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ABSTRACT

Influenza A virus (IAV) infections are influenced by type 1 interferon-mediated antiviral defenses and by viral countermeasures
to these defenses. When IAV NS1 protein is disabled, RNase L restricts virus replication; however, the RNAs targeted for cleavage
by RNase L under these conditions have not been defined. In this study, we used deep-sequencing methods to identify RNase L
cleavage sites within host and viral RNAs from IAV PR8�NS1-infected A549 cells. Short hairpin RNA knockdown of RNase L
allowed us to distinguish between RNase L-dependent and RNase L-independent cleavage sites. RNase L-dependent cleavage
sites were evident at discrete locations in IAV RNA segments (both positive and negative strands). Cleavage in PB2, PB1, and PA
genomic RNAs suggests that viral RNPs are susceptible to cleavage by RNase L. Prominent amounts of cleavage mapped to spe-
cific regions within IAV RNAs, including some areas of increased synonymous-site conservation. Among cellular RNAs, RNase
L-dependent cleavage was most frequent at precise locations in rRNAs. Our data show that RNase L targets specific sites in both
host and viral RNAs to restrict influenza virus replication when NS1 protein is disabled.

IMPORTANCE

RNase L is a critical component of interferon-regulated and double-stranded-RNA-activated antiviral host responses. We sought
to determine how RNase L exerts its antiviral activity during influenza virus infection. We enhanced the antiviral activity of
RNase L by disabling a viral protein, NS1, that inhibits the activation of RNase L. Then, using deep-sequencing methods, we
identified the host and viral RNAs targeted by RNase L. We found that RNase L cleaved viral RNAs and rRNAs at very precise
locations. The direct cleavage of IAV RNAs by RNase L highlights an intimate battle between viral RNAs and an antiviral endo-
nuclease.

Influenza A virus (IAV) impacts human populations worldwide.
Seasonal transmission results in substantial morbidity and mor-

tality rates despite the availability of vaccines and antiviral drugs.
In the 2013-2014 season, IAV was widespread in all 50 U.S. states,
accounting for deaths of children and adults (1). Because of these
notable disease burdens, IAV continues to be studied intensively
(2). Recent discoveries of new IAV mRNAs and proteins highlight
progress in our understanding of viral replication and pathogen-
esis (3, 4). Nonetheless, gaps in our understanding of IAV remain.
For instance, we still do not appreciate how new pandemic strains
arise and develop sustained transmission in human populations.
Reassortment of segmented IAV RNA genomes is clearly involved;
however, the precise conditions and constraints associated with
this process remain somewhat mysterious (5).

IAV has eight negative-sense genomic RNA segments, each
encoding one or more viral proteins (PB2, PB1, PA, HA, NA, NP,
M, and NS RNA segments) that contribute to virus replication and
pathogenesis (6). The IAV genomic RNAs, which are present as
ribonucleoprotein (RNP) complexes containing nucleoprotein
(NP) and viral polymerase (PB2, PB1, and PA proteins) (7, 8),
function as templates for viral transcription and RNA replication
in the nuclei of infected cells. During RNA replication, both
genomic and complementary antigenomic IAV RNAs are main-
tained in RNPs (7, 8), precluding the formation of large double-
stranded RNA (dsRNA) intermediates. Nonetheless, viral dsRNAs
play critical roles during infections and viruses often encode
mechanisms to inhibit dsRNA-activated antiviral pathways.

Influenza virus NS1 protein is a critical determinant of patho-
genesis, in large part because of its ability to bind dsRNA (re-
viewed in reference 9). When the dsRNA binding domain of NS1
protein is disabled by mutation or deletion, virus replication is
restricted by interferon-regulated antiviral pathways (10). RNase
L, an endoribonuclease involved in the interferon-regulated and
dsRNA-activated antiviral immune response, is especially impor-
tant in the restriction of IAV when NS1 protein is disabled (11).
An experimental antiviral drug targeting NS1 exploits these path-
ways, inhibiting virus replication in an RNase L-dependent man-
ner (12). RNase L also contributes to IAV-induced immunopa-
thology in the lung (13). Despite the impact of RNase L during
IAV infections, the exact mechanisms by which RNase L restricts
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IAV replication remain to be determined. In particular, we sought
to determine whether RNase L cleaves IAV RNAs within infected
cells or whether RNase L-mediated cleavage of rRNAs is sufficient
to inhibit viral gene expression and replication. Furthermore, it is
unknown whether IAV genomes, which are maintained within
helical nucleoprotein complexes (RNPs) (7), are susceptible to
cleavage by RNase L.

To address these issues, we used cDNA synthesis and deep-
sequencing methods to detect RNase L-mediated cleavage sites
within host and viral RNAs (14). At a rudimentary level, RNase L
targets single-stranded UpN dinucleotides (15), consistent with
the specific accommodation of uridine in the substrate binding
site of RNase L (16, 17). Nonetheless, we found that RNase L
exhibits much more specificity in the cleavage of host and viral
RNAs; wherein RNase L cleaves after single-stranded UA and UU
dinucleotides much more frequently than after UG and UC di-
nucleotides (UA/UU � UG � UC) (14). We observed that acti-
vation of RNase L in poliovirus-infected HeLa cells leads to cleav-
age at two specific sites within the 18S rRNA (UU743 and UU541)
(14). In this study, we analyzed RNA from IAV PR8�NS1-infected
A549 cells. Endoribonuclease cleavage sites were detected in each
segment of IAV RNA, in both genomic and antigenomic strands.
Unexpectedly, large amounts of cleavage mapped to some regions
of increased synonymous-site conservation within IAV RNAs;
RNA sequences associated with overlapping alternate reading
frames (ARFs) (3, 4, 18), alternative splicing (3), and virion RNA
packaging (19, 20). We discuss the significance of these findings as
they relate to the evolution of influenza viruses and the antiviral
activities of RNase L.

MATERIALS AND METHODS
Cell culture. Canine kidney epithelium (MDCK) and human lung epithe-
lium (A549) cell lines were purchased from ATCC. MDCK-NS1-GFP
(where GFP is green fluorescent protein) cells were described previously
(21). A549 cells were maintained in RPMI 1640 medium supplemented
with 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA) and antibi-
otics. MDCK cells were maintained in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 10% FBS. MDCK-NS1-GFP cells
were grown in DMEM supplemented with 10% FBS, 1% penicillin-strep-
tomycin, and 0.5 mg/ml hygromycin (Invitrogen).

Viruses. We used mouse-adapted H1N1 strain A/PR/8/34 of IAV and
the IAV�NS1 mutant with the NS1-encoding gene deleted (10). Wild-
type IAV was prepared as a stock grown in 11-day-old embryonated
chicken eggs as previously described (10). IAV�NS1 was grown in
MDCK-NS1 cells in DMEM supplemented with 0.3% bovine albumin
(Sigma-Aldrich), 1% penicillin-streptomycin, and 1 �g/ml of L-1-tosyl-
amide-2-phenylmethyl chloromethyl ketone (TPCK)-treated trypsin
(Sigma-Aldrich) (21).

Stable depletion of RNase L in A549 cells. Lentiviruses expressing
either control nonmammalian short hairpin RNA (shRNA) or shRNA
targeting the 3= untranslated region of RNase L (Sigma-Aldrich products
SHC002 and TRCN0000226437, respectively) along with lentivirus pack-

M
ar

ke
r

Control shRNA           RNase L shRNA
IAV/PR8                         +

++
+

    
+ +      pIC(2μg/ml)

28S

18S

A549 A549A. B. C.

 cDNA Libraries
6

7

8

9

ns   
*   

(lo
g1

0 
P

FU
/m

l)

Control shRNA
RNase L shRNA

Vi
ru

s 
Ti

te
r

IAV/PR8     IAV/PR8
(ΔNS1)

A549

� � � �

RNase L

Control 
shRNA  

RNase L 
shRNA  

β-ac�n

IAV/PR8/ΔNS1 

<
<

<

<
<

FIG 1 NS1 prevents RNase L activation during IAV infections of A549 cells. (A) RNase L levels determined by immunoblotting in control and RNase L
shRNA-treated A549 cells. Results of biological triplicates are shown. (B) RNase L activity by rRNA cleavage was determined on RNA chips (Agilent) with RNA
isolated from control or RNase L shRNA-treated cells infected with IAV or IAV�NS1 at an MOI of 10 for 24 h or transfected with poly(I·C) (2 �g/ml) for 5 h.
Arrowheads (to the right) indicate positions of RNase L-mediated degradation products of rRNA. The RNAs used for 2=,3=-cyclic phosphate cDNA synthesis and
Illumina sequencing are indicated by check marks. (C) IAV yields following infection (MOI of 1, 24 hpi) (24). The data shown are mean results � standard
deviations from three biological replicates. Two-tailed t tests were done. ns, not significant; *, P � 0.05.
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FIG 2 Frequencies of endonucleolytic cleavage in host and viral RNAs. Cyclic
phosphate cDNA synthesis and Illumina sequencing were used to detect en-
doribonucleolytic cleavage of host and viral RNAs (14). cDNA libraries from
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enome/mRNA (C).
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aging plasmids were transfected into HEK293T cells with Lipofectamine
2000 (Life Technologies). Virus-containing medium was collected 48 h
after transfection. A549 cells were infected with the lentiviruses in the
presence of 8 �g/ml Polybrene (Life Technologies). A549 cells stably ex-
pressing control or RNase L shRNAs were selected with puromycin (2.5
�g/ml). Twenty clones expressing RNase L shRNA were screened as fol-
lows. RNase L activity in intact cells was determined by transfection of
poly(rI)·poly(rC) [poly(I·C); Sigma-Aldrich] at 2 �g/ml for 5 h, followed
by isolation of total RNA and analysis of rRNA for RNase L-specific cleav-
age products with RNA chips (and an Agilent 2100 Bioanalyzer) (22).
RNase L expression was detected by immunoblotting with a monoclonal
antibody (23). Three clones in which RNase L expression was depleted
with shRNA were combined into a single culture for IAV infections.

IAV infections. For RNA analysis, A549 cells expressing control or
RNase L shRNA (2 � 106/10-cm dish) were washed twice in phosphate-
buffered saline (PBS) and placed in serum-free RPMI 1640 medium. Cells
were infected with IAV or IAV�NS1 at a multiplicity of infection (MOI)
of 10 and incubated for 1 h with gentle agitation every 10 min. The me-
dium was removed, cells were washed twice with PBS, medium containing
10% FBS was added, and cells were incubated for 24 h. The cells were
washed with PBS (five times), trypsinized, and resuspended in 1 ml PBS
per dish. Cell suspensions from 10 identical biological replicates (control

or RNase L shRNA) were mixed together. Total RNA was isolated with
TRIzol (Life Technologies). For viral plaque assays, A549 cells (2.5 �
106/10-cm dish) expressing control or RNase L shRNA were infected with
IAV or IAV�NS1 at an MOI of 1 for 24 h.

Plaque assays. IAV and IAV�NS1 titers were determined on MDCK
or MDCK-NS1-GFP cells, respectively, in six-well plates (106 cells/well).
Cells were washed twice with PBS and incubated with virus (diluted in
DMEM) for 1 h at 37°C with frequent shaking (24). After incubation, the
virus inoculum was removed and cells were overlaid with DMEM con-
taining 0.6% Oxoid agar and 1 �g/ml TPCK-treated trypsin (both from
Sigma-Aldrich). After 72 h, the plaques were visualized by staining with
crystal violet.

rRNA cleavage assays. rRNA cleavage was monitored on RNA chips
with an Agilent 2100 Bioanalyzer as described previously (22).

Immunoblotting. Cell lysates (30 �g protein) were fractionated by
SDS–10% polyacrylamide gel electrophoresis (PAGE), and proteins were
transferred to polyvinylidene difluoride membranes (0.45 �m; Bio-Rad)
and probed with RNase L (23) or �-actin antibodies (Sigma-Aldrich).

Cyclic phosphate cDNA synthesis and Illumina sequencing. Cyclic
phosphate cDNA libraries were synthesized and Illumina sequencing was
performed as previously described (14). For sequencing on the Illumina
MiSeq platform, 2.5 nM each cDNA library (uninfected plus control
shRNA/uninfected plus RNase L shRNA/IAV�NS1-infected plus control
shRNA/IAV�NS1-infected plus RNase L shRNA) were pooled into one
run.

Bioinformatics. Illumina sequence data were trimmed of residual
cDNA linker sequence and then aligned in a sequential manner with the
following sequences with Bowtie2 (25) with the – un option: IAV [A/
Puerto Rico/8/34/Mount Sinai(H1N1)] segment 1 (GenBank accession
no. AF389115.1), segment 2 (AF389116.1), segment 3 (AF389117.1), seg-
ment 4 (AF389118.1), segment 5 (AF389119.1), segment 6 (AF389120.1),
segment 7 (AF389121.1), and segment 8 (AF389122.1) with nucleo-
tides 57 to 528 deleted, 45S pre-rRNA (NR_046235.1), 5S rRNA
(NR_023371.1), U6 snRNA (NR_046491.1) and mRNA and other 16S
and 12S mitochondrial rRNAs, U1/U2/U4/U5/U6atac snRNAs, U3
snoRNA, 7SL and 7SK RNAs, RNase MRP RNA, hg18 tRNAs (Genomic
tRNA database), CD/HACA box and Cajal body snoRNAs (snoRNA-
Base), and the human genome build 36.1 (hg18). Aligned data were con-
verted to bedgraph (26). The number of RNA cleavage sites in each cDNA
library was determined by counting 8-base unique molecular identifiers
(UMIs) (UMItools; GitHub, Inc.) (27). The frequency of endonuclease
cleavage sites was plotted against the nucleotide position of each genome
with Microsoft Excel or R (28). The amount of cleavage at each site in host
and viral RNAs was normalized as follows: % total cDNA reads 	 (number of
UMI cDNA reads at each position or RNA of interest/total aligned reads in
each cDNA library) � 100.

Synonymous-site conservation. Synonymous-site conservation
was analyzed with synplot2 (http://www.firthlab.path.cam.ac.uk/vindex
.html) (29). Plots are based on alignments of large numbers of IAV RNA
sequences (from 960 to 1,600, depending on the segment) selected via
Blastclust to sample the diversity of all available sequences.

Microarray data accession number. Deep-sequencing data were de-
posited in the NCBI Gene Expression Omnibus under GEO Series acces-
sion number GSE60581 (30).

RESULTS
RNase L restricts IAV replication and leads to rRNA cleavage
when NS1 protein is deleted. A cell culture system was used to
analyze RNase L-mediated rRNA cleavage products during IAV
infections (Fig. 1). shRNAs were used to reduce the expression of
endogenous RNase L compared to that in control shRNA-treated
cells (Fig. 1A). RNase L, when activated in virus-infected cells,
produces characteristic rRNA fragments (31, 32). RNase L-medi-
ated rRNA fragments were evident in IAV�NS1-infected A549
cells and in cells transfected with poly(I·C), a synthetic dsRNA

TABLE 1 Endonucleolytic cleavage of IAV RNAs

IAV RNA
and
strand

No. of cDNA reads % of total cDNA reads

Control
shRNA

RNase L
shRNA

Control
shRNA

RNase L
shRNA

Fold
change

PB2

 689 383 2.17 0.87 2.48
� 30 12 0.09 0.03 3.45

PB1

 748 313 2.36 0.71 3.29
� 177 54 0.56 0.12 4.52

PA

 471 199 1.48 0.45 3.26
� 7 11 0.02 0.03 0.88

HA

 50 30 0.16 0.07 2.30
� 59 39 0.19 0.09 2.09

NP

 28 12 0.09 0.03 3.22
� 225 89 0.71 0.20 3.49

NA

 27 19 0.09 0.04 1.96
� 3 3 0.01 0.01 1.38

M

 121 45 0.38 0.10 3.71
� 595 128 1.87 0.29 6.41

�NS1

 6 8 0.02 0.02 1.03
� 14 3 0.04 0.01 6.43

Sum

 2,140 1,009 6.74 2.30 2.92
� 1,096 336 3.50 0.77 4.51

Total 3,250 1,348 10.23 3.08 3.32
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(Fig. 1B, control shRNA-treated cells, mobility of rRNA fragments
indicated by arrowheads). rRNA fragments were absent from both
uninfected cells and wild-type IAV-infected cells, where NS1 was
expressed normally (Fig. 1B). Furthermore, knockdown of RNase
L expression dramatically diminished the cleavage of rRNA in
IAV�NS1-infected cells and in poly(I·C)-transfected cells, com-
pared to that in control shRNA-treated cells (Fig. 1B). The mag-
nitudes of IAV replication were consistent with these observa-
tions. Wild-type IAV replicated equally well in both control and
RNase L shRNA-treated cells, whereas IAV�NS1 replication was
restricted in control shRNA-treated cells (Fig. 1C). Knockdown of
RNase L in A549 cells increased IAV�NS1 replication 17-fold
(Fig. 1C). These results, which show that RNase L is activated
during infection when IAV NS1 protein is deleted, are consistent
with those reported by others (11, 12).

Endoribonuclease cleavage sites in host and viral RNAs. Cy-
clic phosphate cDNA synthesis and Illumina sequencing, in con-
junction with bioinformatic analyses, revealed the frequency and
location of cleavage sites within host and viral RNAs (14). These
methods exploit a specific chemical signature (cyclic phosphates)
found at the 3= end of RNA fragments produced by RNase L and
other metal ion-independent endonucleases. Cyclic phosphate
cDNA libraries were made with RNA from uninfected and
IAV�NS1-infected A549 cells (Fig. 1B, check marks). We com-
pared data from four cDNA libraries, (i) uninfected control
shRNA-treated cells, (ii) uninfected RNase L shRNA-treated cells,
(iii) IAV�NS1-infected control shRNA-treated cells, and (iv)
IAV�NS1-infected RNase L shRNA-treated cells (Fig. 2).

Endoribonuclease cleavage sites were found in host and viral
RNAs (Fig. 2A). UMIs were used during cDNA synthesis (27),
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allowing us to count the cleavage events in host and viral RNAs
(14). We normalized the data (% total cDNA reads) in order to
quantitatively compare the amounts of cleavage in particular
RNAs across samples. 28S, 18S, 5.8S, and 5S rRNAs and U6
snRNA accounted for a large portion of the cleavage sites in all
four samples (Fig. 2A). More than 10% of all cleavage events were
in IAV RNAs in control shRNA-treated cells (Fig. 2A, Influenza,
dark gray bar). Cleavage within IAV RNAs was reduced by RNase
L shRNA (Fig. 2A, Influenza, light gray bar). It is important to
note that IAV PA and PA-X endonucleases are metal-dependent
enzymes that do not produce cyclic phosphates at RNA cleavage
sites (33, 34). Consequently, the cyclic phosphate cDNA libraries
that we used to identify RNase L cleavage sites do not contain
confounding PA endonuclease cleavage sites.

Endoribonuclease cleavage sites were detected in each segment
of IAV RNA, in both negative and positive strands (Fig. 2B and C;
Table 1). PB2, PB1, and PA genomic RNAs were cleaved more
frequently than other IAV genomic RNAs (Fig. 2B; Table 1). Cy-
clic phosphate cDNA synthesis and Illumina sequencing methods
detect cleavage sites as a function of RNA abundance/RNA frag-
ment abundance. Therefore, cleavage sites tend to be detected
more frequently in large, abundant RNAs. For instance, rRNAs
have more cleavage sites than any other RNA in cells (Fig. 2A). We

do not know the exact abundance of IAV RNAs at 24 hpi in our
experiments; however, PB2, PB1, and PA RNAs are likely to be
abundant at these times and these are relatively large RNAs com-
pared to other IAV RNA segments. Consequently, it is not surpris-
ing to see relatively large amounts of cleavage in these large IAV
RNA segments (Table 1; Fig. 2B).

Among IAV positive-strand RNAs, M was cleaved most fre-
quently (Fig. 2C; Table 1). As noted above, RNase L knockdown
reduced the amounts of cleavage in each IAV RNA segment (Fig.
2B and C; Table 1). UA, UU, and UG dinucleotides, characteristic
RNase L targets, were frequent sites of cleavage within IAV RNAs
(Fig. 3 and 4). RNase L knockdown reduced cleavage predomi-
nantly at UA and UU dinucleotides, especially within IAV posi-
tive-strand RNAs (Fig. 3 and 4). RNase L knockdown reduced
cleavage at UA and UU dinucleotides in IAV positive strands by 9-
and 11-fold, respectively (Fig. 4). Significant amounts of cleavage
were evident after pyrimidines (UU, UC, AU, AC, GU, GC, CU,
and CC dinucleotides), most notably within IAV genomic RNAs
(Fig. 3 and 4). Cleavage after pyrimidines is characteristic of
RNase A family enzymes (35), including angiogenin and RNase 4,
enzymes found in the nuclei of cells (36, 37).

Cleavage sites mapped to discrete regions within IAV RNAs,
often within and adjacent to areas of increased synonymous-site
conservation. Discrete regions of PB2, PB1, PA, NP, and M RNA
segments accounted for the majority of the cleavage events within
IAV RNAs (Fig. 5 and 6). RNase L knockdown greatly reduced the
magnitude of cleavage in each region of IAV RNA (Fig. 6). Nota-
bly, large amounts of cleavage were observed within and adjacent
to some areas of increased synonymous-site conservation (Fig. 5).
The observed to expected (obs/exp) ratio of synonymous-site
conservation allows direct comparison across different IAV RNA
segments (Fig. 5). The IAV NS RNA segment was excluded from
these analyses because of the deletion in this RNA and the low
number of cleavage events detected in the residual �NS1 RNA
(Fig. 2B and C; Table 1). Prominent cleavage sites within and near
regions of increased synonymous-site conservation in PB1 and M
RNA segments were mapped to base-by-base sequences (Fig. 7
and 8).

PB2 negative-strand RNA was cleaved in a discrete region
spanning nucleotides 250 to 650, sequences without increased
synonymous-site conservation (Fig. 5). PB1 RNA was cleaved fre-
quently in both the negative and positive strands, with substantial
amounts of cleavage at the 3= end of the negative strand and the 5=
end of the positive strand (Fig. 5). The endonuclease cleavage sites
in PB1 coincide with areas of increased synonymous-site con-
servation, including the areas associated with the PB1-F2 ARF
(Fig. 5). PA RNA was cleaved at discrete locations in the negative
strand, within and adjacent to areas of increased synonymous-site
conservation (Fig. 5). HA and NA RNAs, which have relatively
small amounts of synonymous-site conservation, had limited
amounts of endonucleolytic cleavage compared to other IAV
RNA segments (Fig. 5; Table 1). NP and M RNAs were cleaved
predominantly in positive strands, within and adjacent to areas of
increased synonymous-site conservation (Fig. 5 and 7). Cleavage
sites within M positive strands were predominantly at UpN di-
nucleotides (UA, UU, UG, UC), and these cleavage sites were al-
most completely eliminated by RNase L knockdown (Fig. 3 and 7).
The IAV RNA sequence most frequently cleaved by RNase L was
present in M positive-strand RNA; a 15-base sequence (200AUUU
UAGGAUUUGUG214) with more than 200 cDNA reads predom-
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inantly at UA, UU, and UG dinucleotides (Fig. 7). These RNase L
cleavage sites lie within an area of increased synonymous-site con-
servation (Fig. 5, M RNA), 50 bases downstream from the M4
splice donor sequence (Fig. 7), within an RNA structure of un-
known function (38).

It is important to note that while endoribonucleolytic cleavage
was prominent in some areas of increased synonymous-site con-
servation (e.g., PB1-F2 ARF, M segment splice junction, PA-X
ARF in negative strand), other areas of increased synonymous-site
conservation had little to no endonucleolytic cleavage (e.g., 3=
ends of PB2, PB1, and M segments). Thus, there was no absolute
correlation between increased synonymous-site conservation and
increased endonucleolytic cleavage (Fig. 5).

RNase L-dependent cleavage sites within rRNAs. RNase L-
dependent and RNase L-independent cleavage sites within rRNAs
were clearly apparent in the cDNA libraries (Fig. 9; Tables 2 and
3). RNase L-mediated cleavage within 18S rRNA was frequently
detected at UU743 and UU541 (Fig. 9A; Table 2), consistent with
experimental data from HeLa cells (14). Less frequently detected
RNase L-dependent cleavage sites in 18S rRNA were detected at
UC136, UC199, CU540, CU742, and UU1297 (Fig. 9A; Table 2). 28S
rRNA was cleaved in an RNase L-dependent manner at UG2486,
UU2741, and UG2762 (Fig. 9B; Table 3). 28S rRNA cleavage at
CU4031 and UG4032 was provoked specifically in IAV�NS1-in-
fected cells; however, cleavage at these sites was not diminished
significantly by RNase L knockdown, preventing attribution to
RNase L activity (Table 3). RNase L-dependent cleavage sites were

on the surface of ribosomes (Fig. 9C; see Movie S1 in the supple-
mental material), as might be expected.

DISCUSSION

RNase L is a key effecter of type I interferon-regulated antiviral
responses (39). In recent years, viral countermeasures to RNase L
have been described, reinforcing the important nature of this host
defense mechanism for picornaviruses (40, 41), coronaviruses
(42), rotaviruses (43), and influenza viruses (11). Nonetheless,
our understanding of RNase L antiviral mechanisms is incomplete
because of the absence of information regarding precise RNA tar-
gets of RNase L during infections. To address this gap in our
knowledge, we used deep-sequencing methods (14) to identify the
targets of RNase L in IAV�NS1-infected A549 cells.

Potential bias in the cDNA synthesis and sequencing analyses
are important considerations. Potential sources of bias in the
cDNA libraries include the Arabidopsis thaliana tRNA ligase and
the variable sequences and structures of host and viral RNA frag-
ments. In theory, the tRNA ligase could favor RNA fragments with
particular features (one or another 3=-terminal nucleotide, dinu-
cleotide, or structure). Another potential source of bias in Illu-
mina sequencing involves GC-rich RNAs, which are sometimes
underrepresented in Illumina cDNA sequencing (44). On the ba-
sis of our validation of these methods (14), any potential bias in
the tRNA ligase reactions or Illumina sequencing results is negli-
gible. Cyclic phosphate cDNA synthesis and Illumina sequencing
methods detect cyclic phosphates on RNA fragments terminating
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in any base or dinucleotide (Fig. 3 and 4). These methods reliably
distinguish between RNase A and RNase L cleavage sites in viral
RNAs (14). RNase A cleaves viral RNA at single-stranded pyrim-
idines, whereas RNase L cleaves RNA predominantly at single-
stranded UA and UU dinucleotides, with some cleavage at single-
stranded UG dinucleotides and extremely small amounts of
cleavage at UC, AU, CA, and CU dinucleotides (14). We cannot
exclude potential bias due to an unfavorable or favorable RNA
structure(s) at the 3= ends of RNA fragments; however, we have no
evidence to suggest that RNA structures impact tRNA ligase reac-
tions, cDNA synthesis, or Illumina sequencing data sets. We have
detected cleavage sites in single-stranded bulges and loops
throughout large structured host and viral RNAs (reference 14
and this report). Thus, while it is possible that A. thaliana tRNA
ligase has biased ligation efficiency for or against some structured
RNAs, the ligase works on all sorts of structured RNAs with cyclic
phosphates to the extent that we detect them. The most frequent
RNase L-dependent cleavage site within cells is found within a

GC-rich expansion sequence on the surface of 40S ribosomal sub-
units (UU743 in 18S rRNA; Fig. 9). While GC-rich RNAs have been
reported by others to be underrepresented within Illumina se-
quencing data sets (44), we have had no trouble reproducibly de-
tecting an RNase L-dependent cleavage site within a GC-rich se-
quence of 18S rRNA (Fig. 9).

The IAV cDNA libraries used for this study were prepared
once, without replicates. However, several quality control indica-
tors were evident in each cDNA library, compared to other well-
validated cDNA libraries. U6 snRNA has abundant amounts of
cyclic phosphate at its 3= end because of the enzymatic activity of
hUSB1 in cells or in vivo (14, 45). Cyclic phosphates specifically at
the 3= end of this cellular RNA function as a positive control in
each cDNA library. Consistent with this metric, prominent
amounts of cyclic phosphate were evident at this site in U6 snRNA
in the four cDNA libraries described here (data not shown). In
addition, we also detected prominent amounts of cyclic phosphate
near the 3= end of the 5S rRNA in our cDNA libraries, consistent
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with the metrics observed from cyclic phosphate cDNA libraries
from HeLa cells (14). Another indicator of library quality includes
the RNase L-induced cleavage sites in rRNAs that accumulate in
cDNA libraries from cells where RNase L is activated. These RNase
L-dependent cleavage sites are located on the surface of 80S ribo-
somes, consistent with cleavage occurring in vivo (14). Degrada-
tion of rRNAs during the preparation of libraries would likely
result in cyclic phosphates throughout rRNAs. Thus, on the basis
of these metrics, we are confident that the cDNA libraries de-
scribed herein are of high quality.

The data in Fig. 2A account for the relative numbers of UMI
reads in host and viral RNAs (% total cDNA reads), with the
cumulative amount being 100% for each cDNA library. Consis-
tent with this data normalization, increased UMI reads in one
category correspond to relative decreases in one or another cate-
gory. For instance, increased amounts of signal in 28S and 18S
rRNAs tend to correspond to less signal in the mRNA and other
categories (Fig. 2A). This is most evident when comparing the data
for uninfected control shRNA-treated A549 cells (Fig. 2A, dark
blue bars) with those for uninfected RNase L shRNA-treated A549
cells (Fig. 2A, light blue bars). These data alone do not define
targets of RNase L. Rather, it is critical that % total cDNA reads be
compared at individual sites in each RNA. RNase L-dependent
cleavage sites are evident when magnitudes of cleavage (% total
UMI reads) are consistently greater in control shRNA-treated

A549 cells than those in RNase L shRNA-treated cells for specific
regions in IAV RNAs (Fig. 6 to 8) and rRNAs (Fig. 9; Tables 2 and
3). We saw no evidence of RNase L activity in normal, uninfected
cells (Fig. 1 and 9; Tables 2 and 3). However, small amounts of
RNase L activity could be obscured by other endoribonucleases in
normal, uninfected cells, as measured by cyclic phosphate cDNA
libraries. Thus, we cannot draw any conclusions at this time re-
garding the potential roles of RNase L in basal RNA turnover.

It is well established that IAV NS1 prevents the activation of
RNase L (11), among other functions (9). When NS1 is disabled,
rRNAs are cleaved in an RNase L-dependent manner (Fig. 1).
Cyclic phosphate cDNA synthesis and Illumina sequencing, in
conjunction with bioinformatic analyses, revealed the frequency,
location, and dinucleotide specificity of endoribonuclease cleav-
age sites in host and viral RNAs from these cells (Fig. 2 to 9; Tables
1 to 3). RNase L shRNA treatment reduced the cleavage of host
and viral RNAs predominantly at UA and UU dinucleotides (Fig.
3 and 4), consistent with the specificity of RNase L (14, 15). It is
noteworthy to compare the obvious RNase L-dependent cleavage
sites within rRNAs with those in IAV RNAs. 18S rRNA UU743

(1.35% of the total cDNA reads) and UU541 (0.37% of the total
cDNA reads) are the two most frequent RNase L-dependent cleav-
age sites among all of the RNAs from IAV�NS1-infected A549
cells (Table 2). The IAV RNA sequence most frequently cleaved by
RNase L was present in M positive-strand RNA, a uridine-rich
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15-base sequence (200AUUUUAGGAUUUGUG214) with 0.7% of
the total cDNA reads at predominantly UA, UU, and UG dinucle-
otides (Fig. 7). Thus, in comparison with 18S rRNA, these com-
bined sites within IAV M RNA are among the most frequently

cleaved targets of RNase L in IAV�NS1-infected A549 cells. In-
triguingly, these RNase L-dependent cleavage sites are coincident
with an area of increased synonymous-site conservation within
IAV M RNA (Fig. 5). The methods used cannot distinguish be-
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tween IAV mRNA and cRNA as it relates to endoribonuclease
cleavage sites. However, we suspect that cleavage detected in IAV
positive-strand segments likely originate from mRNA, since IAV
mRNAs are more abundant than IAV cRNAs. In addition, IAV
mRNAs are present in the cytoplasm, where we observed RNase

L-dependent rRNA cleavage. Consequently, the abundant
amounts of cleavage detected in the M RNA segment may be due
to cleavage of M mRNA rather than M cRNA.

Of note, RNase L appeared to cleave other IAV RNAs within
and adjacent to some areas of increased synonymous-site conser-
vation, including PB1 positive and negative strands, NP positive
strands, and PA negative strands (Fig. 5). In a reciprocal manner,
HA and NA RNAs, which have, in comparison, smaller amounts
of synonymous-site conservation, exhibited little cleavage by
RNase L or other endonucleases (Fig. 5). On the basis of the pat-
terns of synonymous-site conservation and endonucleolytic
cleavage that we have observed, it might be important to consider
the potential roles of endonucleases in viral RNA packaging and
reassortment. Because HA and NA RNA segments are more re-
fractory to endonucleases, they might reassort more successfully
than other RNA segments. Viral RNA packaging signals (19, 20)
tend to be uridine-rich sequences within areas of increased syn-
onymous-site conservation, potential targets of RNase L. By pre-
venting the activation of the OAS/RNase L pathway, NS1 protects
these conserved regions of IAV RNA from cleavage by RNase L.

In a previous investigation, we found that poliovirus RNA was
cleaved by RNase L and other metal ion-independent endoribo-
nucleases; however, only the positive strand of poliovirus RNA
was cleaved in infected cells (14). Endonucleolytic cleavage sites

TABLE 2 RNase L-dependent and RNase L-independent cleavage sites
in 18S rRNAa

Control shRNA-Treated
A549 Cells

RNase L shRNA-Treated
A549 Cells

18S
rRNA
Posi�on 

Uninfected
IAV∆NS1-
Infected Uninfected

IAV∆NS1-
Infected

UU743 0.07 1.35 0.12 0.15

AG225 0.24 0.42 0.34 0.35

UU541 0.02 0.37 0.04 0.06

CG130 0.13 0.30 0.63 0.45

UC228 0.12 0.23 0.63 0.18

UA1506 1.07 0.21 0.32 0.46

UC306 0.12 0.19 0.06 0.16

CC502 0.39 0.16 0.25 0.25

AG1816 0.03 0.15 0.09 0.10

CU540 0.01 0.14 0.02 0.06

AC1403 0.51 0.14 0.28 0.28

CU742 0.02 0.13 0.02 0.03

UU1463 0.97 0.13 0.10 0.31

GU1821 0.24 0.13 0.20 0.16

UC1433 0.89 0.12 0.08 0.29

AU227 0.07 0.11 0.19 0.00

UC199 0.01 0.11 0.00 0.00

UU1721 0.29 0.11 0.15 0.13

UU1297 0.00 0.10 0.00 0.00

UC136 0.01 0.09 0.01 0.01

(% Total cDNA) (% Total cDNA)(% Total cDNA)(% Total cDNA)

a The percentages of the total cDNA reads at the 20 most frequent cleavage sites in the
18S rRNA (benchmarked to IAV�NS1-infected control shRNA-treated A549 cells) are
shown. Red values are for RNase L-dependent cleavage sites. In IAV�NS1-infected
control shRNA-treated A549 cells, there was �5-fold greater cleavage than in
uninfected control shRNA-treated cells and uninfected RNase L shRNA-treated cells
and �2.5-fold increased greater cleavage than in IAV�NS1-infected RNase L shRNA-
treated cells.
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were conspicuously absent from poliovirus negative strands (14),
perhaps because of the nature of membranous viral replication
complexes (46). The membranous replication complexes of pos-
itive-strand viruses sequester replicating viral RNA and provide a
compartment wherein a virus-encoded competitive inhibitor of
RNase L can overwhelm small amounts of RNase L, preventing the
cleavage of viral negative-strand templates and nascent positive
strands (40, 47, 48). In contrast to RNAs of positive-strand viruses
like poliovirus, IAV RNAs are localized intermittently in both the
nucleus and the cytoplasm and are not sequestered within mem-
branous replication complexes. In the present study, we found
that IAV RNAs were cleaved by RNase L and other metal ion-
independent endoribonucleases in both negative and positive
strands (Fig. 2 to 6; Table 1). In fact, PB2, PB1, and PA negative
strands were among the most frequently cleaved IAV RNAs (Fig.
2B and 3; Table 1), suggesting that nucleocapsid does not protect
IAV RNAs from cleavage within RNPs, consistent with structural
studies of RNPs (7).

Frequent cleavage at pyrimidines within IAV RNAs (Fig. 3 and
4) is consistent with the specificity of angiogenin, RNase 4, or
related RNase A family enzymes (35–37). Importantly, angioge-
nin is found in the nuclei of cells (37), where it could potentially
cleave IAV genomic RNAs. IAV RNAs, especially IAV genomic

RNAs, exhibited cleavage at pyrimidines (Fig. 3 and 4). Cleavage
at these sites was not reduced significantly by RNase L shRNA.
Thus, on the basis of the nature of the cleavage sites (pyrimidines)
and their resistance to RNase L knockdown, it is reasonable to
implicate RNase A family enzymes in the cleavage of IAV RNAs.

rRNAs are obvious targets of RNase L (Fig. 1B). In this study,
we identified RNase L-dependent cleavage sites in 18S and 28S
rRNAs (Fig. 9; Tables 2 and 3). We observed �5-fold-more cleav-
age at particular sites in rRNAs in IAV�NS1-infected A549 cells
than in uninfected cells (Tables 2 and 3). RNase L knockdown
reduced the amounts of cleavage specifically at these RNase L-de-
pendent sites (Tables 2 and 3). 18S rRNA UU743 and UU541 are the
most frequent targets of RNase L among the host and viral RNAs
from A549 cells (Fig. 9; Table 2). These are the same RNase L-de-
pendent 18S rRNA cleavage sites identified in poliovirus-infected
HeLa cells (14). The antiviral activity of RNase L likely involves
cleavage at these sites in 18S rRNA. Cleavage at these sites in ribo-
somes could inhibit mRNA translation, thereby contributing to
the inhibition of viral gene expression.

In addition to rRNAs, endoribonuclease cleavage sites were
detected in host mRNAs and various noncoding RNAs (Fig. 2A,
mRNA and other). Cleavage sites in individual host mRNAs were
most frequently associated with small numbers of cDNA reads,
making it difficult to attribute the cleavage sites to specific endori-
bonucleases. Furthermore, we did not detect cyclic phosphates in
a large intergenic noncoding RNA associated with IAV replication
(49), suggesting that this cellular RNA was not cleaved frequently
by RNase L or other metal ion-independent endoribonucleases in
uninfected or IAV�NS1-infected A549 cells.

Now that we have defined a constellation of RNase L-depen-
dent cleavage sites in host and viral RNAs in IAV�NS1-infected
A549 cells, we expect that cyclic phosphate cDNA libraries can be
used to monitor RNase L activity in vitro and in vivo. There are
several important questions to address. (i) Does NS1 expression in
the context of wild-type virus completely block RNase L activity?
(ii) Does RNase L cleave host and viral RNA in vivo? Evidence
from mice suggests that RNase L contributes to IAV-induced im-
munopathology (13), indicating that NS1 may not be able to com-
pletely block the activation of RNase L in vivo. Cyclic phosphate
cDNA libraries should be able to reveal endoribonuclease cleavage
sites in host and viral RNAs from tissues, including lung tissue
from IAV-infected mice (13). Future experiments can be used to
examine the kinetics of host and viral RNA cleavage in IAV-in-
fected cells, to assess the impact of rRNA cleavage on host and
viral mRNA translation (ribosome function), and to determine
whether RIG-I ligands are generated by RNase L activity during
the course of IAV infections, as predicted by other studies (50).

Summary. RNase L targeted a precise subset of UA and UU
dinucleotides in both host and viral RNAs when influenza virus
NS1 protein was disabled. Uridine-rich influenza virus RNA se-
quences in some areas of increased synonymous-site conservation
were particularly susceptible to cleavage by RNase L. On the basis
of these data, it is reasonable to conclude that RNase L- and NS1-
mediated countermeasures influence the evolution of RNA se-
quences in influenza viruses (51), with UA- and UU-rich se-
quences arising in viral genomes to support viral RNA packaging
(19, 20), ARFs (4), splicing (3), and other functions when NS1
protein effectively blocks RNase L activity. With this in mind, the
antiviral activity and sequence specificity of RNase L can be con-
sidered in the design of novel codon-deoptimized IAV vaccines

TABLE 3 RNase L-dependent and RNase L-independent cleavage sites
in 28S rRNAa

(% Total cDNA) (% Total cDNA)

Control shRNA-Treated
A549 Cells

RNase L shRNA-Treated
A549 Cells

28S
rRNA
Posi�on 

Uninfected
(% Total cDNA)

IAV∆NS1-
Infected Uninfected

IAV∆NS1-
Infected

AG409 1.55 1.98 3.19 2.53

AU4512 2.21 0.75 1.09 1.50

GC2083 2.40 0.56 0.55 1.25

UG2055 1.12 0.54 0.41 0.72

GU432 0.18 0.42 0.52 0.44

GU2097 0.69 0.26 0.27 0.56

UU392 0.02 0.24 0.09 0.06

UG2762 0.02 0.18 0.03 0.03

AU2044 0.07 0.18 0.16 0.07

CG2092 0.34 0.17 0.35 0.31

UU2741 0.02 0.17 0.01 0.06

CU4031 0.00 0.16 0.02 0.22

CA1699 1.25 0.14 0.37 0.55

GU404 0.05 0.13 0.12 0.18

AA408 0.08 0.12 0.17 0.21

UG2098 0.04 0.12 0.02 0.06

UG2486 0.02 0.11 0.01 0.03

UG4032 0.00 0.11 0.00 0.12

UA4729 0.29 0.11 0.40 0.23

GC449 0.07 0.11 0.15 0.17

(% Total cDNA)

a The percentages of the total cDNA reads at the 20 most frequent cleavage sites in the
18S rRNA (benchmarked to IAV�NS1-infected control shRNA-treated A549 cells) are
shown. Red values are for RNase L-dependent cleavage sites. In IAV�NS1-infected
control shRNA-treated A549 cells, there was �5-fold greater cleavage than in
uninfected control shRNA-treated cells and uninfected RNase L shRNA-treated cells
and �2.5-fold increased greater cleavage than in IAV�NS1-infected RNase L shRNA-
treated cells.
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(52). We suspect that codon deoptimization can be used to in-
crease the susceptibility of viral RNAs to endoribonucleases.
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