrichment for dinucleotide positions from —2:—1 (B)
or —1:+1 (E) for each condition of viral infection at 12 hpi in wt BMM by comparing the frequency of dinucleotide capture in experimental con-
ditions to the frequency of occurrence for each dinucleotide in the MHV RNA sequence (control). Significant enrichment was determined by ad-
justed P-value (g) for fold change (logzlexperiment/control]). <0.02*, <0.0001**, <1 x 108", Only dinucleotides with positive enrichment are
shown. (C,F) Sequence logos for the six bases surrounding the cleavage site for position —=2:-1 (C) or —1:+1 (F). Logos generated from the
top 1% of either RNase L (215 sites) or EndoU-dependent cleavages (306 sites). (G) UA cleavage scoring analysis. All UA sequences in the
MHV RNA with >30 cyclic phosphate counts in either the UA* or U*A cleavage position were compared by calculating the ratio of normalized
counts (UA} counts/UYA counts). Ratios >1 were scored as UA* (RNase L) sites and ratios <1 were scored as U*A sites (EndoU) and total number
of scored sites for either position are shown for each condition of viral infection in wt BMM at 9 and 12 hpi. (H) Model of EndoU and RNase L
interaction at UA sites in MHV RNA.
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ditions of infection with MHV®, MHVY, PDE™, and EndoU™" virus at 12 hpi (B) or in all cell types across conditions of infection with MHV®),
MHVY, PDE™* virus at 12 hpi. (D) Frequency and location of RNase L-dependent cleavage sites in MHV RNA. Cyclic phosphate counts at
each position in the viral genome were normalized by removing signal that occurred in the absence of RNase L, which emphasizes sites that
are RNase L-dependent in wt BMM infected with MHV®®), and PDE™" at 9 and 12 hpi. Labeled positions and dinucleotides (2 base:—1 base)
on the graph of PDE™" represent the top 15 RNase L-dependent cleavage sites (from B) with the greatest fold change in RNase L activity (*site
with robust cleavage without canonical RNase L dinucleotide preference and independent of EndoU activity; not identified as top site by RNase
L—fold-change analysis). (E) Frequency and location of EndoU-dependent cleavage sites in MHV RNA. Cyclic phosphate counts at each position in
the viral genome were normalized by removing signal that occurred in the absence of EndoU, which emphasizes sites that are EndoU-dependent
and RNase L-independent in RNase L™/~ BMM infected with wt MHV™ at 9 and 12 hpi. Labeled positions and dinucleotides (—1 base:+1 base)
represent the top 15 EndoU-dependent cleavage sites with the greatest fold change in EndoU activity (from C). (F) Cumulative distribution of
normalized counts by position of MHV genome for every position with >10 cyclic phosphate counts across all cell types and infection conditions.
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FIGURE 5. Abundance of cyclic phosphate ends by MHV genomic region and MHV mRNA abundance. (A) Normalized cyclic phosphate counts
per MHV genomic region in wt, IFNAR™~, and RNase L™~ BMM across all conditions of viral infection at 12 hpi. Transcriptional regulatory se-
quences (TRSs) are numbered by their associated mRNA (2-7). Other MHV genomic regions are labeled as shown in Figure 1A. (B) Frequency
and location of cleavage in the MHV TRS elements in wt BMM during infection with MHVY and EndoU™"* at 12 hpi. The x-axis includes the se-
quence and position of the six-base MHV TRS elements. (C) Normalized RNA-seq counts (sum of MHV sg mRNA/sum of all MHV mRNAs) of MHV
sg mRNAs detected in wt, IFNAR™~, and RNase L™~ BMM across all conditions of viral infection at 9 and 12 hpi.

Frequency, location, and sequence specificity
of cleavage sites in MHV RNA

Metal-ion-independent endoribonucleases have charac-
teristic specificities (e.g., RNase A family members [RNase
1-8] cleave RNA 3’ of pyrimidines while RNase L cleaves
RNA 3’ of UpN' dinucleotides [UA!, UU* > UG*)) (Floyd-
Smith et al. 1981; Wreschner et al. 1981; Yang 2011; Coo-
per et al. 2014). EndoU is reported to cleave RNA 3’ of py-
rimidines in vitro (lvanov et al. 2004; Bhardwaj et al. 2006;
Nedialkova et al. 2009); however, physiologically relevant
targets of EndoU have not been defined.

We detected endoribonuclease cleavage sites through-
out MHV RNA, under all experimental conditions (Fig. 2C;
Supplemental Fig. S2). The frequency of cleavage at each
base of MHV RNA ranged from ~0.00% to 0.2% of all
cDNA reads in each library (Fig. 2C; Supplemental Fig.
S2, y-axis). Peaks of cleavage approaching 0.2% of all
cDNA reads in each library (corresponding to 1 in 500
cleavage sites across all RNAs in each cDNA library)
are present at particular sites in the N gene open reading

1982 RNA (2020) Vol. 26, No. 12

frame, near the 3’ terminus of MHV RNA (Fig. 2C, wt BMM,
PDE™", and EndoU™"). Typically, when measurable cleav-
age was detected at a particular base in MHV RNA at 9 hpi,
measurable cleavage was also detected at that same site
at 12 hpi, often with increased abundance (Fig. 2C;
Supplemental Fig. S2, overlapping orange and blue lines
at each base for 9 and 12 hpi).

The sequence specificity of cleavage sites in MHV RNA
revealed profound differences in the endoribonuclease ac-
tivities present within wt BMM cells infected with wt and
mutant viruses (Fig. 3). Distinct RNase L-dependent and
EndoU-dependent cleavage specificities were evident
(Fig. 3). The sequence specificity of endoribonuclease
cleavage sites was assessed in two registers: positions
—2 to —1 of cleavage (Fig. 3A-C) and positions —1 to +1
of cleavage (Fig. 3D-F). wt MHV RNA was cleaved 3’ of py-
rimidines in wt BMM (Fig. 3A, MHV® and MHV™), with a
notable preference for cleavage between U*A and C*'A se-
quences (Fig. 3D-F). This pattern of pyrimidine-specific
cleavage between U'A and C'A sequences was lost in
EndoU™"infected wt BMM (Fig. 3A,D). Similar patterns
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FIGURE 6. MHV secondary structures associated with RNase L-dependent and EndoU-dependent cleavage sites. (A,C) Nucleotide resolution
graphs displaying normalized counts by position for the regions encompassing secondary structure predictions. (B,D) Secondary structures of
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of cleavage were evident in an independent experiment
(Supplemental Fig. S9C,D).

Dinucleotide enrichment, a measurement comparing
the frequency of cleavage at each dinucleotide to the fre-
quency of each dinucleotide in the MHV genomic RNA,
showed that U'A and C'A sequences were the only se-
quences with positively enriched cleavage in wt MHV-in-
fected wt BMM (Fig. 3E, adjusted P-value (qg) for fold

change [logx(experiment/control)] of <1 x10%"). Dinu-
cleotide enrichment and de-enrichment data for all dinu-
cleotides at 9 and 12 hpi are available as supplemental
data (Supplemental Tables S1 and S2). These data indicate
that EndoU cleaved MHV RNA at U'A and C*A sequences.

RNase L activity was also evident within MHV-infected
wt BMM (Fig. 3A-C). RNase L activity, with characteristic
cleavage predominantly after UA* and UU* dinucleotides,
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FIGURE 7. Endoribonuclease cleavage of cellular RNAs and changes in host gene expression. (A,B) Gene ontology (GO) analysis of host gene
expression during MHV infection. Categories of biological processes enriched with significantly up-regulated genes (P < 0.01, log,FC > 2) from (A)
MHV®-infected or (B) EndoU™"-infected wt BMM. The top five significantly enriched categories (weightFisher < 0.01) are shown. (C) Expression
of host genes in GO category “response to exogenous dsRNA.” Expression (logso-normalized counts) of genes in the GO category “response to
exogenous dsRNA" for wt BMM at 12 hpi. (D,E) Volcano plots of changes in host gene expression during MHV infection. (C) Plot comparing
MHV®-infected and mock-infected wt BMM and (D) comparing EndoU™""-infected and MHV®-infected wt BMM. Host genes were considered
significantly differentially expressed at FDR < 0.05 and logFC > 2 (up-regulated) or logFC < —2 (down-regulated). (F,G) Relationship between cy-
clic phosphate and RNA-seq enrichment scores. An enrichment ratio was calculated for all mMRNAs using the total sum of cyclic phosphate or RNA-
seq normalized counts in MHV® infected samples/total sum of cyclic phosphate or RNA-seq normalized counts in EndoU™ -infected samples at 9
and 12 hpi in wt and RNase L™~ BMM (enrichment score = [MHV®/[EndoU™ ). Genes were assigned to bins as follows: bin 1 = cyclic phosphate
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those identified in the dsRNA response GO category (Fig. 7C). (H,l) Dinucleotide specificity analysis for cleavage of transcripts involved in the
dsRNA response (Fig. 7C) during infection with MHV® and PDE™ for positions —2:—1 (H) or MHV® and EndoU™ for positions —1:+1 (/).
Percent of cleavage at each 3'-dinucleotide calculated relative to the total cDNA reads aligned to the mm10 transcriptome per library in wt
and RNase L™~ BMM at 9 and 12 hpi.
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was significantly increased in both PDE™"-infected and

EndoU™"-infected wt BMM (Fig. 3A). Dinucleotide enrich-
ment showed that UA!, UU', and UC' sequences were
positively enriched cleavage sites in PDE™*-infected and
EndoU™""infected wt BMM (Fig. 3B, adjusted P-value [q]
for fold change [logz(experiment/control)] of <1 x 10%™").
In IFNAR™~ and RNase L™~ BMM, the robust cleavage
at UAY, UUY, and UC' sequences decreased and pyrimi-
dine-specific cleavage dominated, especially in PDE™"in-
fected cells (Supplemental Fig. S4AB). These data
indicate that RNase L cleaved MHV RNA after UA}, UUY,
and UCY sequences, consistent with other studies (Floyd-
Smith et al. 1981; Wreschner et al. 1981; Cooper et al.
2014, 2015).

The distinct specificity of cleavage for RNase L (UA!, UUY,
and UC' sequences) and EndoU (U*A and C*A sequences)
allowed us to compare the relative amounts of each en-
zyme activity in the various experimental conditions.
MHYV RNAs were cleaved predominantly by EndoU activity
within MHV®-infected and MHVM-infected BMM (Fig. 3A,
D). MHV RNA was cleaved by both RNase L and EndoU ac-
tivities within PDE™"%infected wt BMM while MHV RNA
was cleaved predominantly by RNase L activity within
EndoU™"infected wt BMM (Fig. 3A,D). The activation of
RNase L within PDE™"infected and EndoU™""infected
wt BMM was expected, as these viral proteins coordinately
block the OAS-RNase L pathway (Zhao et al. 2012, 2013;
Dengetal. 2017; Kindler et al. 2017). Dinucleotide analysis
of positions downstream from cleavage sites confirmed a
strong preference for adenine 3’ of the cleavage positions
in MHV RNA in wt BMM (Supplemental Fig. S3A,B). When
EndoU was inactivated within EndoU™"™-infected cells, the
strong preference for adenine 3’ of cleavage positions in
MHV RNA was dramatically reduced, but not entirely
eliminated in wt BMM (Supplemental Fig. S3A), IFNAR™~
BMM (Supplemental Fig. S4A) and RNase L™~ BMM (Sup-
plemental Fig. S4B). The residual cleavage of MHV RNA
within EndoU™%infected RNase L™~ BMM is likely due
to angiogenin or another RNase A family member, as these
enzymes are present within macrophage and they share a
predilection for cleavage at U*A and C*A sequences (Har-
per et al. 1990; Shapiro and Vallee 1991; Hofsteenge et al.
1998; Schwartz et al. 2018).

We identified cyclic phosphate cDNAs dependent on
the presence of either RNase L or EndoU and then used
fold change to identify and assign specific sites as RNase
L or EndoU targets (Fig. 2C; Supplemental Fig. S5). We de-
termined how many of these sites could be assigned to ei-
ther endoribonuclease for each experimental condition
(Fig 2C; Supplemental Fig. S2). EndoU cleaved MHV
RNA at both 9 and 12 hpi in all three cell types, with in-
creased amounts of cleavage at 12 hpi as compared to 9
hpi (Fig. 2C; Supplemental Fig. S2A,B). MHV RNA was
cleaved by RNase L activity at both 9 and 12 hpi in wt
BMM, with exacerbated amounts of RNase L activity in

PDE™ % infected and EndoU™“infected wt BMM, as ex-
pected. In EndoU™"infected wt BMM, there were nearly
equal numbers of cleavage sites assigned to RNase L at
9 and 12 hpi, which was not observed in any other condi-
tion (Fig. 2C). By comparison with wt BMM, less RNase L-
dependent cleavage was detected in IFNAR™™ BMM
(Supplemental Fig. S2A), consistent with reduced OAS ex-
pression and reduced RNase L activity in IFNAR™~ BMM
(Birdwell et al. 2016). Additionally, the number of sites as-
signed to EndoU in IFNAR™™ and RNase L™~ BMM was
less than that observed in wt BMM, suggesting that
EndoU activity was altered in the absence of IFN signaling
and innate immune effectors (Supplemental Fig. S2A,B).
We attributed the majority of endoribonuclease cleavage
sites within MHV RNA to either EndoU (U*A and C'A se-
quences) or RNase L (UA*, UU!, and UC* sequences) activ-
ities (Figs. 2 and 3); however, undefined enzymes cleaved
MHV RNA within EndoU™"infected RNase L™~ BMM
(Supplemental Fig. S2B). As mentioned above, the residu-
al cleavage of MHV RNA within EndoU™"infected RNase
L™~ BMM was likely due to angiogenin or another RNase
A family member, as these enzymes are present within
macrophage and they share a predilection for cleavage
at U'A and C'A sequences (Harper et al. 1990; Shapiro
and Vallee 1991; Hofsteenge et al. 1998; Schwartz et al.
2018). The patterns and amounts of EndoU-dependent
and RNase L-dependent cleavage in MHV RNA were con-
sistent from one experiment (Figs. 2 and 3) to another
(Supplemental Fig. S9B-F).

It is intriguing to note that EndoU and RNase L share a
common substrate dinucleotide, UA. Furthermore, we
can distinguish between cleavage of UA by EndoU and
RNase L as these enzymes cleave the UA sequence at dis-
tinct sites: EndoU cleaves between U'A sequences, where-
as RNase L cleaves after UA' dinucleotides (Fig. 3H). We
found hundreds of UA sequences in MHV RNA cleaved
by both EndoU and RNase L (Fig. 3G). EndoU activity pre-
dominated in MHV®-infected and MHVM-infected wt
BMM at 9 and 12 hpi (Fig. 3G, MHV® and MHV!"). Yet
in PDE™“infected wt BMM, either EndoU or RNase L
cleaved about half of the UA sequences that were targeted
by both enzymes (Fig. 3G; Supplemental Fig. S9F,
PDE™"). EndoU cleaved to a greater extent about half of
the shared sites, whereas RNase L cleaved another half
to a greater extent (Fig. 3G; Supplemental Fig. S9F,
PDE™"). Thus, while EndoU and RNase L have overlapping
sequence specificity and share common UA targets within
MHV RNAs, these enzymes do not tend to cleave the same
molecule at the same site at any one moment in time. Our
data show that the majority of cleavage of MHV RNA was
from EndoU rather than RNase L during wt MHV infections
(Fig. 3G; Supplemental Fig. S9F, wt); however, when the
MHYV PDE was mutated, a much larger proportion of cleav-
age events in viral RNA were from RNase L (Fig. 3G;
Supplemental Fig. S9F, PDE™").
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Taken together, these data indicate that EndoU and
RNase L cleaved MHV RNA within infected BMMs. The ma-
jority of endoribonuclease cleavage sites within MHV RNA
were attributed to either EndoU (U*A and C*A sequences)
or RNase L (UA', UU', and UC!' sequences) activities
(Figs. 3 and 4). However, data from EndoU™"“infected
RNase L™~ BMM (Supplemental Fig. S2B) indicate that viral
RNA was cleaved by other undefined endoribonucleases as
well. Furthermore, when MHV NS2 PDE or nsp15 EndoU
were inactivated by mutations, RNase L activity was much
greater, with increased cleavage of MHV RNA by RNase
L. Thus, both MHV NS2 PDE and nsp15 EndoU activities
prevent MHV RNA cleavage by the dsRNA-activated
OAS/RNase L pathway, confirming our previous reports
(Zhao et al. 2012, 2013; Kindler et al. 2017).

RNase L-dependent and EndoU-dependent
cleavage sites in MHV RNA

A fold-change analysis was used to compare the magni-
tudes of RNase L-dependent and EndoU-dependent
cleavage at each base of MHV RNA across experimental
conditions (Fig. 4A). By subtracting endoribonuclease
cleavage events detected for each virus in RNase L™~
BMM, we identified the top 100 RNase L-dependent
cleavage sites in MHV RNA (Fig. 4B). By subtracting the
endoribonuclease cleavage events detected for the
EndoU™", we identified the top 100 EndoU-dependent
cleavage sites in MHV RNA (Fig. 4C).

RNase L-dependent sites in MHV RNA were cleaved at
the greatest magnitudes in PDE™'-infected and
EndoU™"infected wt BMM (Fig. 4B). RNase L-dependent
cleavage of MHV RNA was substantially lower in IFNAR™~
cells, as expected (Birdwell et al. 2016), especially that as-
sociated with infections by the PDE™" and EndoU™"* (Fig.
4B). The top 15 RNase L-dependent cleavage sites in MHV
RNA were at UAY, UUY, and UG* dinucleotides distributed
across the viral genome, with a clustering of sites within the
first 2/3 of the genome (Fig. 4D). Cleavage downstream
from the ORF1a/1b region could be in the MHV RNA ge-
nome (MRNA1) or any of the sg mRNAs (mRNAs 2-7).
Magnitudes of cleavage at each of these sites ranged
from 0.05% to 0.08% of all cleavage sites in each cDNA li-
brary (~1/2000 cleavage sites in the cDNA library).
Together, these top 15 cleavage sites in MHV RNA ac-
counted for ~1% of all cleavage sites in this cDNA library,
across all host and viral RNAs. These data indicate that
RNase L cleaved coronavirus RNA most efficiently at a rel-
atively small number of sites.

EndoU-dependent cleavage sites in MHV RNA were ev-
ident in wt, IFNAR™~, and RNase L™~ BMMs; however,
EndoU cleaved MHV RNA to a greater extent in wt BMM
(Fig. 4C). Subdued magnitudes of EndoU-dependent
cleavage of MHV RNA were observed at 12 hpi in
IFNAR™~ and RNase L™~ cells, as compared to wt BMM,
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suggesting a potential functional interaction between
EndoU and dsRNA-activated host responses, or RNase L
in particular. Additionally, most of the sites with EndoU-
dependent cleavage activity had similar magnitudes of
change, leading to a uniform distribution of sites across
all conditions, excluding a few outliers. The top 15
EndoU-dependent cleavage sites in MHV RNA were at
C'A and U'A sequences distributed to a greater extent
in the last 2/3 of the viral genome (Fig. 4E).

We examined the cumulative distribution of cleavage in
MHV RNA, across all conditions (Fig. 4F; Supplemental
Fig. SPE). In this analysis, we plotted the overall accumula-
tion of cyclic phosphate reads as a function of position
along the MHV genomic RNA (Fig. 4F; Supplemental
Fig. SPE). Cleavage downstream from the ORF1a/1b re-
gion could be in the MHV RNA genome (mRNA1) or sg
mMRNAs (MRNAs 2—7). Because RNase L-dependent cleav-
age sites (Fig. 4D) and EndoU-dependent cleavage sites
(Fig. 4E) were distributed across the MHV RNA in wt
BMM, cumulative cleavage increased from 0% at the
5" end of the genome to 100% at the 3’ end, with a slope
of ~45° for MHV® and MHV™ in wt BMM (Fig. 4F, wt
BMM, green and blue lines for MHV® and MHVY). In
EndoU™"infected wt BMM, cleavage of MHV RNA in-
creased in the ORF1a and ORF1b regions of the genome
as compared to MHV® and MHVY), shifting the slope of
cumulative cleavage to the left (Fig. 4F, wt BMM, red
line for EndoU™"). In contrast, when both EndoU and
RNase L activities were absent, as in EndoU™ "infected
RNase L™~ BMM, cleavage of MHV RNA was substantially
reduced across most of the genome, with a spike of
EndoU- and RNase L-independent cleavage near the 3’
UTR (Fig. 4F, RNase L™~ BMM, red line for EndoU™"%.
Note how the slope of the line for EndoU™" goes from
~50% to 100% of cumulative cleavage between nucleo-
tides 30,000 and 31,344. This indicates that endoribonu-
cleolytic cleavage was much more pronounced near the
3’ terminus of MHV RNA in EndoU™ " infected IFNAR™~
and RNase L™~ BMM, as compared to wt BMM. These
data indicate that EndoU™" MHV RNA was cleaved at
very different magnitudes from one end to the other in
wt BMM versus that in RNase L™/~ BMM, with increased rel-
ative amounts of cleavage between nts 1 and 20,000 in wt
BMM, less cleavage between nts 1 and 30,000 in RNase
L™~ BMM, and a spike in cumulative cleavage near the
3’ terminus in RNase L™~ BMM.

These data also indicate that EndoU and RNase L ac-
count for a substantial amount of the cumulative cleavage
in the orf1a and orf1b regions of the MHV RNA genome.
MHV RNA was cleaved to a greater extent within orfla
and orflb in wt BMM, especially when EndoU was dis-
abled (Fig. 4F, red line for EndoU™" shifts to the left in
wt BMM). Conversely, MHV RNA was cleaved to a lower
extent within orfla and orflb in RNase L™~ BMM, espe-
cially when EndoU was disabled (Fig. 4F, red line for
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EndoU™" shifts to the right in RNase L™~ BMM). When
EndoU and RNase L activities were absent, as in
EndoU™ %infected RNase L~ BMM, the residual cleavage
of MHV RNA by unspecified endoribonucleases occurred
predominantly near the 3’ terminus of the viral RNA (Fig.
4F, RNase L™/~ cells, EndoU™" curve in red). This cleavage
of MHV RNA near the 3’ terminus could be in the MHV RNA
genome (MRNA1), in any of the MHV sg mRNAs (mRNAs 2—-
7), or both.

Endoribonuclease cleavage sites in distinct
MHV RNA sequences and structures

We next examined the frequency of endoribonuclease
cleavage in distinct regions of MHV RNA (Fig. 5;
Supplemental Fig. S8). The cumulative amounts of cleav-
age in each region of MHV RNA were plotted unadjusted
(Fig. 5A), or adjusted for size (Supplemental Fig. S8A), RNA
abundance (Supplemental Fig. S8B), or both size and RNA
abundance (Supplemental Fig. S8C). Cleavage was de-
tected in every region of MHV RNA, from the 5 NTR to
the 3’ NTR, including relatively small TRS sequences (Fig.
5A,B). The vast majority of cleavage events occurred in
1a/1b, S and N open reading frames (Fig. 5A). When ad-
justed for MHV RNA abundance, cleavage was most fre-
quent in the ORF 1a/1b region and the ns2, HE, and S
ORFs (Supplemental Fig. S8B). Furthermore, with adjust-
ments for size and abundance (Supplemental Fig. S8B,
C), one can see that some of the TRS elements were target-
ed for cleavage at frequencies similar to that observed in
Orf1a/1b. Thus, although TRS sequences are quite small,
they can be cleaved just as frequently as RNA sequences
in other regions of MHV RNA. Intriguingly, TRS6é was tar-
geted more frequently (by EndoU) than other regions of
MHV RNA, including other TRS elements (Fig. 5B). TRS6,
with a UCCAAAC sequence, is distinct from other TRS el-
ements, which possess UCUAAAC sequences. We detect-
ed the most robust EndoU-dependent cleavages at C'A
and U'A dinucleotides of TRS elements 4, 6, and 7 (Fig.
5B). In TRS elements 4 and 6, cleavage at the very 3’ end
of the TRS sequence was dependent on the presence of
a downstream adenine outside of the TRS sequence (Fig.
5B). Interestingly, the upstream C'A cleavage site in TRS
6 (Fig. 5B) relies on one of the single-nucleotide polymor-
phisms (28,960 T>C) that we detected in the viral ge-
nomes (Supplemental Table S3). In vitro studies using
purified EndoU show cleavage of a U*A dinucleotide with-
in a TRS substrate (Kang et al. 2007). Our data indicate that
C'A and U'A dinucleotides of TRS elements are physio-
logic targets of EndoU.

RNA-seq was used to measure the abundance of MHV
RNA in all experimental conditions (Supplemental Fig.
S6). MHV RNA was abundant in all samples from virus-in-
fected cells, with similar amounts of MHV RNA across con-
ditions, but for EndoU™"-infected wt BMM at 9 and 12 hpi

(Supplemental Fig. S6A). Decreased amounts of EndoU™"*
RNA in wt BMM (Supplemental Fig. S6A) correlated with
decreased virus replication in EndoU™%infected wt
BMM at 9 and 12 hpi (Kindler et al. 2017). RNA-seq reads
were detected across the MHV RNA genome, with the
most abundant reads corresponding to leader sequences
at the 5" end of the genome and sg mRNA sequences at
the 3’ end of the genome (Supplemental Fig. S6B). Our ini-
tial RNA-seq analysis (Supplemental Fig. Sé) did not esti-
mate the abundance of any specific subgenomic mRNA;
it estimates the abundance of all captured viral positive
sense RNAs. We determined the abundance of individual
sg mRNAs by identifying “chimeric” RNA-seq reads span-
ning a leader/body junction, similar to a method described
in a previous study (Irigoyen et al. 2016). Consistent with
this and other studies, MHV mRNA7 was most abundant,
accounting for 70% to 80% of MHV mRNAs (Fig. 5C;
Supplemental Fig. S10C). MHV mRNAs 1-7 were present
in all conditions, with some changes in relative amounts
from one condition to another (Fig. 5C; Supplemental
Fig. S10C). MHV mRNA1 (genomic RNA) was increased
proportionally to other MHV mRNAs in EndoU™"-infected
wt BMM at 12 hpi. MHV mRNA 7 was increased slightly rel-
ative to other MHV mRNAs at 12 hpi in EndoU™"-infected
IFNAR™~ BMM and RNase L™~ BMM. Overall, the relative
ratios of genomic to sg mRNAs were approximately the
same across cell types when comparing wt MHV and
EndoU™" infections, consistent with a previous study
(Kang et al. 2007). Remarkably, MHV RNA abundance
did not correlate with the frequency of cyclic phosphate
reads in viral RNA (Supplemental Fig. S12A,B).
Altogether, these data indicate that MHV RNA replication
was able to produce each of the MHV mRNAs in propor-
tional amounts, despite considerable changes in endori-
bonuclease activity from one condition to another.
Endoribonuclease cleavage sites were detected in func-
tional RNA sequences and structures, including the Orf1a/
1b frameshift element and the MHV 3’ NTR (Fig. 6). The
Orf1a/1b frameshift element contains both RNase L-de-
pendent and EndoU-dependent cleavage sites (Fig. 6A,
B). Likewise, the MHV 3’ NTR contains both RNase L-de-
pendent and EndoU-dependent cleavage sites (Fig. 6C,
D). The MHV 3’ NTR spans nucleotide 31,034, adjacent
to the N stop codon, to nucleotide 31,334, adjacent to
the poly(A) tail (Fig. 6C). Functional RNA sequences and
structures within the 3’ NTR include an essential bulged
stem—loop (nts 31,034-31,100), an essential pseudoknot
(nts 31,101-31,150), a nonessential hypervariable region
(HVR) (nts 31,179-31,288), a polyadenylation signal (nts
31,293-31,298), and a poly(A) tail (Goebel et al. 2007;
Zust et al. 2008; Peng et al. 2016). A number of EndoU-de-
pendent cleavage sites were detected within the 3" NTR,
including prominent cleavage sites immediately adjacent
to the poly(A) tail (Fig. 6C, 3"*3?C'AC'A?133%). Together,
these two cleavage sites account for ~0.15% of all
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cleavage sites in the cDNA library for the wt MHV in wt
BMM at 12 hpi, corresponding to ~1/677 cleavage sites
in the entire cDNA library.

When EndoU was inactivated by an H277 A mutation, the
cleavage of MHV RNA at the 3'332CYAC'A3"3%5 sequences
adjacent to the poly(A) tail was dramatically reduced, but
not entirely eliminated, in wt BMM (Supplemental Fig.
S7A). Furthermore, there was EndoU-independent cleav-
age of MHV RNA at the *"*3C'AC'A’"3% sequence in
IFNAR™~ BMM (Supplemental Fig. S7B) and RNase L™/~
BMM (Supplemental Fig. S7C). Cleavage of MHV RNA
at the *'*3?C'AC'A®'33> sequences adjacent to the
poly(A) tail was notable whether unadjusted (Supplemental
Fig. S7A-C) oradjusted for RNA abundance (Supplemental
Fig. S7D-F). These data indicate that the *'332C*AC!A3133°
sequence in MHV RNA was susceptible to both EndoU-de-
pendent and EndoU-independent cleavage. The EndoU-
dependent cleavage of the 3"*3?C'AC'A®'33> sequence
in MHV RNA was substantially greater than the EndoU-in-
dependent cleavage in wt BMM (Supplemental Fig. S7A);
however, substantial amounts of EndoU-independent
cleavage were detected atthe *'3*?C*AC'A%'33% sequence
in IFNAR™~ BMM (Supplemental Fig. S7B) and RNase L™~
BMM (Supplemental Fig. S7C).

Changes in host gene expression and
endonucleolytic cleavage of cellular RNAs

Because MHV EndoU activity is associated with evasion of
dsRNA-dependent host responses (Deng et al. 2017;
Kindler et al. 2017; Volk et al. 2020) and cellular RNAs
were cleaved under the conditions of our experiments
(Fig. 2A,B), we examined host gene expression (Fig. 7A-
C) and characterized endonucleolytic cleavage of cellular
RNAs (Fig. 7D-).

Double-stranded RNA (dsRNA)-dependent host gene
expression was increased within MHV-infected wt BMM
(Fig. 7A-C). We performed gene ontology (GO) analysis
to identify enriched gene expression pathways within
MHV-infected wt BMM (Fig. 7A; Alexa and Rahnenfuhrer
2019). Up-regulated and differentially expressed genes
in MHV®-infected wt BMM corresponded to a number
of biological processes involved in innate, inflammatory,
and adaptive immune response pathways (Fig. 7A;
Supplemental Fig. S14B). Increased host gene expression
within EndoU™""infected wt BMM corresponded to simi-
lar groups of host genes, with a notable addition, response
to exogenous dsRNA (Fig. 7B; Supplemental Fig. S14C).
Thus, GO analysis indicated that host gene expression as-
sociated with the response to exogenous dsRNA was spe-
cifically activated in EndoU™-infected wt BMM, as
compared to MHV®.infected wt BMM (Fig. 7A,B;
Supplemental Fig. S14B,C).

Because GO analysis implicated a “response to exoge-
nous dsRNA,” we examined the magnitudes of expression
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for each host gene in this gene ontology group: GM13272,
GM13283, IFN-a genes, IFN-B, IFN-Z, Nfkbia, Nod2,
Ripk2, and TIr3 (Fig. 7C). We compared magnitudes of ex-
pression in mock-infected, MHV®\infected, MHVM-infect-
ed, PDE™"infected, and EndoU™ " infected wt BMM at
12 hpi (Fig. 7C). Host gene expression associated with re-
sponse to dsRNA increased by 100- to 1000-fold in MHV-
infected wt BMM as compared to mock-infected cells, with
even larger 1000- to 10,000-fold increases in EndoU™""-in-
fected wt BMM (Fig. 7C). Thus, host genes associated with
response to dsRNA were notably increased in MHV-infect-
ed BMM, with the greatest increases occurring within
EndoU™"infected wt BMM (Fig. 7C).

We further examined the other enriched pathways,
many of which belong to inflammatory and cytokine sig-
naling. We used Volcano plots to compare all differen-
tially expressed genes during infection with MHV®-
infected cells relative to mock infection (Fig. 7D) or
EndoU™"infected cells relative to MHV®-infection in
wt BMM (Fig. 7E; Blighe et al. 2019). The Volcano plots
show the expression of many genes increasing by 2%- to
2" fold/fourfold to 1024-fold, including the highlighted
transcripts, which represent the top 20 most differential
expressed (P<0.05) transcripts from the enriched GO
terms: cellular response to tumor necrosis factor, cytokine
biosynthesis, cellular response to interferon-y, and posi-
tive regulation of NF-xB (Fig. 7D). We observed that
many of these transcripts are down-regulated in
EndoU™"infected cells relative to the MHV® infection
(Fig. 7E). This pattern was also observed when comparing
expression of all the transcripts involved in cytokine bio-
synthesis (Supplemental Fig. S14D) and NF-kB-positive
regulation (Supplemental Fig. ST4E) during wt and mu-
tant virus infection in wt and RNase L™~ BMM. In wt
BMM, many of the genes involved in inflammation and
cytokine signaling were down-regulated during infection
with PDE™" and, to a greater extent, EndoU™"" relative
to wt MHV (Supplemental Fig. S14D,E).

Altogether, these data indicate that dsRNA-dependent
host responses were exacerbated within MHV-infected
cells, especially in EndoU™"-infected wt BMM. These
data are consistent with recent studies from the Baker lab-
oratory (Volk et al. 2020).

Do changes in host gene expression arise due to chang-
es in endonucleolytic cleavage of cellular mRNAs? To ad-
dress the relationship between host gene expression and
cleavage of cellular mRNAs, we sorted cellular mRNAs
into four categories based on their abundance (RNA-seq)
and their frequency of endonucleolytic cleavage (normal-
ized cyclic phosphate counts), comparing one experimen-
tal condition to another (Fig. 7F,G; Supplemental Fig.
S15). These analyses identify cellular mRNAs with changes
(increases or decreases) in both abundance and cleavage
frequency between experimental conditions (e.g., condi-
tions with and without EndoU or RNase L activities).
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When comparing MHV®- and EndoU™"infected wt
BMM, conditions with and without MHV EndoU activity,
we found the majority of the cellular mRNAs from the
dsRNA response pathway in bin 1 (Fig. 7F, locations of
dsRNA response mRNAs annotated in bins 1-4). The
cellular mRNAs in bin 1, including the majority of dsRNA
response transcripts, increased in abundance and in-
creased in cyclic phosphate reads in the absence of
EndoU activity, as compared to the presence of EndoU ac-
tivity. An increase in cyclic phosphate reads in the mRNAs
in bin 1, in the absence of EndoU, is not consistent with
EndoU targeting these mRNAs. In RNase L™~ BMM,
mRNAs from the dsRNA response pathway either move
out of bin 1 completely or become de-enriched within
bin 1 (move up the x-axis [e.g., Nod1, Ripk2]), suggesting
that RNase L activity is contributing to the cyclic phosphate
reads in these mRNAs (Fig. 7F,G; Supplemental Fig. S15A,
B). We might expect potential EndoU targets in bin 4,
where cellular MRNAs have decreased mRNA abundance
and increased cyclic phosphate counts in the presence of
EndoU activity; however, we did not detect dsRNA re-
sponse mMRNAs in bin 4. Interestingly, many of the genes
involved in inflammatory and cytokine signaling (Fig. 7D,
E) occupy bin 2, whereas dsRNA response transcripts oc-
cupy bin 1 (Supplemental Fig. S15). Thus, EndoU activity
does not appear to directly regulate the abundance of cel-
lular mRNAs associated with either of these important host
response pathways.

We also examined the specificity of endonucleolytic
cleavage events in cellular mRNAs to attribute cleavage
to one or another endoribonuclease. dsRNA host response
mRNAs (Fig. 7H,I), like host mRNAs in the aggregate
(Supplemental Fig. S16), were cleaved at dinucleotides
we attribute to cellular endoribonuclease activities:
RNase A (U'A and C'A) and RNase L (UA' and UUY) (Fig.
7H,l). Furthermore, cleavage of dsRNA host response
mRNAs at U'A and C'A sequences, like host mRNAs in
the aggregate (Supplemental Fig. S16), were unaffected
by an EndoU mutation (Fig. 71). The cleavage of cellular
mRNAs by cellular endoribonucleases at U'A and C*A se-
quences is consistent with other reports (Peach et al. 2015;
Shigematsu et al. 2019).

Altogether, these data indicate that MHV EndoU does
not cleave dsRNA host response mRNAs in a manner
that would affect their overall abundance. Rather, tran-
scriptional regulation is likely responsible for increased ex-
pression of dsRNA host response mRNAs.

rRNA

Because RNase L cleaves 18S rRNA at specific sites in hu-
man cells (Cooper et al. 2014, 2015), we examined RNase
L-dependent cleavage of 18S rRNA within MHV-infected
murine BMMs (Supplemental Fig. S11). Four RNase L-de-
pendent cleavage sites were clearly evident in 18S rRNA:

UU>*2, UU*3, UU77", and UA”72. These sites, on the sur-
face of 18S ribosomal subunits, are analogous to RNase
L-dependent cleavage sites in human 18S subunits
(Cooperetal. 2014, 2015). 18S rRNA was cleaved at these
sites to a significant magnitude in PDE™-infected and
EndoU™"infected wt BMM (Supplemental Fig. S11).
Thus, as in human cells (Cooper et al. 2014, 2015),
RNase L targets 18S rRNA for cleavage at precise sites in
murine cells. Furthermore, RNase L activity was specifically
increased within PDE™"infected and EndoU™""infected
wt BMM, as compared to MHV®)infected and MHV™-in-
fected wt BMM. Although RNase L-dependent cleavage
sites in rRNA were easily detected (Supplemental Fig.
S11), EndoU-dependent cleavage sites in rRNA were not
detected (Supplemental Fig. S11D). These data show the
dsRNA-dependent OAS/RNase L pathway was signifi-
cantly activated in PDE™" and EndoU™'“-infected wt
BMM, and excluded rRNAs as targets of EndoU.

Cellular endoribonucleases

The cleavage of MHV RNA within EndoU™"infected
RNase L~ BMM (Supplemental Figs. S2B, S4B, and
S7C,F)and the cleavage of cellular mRNAs within mock-in-
fected cells (Supplemental Fig. S16) provoked our con-
sideration of other cellular endoribonucleases. We
hypothesized that pyrimidine-specific cleavage of MHV
RNA within EndoU™“infected RNase L™~ BMM might
be due to one or another RNase A family enzyme
(Schwartz et al. 2018). We also considered T2 endoribonu-
cleases based on their reported contributions to TLR8 ac-
tivation (Greulich et al. 2019). Consequently, we examined
the expression of RNases 4 and 5 (angiogenin) and RNases
T2A and T2B (Supplemental Fig. S13). Changes in magni-
tudes of RNase 4 and 5 expression were observed, with
~10-fold decreased expression in MHV®-infected and
MHV™-infected wt BMM as compared to mock-infected
wt BMM (Supplemental Fig. S12A,B). Decreased expres-
sion of RNases 4 and 5 was not as strong in PDE™"infect-
ed wt BMM, and very little decrease in expression was
observed in EndoU™"infected wt BMM. Similar changes
in expression of RNases 4 and 5 were observed in
IFNAR™~ BMM and RNase L™~ BMM, with significantly
decreased expression in MHV®-infected and MHV™-in-
fected cells and a more limited decrease in EndoU™""-in-
fected cells (Supplemental Fig. S12C). Because RNases 4
and 5 share a complex dual promoter (Dyer and
Rosenberg 2005), with alternative splicing leading to the
expression of either RNase 4 or RNase 5, coordinate in-
creases and decreases in their expression was not unex-
pected. These data reinforce our suspicion regarding the
residual pyrimidine-specific cleavage of MHV RNAs within
EndoU™"infected RNase L™~ BMM.

In contrast to expression of RNase 4 and 5, changes in
magnitudes of expression of RNases T2A and T2B were
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FIGURE 8. EndoU targets in MHV RNA. MHV RNA was targeted for cleavage by EndoU within
infected BMM. MHV RNA was cleaved by EndoU in all regions of the genome, at C*A and U*A
sequences. Because MHV RNA is a template for both viralmMRNA translation and viral RNA rep-
lication, cleavage by EndoU could inhibit both of these biosynthetic processes. Intriguingly,
MHV TRS sequences contain EndoU target sequences (C*Aand U*A sequences). TRS6, which
was targeted more frequently by EndoU than other TRS elements, contains a C*A target se-
quence rather than a U*A sequence. We postulate that EndoU cleaves MHV RNA in a regulated
manner, to inhibit negative-strand RNA synthesis, thereby inhibiting the accumulation of viral
dsRNA. Nsp16 (2-O-MT) could regulate EndoU-mediated cleavage of MHV RNA by methyl-
ating C*Aand U'A sequences. EndoU and RNase L cleave an overlapping set of UA sequences
within MHV, suggesting a functional interplay between host and viral endoribonucleases.

relatively small within MHV-infected cells, with a tendency
for slightly increased expression (Supplemental Fig. S12C,
D). RNase T2 cleaves RNA within endosomes and lyso-
somes, targeting purine:uridine dinucleotides, R'U
(Greulich et al. 2019). The residual purine-specific cleav-
age of MHV RNA within EndoU™infected RNase L™~
BMM might be associated with RNase T2 activity; howev-
er, our experiments do not definitively address this
possibility.

DISCUSSION

We address a key question in the coronavirus field (Deng
and Baker 2018): What is the natural target of EndoU?
Coronavirus EndoU inhibits dsRNA-activated antiviral re-
sponses in infected cells (Kindler et al. 2017); however, it
is not clear how EndoU does this because its physiologic
RNA substrates are unknown. In this study, we used
MHV-infected, bone marrow—derived macrophage
(BMM) and cyclic phosphate cDNA sequencing to identify
the RNA targets of EndoU.

We found that EndoU targeted MHV RNA within infect-
ed cells, cleaving viral RNA on the 3’ side of pyrimidines
with a strong preference for cleavage between U'A and
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C'A sequences (endoY'A) (Fig. 3).
This cleavage specificity from MHV-
infected cells is consistent with that
of purified EndoU (Bhardwaj et al.
2006; Kang et al. 2007) and RNase A
(Harper et al. 1990; Hofsteenge et al.
1998), enzymes that are functionally
and structurally related to one another
(Bhardwaj et al. 2008). EndoU cleav-
age was detected in every region of
MHV RNA, from the 5 NTR to the
3’ NTR, including relatively small TRS
sequences (Figs. 4E, 5, and 6).
Because MHV RNA is a template for
both viral mRNA translation and viral
RNA replication, cleavage by EndoU
could inhibit both of these biosyn-
thetic processes (Fig. 8). Intriguingly,
MHV TRS sequences contain EndoU
target sequences (C'A and U'A se-
quences) (Fig. 5B). TRS6, which was
targeted more frequently by EndoU
than other TRS elements, contains a
C'A target sequence rather than a
U'A sequence. We postulate that
EndoU cleaves MHV RNA in a regulat-
ed manner, to inhibit negative-strand
RNA synthesis, thereby preventing
the accumulation of viral dsRNA (Fig.
8). Nsp16 (2/-O-MT) could regulate
EndoU-mediated cleavage of MHV
RNA by methylating C*A and U'A sequences (lvanov
et al. 2004).

Subgenomic
mRNAs

Cytoplasm

How does EndoU inhibit double-stranded
RNA-activated antiviral responses?

Coronavirus EndoU inhibits the activation of multiple host
dsRNA sensors, including MDA5, OAS, and PKR (Deng
et al. 2017, 2019; Kindler et al. 2017). dsRNA-activated
OAS/RNase L and PKR pathways restrict the replication
of EndoU-deficient coronaviruses (Kindler et al. 2017).
Because EndoU™"-infected cells had increased accumula-
tion of dsRNA, Kindler et al. (2017) concluded that EndoU
functions as a viral RNA decay pathway to evade dsRNA-
activated antiviral host cell responses. Consistent with
this idea, Hackbart et al. (2020) report that EndoU targets
poly(U) sequences at the 5" end of viral negative-strand
RNA. Another report suggests that EndoU might control
the localization of viral dsRNA within cells, perhaps main-
taining dsRNA within membranous RNA replication com-
plexes (Deng et al. 2017). Our data suggest a third
possibility, that EndoU targets MHV RNA to limit the syn-
thesis of dsRNA (Fig. 8): EndoU-dependent cleavages
were detected throughout MHV RNA (Figs. 4E, 5, and 6),
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including the ORF1a/1b regions, indicating that EndoU
destroys the template for negative-strand RNA synthesis,
precluding the formation of dsRNA, rather than acting on
dsRNA. Cyclic phosphate cDNA sequencing detected
large amounts of cleavage in MHV (+) strand (Fig. 2;
Supplemental Figs. S2 and S9A) and vanishingly little
cleavage in MHV (—) strand (Supplemental Figs. S1B and
S12C,D). Cyclic phosphate cDNA sequencing can readily
detect cleavage sites in both (+) and (=) strands of viral
RNA (Cooper et al. 2014, 2015); however, cleavage of
poly(U) sequences at the 5" end of MHV negative-strand
RNA cannot be detected because the resulting cyclic
phosphate RNA fragments are too small (<20 bases long)
and they are homopolymeric, preventing detection by
our sequencing and bioinformatics pipelines. While it is
possible that EndoU targets poly(U) sequences, the specif-
icity of EndoU for C*A and U*A sequences in vivo (Fig. 3) is
inconsistent with poly(U) substrates being physiologically
relevant. Furthermore, purified EndoU (Bhardwaj et al.
2006) and RNase A (Harper et al. 1990; Hofsteenge et al.
1998) readily target UA sequences within heteropolymeric
substrates. Thus, we conclude that EndoU targets MHV (+)
strand RNA to prevent the synthesis of dsRNA (Fig. 8).
Nonetheless, potential RNA substrates in (+) and (-)
strands are not mutually exclusive. EndoU-dependent
cleavage of the CACA sequences at the 3’ end of the (+)
strand and the poly(U) at the 5" end of the (=) strand could
occur coordinately, as both are colocalized adjacent to one
another at the same end of dsRNA products. When
EndoU was mutated, we detected the activation of the
dsRNA-dependent OAS/RNase L pathway (Figs. 3 and 4;
Supplemental Fig. S11) and increased host gene expres-
sion associated with response to dsRNA (Fig. 7). These
data, like other reports (Deng et al. 2017, 2019; Kindler
et al. 2017; Volk et al. 2020), indicate EndoU inhibits the
activation of dsRNA sensors.

EndoU cleaved MHV RNA in every region of the ge-
nome (Figs. 4E, 5, and 6). Because MHV RNA is a template
for both viral mRNA translation and viral RNA replication,
cleavage by EndoU could inhibit both of these biosyn-
thetic processes (Fig. 8). Cleavage of the viral genome
(mRNA 1) would reduce the expression of the viral repli-
case. Coronavirus RNA synthesis requires ongoing expres-
sion of the viral replicase, with negative-strand RNA
synthesis being most dependent on new replicase expres-
sion (Sawicki and Sawicki 1986). Substantial amounts of
EndoU-dependent cleavage were detected in orfs 1a
and 1b, especially within wt BMM (Fig. 4), potentially lim-
iting the expression of replicase. Cleavage of MHV geno-
mic RNA (aka mRNA 1), the template for both genomic
and subgenomic negative-strand RNA synthesis (Sawicki
et al. 2007), would also prevent the synthesis of dsRNA
products (Fig. 8). EndoU-mediated cleavage of the tan-
dem CA sequences adjacent to the MHV RNA poly(A)
tail is most intriguing in this regard (Fig. 6C;

Supplemental Fig. S7). A single or tandem CA sequence
is conserved at the 3" NTR/poly(A) junction of representa-
tive o, B-, y- and 8-coronaviruses (Supplemental Table S4),
present in both genomic and sg mRNAs, and maintained
within conserved secondary RNA structures (Zust et al.
2008). Endonucleolytic cleavage of this site would have
important phenotypic effects, as highlighted in our model
(Fig. 8). Importantly, we detect cleavage of the C*A se-
quence at the 3" NTR/poly(A) junction by EndoU as well
as cellular endoribonucleases, presumably RNase A family
members. Intriguingly, coronavirus nsp8 is reported to
have 3'-terminal adenylyltransferase activity (Tvarogova
et al. 2019), which, in theory, could restore a poly(A) tail
on viral RNA following endonucleolytic cleavage of
the C'A sequence at the 3’ NTR/poly(A) junction.
Furthermore, EndoU colocalizes with the polymerase and
its cofactors (Athmer etal. 2017). The coronavirus polymer-
ase, nsp12, with nsp7 and 8 cofactors (Kirchdoerfer and
Ward 2019), initiates negative-strand RNA synthesis on
the poly(A) tail of genomic RNA, leading to the synthesis
of poly(U) at the 5 end of negative-strand RNA (Sola
etal. 2015). Colocalization of EndoU with nsp8 and the co-
ronavirus polymerase enable countervailing enzymatic ac-
tivities that could inhibit or promote negative-strand RNA
synthesis at the point of initiation. This provides a theoret-
ically appealing mechanism for EndoU and other endori-
bonucleases to regulate the synthesis of dsRNA (Fig. 8).
MHV RNA was cleaved by one or more unspecified
endoribonucleases in EndoU™infected RNase L™/~
BMM. Thus, in addition to EndoU- and RNase L-depen-
dent cleavage of MHV RNA, we observed EndoU- and RN-
ase L-independent cleavage of MHV RNA (Fig. 2;
Supplemental Fig. S9). By using fold-change analyses be-
tween wtand mutant conditions, we attributed the majority
of endoribonucleolytic cleavage sites in MHV RNA to
EndoU activity and RNase L activity (Fig. 4); however,
a substantial amount of cleavage in MHV RNA
persisted in EndoU™"infected RNase L™~ BMM (Fig. 2A,
B, EndoU™", red bars). More than 5% of the cyclic phos-
phates in EndoU™infected RNase L™~ BMM RNA sam-
ples were in MHV RNA (Fig. 2A,B, EndoU™", red bars).
This EndoU- and RNase L-independent cleavage of MHV
RNA occurred predominantly at UA and CA dinucleotides
(Fig. 3D); especially within IFNAR™~ (Supplemental Fig.
S4A, position —1 to +1) and RNase L™~ (Supplemental
Fig. S4B, position —1 to +1) BMM. Thus, the EndoU- and
RNase L-independent cleavage of MHV RNA exhibited a
nucleotide specificity similar to that of EndoU-dependent
cleavage. It is possible that the H277A mutation in EndoU
fails to completely inhibit endoribonuclease activity; how-
ever, we suspect that RNase A family members are respon-
sible for this residual EndoU-independent cleavage of
MHV RNA at U*A and C'A sequences. RNase A family en-
zymes are expressed in macrophage (Schwartz et al. 2018)
and they cleave RNA at U'A and C!'A sequences (Shapiro
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and Vallee 1991; Hofsteenge et al. 1998). EndoU-indepen-
dent cleavage of MHV RNA at the 3'332CYACYA%13% se-
quence was evident in wt BMM (Supplemental Fig. S7A),
IFNAR™~ BMM (Supplemental Fig. S7B), and RNase L~
BMM (Supplemental Fig. S7C). The expression of RNases
4 and 5 (Supplemental Fig. S13A,B) is consistent with
residual cleavage at the *'33?C'AC!'A%133° sequences in
EndoU™"infected BMM (Supplemental Fig. S7). These
data indicate that the 3"*3?C'AC'A®'*3> sequence in
MHV RNA was susceptible to both EndoU-dependent
and EndoU-independent cleavage. The atomic structure
of EndoU revealed an RNase A-like catalytic domain
(Ricagno et al. 2006); however, we did not anticipate the
degree of overlap in substrate specificity observed for
EndoU-dependent and EndoU-independent (presumably
RNase A family) enzymes within BMM. Additional experi-
ments will be required to address the identity and function-
al significance of the EndoU-independent (presumably
RNase A family) enzymes within BMM.

EndoU activity and changes in host gene expression

MHV EndoU activity is associated with evasion of dsRNA-
dependent host responses (Deng et al. 2017; Kindler
et al. 2017; Volk et al. 2020). Host gene expression as-
sociated with response to dsRNA increased by 100- to
1000-fold in MHV-infected wt BMM as compared to
mock-infected cells, with even larger 1000- to 10,000-
fold increases in EndoU™infected wt BMM (Fig. 7C).
How does EndoU activity reduce the expression of cellular
mRNAs associated with the dsRNA host response? Does
EndoU cleave these mRNAs or does it inhibit the accumu-
lation of viral dsRNA? If EndoU is localized within membra-
nous RNA replication complexes, as reported (Athmer
etal. 2017; V'Kovski et al. 2019), it likely has the potential
to cleave viral RNA to regulate negative-strand RNA syn-
thesis while sparing cellular mRNAs from cleavage.

When comparing MHV®- and EndoU™“infected wt
BMM (Fig. 7F), conditions with and without MHV EndoU
activity, we found the majority of the cellular mRNAs
from the dsRNA response were not directly cleaved by
EndoU. dsRNA host response mRNAs (Fig. 7H.I), like
host mRNAs in the aggregate (Supplemental Fig. S16),
were cleaved at dinucleotides we attribute to cellular
endoribonuclease actvities: RNase A (U*A and C'A) and
RNase L (UA* and UUY) (Fig. 7H,1). Furthermore, cleavage
of dsRNA host response mRNAs at U*A and C'A sequenc-
es, like host mRNAs in the aggregate (Supplemental Fig.
S16), were unaffected by an EndoU mutation (Fig. 7I).
Altogether, these data indicate that MHV EndoU does
not cleave dsRNA host response mRNAs in a manner
that would affect their overall abundance. Rather, our
data suggest that MHV EndoU cleaves viral RNA to inhibit
the accumulation of viral dsRNA, thereby inhibiting
dsRNA-dependent host transcription (Fig. 8).
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Does nsp16 (2'-O-MT) regulate EndoU?

How is EndoU activity regulated to avoid unwanted cleav-
age events? This is an important question because MHV
RNA integrity is critical for viral mRNA translation and viral
RNA replication (Fig. 8). When EndoU cleaves MHV RNA, it
must do so in a regulated manner to avoid self-destruction.
Some amount of intact and functional MHV genomic RNA
must be maintained within infected cells to sustain an in-
fection. One factor thought to regulate EndoU is nsp16,
a 2/-O-methyltransferase (lvanov et al. 2004).

When EndoU was first characterized, Ivanov and col-
leagues demonstrated that EndoU-mediated cleavage of
RNA substrates was prevented by 2'-O-methylation
(lvanov et al. 2004). They also highlighted the modular na-
ture of viral evolution, drawing attention to the side-by-
side nature of nsp15 (EndoU) and nsp16 (2'-O-MT) within
nidovirus genomes, suggesting a functional interplay be-
tween the two enzymes (lvanov et al. 2004). 2’-O-methyl-
transferases have been functionally characterized in two
families of positive-strand RNA viruses, coronaviruses
(Zust et al. 2011; Menachery et al. 2014) and flaviviruses
(Ray et al. 2006; Daffis et al. 2010; Dong et al. 2012;
Szretter et al. 2012). One function of these enzymes is to
methylate the adenosine of 5 cap structures in viral
mRNAs (Ray et al. 2006), to evade the antiviral activity of
IFIT1 (Daffis et al. 2010; Zust et al. 2011; Dong et al.
2012). Whether these enzymes can methylate other resi-
dues throughout viral RNA is less certain; however, 2'-O-
methyltransferases are reported to inhibit the recognition
of viral dsRNA by MDA5 (Zust et al. 2011). It is intriguing
to note that EndoU cleavage sites (C*A and U*A sequenc-
es) contain adenosine. 2’'-O-methylation of the pyrimidine
at cleavage sites would prevent cleavage of viral RNA
because the 2'-hydroxyl of ribose is the nucleophile re-
sponsible for attacking the phosphodiester backbone
(Yang 2011). Whether 2'-O-methylation of adenosine can
prevent EndoU-mediated cleavage of C'A and U'A se-
quences remains to be determined; however, some
amount of intact MHV genomic RNA must be maintained
within infected cells to sustain an infection.

RNA-seq showed that MHV RNAs were abundant
(Supplemental Fig. S6) and there were proportional
amounts of each MHV mRNA within infected cells (Fig.
5C) despite profound changes in endoribonuclease activ-
ity from one condition to another. Thus, neither EndoU nor
RNase L activities were associated with extreme changesin
the proportions of one MHV mRNA to another. Rather, rel-
atively subtle changesin MHV mRNA1-7 proportions were
observed. These data suggest that EndoU and RNase L ac-
tivities modulate MHV RNA abundance during infections,
but do not contribute to extreme changes in the relative
amounts of one MHV mRNA to another. In contrast, the
absence of EndoU activity during MHV infection leads to
profound increases in host gene expression associated
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with response to dsRNA (Fig. 7A-E), despite the activation
of RNase L activity. During a dsRNA-activated stress re-
sponse (Burke et al. 2019; Rath et al. 2019), expression
and translation of cellular mRNAs occurs in the context
of activated RNase L despite the ongoing degradation of
cellular mRNAs by RNase L. Ongoing expression and
translation of MHV mRNAs likely occurs in the context of
EndoU or RNase L activities in the same manner. When
preexisting host or viral mRNAs are cleaved by EndoU or
RNase L activities, new MHV mRNAs are synthesized, re-
freshing the pool of viral mMRNAs. Thus, although RNase
L activity restricts virus replication (Zhao et al. 2012),
MHV replication can clearly tolerate and benefit from
EndoU activity.

Do EndoU and RNase L coregulate MHV RNA gene
expression and replication?

Importantly, EndoU and RNase L share a common cleav-
age site, UA (Fig. 3). Furthermore, we can distinguish be-
tween EndoU-dependent and RNase L-dependent
cleavage of UA sequences because EndoU cleaves be-
tween UYA dinucleotides, whereas RNase L cleaves after
UA' dinucleotides. Under some conditions, such as
MHV®.infected and MHV™-infected wt BMM, UA se-
quences in viral RNA were cleaved predominantly by
EndoU (Fig. 3G). Under other circumstances, UA sequenc-
es in MHV RNA were cleaved predominantly by RNase L,
as in PDE™"infected and EndoU™-infected wt BMM
(Fig. 3G). In both cases, regardless of whether the host
or viral endoribonuclease cleaves MHV RNA, the conse-
quence will be an inhibition in viral mRNA translation
and an inhibition in viral RNA replication (Fig. 8). It is inter-
esting to see that both a host and a viral endoribonuclease
have the capacity to inhibit magnitudes of MHV gene ex-
pression and replication by targeting a common set of
UA sequences within the viral genome. Itis also interesting
that EndoU activity was subdued within IFNAR™~ and
RNase L™~ cells, as if EndoU activity was modulated by
RNase L activity (Fig. 4C). Together, these results suggest
an interesting interplay between EndoU- and dsRNA-acti-
vated host responses (Fig. 8).

Summary

We addressed a key question in the field (Deng and Baker
2018): What is the natural target of coronavirus EndoU? We
find that EndoU targets MHV RNA within infected cells,
cleaving viral RNA on the 3’ side of pyrimidines with a
strong preference for cleavage between U'A and C*A se-
quences (endoY'A). We postulate that EndoU cleaves
MHV RNA in a regulated manner, to inhibit negative-
strand RNA synthesis, reducing the accumulation of viral
dsRNA, while ensuring continuing virus replication (Fig.
8). By regulating the synthesis and accumulation of viral

dsRNA, coronaviruses can evade double-stranded RNA-
activated antiviral responses within infected cells (Deng
et al. 2017, 2019; Kindler et al. 2017; Deng and Baker
2018).

MATERIALS AND METHODS

Viruses

Wild-type mouse hepatitis virus A59 from Volker Thiel (MHV)
(Thiel et al. 2001; Coley et al. 2005; Eriksson et al. 2008) and
Susan Weiss (MHV®) (Roth-Cross et al. 2009) were used, along
with a mutant derivative of each. An H277A mutation in nsp15
rendered an EndoU-deficient mutant (EndoU™Y from MHVY
(Kindler et al. 2017). An H126R mutation in NS2 rendered a phos-
phodiesterase mutant (PDE™") from MHV® (Roth-Cross et al.
2009).

Murine bone marrow-derived macrophages

Bone marrow-derived macrophage (BMM) from wt, IFNAR™-,
and RNase L™/~ C57BL/6 mice were obtained as previously de-
scribed (Kindler et al. 2017). Progenitor cells were isolated from
the hind limbs of 8- to 12-wk-old mice, passed through a cell
strainer and RBCs were lysed using 1 mL of lysis buffer (0.15 M
NH4Cl, 1T mM KHCO3, 0.1 mM EDTA). Cells were washed 3x
with  PBS and cultured in macrophage medium (Iscove’s
Modified Dulbecco’s Medium, 5%-10% M-CSF [L929-superna-
tant], 0.1% 50 mM 2-mercaptoethanol). Adherent BMM were har-
vested at 7 dpi.

Virus infection

BMM were infected with MHV®®, MHV", EndoU™", and PDE™"
at an MOI of 1 PFU per cell at 37°C as previously described
(Kindler et al. 2017). At 9- and 12-h postinfection (hpi), superna-
tant was harvested for virus titration and cells were lysed in
TRIzol (Invitrogen). MHV in the supernatant was quantified by
standard plaque assay on L2 cells.

Cyclic phosphate cDNA sequencing

Total RNA was extracted from cell lysates and split equally for cy-
clic phosphate and RNA-seq library preparations. Cyclic phos-
phate cDNA libraries were prepared by DNase treating the total
RNA for 30 min followed by ethanol precipitation with 20 pg of
glycogen and ligation with 50 uM 3’ linker (Table 1) in 30 pL final
volume. The ligation reactions were conducted using 15 pmol of
RtcB ligase (NEB), 1x RtcB buffer (NEB), 100 uM GTP, 1 mM
MnCl;, and 20 units of RNase inhibitor (Enzymatics) at 37°C for
2 h. Samples were ethanol precipitated with 20 ug of glycogen
and resuspended in 10 pL of RNase-free H,O for chemical frag-
mentation (Ambion Fragmentation Reagent) at 65°C for 4 min.
Samples were then denatured in 1 volume of stop dye (95% form-
amide, 0.01% xylene cyanol/bromophenol blue), heated to 65°C
for 5 min and separated on a 6% polyacrylamide TBE-urea gel.
Gels were stained with SYBR Gold (Invitrogen) and visualized to
excise RNA larger than adaptor (~100-1000 bp). RNA was eluted

www.rnajournal.org 1993



Ancar et al.

TABLE 1. Linkers and primers for cyclic phosphate cDNA library

min. After immediately cooling on ice, RT
reaction with SuperScript IV RT (Thermo

Oligonucleotides | Sequences

Fisher Scientific) was performed per manu-
facture's recommendations with 150 ng of

random primers (Thermo Fisher Scientific)

in 20 pL final volume. cDNA:RNA hybrids
were purified using MyOne Silane beads

(Thermo Fischer Scientific) per manufac-

3p-RNA linker 5rNrNrNrNrNrNrNrNrArGrArUrCrGrGrArArGrArGrCrGrUrCrGrUr
(RNA oligo) G/3’-desBIOteg/

5p-RNA linker /5'AmMC6/rGrUrGrArCrUrGrGrArGrUrUrCrArGrArCrGrUrGrUrGrC
(RNA oligo) rUrCrUrUrCrCrG rArUrC/3’-Phos/

ILMN-RT 5'-ACACGACGCTCTTCCGATCT-3"

TruSeq Universal 5"AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC
PCR Forward GATCT-3’

ture’s recommendations and eluted in 18

TruSeq Indexed
PCR Reverse

GTGCTCTTCCGAT-3"

5'CAAGCAGAAGACGGCATACGAGATCGGTNNNNNNGTGACTGGAGTTCAGACGT

pL of RNase-free H,O. Second-strand

cDNA was then generated using RNase

from the gel slices with 2 h incubation at 40°C in 0.3 M sodium ac-
etate, pH 5.2, 1 mM EDTA, pH 8.0 followed by gentle mixing
overnight at 4°C. Eluted RNA was recovered by ethanol precipita-
tion with 20 pg of glycogen and resuspended in 12 pL of RNase-
free H,O. RNA was ligated to 50 uM 5’ linker (Table 1) in 20 pL fi-
nal volume. The ligation reactions were conducted using 15 pmol
of RtcB (NEB), 1x RtcB buffer (NEB), 100 uM GTP, and 1 mM
MnCly, 20 units of RNase inhibitor (Enzymatics) at 37°C for 2 h fol-
lowed by ethanol precipitation with 20 pg of glycogen and resus-
pended in 100 pL of RNase-free H,0. Ligated RNAs were purified
using 25 pL of magnetic Streptavidin beads (Invitrogen) washed
three times with 100 pL of B&W buffer (5 mM Tris-HCI [pH 7.5],
0.5 mM EDTA, 1 M NaCl) supplemented with 0.1% Tween 20,
twice with 100 pL of solution A (0.1 M RNase-free NaOH, 0.05
M RNase-free NaCl), and twice with 100 pL of solution B (0.1 M
RNase-free NaCl). Washed beads were resuspended in 2x B&W
buffer (10 mM Tris-HCI [pH 7.5], T mM EDTA, 2 M NaCl) with
20 units of RNase inhibitor (Enzymatics), and the RNA solution
was added to the beads and incubated with rotation for 15 min
at room temperature. After incubation, the beads were washed
three times with 100 pL of 1x B&W buffer before resuspending
the beads in 20 pL of 25 mM biotin in elution buffer (Omega
Bio-Tek). The beads were incubated at room temperature for 15
min with occasional mixing. After binding the beads to the mag-
net, the supernatant was collected. The elution process was re-
peated once for a final volume for 40 pL of eluted RNA. cDNA
was prepared using 5 pM of an lllumina-compatible primer com-
plementary to the 3’ linker (Table 1), 20 pL of eluted RNA, and
ProtoScript Il RT (NEB). An amount of 10 pL of cDNA was PCR am-
plified for 18 cycles with lllumina TruSeq primers (Table 1) and
Phusion DNA polymerase. PCR reactions were purified with
AMPure XP beads (Beckman Coulter). Indexed libraries were
quantified by Qubit (Invitrogen). Library quality was assessed on
a 4200 TapeStation System instrument (Agilent Technologies) us-
ing a D100 ScreenTape assay, mixed to a final concentration of 1-
10 nM, and sequenced on an lllumina HiSeq in a 50-cycle run.

Stranded RNA-seq

H and E. coli DNA Polymerase
(Enzymatics) with dUTP incorporation (1x
NEB buffer 2, 100 pM dATP, dCTP,
dGTP, 200 uM dUTP, 2.5 units of RNase H, 30 units of DNA poly-
merase) in 100 pL final volume at 15°C for 2.5 h. cDNA was puri-
fied with Silane beads and eluted in 52 pL of RNase-free H,O as
input for end repair reaction using an End Repair Module (NEB)
following manufacturer's recommendations. A tailing reaction
(50 pL final volume) performed with Klenow fragment (minus 3'—
5’ exonuclease activity, Enzymatics) and end repaired Silane-puri-
fied cDNA eluted in 32 pL of RNase-free H,O (1x NEB buffer 2,
200 pM dATP, 15 units Klenow fragment) at 37°C for 30 min.
Reaction products were purified with 1.8x AMPure XP beads
(Beckman Coulter) and eluted in 10 pL of RNase-free
H,O. Purified cDNA was ligated to 40 nM of annealed Illumina
TruSeq Universal adaptors (Table 2) in 50 pL final volume reaction
for 30 min at 25°C (40 nM adaptors, 1x Rapid Ligation Buffer
[Enzymatics], 3000 units of T4 DNA ligase [Enzymatics]).
Reaction products were purified with AMPure XP beads and elut-
ed in 12 pL of RNase-free H,O. USER enzyme (NEB) was used to
degrade the dUTP-containing strand by adding 1 unit of USER
to purified cDNA and incubating for 30 min at 37°C. Reactions
were used directly in PCR ampilification with lllumina TruSeq prim-
ers and Phusion DNA polymerase with 10 pL of input for 18 cycles.
Libraries were size selected from 200 to 700 bp using AMPure
XP beads, quantified by Qubit (Invitrogen), and mixed to a final
concentration of 4 nM. Library quality was assessed on a 4200
TapeStation System Instrument (Agilent Technologies) using a
D100 ScreenTape assay and sequenced on an lllumina
NovaSEQ 6000 in a paired end 150 cycle run.

Computational analyses of next-generation
sequencing data

Processing and analysis of cyclic phosphate cDNA libraries

Unique molecular identifier (UMI) sequences were extracted and
added to FASTQ reads using UMl-tools (v0.5.4) (Smith et al.
2017). Only read 1 was used from the second experiment, to

TABLE 2. lllumina TruSeq Universal Adaptors

Total RNA was enriched for polyadeny-

lated mRNA using oligo(dT) magnetic Adaptors

Sequences

beads (Ambion). cDNA was generated llumina forward (F)

/5" -Phos/GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG-3"

from the enriched polyA™ mRNAs after

lllumina reverse (R)
fragmentation in 2.2x SuperScript IV re-

/5°- ACACTCTTTCCCTACACGACGCTCTTCCGATC*T-3"

verse transcriptase buffer at 94°C for 3
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adhere with the analysis process applied for experiment 1. FASTQ
reads were then aligned to the MHV genome alone (GenBank ac-
cession: NC_001846.1) and a combined reference including the
MHV genome, Mus musculus rRNA, and U6 snRNA references
(GenBank accession numbers: NR_003278.3, NR_003279.1,
NR_003280.2, NC_000074.6, NR_003027.2), and annotated
ORFs from the Mouse ORFeome collection (MGC full-cds collec-
tion for Mus musculus) using Bowtie version 2 (v2.3.2) (Langmead
and Salzberg 2012). Aligned reads were de-duplicated using
UMiI-tools to remove PCR duplicated reads. De-duplicated reads
were converted to genomecov format using BEDTools (v2.26.0)
to report the number of reads at each single-base cleavage posi-
tion, including for sense and antisense sequences for the MHV
aligned reads (Quinlan and Hall 2010). Reads at each cleavage
position were normalized by library size. Cyclic phosphate librar-
ies we also aligned separately to the Mus musculus complete
transcriptome reference (Gencode GRCm38.pé) using Bowtie2,
de-duplicated, and converted to genomecov format, to capture
potential cleavage of transcript isoforms and other noncoding
RNAs.

To identify a signal dependent on the presence of a specific
endoribonuclease, normalized counts at each cleavage position
in RNase L™/~ or EndoU™! libraries were subtracted from the sig-
nal in libraries with wild-type RNase L or EndoU activity, to remove
signal that occurred in the absence of either endoribonuclease.
The difference in cleavage activity at each position in the the ab-
sence of RNase L or EndoU was determined by calculating the
log-fold change. The frequency of cleavage at particular dinucle-
otides was determined by quantifying the sum of reads assigned
to each of the 16 possible dinucleotides divided by total number
of aligned reads in the library. Dinucleotide enrichment was de-
termined by calculating the frequency of cleavage at each dinu-
cleotide in the MHV genomic sequence and determining the
log-fold enrichment of the observed (experimental) frequencies
compared to the expected (background) frequencies.
Significance of enrichment was calculated using the Fisher's exact
test to compare the odds ratio of obtaining a specific dinucleotide
in the expected data to the observed data.

RNA-seq alignment, annotation, and differential
expression analysis

lllumina adaptor sequences were trimmed from FASTQ reads us-
ing Cutadapt (v1.16) and sequences shorter than 20 nucleotides
were discarded (Martin 2011). Trimmed reads were aligned to a
combined MHV (GenBank accession: NC_001846.1) and Mus
musculus genome reference (Ensembl GRCm38.p6) and
bedGraph coverage files were generated from each alignment
using STAR (v2.7.1a) (Dobin and Gingeras 2002). Read fragments
were assigned and counted using featureCounts (from subread
v1.6.2) and a combined MHV and Mus musculus GTF (Ensembl
GRCm38.pé) file for gene annotation (Liao et al. 2014). The
MHV GTF file included the genomic positions of the combined
ORF1a/b nonstructural proteins and each of the structural and ac-
cessory proteins. Gene counts were normalized using DESeq2
media of ratios method to account for sequencing depth and
RNA composition (Love et al. 2014). For downstream differential
expression analysis, trimmed reads were also aligned to the
Mus musculus complete transcriptome reference (Gencode
GRCm38.pé) using Salmon (v0.14.1) (Patro et al. 2017).

Transcript abundance files were used for differential expression
analysis with DESeq2 after importing with tximport and counts
normalized by the media of ratios method were used for data vi-
sualization (Soneson et al. 2015). Genes with an FDR <0.05 were
called significant and used to generate Volcano plots with the
EnhancedVolcano package and ztransformed counts were used
to generate heatmaps with the ComplexHeatmap package (Gu
et al. 2016; Blighe et al. 2019). For gene functional category en-
richment analyses, topGO was used to determine significant en-
richment (weightFish/P>0.01) by using nondifferentially
expressed genes (<2 or <-2 log,-fold change and FDR <0.01)
as the background to determine the categories enriched in differ-
entially expressed genes. topGO uses conditional enrichment
analysis, which takes the nested structure of GO terms into ac-
count to reduce redundancy in enrichment results (Alexa and
Rahnenfuhrer 2019). Heatmaps were generated using pheatmap
and variance stabilized count data from DESeq2 analysis, with
data centered to 0. Genes were selected from enriched GO cate-
gories (Kolde 2015).

Motif analysis

To visualize the cleavage sequence preferences for RNase L and
EndoU, the top 1% of either RNase L- or EndoU-dependent sites
from subtractive analysis, as described above, were selected.
Using BEDTools, 3 bp were added upstream and downstream
from the selected positions and a FASTA file was generated
from the 6-bp sequences. Meme was used to determine the se-
quence preference enrichment and graphed using ggseglogo
(Bailey et al. 2009; Wagih 2017).

UA scoring

UA sequences in the MHV genome were designated as predom-
inantly cleaved 3’ of U (consistent with EndoU targeting) or A (con-
sistent with RNase L targeting). All UA dinucleotides in the MHV
genome with >30 cyclic phosphate counts at either position of
cleavage in the dinucleotide were selected and the ratio of nor-
malized counts in each position was calculated (RNase L/
EndoU). If the ratio was >1, the position was scored as a uAt
site and if the ratio was <1, the position was scored as a U*A.

Regional MHV cleavage analysis and abundance
normalization

The normalized counts in each MHV genomic region (all the
genes and ORFs shown in Figure 1A, in addition to the 5 and
3’ UTR and body TRS regions) were summed to calculate the total
cyclic phosphate reads per region. Size correction was performed
by dividing the sum of cyclic phosphate counts in each region by
the length of the region in bases. To normalize the cyclic phos-
phate data by RNA abundance, stranded bedGraph files were
generated from the bam files produced by STAR alignment of
the RNA-seq libraries. At each position with both cyclic phos-
phate and RNA-seq data in the MHV genome, the cyclic phos-
phate counts were divided by the normalized (reads per million
mapped reads) RNA-seq counts to generate a normalized value
for cyclic phosphate RNA abundance.
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Cyclic phosphate and RNA-seq enrichment analysis

Normalized cyclic phosphate and RNA-seq counts (normalized
counts from DESeq?2) were summed per protein-coding mRNA
that aligned to the mm10 transcriptome. For each mRNA, a ratio
was calculated to determine enrichment in cyclic phosphate and
RNA-seq counts relative to EndoU™" infection (total cyclic phos-
phate or RNA-seq reads in wt/total cyclic phosphate or RNA-seq
reads in EndoU™"). Each mRNA was assigned to a bin based on
the enrichment ratio for cyclic phosphate and RNA-seq abun-
dance: bin 1 = cyclic phosphate and RNA-seq ratios <1, bin 2 cy-
clic phosphate, and RNA-seq ratios >1, bin 3 = cyclic phosphate
ratio <1 and RNA-seq ratio >1, bin 4 =cyclic phosphate ratio
>1, and RNA-seq ratio <1.

TRS analysis

In the above analyses, RNA-seq reads mapping to the viral ge-
nome were not distinguished by alignment to genomic RNA or
subgenomic mRNAs. To assign RNA-seq reads to subgenomic
mRNAs, we used an analysis similar to that described in
Irigoyen et al. (2016) to identify leader/body chimeric reads (sub-
genomic mRNAs). We parsed the bam files generated from STAR
alignment of the RNA-seq libraries to the combined mouse and
MHV genome for reads containing the 11 nt of the leader se-
quence, UUUAAAUCUAA (GenBank accession: NC_001846.1,
nt 54-65) before the leader TRS sequence. The positions in the
reference where the read alignment starts and ends after the lead-
er sequence were extracted to obtain an interval of alignment for
the sequence downstream from the leader/body transition. The
intervals for each chimeric read were intersected with the intervals
of each canonical subgenomic mRNA using valr (Riemondy et al.
2017), with the requirement of at least 30 nt of overlap, to assign
each chimeric read to an mRNA: 65 to 21,746 (mMRNA 1), 21,747 to
23,921 (mRNA 2), 23,922 to 27,934 (mRNA 3), 27,935 to 28,317
(mRNA 4), 28,318 to 28,959 (mRNA 5), 28,958 to 29,654
(mRNA 6), 29,655 to 31,334 (mRNA 7) (Riemondy et al. 2017).
The number of reads assigned to each mRNA were counted
and normalized to either the total sum of mRNAs per library or
reads per million.

SNP analysis

Variant calling analysis was performed using bcftools (v1.9) to
generate genotype likelihoods from the RNA-seq bam files for
MHV aligned reads, followed by SNP calling/indel calling to gen-
erate VCF files (Li 2011). The generated VCF files were filtered us-
ing bcftools with parameters -s LOWQUAL -e %QUAL<30 ||
DP>20' to identify low quality sites with less than 20 quality score
or 30 bp of read depth.

Bioinformatics pipeline

Code for all described analyses are available at https:/github
.com/hesselberthlab/endoU in the form of scripts, a data process-
ing pipeline, and analysis package.
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DATA DEPOSITION

Raw and processed sequencing data are available at NCBI GEO:
GSE147852.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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