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Abstract
In testing whether coronavirus defective viral genome 12.7 (DVG12.7) with transcription regulating sequence 
(TRS) can synthesize subgenomic mRNA (sgmRNA) in coronavirus-infected cells, it was unexpectedly found by 
Northern blot assay that not only sgmRNA (designated sgmDVG 12.7) but also an RNA fragment with a size less 
than sgmDVG 12.7 was identified. A subsequent study demonstrated that the identified RNA fragment (designated 
clvDVG) was a cleaved RNA product originating from DVG12.7, and the cleaved sites were located in the loop 
region of stem‒loop structure and after UU and UA dinucleotides. clvDVG was also identified in mock-infected 
HRT-18 cells transfected with DVG12.7 transcript, indicating that cellular endoribonuclease is responsible for the 
cleavage. In addition, the sequence and structure surrounding the cleavage sites can affect the cleavage efficiency 
of DVG12.7. The cleavage features are therefore consistent with the general criteria for RNA cleavage by cellular 
RNase L. Furthermore, both the cleavage of rRNA and the synthesis of clvDVG were also identified in A549 cells. 
Because (i) the cleavage sites occurred predominantly after single-stranded UA and UU dinucleotides, (ii) the 
sequence and structure surrounding the cleavage sites affected the cleavage efficiency, (iii) the cleavage of rRNA is 
an index of the activation of RNase L, and (iv) the cleavage of both rRNA and DVG12.7 was identified in A549 cells, 
the results together indicated that the preferential cleavage of DVG12.7 is correlated with cellular endoribonuclease 
with the characteristics of RNase L and such cleavage features have not been previously characterized in 
coronaviruses.
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Background
Coronaviruses in the order Nidovirales are single-
stranded, positive-sense RNA viruses with genome sizes 
of 26–32 kb [1, 2]. During coronavirus transcription, a 
series of subgenomic mRNAs (sgmRNAs) are synthe-
sized from transcription-regulating sequences (TRSs), 
which are located upstream of each structural and acces-
sory protein gene [3], using the genome as a template 
and directed by the TRS through a similarity-assisted 
template-switching recombination mechanism [4–6]. In 
addition to sgmRNAs, coronaviruses can also synthesize 
defective viral genomes (DVGs) [7, 8]. The DVG in coro-
naviruses is previously named defective interfering (DI) 
RNA [7] and is a truncated version of the virus genome. 
Coronavirus DVG has been suggested to play a criti-
cal role in modulating host IFN responses and symptom 
development [9]. Previously identified DVGs in corona-
viruses contain cis-acting elements necessary for gene 
expression in their 5’ and 3’ termini, and they have been 
intensively employed as surrogates of the ~ 30  kb full-
length genome for studies on coronavirus gene expres-
sion [5, 6, 10–12]. In addition, sgmRNA can be produced 
from coronavirus DVGs with TRSs; thus, TRS-contain-
ing DVGs in coronaviruses, including bovine coronavi-
rus (BCoV), have been intensively employed to study the 
mechanism of coronavirus sgmRNA synthesis [13, 14].

The expression of type I interferon can induce inter-
feron-stimulated genes (ISGs), including 2’-5’-oli-
goadenylate synthetase (OAS) [15, 16]. OAS senses 
double-stranded RNA (dsRNA) and then uses ATP to 
synthesize 2’,5’-linked oligoadenylates (2–5  A), which 
causes inactive RNase L monomers to form activated 
dimers. Activated RNase L is able to cleave viral and 
host RNA, leading to the inhibition of virus replication 
and subsequent gene expression [17, 18]. The endoribo-
nuclease RNase L contains a kinase-like domain and an 
endonuclease domain [19], and is a well-studied endori-
bonuclease associated with antiviral defense induced 
by innate immunity [16, 20, 21]. The endoribonucle-
ase RNase L targets single-stranded RNA, synthesizing 
5’- hydroxyl and 2’, 3’-cyclic phosphate termini at the 
cleavage site [22]. RNase L cleaves viral and host RNA 
predominantly after single-stranded UA and UU dinu-
cleotides, and the cleavage of host rRNA is an index of 
the activation of RNase L [16, 18, 23, 24]. The context 
where the dinucleotides UA and UU reside may also 
affect the efficiency of cleavage. In hepatitis C virus, the 
genome structures surrounding UA or UU dinucleo-
tides can affect the cleavage efficiency of RNase L [23, 
25]. The sequence features of viral RNA specific for 
cleavage by RNase L have not been previously probed in 
coronaviruses.

During the investigation of whether the coronavi-
rus DVG12.7 with TRS can synthesize sgmRNA [14], 

an RNA fragment shorter than DVG-derived sgmRNA 
at 1  h posttransfection was observed by Northern blot 
assay. According to our regular procedure with 600 ng 
of DVG12.7 transcript for transfection, sgmRNA derived 
from DVG12.7 is not likely to be detected by Northern 
blot assay in one hour. Therefore, in the current study, 
we sought a possible mechanism for the synthesis of the 
shorter RNA fragments. Subsequent experiments sug-
gested that the shorter RNA fragment was a cleaved 
fragment of DVG12.7. Characterizing the features of the 
cleaved site and cleaved pattern revealed that the cleav-
age may be correlated with the characteristics of cellular 
endoribonuclease RNase L.

Methods
Virus and cells The BCoV strain of Mebus (GenBank 
accession no. U00735) was grown in human rectum tumor 
(HRT)-18 cells [26] and was obtained from David A. Brian 
(University of Tennessee, TN). BCoV was plaque-purified 
and the virus titer was 4.5 × 108 PFU/mL. HRT-18 cells 
and adenocarcinomic human alveolar basal epithelial 
(A549) cells were grown in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% fetal bovine 
serum (HyClone, UT, USA) at 37 °C with 5% CO2.

Identification of the RNA fragments derived from 
DVG12.7 by Northern blot assay To construct the 
DVG12.7 mutants, an overlap PCR mutagenesis proce-
dure was performed as previously described [14, 27]. To 
examine the synthesis of sgmDVG12.7 from DVG12.7, 
HRT-18 cells were infected with BCoV at a multiplicity of 
10 and transfected with 600 ng of transcript at 1 h postin-
fection (hpi). Total cellular RNA was collected at 1 and 24 h 
posttransfection (hpt). To examine the cleavage efficiency 
of DVG12.7 and its mutants for the synthesis of clvDVG, 
HRT-18 cells were transfected with 600 ng of transcript, 
and total cellular RNA was collected. The aforementioned 
total cellular RNA was subjected to Northern blot assay. 
The Northern blot assay was performed as previously 
described [28]. In brief, 10 µg per lane was used for elec-
trophoresis in a formaldehyde-agarose gel. The resulting 
RNA was then transferred to a Nylon Hybond N + mem-
brane (Cytiva Life Sciences, Marlborough, MA, USA) by 
vacuum blotting for 3 h followed by UV crosslinking (XL-
1000, SpectrolinkerTM), prehybridization at 45 °C for 6 h 
and hybridization (NorthernMax™ Kit, Thermo Fisher 
Scientific, Waltham, USA) at 45  °C for 16  h. The mem-
branes were then probed with oligonucleotide 5’GPD4(+) 
labeled with 32P. The membrane was exposed to Kodak 
XAR-5 film in the presence of an intensifying screen.

Identification of cleaved sites of DVG12.7 by RACE 
and PCR To examine the cleaved sites of DVG12.7, lin-
earized pDVG12.7 was transcribed in vitro with T7 RNA 
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polymerase (Promega), and the synthesized DVG12.7 
transcripts were transfected into BCoV-infected HRT-
18 cells. At 1 hpt, total cellular RNA was collected 
and extracted with TRIzol (Thermo Fisher Scientific, 
Waltham, USA). The oligonucleotide 5’GPD4(+):5’CGA
TTCGGGTTGGCCATTCTTGAGAGAGGC3’ was used 
for reverse transcription (RT) with SuperScript III reverse 
transcriptase. The resulting cDNA was used for rapid 
amplification of cDNA ends (RACE) to identify the 5’ 
cleaved sites according to the manufacturer’s instructions. 
PCR was performed with RACEG (−): 5’GGCCACGC-
GTTCCTACTAGTACCCCCCCCCCC3’ and 5’GD (+): 
5’GAGACTAGGCATCCGCCAAGGCATATTTG3’ for 
34 cycles of 30 s at 94 °C, 30 s at 55 °C and 90 s at 72 °C. 
The amplified fragments were cloned with the TOPO™ 
XL-2 Complete PCR Cloning Kit (Thermo Fisher Scien-
tific, Waltham, USA), followed by sequencing analysis.

Detection of the cleavage of DVG12.7 and rRNA in 
HRT-18 and A549 cells Freshly confluent HRT-18 and 
A549 cells were transfected with 600 ng of DVG12.7 tran-
script. After 0.1, 1.5 and 3 h of transfection, total cellular 
RNA was collected, and 10 µg per lane was used for elec-
trophoresis in a formaldehyde-agarose gel to detect the 
cleavage of rRNA or for Northern blot assay to detect the 
synthesis of clvDVG.

Detection of OAS mRNA To detect OAS mRNA, 5 µg of 
total cellular RNA prepared from the cleavage of DVG12.7 
and rRNA in HRT-18 and A549 cells was subjected to 
reverse transcription with SuperScript III Reverse Tran-
scriptase (Thermo Fisher Scientific, Waltham, USA) and 
random hexamers. PCR was performed with AccuPrime 
DNA polymerases (Invitrogen, California, USA) and the 
primers OAS3-2381(-): 5’- C C A A C C G C C A G T T C C T G 
G C C C A G G-3’ and OAS3-2521(+): 5’- G A G G T C G G C A 
T C T G A G C G G C C T C G-3’ for 34 cycles of 30 s at 94 °C, 
30 s at 55  °C and 30 s at 72  °C. For qPCR, SYBR® green 
amplification mix (Roche Applied Science, Mannheim, 
Germany) was used according to the manufacturer’s pro-
tocol. Dilutions of plasmids containing the same gene as 
the detected OAS3 mRNA were run in parallel with the 
quantitated cDNA for use in standard curves (dilutions 
ranging from 108 to 10 copies of each plasmid).

Results
Synthesis of an RNA fragment from the cleavage of 
defective viral genome 12.7 In an attempt to exam-
ine whether the bovine coronavirus (BCoV) defective 
viral genome (DVG) 12.7 with transcription regulating 
sequence (TRS) can synthesize subgenomic DVG 12.7 
(sgmDVG 12.7) derived from TRS (Fig. 1A), it was unex-
pectedly found by Northern blot assay that, in addition 
to the predicted sgmDVG 12.7, an RNA fragment shorter 

than sgmDVG 12.7 was identified in BCoV-infected HRT-
18 cells (indicated with red arrow in Fig. 1B). Because (i) 
the primer probe for the Northern blot assay was located 
in the reporter gene (Fig. 1A) and (ii) the size of the RNA 
fragment was less than that of sgmDVG 12.7 (Fig. 1B), it 
was therefore hypothesized that the RNA fragment was 
derived from DVG12.7.

To determine the possible site from which the RNA 
fragment was derived, RNA extracted from DVG12.7-
transfected BCoV-infected HRT-18 cells at 1  h post-
transfection (hpt) was subjected to rapid amplification 
of cDNA ends (RACE) and PCR followed by sequenc-
ing. The sequencing results suggested that the RNA 
fragment identified in Fig. 1B was a cleaved RNA prod-
uct originating from DVG12.7 (Fig.  1C). The cleaved 
sites were located at nucleotide positions 1783 and 1784 
in DVG12.7, (Fig.  1C). Furthermore, the cleaved site 
is located downstream of the TRS, in the loop region 
of stem‒loop II and after UU and UA dinucleotides 
(Fig. 1D). Thus, the shorter RNA fragment was a cleaved 
RNA product derived from DVG12.7 and was designated 
cleaved DVG (clvDVG) (Fig. 1E).

The cleavage of DVG12.7 is caused by cellular endori-
bonuclease To determine the cellular or viral factor(s) 
leading to cleavage, uninfected- or BCoV-infected HRT-
18 cells were transfected with DVG12.7, and total cellular 
RNA was collected at different time points posttransfec-
tion. As shown in Fig. 2, clvDVG was observed at 0.5 to 
6 hpt in mock-infected HRT cells (Fig.  2, left panel). In 
BCoV-infected HRT-18 cells, clvDVG was also observed 
at 0.5 to 6 hpt but gradually disappeared after 6 hpt 
(Fig.  2, right panel). Instead, sgmDVG12.7 began to be 
synthesized at 9 h of transfection (Fig. 2, right panel). The 
cleaved DVG12.7 fragment slvDVG was identified in both 
uninfected and infected HRT18 cells, indicating that cel-
lular endoribonuclease is responsible for the cleavage. 
Note that the ratio of cleaved vs. uncleaved DVG12.7 was 
constant (10–15%) and did not increase with time (Fig. 2, 
lower panel). In addition, it has been suggested that coro-
naviral RNA synthesis can occur in a modified compart-
ment at the membrane of endoplasmic reticulum [29]. 
This modified compartment has the advantage of protect-
ing viral RNA from antiviral defense mechanisms, such 
as RNA degradation by cellular RNases [29, 30]. Thus, 
although the amounts of DVG12.7 are abundant at 9 and 
24 hpt in infected HRT-18 cells, cleavage does not occur, 
and clvDVG is not synthesized, leading to almost unde-
tectable levels of clvDVG at 9 and 24 hpt in infected HRT-
18 cells.

Characterization of the cleaved features of clvDVG It 
has been experimentally determined that there are 
two stem‒loops in the region where the TRS is located 
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Fig. 1 Identification of the cleaved site of DVG12.7 for synthesis of clvDGV. (A) Genome structures of the BCoV genome, DVG12.7 and putative sgmDVG 
12.7 derived from DVG12.7. The TRS in DVG12.7 is derived from sgmRNA 12.7 TRS. (B) By Northern blot assay, in addition to the DVG12.7 and sgmDVG 12.7, 
an RNA fragment shorter than sgmDVG 12.7 was observed (indicated with red arrow). Note that Tri in Lane 1 indicates the in vitro transcribed DVG12.7 
transcript, and the DVG12.7 transcript (10 ng) was directly subjected to Northern blotting. The DVG12.7 transcript is shown to ensure that the cleaved 
product clvDVG is not derived from the DVG12.7 transcript. (C) Strategy to identify the cleavage site of the DVG12.7 for the synthesis of RNA fragment 
shorter than sgmDVG 12.7 shown in (B). cDNA was synthesized by the RACE method with a primer annealing to the reporter gene, and PCR was per-
formed followed by cloning and sequencing. Sequencing analysis showing that the cleaved sites were located at nucleotide positions 1783 and 1784 in 
DVG12.7. (D) There are two stem‒loops (SL I and II) in the region of TRS, and the cleavage sites were located at the loop region of SL II and after UU and 
UA dinucleotides. (E) The structure of RNA fragment clvDVG (dotted line frame) derived from DVG12.7. DVG, defective viral genome; TRS, transcription 
regulating sequence; SL, stem‒loop; sgm, subgenomic mRNA; Tri, DVG12.7 transcript
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(Fig.  1D) [14]. To determine whether the sequence or 
structure of stem‒loop II where the cleavage site is located 
is also a factor affecting the cleavage efficiency, compen-
satory mutation was performed (Fig.  3A). As shown in 

Fig. 3B, when the structures of SL II were altered (DVG-
SLIIR and DVGSLIIL) or when the structures were main-
tained but the sequences were altered (DVGSLIIRL), the 
cleavage efficiency was decreased, suggesting that both 

Fig. 3 The effect of genome structures and sequences surrounding the cleaved sites on the cleavage efficiency of DVG12.7. (A) Constructs of com-
pensatory mutants of DVG12.7: DVGSLIIRL, in which sequences in both stems were exchanged, maintaining the SL-II structure; DVGSLIIL, in which the 
sequences in the left stem were replaced by those from the right stem, altering the SL-II structure; and DVGSLIIR, in which the sequences in the right 
stem were substituted by those from the left stem, also altering the SL-II structure. (B) Comparison of the cleavage efficiency between DVG12.7 and its 
compensatory mutants

 

Fig. 2 The cleavage of DVG12.7 is caused by cellular endoribonuclease. Cleaved DVG12.7 (clvDVG) was identified in both uninfected (left panel, Lanes 
3–9) and infected (right panel, Lanes 12–18) HRT-18 cells at different time points post-transfection by Northern blot assay. sgmDVG12.7 started to be 
synthesized at 9 h of transfection (Lanes 19–20, right panel). Lower panel: The ratio of cleaved (clv.) to uncleaved (unclv.) DVG12.7 in uninfected (left panel) 
and infected (right panel) HRT-18 cells based on the Northern blotting results. Tri., DVG12.7 transcript
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the sequence and the structure can affect the cleavage 
efficiency of DVG12.7.

The correlation of DVG12.7 cleavage with the char-
acteristics of RNase L The results shown in Fig. 1C and 
D revealed that the preferred cleavage sites in DVG12.7 
occur after UU and UA dinucleotides, which are located 
in the single-strand region of stem‒loop II. Additionally, 
the factor leading to this cleavage is from cells instead of 
coronavirus. The aforementioned features fit the general 
criteria for RNA cleavage by cellular RNase L, among the 
known cellular RNases. Therefore, it is speculated that the 
cleavage features may be correlated with the characteris-
tics of the cellular endoribonuclease RNase L. RNase L is 
a latent enzyme that is constitutively expressed in nearly 
every mammalian cell [31]. The RNase L monomer is 
inactivated; thus, the expression levels of RNase L may 
not represent its function in RNA cleavage [32]. Because 
(i) 2’-5’-oligoadenylate synthetase (OAS) can use ATP to 
synthesize 2’,5’-linked oligoadenylates (2–5 A) and (ii) the 
synthesized 2–5 A is the sole factor which can cause inac-
tive RNase L monomers to form activated RNase L dimers, 
leading to the cleavage of RNA, including rRNA, the level 
of OAS gene expression is an indicator of the level of acti-
vated RNase L, and rRNA cleavage provides functional 
evidence of the activation of RNase L [33–36]. Conse-
quently, to examine the correlation of DVG12.7 cleavage 
with RNase L, DVG12.7 was transfected into HRT-18 cells 
and A549 cells. At 0.1, 1.5 and 3 hpt, total cellular RNA was 
collected and subjected to (i) electrophoresis on a form-
aldehyde‒agarose gel to detect the cleavage of rRNA, (ii) 
RT‒qPCR to quantify the levels of OAS mRNA and (iii) a 
Northern blot assay to detect the synthesis of clvDVG. In 
DVG12.7-transfected HRT-18 cells, (i) no rRNA cleavage 
was observed (Fig. 4A, left panel), (ii) basal levels of OAS 
mRNA were detected (Figures S1A and S1C), and (iii) the 
levels of OAS mRNA did not increase with time (Fig. 4A, 
right panel and Figure S1A). However, in A549 cells, (i) 
rRNA cleavage began at 1.5 hpt and became evident at 
3 hpt (Fig. 4B, left panel), (ii) basal levels of OAS mRNA 
were detected (Figures S1B and S1C), and (iii) the levels 
of OAS mRNA increased with time (Fig. 4B, right panel 
and Figure S1B). On the other hand, in HRT-18 cells, the 
Northern blot assay revealed that DVG12.7 was cleaved, 
but the ratio of cleaved to uncleaved DVG12.7 was almost 
unchanged  (Fig. 4C). In contrast, in A549 cells, the 
assay results suggested that both the amount of cleaved 
DVG12.7 and the ratio of cleaved to uncleaved DVG12.7 
increased with time (Fig.  4D). In addition, the cleavage 
pattern of DVG12.7 was very similar to that of the hepati-
tis C virus genome cleaved by RNase L [18, 35].

In A549 cells, because the levels of OAS mRNA 
(Fig. 4B, right panel), cleaved rRNA (Fig.  4B, left panel) 
and cleaved DVG12.7 (Fig. 4D) increased with time, the 

cleavage of DVG12.7 in A549 cells was potentially corre-
lated with the activation of RNase L. On the basis of these 
results (Figs. 4B and D), the cleavage of DVG12.7 in HRT-
18 cells was assessed as follows. Because (i) it has been 
suggested that cells contain basal levels of OAS which 
can activate RNase L independent of IFN [37, 38], (ii) 
HRT-18 cells also contained basal levels of OAS mRNA 
(Figures S1A and S1C) and (iii) the levels of OAS mRNA 
(Fig.  4A, right panel) and cleaved DVG12.7 (Fig.  4C) 
did not increase with time and rRNA was not cleaved 
(Fig. 4A, left panel), it is speculated that, after transfec-
tion, DVG12.7 can be cleaved by RNase L, which is acti-
vated by the basal levels of OAS. However, because the 
levels of OAS and thus activated RNase L did not increase 
with time, the basal levels of activated RNase L are not 
sufficient to cleave rRNA. Consequently, this finding may 
explain why DVG12.7 can be cleaved immediately after 
transfection and why the ratio of cleaved to uncleaved 
DVG12.7 is almost unchanged (Figs. 2 and 4C) in HRT-
18 cells. Given these results, the increased gene expres-
sion of OAS and the subsequent activation of RNase L in 
A549 cells are speculated to occur through the IFN sig-
naling pathway via the 5’-triphosphate group and double-
stranded RNA formed by DVG12.7, as evidenced by the 
increase in rRNA cleavage over time (Fig. 4B, left panel), 
leading to increased levels of DVG12.7 cleavage (Fig. 4D). 
Because (i) the cleavage pattern of DVG12.7 in A549 cells 
was correlated with activated RNase L levels and (ii) the 
cleavage patterns of DVG12.7 in HRT-18 cells and A549 
cells are similar, although the level of cleaved DVG12.7 
increases with time in A549 cells, the results suggest that 
the cleavage of DVG12.7 in HRT-18 cells may be corre-
lated with a cellular endoribonuclease with the character-
istics of RNase L.

Discussion
In the current study, it is suggested that the cleavage 
sites of DVG12.7 occur preferentially at the 3’-end of UU 
and UA dinucleotides located in single-stranded RNA 
(Fig. 1C and D). In addition, the context of genome struc-
tures where the dinucleotides UA and UU reside may 
affect the efficiency of DVG12.7 cleavage (Fig.  3). Fur-
thermore, based on the results shown in Fig. 4B and D, 
the increased amounts of DVG12.7 cleavage with time 
are very likely due to the increased amounts of RNase L, 
as indicated by the increased levels of OAS mRNA and 
cleavage of rRNA in A549 cells. Based on the known cel-
lular endoribonucleases, these features all indicate that 
the cleavage of DVG12.7 is correlated to the cellular 
endoribonuclease with characteristics of RNase L [16, 18, 
23, 24], although other unidentified cellular endoribonu-
cleases cannot be precluded.

As shown in Figs.  2 and 4C, in HRT-18 cells, the 
amounts of cleaved DVG12.7 were not increased with 
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time, and the ratio of cleaved vs. uncleaved DVG12.7 was 
almost unchanged. Because RNase L can be activated by 
the basal level of OAS independent of IFN induction [37], 
it is speculated that after the transfection of DVG12.7 in 
HRT-18 cells, the level of RNase L activated by the basal 
levels of OAS gene expression (Figure S1A and S1C) is 
sufficient to cleave DVG12.7 (Figs. 2 and 4C). However, 
because no IFN production was induced, as evidenced by 
the lack of rRNA cleavage over time (Fig. 4C), the levels 
of OAS gene expression (Fig.  4A, right panel) and thus 
those of activated RNase L did not increase with time. 
Consequently, once DVG12.7 is cleaved by basal levels of 
RNase L, no more DVG12.7 is cleaved, and the degrada-
tion of both uncleaved DVG12.7 and cleaved DVG12.7 
(clvDVG) by other cellular RNases occurs over time, 

leading to a constant ratio between uncleaved DVG12.7 
and clvDVG, as shown in Figs. 2 and 4C. This finding is 
supported by previous results showing that RNase L can 
be activated by basal OAS gene expression during early-
stage infection independent of IFN induction [37]. The 
activation of basal-level RNase L by OAS, therefore, is 
also an antiviral mechanism that rapidly limits the spread 
of viruses. On the other hand, in A549 cells, in addition 
to the basal level of OAS gene expression (Figure S1B 
and S1C) [39], the levels of OAS gene expression (Fig. 4B, 
right panel) and the subsequent levels of activated RNase 
L are likely increased over time via IFN induction, as evi-
denced by the increased levels of rRNA cleavage (Fig. 4B, 
left panel). Consequently, the amounts of OAS gene 
expression and activated RNase L increase with time, 

Fig. 4 Correlation of DVG12.7 cleavage with RNase L activity. (A) and (B) Left panels: HRT-18 cells (A) and A549 cells (B) were transfected with DVG12.7. At 
the indicated times, RNA was extracted and analyzed via a formaldehyde‒agarose denaturing gel. The 18 S and 28 S rRNA bands are indicated by black ar-
rows. The cleaved 18 S and 28 S rRNA products are indicated by red arrows. Right panel: The folds of OAS mRNA expression in transfected cells compared 
with mock-transfected cells (transf./mock-transf.) at different times (0.1, 1.5 and 3 hpt). “Mock” on the y-axis indicates the amount of mRNA detected from 
mock-transfected cells. The folds transf./mock-transf. on the y-axis are presented as relative units of mRNA compared with the amount of mRNA in mock-
transfected cells (mRNA in mock-transfected cells = 1). (C) and (D) Left panels: HRT-18 cells (C) and A549 cells (D) were transfected with DVG12.7. At the 
indicated times, RNA was extracted and analyzed via Northern blotting. Right panel: Folds of cleaved DVG12.7 (clvDVG) over uncleaved DVG12.7 (unclv.)
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as do the amounts of clvDVG and the ratio between 
uncleaved DVG12.7 and cleaved clvDVG (Fig. 4D). Nota-
bly, while the results derived from A549 cells suggest 
that the cleavage of DVG12.7 in HRT-18 cells is caused 
by RNase L, we still have no direct evidence for this con-
clusion according to the current results. Thus, it is con-
cluded that the cleavage of DVG12.7 in HRT-18 cells is 
correlated with a cellular endoribonuclease that has the 
characteristics of RNase L.

The results of this study unexpectedly identified suit-
able genome structures in coronavirus DVG that can 
be efficiently cleaved by cellular endoribonuclease with 
characteristics of RNase L. It is believed that the uniden-
tified cellular endoribonuclease may also cleave the coro-
navirus single-stranded genome at the 3’-end of UA and 
UU dinucleotides in infected cells. However, because 
complicated secondary or tertiary structures can be 
formed on the genome in infected cells and RNA struc-
tures can also affect the cleavage efficiency of RNase L, 
as shown in this study, the unidentified cellular endori-
bonuclease may display different cleavage efficiencies 
at different locations of viral single-stranded RNA. This 
argument is supported by a study on hepatitis C virus in 
which the context of the genome can affect the RNase L 
cleavage efficiency [18].

In this study, we investigated the possible mechanism 
for the synthesis of an RNA fragment derived from coro-
navirus DVG. Our experiments suggested that the RNA 
fragment was a cleaved fragment of DVG12.7. Based on 
the findings that (i) the cleavage sites occurred predomi-
nantly after single-stranded UA and UU dinucleotides, 
(ii) the genome structures surrounding UA or UU dinu-
cleotides affected the cleavage efficiency, and (iii) both 
the cleavage of rRNA and DVG12.7 were identified in 
A549 cells, we concluded that the cleavage of DVG12.7 is 
correlated with the cellular endoribonuclease with char-
acteristics of RNase L. Such cleavage features have not 
been previously characterized in coronaviruses. Conse-
quently, the current findings answer the question of how 
the shorter RNA fragments clvDVG is synthesized and 
further support the conclusions derived from the previ-
ous study [14].
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