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Influenza A virus utilizes noncanonical cap-snatching
to diversify its mMRNA/ncRNA

LICHAO LI,"? HUI DAI,"* AN-PHONG NGUYEN," RONG HAI,? and WEIFENG GU"

1Depar’cment of Molecular, Cell, and Systems Biology, University of California, Riverside, California 92521, USA
Department of Microbiology and Plant Pathology, University of California, Riverside, California 92521, USA

ABSTRACT

Influenza A virus (IAV) utilizes cap-snatching to obtain host capped small RNAs for priming viral mMRNA synthesis, generat-
ing capped hybrid mRNAs for translation. Previous studies have been focusing on canonical cap-snatching, which occurs at
the very 5’ end of viral mRNAs. Here we discovered noncanonical cap-snatching, which generates capped hybrid mRNAs/
noncoding RNAs mapped to the region ~300 nucleotides (nt) upstream of each mRNA 3’ end, and to the 5’ region, primar-
ily starting at the second nt, of each virion RNAs (VRNA). Like canonical cap-snatching, noncanonical cap-snatching utilizes a
base-pairing between the last nt G of host capped RNAs and a nt C of template RNAs to prime RNA synthesis. However,
the nt upstream of this template C is usually A/U rather than just U; prime-realignment occurs less frequently. We also dem-
onstrate that IAV can snatch capped IAV RNAs in addition to host RNAs. Noncanonical cap-snatching likely generates novel
mRNAs with start AUG encoded in viral or host RNAs. These findings expand our understanding of cap-snatching mech-

anisms and suggest that IAV may utilize noncanonical cap-snatching to diversify its mRNAs/ncRNAs.

Keywords: cap-snatching; influenza virus; priming and realignment; noncoding RNA or ncRNA; novel influenza virus
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INTRODUCTION

Influenza Avirus (IAV) often causes epidemic and pandemic
respiratory infection in humans and animals. Its genome
contains eight negative strand virion RNAs (vRNA). AV uti-
lizes an RNA-dependent RNA polymerase (RARP) complex
to generate positive strand mRNAs and complementary
RNAs (cRNA) from template vVRNAs, and vRNAs from tem-
plate cRNAs (Shietal. 1995; Kobayashi etal. 1996; Shih and
Krug 1996; Bouvier and Palese 2008; Guilligay et al. 2008;
Sugiyama et al. 2009; Reich et al. 2014). vRNAs and cRNAs
are exactly complementary and both bear 5’ triphosphate
(ppp) but no poly(A) tail (Desselberger et al. 1980;
Bouvier and Palese 2008). In contrast, each 1AV mRNA is
a hybrid RNA composed of a host capped small RNA,
a.k.a., “cap or host cap,” IAV-encoded sequence, and
poly(A) tail obtained via the stuttering mechanism using a
template poly(U) sequence encoded in each VRNA; most
|AV-coded mRNA sequences are one nucleotide (nt) short-
er atthe 5" end than corresponding cRNAs since IAV RdRP
usually initiates mRNA synthesis using the penultimate nt,
C, of template VRNAs rather than the last nt, U
(Supplemental Fig. S1A; Bouloy et al. 1978; Krug et al.
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1979; Luo et al. 1991; Pritlove et al. 1998; Poon et al.
1999; Zheng et al. 1999).

IAV RdRP is composed of polymerase basic protein 1
(PB1), polymerase basic protein 2 (PB2), and polymerase
acidic protein (PA) (Kobayashi et al. 1996; Shih and Krug
1996; Guilligay et al. 2008; Sugiyama et al. 2009; Reich
etal. 2014). To generate a hybrid mRNA using cap-snatch-
ing, (1) PB2 binds host capped RNAs; (2) PA cleaves at po-
sitions 10-15 nt from 5’ ends, obtaining host caps; and (3)
IAV RARP utilizes the last nt, usually G, of host caps (capped
small RNAs) to base pair with the penultimate (-2) nt, al-
ways C, of template VRNAs to prime mRNA synthesis
(Fig. 1; Bouloy et al. 1978; Krug et al. 1979; Plotch et al.
1979, Shi et al. 1995; Kobayashi et al. 1996; Fodor et al.
2002; Bouvier and Palese 2008; Guilligay et al. 2008; Dias
et al. 2009; Sugiyama et al. 2009; Yuan et al. 2009; Reich
etal. 2014). Although this G appears as encoded by a tem-
plate C, it actually belongs to host caps (Beaton and Krug
1981; Hagen et al. 1995; Rao et al. 2003; Bouvier and Pal-
ese 2008). Unlike IAV mRNAs, vRNAs, and cRNAs are syn-
thesized by IAV RdRP without any primer (Desselberger
et al. 1980; Bouvier and Palese 2008; Pflug et al. 2017).

© 2020 Li et al. This article is distributed exclusively by the RNA Society
for the first 12 months after the full-issue publication date (see http:/
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Noncanonical cap-snatching in influenza A virus
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FIGURE 1. Model of canonical cap-snatching. IAV RARP cleaves host
capped RNAs preferentially 3’ of G to generate capped small RNAs
(cap), utilizes this G to base pair with the penultimate nt (-2), C, of
template vVRNAs, and extends caps by a few nts. The extension usually
continues to generate full-size mRNAs. However, a fraction of the ex-
tended caps disassociate from template vVRNAs, utilize the last nt (—1),
usually A, to reanneal (realign) with the last (—1) nt of template vVRNAs,
U, and are extended again.

Approximately 20% of IAV mRNAs contain additional
nts between a host cap and virus-coded sequence, as es-
timated using IAV mRNAs containing U1/U2 snRNA caps
(Decroly et al. 2011; Gu et al. 2015; Koppstein et al.
2015). At least three models may account for these extra
nt, which appear as a repeat of the first few nts in AV
mRNA 5" UTRs. In the most favored model “prime-cis-re-
alignment” or “prime-realignment,” (1) a cap is cleaved
by IAV RdRP, annealed to a template VRNA using a single
base-pairing between the cap last nt (G) and template
penultimate nt (C), and extended up to 9 nt (predominant-
ly 4 or less); (2) a fraction of nascent mRNAs detach from
the template, reanneals with the same template using a
base-pairing between the mRNA last nt (A) and template
last nt (U), and then is extended again (Fig. 1, Gu et al.
2015; Koppstein et al. 2015; Te Velthuis and Oymans
2018). Consistent with this, PA usually prefer cutting host
caps 3’ of G and the first extension predominantly ends
with A, perfectly matching the last 2 nt, 3'UCY’, of tem-
plates, respectively (Fig. 1; Gu et al. 2015; Koppstein
et al. 2015). A second model “prime-random-realign-
ment” assumes that the first step utilizes the same anneal-
ing/extension mechanism, but in the second step, the
released nascent mRNAs anneal with both cis (original)
and trans (other) templates. Although there has been no
evidence supporting this model, it generates similar re-
sults as the first model because the 5 UTRs of IAV
mRNAs are almost identical (Supplemental Fig. STA). A

third “prime-only” model assumes that a fraction of IAV
RARP snatches both host and viral capped RNAs. If host
caps are used, viral mMRNAs contain no extra sequences be-
tween host caps and virus-encoded sequences. However,
if a viral mMRNA is snatched, a cap composed of a host RNA
and a few |AV-encoded nt ending with nt A anneals with
the template last nt (U), priming mRNA synthesis. The
net result is that the 5" end of one IAV mRNA is snatched
for making another IAV mRNA, generating a short IAV-en-
coded repeat in the latter. This model is clearly not pre-
ferred since (1) IAV selectively protects its mRNAs from
cap-snatching and (2) IAV RdRP prefers to cleave 3’ of G in-
stead of A (Datta et al. 2013; Koppstein et al. 2015).

In the era of Sanger sequencing, it had been long held
that |AV snatches caps from host pre-mRNAs (Bouloy
etal. 1978; Krug etal. 1979; Plotch etal. 1979, 1981, Caton
and Robertson 1980; Dhar et al. 1980; Beaton and Krug
1981; Shaw and Lamb 1984). However, this conclusion
may be at least incomplete since: (1) very limited sequenc-
ing data and gene annotations were available at that time;
and (2) mRNAs may be preferentially selected as cap do-
nors out of multiple genomic matches resulted from the
small query size of snatched host caps. Recently, three
groups including us used high-throughput sequencing to
obtain a more comprehensive spectrum of host cap donors
(Sikora et al. 2014, 2017; Gu et al. 2015; Koppstein et al.
2015). Both our group and Koppstein et al. independently
demonstrated that noncoding RNAs (ncRNA) are the top
cap donor while Sikora et al. did not examine ncRNAs in
their first paper but included them later (Sikora et al.
2014, 2017). For example, we showed that U1 and U2
snRNAs alone provided ~7% of viral caps and that ncRNAs
including U1 and U2 provided at least ~55% (Gu et al.
2015). We also used in situ hybridization to verify the
high-throughput sequencing result, excluding the possibil-
ity that the U1/U2 caps were added to IAV mRNAs via clon-
ing artifacts.

Promoter associated small RNAs (PASR) or capped small
RNAs (csRNA) constitute a new ncRNA species, which is
generated during Pol Il-mediated transcription initiation
(Seila et al. 2008; Affymetrix/Cold Spring Harbor Laborato-
ry ENCODE Transcriptome Project 2009; Nechaev et al.
2010; Gu et al. 2012). PASRs usually exhibit a bimodal dis-
tribution with sense PASRs comapped with the 5" end of
pre-mRNAs/mRNAs and antisense PASRs mapped ~150
nt upstream in the opposite direction. Although we cannot
single out sense PASRs from host mRNAs/pre-mRNAs/
sense PASRs mixture to explicitly determine its contribu-
tion to IAV caps, we were able to demonstrate that anti-
sense PASRs contributed ~7% of IAV caps (Gu et al.
2015) and their snatching rate (IAV cap)/(IAV cap + host
cap) was much higher than that of mRNAs/pre-mRNAs/
sense PASRs. This raises a possibility that IAV caps which
appear to be snatched from pre-mRNAs may be derived
from an alternative source, that is, sense PASRs.

www.rnajournal.org 1171
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Most cap-snatching analyses used PCR to enrich the
annotated 5-end sequences of IAV mRNAs, and had to
rely on host gene annotations to identify cap source, usu-
ally generating nonunique matches due to the tiny size of
snatched caps (Sikora et al. 2014, 2017; Koppstein et al.
2015). We previously developed CapSeq, a one-pot
strategy to enrich and clone the 5-end sequences of
host and viral capped RNAs in a single library. CapSeq
utilizes sequential enzymatic treatments to enrich capped
RNAs, including Terminator exonuclease (Terminator)
for removing monophosphorylated RNAs (p-RNA), pre-
dominantly rRNAs, Calf intestinal phosphatase (CIP) for
removing any residual p-RNA after the Terminator treat-
ment, and Tobacco acid pyrophosphatase (TAP) for gen-
erating p-RNAs from capped RNAs and ppp-RNAs for
ligation-dependent cloning. CapSeq simultaneously ob-
tains a real-time profile of the 5-end sequences of
both host and IAV capped RNAs, including those not an-
notated, for example, PASRs, allowing us to perform
more comprehensive analyses and obtaining unique
matches by linking host and IAV caps obtained in the
same data set.

Our previous study focused on canonical cap-snatching
occurring primarily at the first nt of IAV mRNAs, defined as
“mRNA +1" for convenience (Gu et al. 2015). As shown in
Supplemental Figure STA, IAV mRNAs, cRNAs, and vRNAs
arereadfrom5 to 3 as+1, +2, etc., and from 3’ to 5’ as -1,
—2, etc. Here we identified noncanonical cap-snatching in
two regions: one as a cluster of loci ~300 nt upstream of
each mRNA 3’ end (mRNA 3’ cluster) and the other cover-
ing the +1to +10 (primarily at +2) nt of each vVRNA (VRNA 5’
region). mRNA 3’ clusters generate novel mRNAs and
capped ncRNAs sharing the same strands with annotated
mRNAs, while VRNA 5’ regions likely only produce ncRNAs.
These novel mRNAs are usually in-frame with annotated
mRNAs but encoding shorter proteins with 0-3 amino acids
derived from host caps. Like canonical cap-snatching,
noncanonical cap-snatching also prefers a G/C base-pair-
ing between the last (—1) nt, usually G, of a cap and the
template —2 C (vRNA 5’ regions) or an internal template
C (mRNA 3’ clusters), for priming the initial synthesis of
viral RNAs. We find that the nt downstream from the tem-
plate C, usually A or U (collectively as W), plays important
roles in selecting internal template C's for mRNA synthesis
in mRNA 3" clusters. Although cis-realignment, which
shares the same templates with initial priming/extension
(Fig. 1), utilizes the same A/U base-pairing mechanism in
canonical and noncanonical regions, it occurs less fre-
quently in noncanonical regions. Our evidence indicates
that trans-alignment does occur, suggesting that one IAV
mRNA could contain three sequences, one derived from
a host cap and the other two derived from two IAV mRNAs.
In conclusion, this study provides further insight into the
cap-snatching mechanism and suggests that IAV may use
cap-snatching to diversify its mRNAs and ncRNAs.

1172 RNA (2020) Vol. 26, No. 9

RESULTS

CapSeq highly enriches reads mapped to the
5’ end of capped RNAs and ppp-RNAs

We previously used CapSeq coupled with high-throughput
sequencing to enrich/obtain RNA reads (a read is repre-
sented by its 5’ nt in this paper) mapped to the 5" end of
capped RNAs in noninfected samples (Gu et al. 2012,
2015; Hainer et al. 2015). However, we barely obtained
any reads mapped to the 5 end of ppp-RNAs due to lack
of ppp-RNAs in the samples. In this study, we found that
CapSeq efficiently cloned ppp-RNAs (VRNA) in |AV-infect-
ed A549 cells despite a CIP treatment step, which aims to
dephosphorylate any phosphorylated RNAs to prevent
cloning. The failure of excluding ppp-RNAs was likely due
to insufficient CIP, which was overwhelmed by excessive
monophosphorylated nucleotides (~3000 folds as much
as intact RNAs) and resulted from a preceding rRNA deple-
tion step in the “one-pot” CapSeq reaction (Gu etal. 2012,
2015).

Although the CIP step did not work, we cloned few p-
RNAs, a major artifact in CapSeq analyses, which was likely
generated by specific RNA degradation pathways and usu-
ally mapped to the internal sites of capped RNAs and other
RNAs. This depletion is achieved primarily by Terminator
exonuclease (Terminator) treatment, which only destroys
p-RNAs but not ppp-RNAs. For example, in the noninfect-
ed samples, CapSeq utilizes Terminator to remove 99.5%
of rRNAs, the major p-RNA species in total RNA. Consistent
with such an efficiency, a similar depletion of p-RNA reads
mapped to mRNAs generated at least 50,000-fold enrich-
ment for reads (capped RNAs) mapped to the 5 end over
those (p-RNAs) to any internal position of mRNAs (Gu
etal. 2012, 2015).

Here in the |AV-infected samples, ~97.9% of IAV mRNA
reads were mapped to +1, the capped read position, and
only ~2.1% were mapped to internal sites; ~92.0% of
vRNA reads were mapped to +1, the ppp-RNA read posi-
tion, and 8.0% were mapped to internal sites (Fig. 2). This
constitutes ~77,000- and ~20,000-fold (97.9/2.1 x 1700
and 92/8 x 1700) enrichment for reads starting at +1 over
reads starting at any internal position, calculated based
on the average size, ~1700 nt, of IAV RNAs. Based on a
high depletion (99.5 + 0.3%) of p-rRNAs in all the five sam-
ples analyzed, we believe that only a fraction of these inter-
nal mRNA or vRNA reads represent p-RNAs. Consistent
with this hypothesis, we found that the majority of these in-
ternal sites on mRNAs and a significant fraction on vRNAs
represent capped RNAs synthesized via noncanonical cap-
snatching, as discussed below. We have not optimized the
conditions to minimize the unexpected ppp-RNA byprod-
ucts, since they do not affect cap-snatching analyses. More
importantly, as uncapped RNAs, they serve as negative in-
ternal controls for cloning artifacts.
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FIGURE 2. The histogram of the IAV reads. IAV RNA reads were represented by their first
mapped nts with blue indicating mRNAs/cRNAs and red indicating vVRNAs, and each IAV po-
sition was visualized using the combined read number (Y-axis) derived from the comapped
reads and normalized to the total non-rRNA/tRNA host/IAV reads. For each IAV RNA strand,
the blue annotations at the top represent coding frames, which are a little bit smaller than cor-
responding IAV RNA strands; the left part of each panel represents the histogram of all the IAV
reads, and the right panel represents that of only capped RNA reads at 6-48 h postinfection
timepoints. The black arrows indicate the distance between the left edges of MRNA 3’ clusters
and cRNA 3" ends. Each IAV RNA strand is represented with the same width (x-axis), generating
different unit sizes. However, each panel uses the same log scale of Y-axis, as labeled in the top

left panel.

Identification of noncanonical cap-snatching

As a 5’ ligation-dependent method, CapSeq allows us to
obtain a directional library with cDNA sequence explicitly
representing RNAs, avoiding confusion when mapping
reads derived from dsRNAs. Since the RefSeq database
lacked IAV 5 and 3’ UTRs, we used the CapSeq reads

and a Perl script to assemble the 5’
UTRs, generating 5AGC(A/G)AAA
GCAGG (G for PB1 and A for the
rest) for cRNAs, 5GC(A/G)AAAGC
AGG for mRNAs, most of which lack
5" A as compared to the correspond-
ing cRNAs, and 5AGUAGAAACA
AGG for VRNAs (Supplemental Fig.
S1A). Based on the reciprocal tem-
plate/product  relationship,  the
3" UTRs of cRNAs and vRNAs contain
5’CCUUGUUUCU ACU and 5'CCU
GCUUU(U/C)GCU. As reported, the
5 and 3" UTRs of each vRNA and
cRNA are basically inverted repeats,
which are able to form imperfect-
ly base paired dsRNA “panhandle”
structures within the same molecule
(Supplemental  Fig. S1A; Dessel-
berger et al. 1980).

We previously analyzed canonical
cap-snatching at 12- and 24-h postin-
fection timepoints (Gu et al. 2015).
Since cells may exhibit distinct viral
RNA profiles and substrate availabili-
ty/specificity following postinfection,
here we added an early (6-h) and
late (48-h) postinfection timepoints,
generating a broader time course.
Under our condition, 1AV mRNA and
vRNA levels were extremely low at
the 6-h timepoint, accounting for
~0.2% and 0.04% of total host/viral
RNAs, and increased progressively at
the 12- and 24-h timepoints, indi-
cating active transcription and repli-
cation; VRNA levels continuously
increased while mRNA levels dropped
dramatically at the 48-h timepoint, in-
dicating a typical late stage timepoint
(Supplemental Fig. S1B). We repeated
the 6-h timepoint but only obtained
similar mMRNA and vRNA levels, 0.5%
and 0.08%, respectively. These low
levels prevent us from obtaining suffi-
cient IAV reads via high-throughput
sequencing at reasonable cost. We,
therefore, focused on the 12- to 48-h

timepoints. Since all the three timepoints exhibit similar
conclusions and the 12-and 24-h timepoints contain higher
levels of IAV mRNAs (7.2% and 14.7%), we used them to
represent most analyses.

The “abnormal” frequency of CapSeq reads mapped to
the internal sites of MRNAs in the IAV-infected samples
prompted us to investigate if cap-snatching occurs at loci
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other than IAV mRNA +1, generating mRNAs starting in-
ternally. We modified our previous method to map the
CapSeq reads to the full length of IAV cRNAs and
vRNAs, and extracted non-IAV 5’ portions as potential
host-derived caps and 3’ portions completely matching
IAV RNAs (Gu et al. 2015). Here we use the first matched
nt of a read to represent the mapped site of the whole
read and the part 5’ of the matched nt to serve as a poten-
tial host cap. For example, if a 40-nt read is mapped to
vRNA +2 to +41, the mapped position is defined as +2
and the read does not contain a host cap or a cap of size
0; if the last 30 nt of this read is mapped to VRNA +2 to
+31, the mapped position is defined as +2 and the read
contains a 10-nt host cap. Any IAV site could contain
both capped RNA reads, which are defined as “containing
a host cap of at least 5 nt long” in this paper, and non-
capped reads.

We observed a cluster of noncanonical capped reads
mapped ~300 nt upstream of each mRNA 3’ end in addi-
tion to capped reads at the canonical site mRNA +1 (Fig.
2). As expected, the noninfected controls exhibited almost
no reads (Supplemental Fig. S2). In the 12-48-h postinfec-
tion samples, the reads form 3’ clusters of high abundance
on PA, PB1, PB2, and NA mRNAs, 3’ clusters of low abun-
dance on M and NS, and no apparent 3’ clusters on HA
and NP (Fig. 2). However, the 6-h sample only exhibited
tiny 3’ clusters on PA, PB1, and PB2 and no clusters on oth-
ers likely due to the extremely low IAV expression (0.24%
of total host/IAV RNAs) (Fig. 2). Overall, the capped RNA
reads in mRNA 3’ clusters are ~0.3% of those mapped
to IAV mRNA +1. However, this ratio varies dramatically
among individual mRNAs with the highest for NA
(8.52%) and lowest for M (0.04%) at the 24-h timepoint
(Supplemental Fig. S3A). We observed an even higher ra-
tio (9.4%) for NA at the 48-h timepoint. In addition to

mRNA +1 and 3’ clusters, other mRNA regions also con-
tain many capped RNA reads of less abundance as well
as some noncapped RNA reads (Fig. 2). However, the
non-5' regions of vRNAs contain few capped RNA reads
but many noncapped RNA reads (Fig. 2). This stark con-
trast suggests that the noncanonical capped RNA reads
mapped to |AV mRNAs were not generated by cloning ar-
tifacts, also as discussed below.

We found that the 5’ region (+1 to +10) of each vVRNA
strand, especially at +2, all bear a high rate of capped
RNAs (capped RNAs divided by all RNAs) in all four time-
points, while reads mapped downstream barely contain
host caps (Table 1). Among the nine million non-rRNA/
tRNA reads in the 24-h sample, ~70.4% were mapped to
host mRNAs, and ~14.7% and ~14.9% were mapped to
IAV mRNAs and vRNAs, respectively. The 12-h sample
contains relatively more AV mRNAs (7.2%) than vRNAs
(3.5%), both of which are much lower than those in the
24-h sample. Among the reads mapped to the first-10 nt
of vVRNAs, 97.7%, 1.3%, and 1.0% were assigned to the
+1, +2, and the rest 8 nt (Fig. 3). Overall, ~0.7% of the total
reads in this region are capped RNAs. However, the distri-
bution pattern does not follow that of the total reads as
46.6%, 46.3%, and 7.1% were mapped to the +1, +2,
and the rest 8 nt, respectively. As a consequence, the
rate of capped RNA reads is much higher at +2 (26.4%)
and the rest 8 nt (5.2%) than +1 (0.3%) (Fig. 3). This sug-
gests that VRNA +1 and +2 are used as the preferred start
sites for ppp-RNAs and capped RNAs, respectively.
Interestingly cRNA +1 and +2 (the same as mRNA +1)
are also used the same way. Therefore, not only do
vRNA and cRNA share a sequence symmetry (reverse com-
plement), they also exhibit a symmetry of transcription start
site usage (Supplemental Fig. STA). Moreover, the invert-
ed repeat feature of vRNA or RNA ends determines that

TABLE 1. The cap-snatching rates at canonical and noncanonical loci of IAV RNAs

mRNA +1 mRNA 3’ cluster vRNA +2 VvRNA +1 VvRNA After +10
Rate® Ratio® Rate Ratio Rate Ratio Rate Ratio Rate Ratio

PB2 8.3x1072 64,482 3.9x 1072 30,108 2.7 x1072 20,914 7.8x107¢ 6 0 0
PB1 4.4% 1072 33,612 2.3x107? 17,817 1.1x1072 8489 0 0 0

PA 7.6x1072 58,743 1.0x 1072 7832 50x107° 3889 2.7x107¢ 2 2 87
HA 5.7 x 1072 43,793 4.4%x1073 3403 1.1x 1072 8680 0 0 1.1x107* 0
NP 5.3x 1072 41,329 35x107° 2711 3.8x107° 2960 0 0 0 0
NA 7.2%x 1072 55,878 4.7 x 1072 36,278 0 0 0 0 0 0
M 1.9%x 1072 14,295 7.8x107° 6022 1.2x1072 9107 0 0 0 0
NS 4.3x 1072 33,003 2.0x107? 15,328 1.3x1072 9659 0 0 0 0
AllIAV  4.4x1072 34,300 22x1072 17,345 1.3x1072 14,830  4.6x10°¢ 4 8.1x107¢ 0
Host 13x107¢ 1 NA NA NA NA NA NA NA NA

“+1, +2, and +10" refer to reference RNA sites where the matched parts of reads start.

“RNA containing a U1 or U2 cap/all capped and noncapped RNA.
BThe rate of IAV/the rate of host A549 cells (1.3 x 107¢).
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caused by: (1) the low read number of
IAV capped RNAs; and (2) the host
cap number includes pre-RNAs, ma-
ture RNAs and PASRs, not all of which
are cap-snatching substrates. ncRNAs
appear to have a higher cap-snatch-
ing rate (IAV cap/[IAV cap +host
cap]) than host mRNAs/pre-mRNAs/
PASRs (Supplemental Fig. S3B). For
example, U1 and U2 have higher
cap-snatching rates than most mRNAs
(Supplemental Fig. S3B). We also
reached similar conclusions using the
12-h timepoint (Supplemental Fig.
S3C). All these observations are con-
sistent with our previous finding that
canonical cap-snatching at mRNA +1
prefers ncRNAs, especially U1 and
U2 snRNAs, suggesting that 1AV
=All RARP utilizes the same substrate
Capped . .
pool for canonical and noncanonical

10" 1HA g100% = Al NP Z100%
] - Capped ] o
10°7 g 50%1 i g 50%
T 1 8 _ g
3 10°% 2 4 6 8 10
10"

12 3 45 6 7 8 9 10 1
VRNA position

FIGURE 3. The histogram of vRNA 5’ regions. The reads are normalized, mapped, combined,
and visualized using their start sites, as described in Figure 2, with yellow indicating capped
RNA reads and black indicating all reads at the position +1 (the first) to +10 of vRNAs. The in-
sets represent the ratio of capped RNA reads to all reads at each position with arrows indicating

vRNA +2.

cRNA/VRNA +1 and +2 encode the same 5'AG sequence
(Supplemental Fig. STA).

U1 and U2 snRNAs are the top cap donors for
noncanonical cap-snatching

We previously reported that U1 and U2 were the top cap
donors, contributing 3.3% and 3.5% of all caps at IAV
MmRNA +1 (Gu et al. 2015). Here we demonstrate that
they are also the top donors in noncanonical cap-snatching
since U1 and U2 in the 24-h postinfection sample contrib-
uted 3.3% and 5.1% caps in mRNA 3’ clusters, and 1.6%
and 5.2% in VRNA 5 regions (Supplemental Fig. S3B).
These rates are at least 10 folds as much as those of the
top hostMRNA donors. These canonical and noncanonical
rates appear to be within the same range with variations
likely caused by the low capped read number in nonca-
nonical regions.

We observed a weak positive correlation between the
levels of cap donors and IAV caps at the 24-h timepoint
(P<1x10%in Supplemental Fig. S3B). This weak correla-
tion (r=0.26 instead of 1 for a perfect correlation) may be

2 3 45 6 7 8 9 10
VRNA position

cap-snatching (Gu et al. 2015).

Verifying noncanonical cap-
snatching using U1 and U2
snRNAs

The non-lAV 5 portion of a read can
be generated by cloning artifacts of
low frequency rather than by cap-
snatching. For example, host caps
can be ligated to IAV RNAs by RNA i-
gases, substituting for 5’ ligation link-
ers. Such events are very rare since (1) the 5’ linker amount
used is 50 pmol while the total host capped RNA is only
~0.06 pmol, only a small fraction of which is likely degrad-
ed to generate 11-nt caps (the average size on |AV); (2) de-
graded RNAs usually contain 3’ cyclic phosphate or 3’
monophosphate, incompatible with RNA ligation. Non-
IAV 5" portions can be generated by reverse transcriptase
jumping along templates, generating noncontinuous 1AV
sequences which were dissected as non-lAV and |AV parts
by our algorithm, as in the defective interfering (DI) parti-
cles (Saira et al. 2013). This model is disfavored since (1)
jumping events cannot de novo generate ~11-nt U1/U2
sequences out of IAV sequences; and (2) jumping events
cannot generate cap-snatching signatures including the
cap size, cleavage motif, priming motif and realignment
feature, as discussed below. In addition, non-IAV 5 por-
tions can be generated by reverse transcriptases via tem-
plate-switching, in which a reverse transcriptase utilizes
two templates, leading to a ligation-like behavior
(Cocquet et al. 2006). Again, this mechanism occurs at a
very low frequency and cannot account for cap-snatching
signatures either.
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To support our noncanonical cap-snatching model, we
provided three negative internal controls. The host
mRNAs cloned in the same reaction serve as a “perfect”
negative control since it was treated exactly the same
way as AV capped RNAs. Here we found that the rate of
U1/U2 cap-containing host mRNA reads, defined as “U1/
U2-containing reads divided by all mRNA reads,” is ex-
tremely low (1.3 x 107) in the 24-h sample. In contrast,
IAV mRNA +1 and noncanonical sites (MRNA 3’ clusters
and vVRNA 5’ regions) all contain similar rates of U1/U2
caps, ~15,000- to 30,000-fold higher than that of host
mRNAs (Table 1). This general conclusion also applies to
almost every individual RNA strand, including eight
mRNA and seven vRNA strands (Table 1). The only excep-
tion is the NA vRNA 5’ region, which lacks enough read
coverage for obtaining a U1/U2 cap rate. A second nega-
tive control is the non-5' region of vVRNAs, in which the U1/
U2 cap rate is very close to that of host mRNAs, that is,
the “background rate” (Table 1). A third negative control
is VRNA +1, which contains ~92% of all vVRNA reads.
Usually the +1 or 5" end is the hot spot for template-switch-
ing since itis the last template nt for cDNA synthesis, as we
utilized this mechanism for cloning small RNAs (Gu et al.
2009). However, we only observed a rate a little bit higher
than the background (Table 1). In conclusion, these nega-
tive controls serve as convincing evidence supporting that
noncanonical cap-snatching is not caused by cloning arti-
facts. Consistent with this, the ratio of U1/U2 caps to all
caps in canonical and noncanonical cap-snatching regions
are almost the same, as discussed above. Moreover, both
share the same cap-snatching features, as discussed be-
low. The canonical cap-snatching results, therefore, serves
as positive controls for the noncanonical ones.

We also used an only-RT/PCR-based method to confirm
our results without using ligation. We used random hexam-
ers and oligo (dT)y2-15 to generate IAV cDNA, respectively,
and then amplified the cDNA using a shared reverse prim-
er with different 10-nt forward primers 5'-attached with an
11-nt U2 5’ sequence. Three positive forward primers were
picked from the sites containing a U2 cap in the 3’ region of
PB2 mRNA, and three negative control primers were ran-
domly picked from the upstream sites containing no U2
cap (Supplemental Fig. S4). We had to use a second
shared reverse primer in the nested PCR reactions to
achieve PCR specificity. As expected, we can easily detect
the targets, as confirmed by Sanger sequencing, in the
positive PCR reactions even at the low PCR cycle number
while failing to detect any product in the negative controls
even at the high PCR cycle number. Interestingly, we also
obtained a truncated product for each positive reaction, all
of which contains the same 33-nt deletion (Supplemental
Fig. S4). This deletion does not affect our conclusion since
it is ~60-70 nt downstream from the start sites of the
capped RNA reads. Moreover, we observed the same pos-
itive results at the same PCR cycle number using the cDNA
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templates made with either random hexamers or oligo
(dT)12_18, suggesting at least a significant fraction of
capped RNAs in AV mRNA 3’ regions contain poly(A) tails.

Realignment occurs much less frequently in mRNA
3’ clusters and VRNA 5’ regions

We analyzed the size distribution of IAV caps including the
extra nts added via the realignment mechanism. Both
mRNA 3’ clusters and VRNA 5 regions exhibit an almost
symmetric bell-like size distribution of IAV caps of 7-16
nt long peaking at 11 nt (Supplemental Fig. S5A). In con-
trast, mMRNA +1 sites exhibit a 12-nt peak with a skewed
size distribution, as the slope left of the peak is much
steeper than that right of the peak. This was apparently
caused by the extra nts added via the realignment mecha-
nism since we obtained a symmetric distribution peaking
at 11 nt after removing the most abundant species of these
nts (Supplemental Fig. S5A). There were no dramatic size
changes after removal of the realigned extra nts in
mRNA 3 clusters and vRNA 5 regions (Supplemental
Fig. S5A), suggesting that realignment occurs much less
frequently in noncanonical cap-snatching.

To explicitly compare realignment rates, we analyzed U1
and U2 caps on IAV RNAs. We only considered mRNA +1
and vVRNA 5 regions, since all but PBT mRNAs and
all VRNAs share the first 11 and 13 nt, respectively
(Supplemental Fig. STA), allowing us to easily figure out
prime-realignment patterns. Moreover, these loci repre-
sent at least 90% cap-snatching events on the correspond-
ing RNAs. We found that 16% and 23% of U1 and U2 caps
atlAV mRNA +1 contain extra nt, and atleast 15% and 22%
clearly contain recognizable realignment or rerealignment
patterns, suggesting that almost all the extra nt were add-
ed via realignment. In contrast, ~7% each of U1 and U2
caps in IAV vRNA 5 regions contain extra nts, and only
~1% and ~5.6% possibly contain recognizable realign-
ment patterns.

Identification of trans-realignment

In the canonical prime-cis-realignment model, prime and
realignment steps are coupled on the same RNA tem-
plates (Decroly et al. 2011; Geerts-Dimitriadou et al.
2011b; Koppstein et al. 2015; Te Velthuis and Oymans
2018). To examine if a realignment step can utilize a differ-
ent RNA template, a process defined here as “trans-re-
alignment,” we first analyzed the realignment patterns at
mRNA +1 and extracted the most abundant “extra nt”
generated via realignment. As shown in Figure 4A, the first
priming step utilizes the base-pairing of the host cap -1 G
and template VRNA -2 C; the cap is usually extended for 2
—4 nt, ending at “A" (first extension); the extended se-
quence is realigned using the base-pairing of the cap —1
A and template VRNA —1 U (realignment or second
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A Cap-snatching at mRNA +1

U2 cap
5'AUCGCUUCUCGG

VRNA template
UCGUUUUCGUCCS!

lPriming

5"'AUCGCUUCUCGG

ucGcuuuucGguccs!
lExtension

5'AUCGCUUCUCGGCA

ucGcuuuucGucecs!
lReaIignment

5'AUCGCUUCUCGGCA

UcGuuuucaGuCes!
lExtension

5"'AUCGCUUCUCGGCAGCAAAAGCAGG

UCGUUUUCGUCCS'

B the top U2 caps at mRNA +1

C Cap-snatching at vVRNA +2

U2 cap

cRNA template
5'AUCGCUUCUCGG UCAUCUUUGUUCCS'

lPriming

5"'AUCGCUUCUCGG

UCAUCUUUGUUCCS!
lExtension

5"'AUCGCUUCUCGGUA

UCAUCUUUGUUCCS!
lRealignment

5'AUCGCUUCUCGGUA

UCAUCUUUGUUCCS!
lExtension

were generated by prime-cis-realign-
ment using the cRNA template twice
(Fig. 4C,D). The top realignment pat-
terns bear the signature sequences
(CA, CAAAA, and CAGCAAAA) de-
rived from caps at IAV mRNA +1.
Apparently these caps are used to
prime mMRNA synthesis with a VRNA
template, extended but only prema-
turely terminated with nt A, and then
transferred to prime capped VRNA
synthesis with a cRNA template (Fig.
4B,D). We estimate that trans-realign-
ment contributed ~4% of the U2 caps
in the vRNA 5’ regions.

5'AUCGCUUCUCGGUAGUAGAAACAAGG

UCAUCUUUGUUCCS'
D all the U2 caps in VRNA 5' region

FIGURE 4. The U2 cap realignment at mRNA +1 and vRNA +2. (A,C) A U2 cap highlighted in
yellow is annealed with a template vRNA (A) or cRNA (C) via the base-pairing between the cap
—1 G and template —2 C in the initial priming step, extended (green in A or gray in C) but only
prematurely ended with A, realigned with the template via the base-pairing between the ex-
tended cap —1 A and template —1 U, and then extended to a full size RNA (blue fonts for
mRNAs or cRNAs and red fonts for vRNAs); (B) the top 14 U2 caps containing at least
5’AUCGCUUCUC at mRNA +1 with extra nts added via realignment (green), rerealignment
(green double-underlined), no realignment (-); (D) all the U2 caps containing at least
5’AUCGCUUCUC in vRNA 5’ regions with extra nts added via trans-realignment (green), cis-
realignment (gray), unknown mechanisms (black fonts), and no realignment (-).

priming); the RNA is extended again (second extension); in
rare cases, a third round of priming-extension may occur.
Since all IAV mRNAs share almost identical 11-nt 5" UTRs
and extra nts, usually 2-4 nt generated by realignment,
are copied from 5" UTRs, technically prime-cis-realignment
using one vRNA template twice and prime-trans-realign-
ment using two VRNA templates each once generate the
same results (Fig. 4A,B).

Since the 5" UTRs of mRNAs and vRNAs bear different
sequences (Supplemental Fig. S1A), any trans-realignment
moving a cap from one VRNA template to another cRNA
template can be identified using unique sequence infor-
mation. Although ~5.6% of the U2 caps in vRNA 5’ regions
exhibit recognizable realignment patterns, only ~1.7%

IAV utilizes a more general WG
motif for priming capped RNA

AUCGCUUCUCG - 29240 AUCGCUUCUCG - 267 )
AUCGCUUCUCG  CA 5033  AUCGCUUCUC - 102 synthesis

AUCGCUUCUC - 4620 AUCGCUUCUCGG - 12 , ,

AUCGCUUCUCGG CAA 2357 AUCGCUUCUCGG  CAAAA 9 Previous studies have found that cap-
AUCGCUUCUCGG CA 1483 AUCGCUUCUCG CAAAA 4 snatching at IAV mRNA +1 usually uti-
AUCGCUUCUCG  CAA 190  AUCGCUUCUCGG  UA 3 lizes the base-pairing between the —1
AUCGCUUCUCGG CAAA 152  AUCGCUUCUCGG  CAGCAAAA 2 . .

AUCGCUUCUCGG - 100 AUCGCUUCUCG  AA 2 plate VRNA to prime mRNA synthesis
AUCGCUUCUCGG CAAAA 63 AUCGCUUCUCG  CA 1 (Geerts-Dimitriadou et al. 2011b; Gu
AUCGCUUCUCG  CAGCAA 53 AUCGCUUCUCGG  AAA 1 et al. 2015; Koppstein et al. 2015).
AUCGCUUCUCG CAGCAAAA 52 AUCGCUUCUCGG AGAA 1 Therefore, although the +1 G of
AUCGCUUCUCG CAGCAAA 52 AUCGCUUCUCGG  CAUAA 1 IAV mRNAs appears to be encoded,
AUCGCUUCUCGG CAAGCAAA 52 AUCGCUUCUCGG  UAGAAACAA 1

it is actually derived from a host cap
via priming. To examine whether a
specific base-pairing plays a similar
role in synthesizing capped RNAs in
vRNA 5 regions and mRNA 3’ clus-
ters, we first divided hybrid RNA reads
into two parts, IAV RNA sequences
and host caps. 56% and 66% of |AV-
encoded parts in mRNA 3’ clusters
and vRNA 5 regions start with G
(Supplemental Fig. S5B,C). We specu-
lated that IAV may prefer cleavage
sites 3’ of G on host RNAs, generating this +1 G preference
on capped IAV RNAs via priming, as in the canonical cap-
snatching (Gu et al. 2015). To examine this hypothesis, we
mapped the snatched host caps to human genome and
analyzed the nt preference surrounding the last (—1) nt of
these caps. There is an obvious preference for G immedi-
ately after the —1 nt of host caps used in cap-snatching in
mRNA 3’ clusters and vRNA 5’ regions (Fig. 5A,B). This
suggests that IAV RARP prefers to cleave host caps 3’ of
G and utilizes this G to base pair with a template C, priming
RNA synthesis. Since we assigned this priming G to the IAV
RNA parts, the host caps losing this G appeared to be
cleaved 5" of G when mapped to human genome (Fig.
5A,B).
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A Cap motif of mMRNA 3' B Cap motif of vRNA 5’

snatchedvdownstregrr; . shatched sownstregm
Rl (VT TRV R TR RTIEA VAT

0ccCccCeee ™ cCc0ceCece

0% +—r—T—TTTTT—T T 0% Horlr A L A A A,
5432112345 5432112345
Position to cleavage site  Position to cleavage site

C Alignment of U1 caps in mRNA 3' clusters
Ul  5'AUACUUACCUG-GCAGGGGAGAUACCAUG
PB2 5'AUACUUACCUGUGAAUUGAGCAACCUU 14

>

Frequenc

PB2 5'AUACUUACCUGaGAAGAUAGAAGAUAU 5
PB2 5'AUACUUACCUGUAACUGAAGACCCAGA 3
PB2 5'AUACUUACCUGUGCUAAUUGGGCAAGG 2
PB2 5'AUACUUACCUGaGCAUUAAGCAUCAAU 1
PB1 5'AUACUUACCUGaGCAAAUGUAUCAGAG 2
PB1 5'AUACUUACCUGaGCUCAUACAGAAGAC 2
PB1 5'AUACUUACCUGUACAGAAGACCAGUUG 1
PA 5'AUACUUACCUGaGCAAUUGAGGAGUGC 3
PA 5'AUACUUACCUGaGUCAAGAAAGUUGCU 1
NP 5'AUACUUACCUGaGACCAGAAGAAGUGU 1
NP 5"AUACUUACCUGaGCUUCAUCAGAGGAA 1
NA  5'AUACUUACCUGaACUGAUUGGUCAGGG 5
NA  5'AUACUUACCUGUGAGUUAACAGGAUUG 5
NA  5'AUACUUACCUGaGGGUACAGCGGAAGU 3
NA 5'AUACUUACCUGUGAUUGGUCAGGGUAC 1
NA  5'AUACUUACCUGaGUCAGAGGGCUGCCU 1
NS  5'AUACUUACCUGaCUCUACAGAGAUUCG 3

Consensus 5'U1--- WGNNNNNNNNNNNNNN
VRNA template: 3 'WCNNNNNNNNNNNNNN 5'

D Alignment of U1 caps in VRNA 5' regions
Ul  5'AUACUUACCUG-GCAGGGGAGAUACCAUG
PB2 5'AUACUUACCUGaGUAGAAACAAGGUCG 31
PA  5'AUACUUACCUGaGUAGAAACAAGGUAC 16
HA 5'AUACUUACCUGaGUAGAAACAAGGGUG 6
NP 5'AUACUUACCUGaGUAGAAACAAGGGUA 1
M 5'AUACUUACCUGaGUAGAAACAAGGUAG 7
NS 5'AUACUUACCUGaGUAGAAACAAGGGUG 1
Consensus 5'Ul--- AGUAGAAACAAGGNNN
cRNA template 3'UCAUCUUUGUUCCNNN 5

FIGURE 5. The cleavage/priming motif of noncanonical cap-snatch-
ing. (A,B) IAV capped RNA reads derived from mRNA 3’ clusters
and vRNA 5’ regions were mapped to human genome and the nt fre-
quency of each position (x-axis) surrounding the last nt (-1, the refer-
ence point) of the host caps was displayed (y-axis) with “v” indicating
the "apparent” cutsite; (C,D) all the capped RNA reads containing the
U1 sequence 5’AUACUUACCUG were mapped/aligned to each IAV
mMRNA 3’ cluster and vVRNA 5’ region with yellow indicating the U1 de-
rived sequence in U1 snRNA (top) and each hybrid capped RNA read,
blue and red indicating IAV mRNA/cRNA and vRNA sequences, re-
spectively, lowercase indicating virtual nts not transcribed but con-
verted from template nts, W representing A/U, the last column
representing the read number, and the arrows indicating the cap
cleavage sites.

We then examined which C’s on the template RNAs
were selected for the cap-mediated priming. For synthe-
sizing capped RNAs in mRNA 3’ clusters, multiple C's on
template VRNAs were used (Fig. 5C; Supplemental Fig.

1178 RNA (2020) Vol. 26, No. 9

S6A). For synthesizing capped RNAs in vRNA 5’ regions,
cRNA templates have two C's, =2 and —4, and almost all
priming events occur at —2. For example, 100% of U1
caps and 99% of U2 caps utilized the template —2 C for
priming and only 0.7% of U2 caps utilized the template
—4 C (Fig. 5D; Supplemental Fig. S6B). This template —2
C preference also occurred in canonical cap-snatching at
mRNA +1 since mRNA synthesis was predominantly
primed using the cap —1 G almost exclusively with the
template —2 C instead of the —4 and -9 C's (Geerts-
Dimitriadou et al. 2011a,b; Gu et al. 2015; Koppstein
etal. 2015).

The priming events during IAV capped RNA synthesis
prefer U or A (collectively as W) followed by G or WG. In
IAV mRNA 5’ regions, at least 95% of cap-snatching uti-
lized the —2 C of template VRNAs for initial priming events
(Gu et al. 2015), generating the start nt G preceded by a
virtual nt A, which is not transcribed but converted from
the —1 U of template VRNAs. In other words, the last 2 nt
of VRNAs, 3'UC-5, serve as the template for making
5'AG-3' in at least 95% of IAV mRNAs, in which G is the first
nt and A is the virtual nt upstream. In vRNA 5’ regions,
~66% of capped RNAs start with G, and ~92% of the virtu-
al nt upstream of the start nt are A’s, which are converted
from template cRNAs (Supplemental Fig. S5C). Based on
these two observations, we concluded that the initial prim-
ing events prefer an AG motif, in which G is the first nt and
A is the virtual nt. Because the 5 ends of vRNAs and
mRNAs are similar, this AG motif is deduced from a very
limited sequence diversity and thus may not represent an
authentic motif. The mRNA 3’ clusters contain sufficient se-
quence diversities, allowing us to obtain a more general
rule. We found that the priming events in mRNA 3’ cluster
also prefer a (A/U)G or WG (W representing A/U) motif
since 56% of capped RNAs starts with G, and 56% and
25% of the virtual nt upstream of the start nt are A and
U, respectively (Supplemental Fig. S5B). For example,
the U1/U2 caps mapped to IAV mRNA 3’ clusters clearly
utilize this WG motif (Fig. 5C; Supplemental Fig. S6A).
Since the WG moitif is based on multiple loci and includes
the AG motif, it represents a more general rule for cap-me-
diated initial priming events.

Cap-snatching likely generates mRNA encoding
truncated or new IAV proteins

We speculate that at least a fraction of the noncanonical
capped RNAs mapped to IAV mRNA strands, mostly in
the 3’ clusters, bear all the required structure elements of
translation-capable mRNAs. First, the caps are stolen
from Pol Il transcripts, most of which are used for transla-
tion; second, these capped RNAs likely contain a poly(A)
tail (Supplemental Fig. S4); third, the caps or internal se-
quences of annotated IAV mRNAs may provide a start
AUG; fourth, since the consensus Kozak sequence (A/G)
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NNAUGG is very short, 12.5% of any given AUG-contain-
ing sequence bears a Kozak motif for translation (Kozak
1986, 1987; Cavener 1987; Hamilton et al. 1987).
Considering all these structure requirements, we devel-
oped a custom Perl script to predict potential coding
frames on noncanonical capped RNAs mapped to IAV
mRNA strands. We found several capped RNAs potentially
encoding 28 proteins, all of which are composed of at least
50 amino acids and 12 of which have a size of at least 200
amino acids (Supplemental Table S1). The 5" UTR size is
usually less than 50 nt and each protein may be coded
by several capped RNAs with 5 UTRs of various sizes
(Supplemental Table S1). Among these proteins, the
host caps provide the start AUG for nine proteins (“hybrid”
in column 2 of Supplemental Table S1), generating 1-3
amino acids, while IAV RNAs provide the start AUG for
the rest.

Some of these proteins are encoded in capped RNAs
upstream of mRNA 3’ clusters but well downstream
from annotated IAV mRNAs (Fig. 2). For example, one in-
ternal AUG of PA can be used by several capped RNAs to
encode a protein composed of 343 amino acids (Fig. 6).
These RNAs are likely authentic capped RNAs generated
by cap-snatching since: (1) the cap size is ~11 nt; (2) most
of them use a G/C base-pairing-mediated priming; (3)
most host caps start with A, a signature start nt of host
caps (Gu et al. 2015); and (4) the same IAV locus can
have multiple caps derived from different host RNAs
(Fig. 6).

Capped RNAs mapped to VRNA 5’ regions likely belong
to ncRNAs. Although its size could be as long as that of
vRNAs, we can only identify five short coding frames, all
of which have long 5 and 3’ UTRs (Supplemental Table
S1). Moreover, we do not know whether the capped
RNAs contain a poly(A) tail, and if so, how the tail is added.
Therefore, we propose that capped RNAs in vVRNA 5’ re-
gions may serve as ncRNAs instead of mRNAs.

DISCUSSION

We provide multifaceted evidence to demonstrate that
IAV utilizes noncanonical cap-snatching to generate
capped RNAs. We found that both canonical and nonca-
nonical cap-snatching share similar mechanisms.
However, noncanonical cap-snatching bears unique fea-
tures including infrequent realignment events and a
more general priming motif, WG (Fig. 7). We also found
that cap-snatching promotes the diversity of IAV mRNAs
and ncRNAs.

Noncanonical cap-snatching is authentic. We demon-
strated that noncanonical and canonical cap-snatchings
share several signature features including: (1) the median
size of snatched caps is~11 nt; (2) U1 and U2 are the
top cap donors totally contributing 7%—8% of snatched
caps; (3) a G/C base pair and WG motif are preferred in
the initial priming step; (4) the cap-mediated priming pre-
fers the —2 C of template RNAs for synthesizing capped
RNAs both at mRNA +1 and in vRNA 5’ regions (Fig. 7).
In addition, we provided three negative internal controls,
including vVRNA +1, non-5' regions of vRNAs, and host
mRNA +1, to demonstrate that cloning artifacts barely
generate any reads containing host caps. Were caps add-
ed via cloning artifacts, we would expect: (1) no G/C base-
pairing preference and no WG motif (Li et al. 2020); (2) a
random size distribution of caps; (3) cap addition to the
+1 position of host MRNAs and IAV vRNAs since they rep-
resent more than 80% of the cloned reads; (4) no prefer-
ence for template —2C. In conclusion, our data clearly
support that noncanonical cap-snatching is as authentic
as canonical cap-snatching.

Cap-snatching utilizes a more general WG motif to
prime the initial RNA synthesis. IAV RdRP utilizes cap-inde-
pendent and dependent manners to synthesize RNAs
(Desselberger et al. 1980; Te Velthuis and Oymans
2018). Unlike DNA polymerases, most RNA polymerases

do not require primers for initiating
RNA synthesis. Although IAV RdRP

PA appears to utilize a host cap to prime
AAUUAUCUGUUGUC1034---------------~---~----- 1143AUGGCACCA capped RNA synthesis, the single-nt
AUCGCUUCUCG1034GUGGAAGCAAGUAUUGGAAG] - - 1143AUGGCACCA X2 base-pairing is technically equal to
ACUUUGCAACA1050GAAGAGCUGCAGGACAUUGA} - -1143AUGGCACCA x1 de novo synthesizing RNAs using a
ACAUUUACCUA1050GAAGAGCUGCAGGACAUUGA} - -1143AUGGCACCA x1 G dified b dRNAof
ACUCGAAGGAA1050GAAGAGCUGCAGGACAUUGA} - - 1143AUGGCACCA X2 (3 ntmoditied by a cappe oligo
AGAAGGGACAC 110 5[AAAAAACUAGUCAGCUAAAG] - -1143AUGGCACCA x1 in a primer-independent manner. In
AGAGGCCUCCAACU1109] ___ AACUAGUCAGCUAAAGF - - 1143AUGGCACCA x1 the cap-independent mode, IAV
AUUCGGUAG1117AGCUAAAGUGGGCACUUGGU} - - 1143AUGGCACCA x1 RARP synthesizes ppp-vRNAs using
CAUUCUGGCUG1118| GCUAAAGUGGGCACUUGGU} --1143AUGGCACCA x1 the —1 U of template cRNAs and
AUCUGCCACC1118| GCUAAAGUGGGCACUUGGU! - -1143AUGGCACCA x3 € - of tempfate CrINAS an
M A P--- vice versa; in the cap-dependent
343 a.a. mode, IAV RdRP primarily utilizes the

—2 C of template vRNAs to synthesize

FIGURE 6. A coding frame is shared by multiple capped RNAs. Multiple capped RNA reads
mapped to an internal position of IAV PA mRNA were aligned with yellow, boxed blue, and
non-boxed blue indicating the host caps, 5 UTRs, and shared coding frame, respectively.
The start positions of the 5" UTRs and coding frames are labeled in the sequences, the read
number is labeled on the right, and the encoded amino acids are labeled at the bottom.

mRNAs (Fig. 7). Here we demonstrate
that IAV RdRP also utilizes the —2 C of
template cRNAs to synthesize capped
RNAs in vVRNA 5 regions, basically
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Cap UCGUUUUCGUCCS'vRNA o
5'GpppNxG UCAUCUUUGUUCS ' cRNA P
WCNNNNNNNNNNS 'Others
Priming &
extension
5'GpppNxGCA <+ mRNA
UCGUUUUCGUCCS '  (MRNA+1)
5'GpppNxGUA <+Capped VRNA
UCAUCUUUGUUCS'  (VRNA 5 regions)
5'GpppNxGNN «+mRNA/ncRNA
WCNNNNNNNNNNS ' (MRNA 3' clusters)

Realignment

& extension Extension only

5' GpppNxGEAGCAAAAGCAGG
frequent yccuuuucGUCCs!

5 ' GpppNxGUAGUAGAAACAAG
rare UCAUCUUUGUUCS

5" GpppNxGNNGNNNNNNNNNN
rare WCNNNNNNNNNN5 '

5 ' GppPNXGCAAAAGCAGG +mRNA
UCGUUUUCGUCCS

5'GpppNxGUAGAAACAAG +-Capped VRNA
UCAUCUUUGUUCS!

5'GpppNxGNNNNNNNNNN «=mRNA/ncRNA
WCNNNNNNNNNNS5 '

Translation/template?

FIGURE 7. A unified model for canonical and noncanonical cap-
snatching. Host caps are annealed to IAV RNA templates using the
base-pairing between the cap —1 G and template —2 C in the initial
priming step; the majority of host caps are extended to make full-
size IAV RNAs; a small fraction of host caps are extended for a few
nts usually ending with “A,” realigned via the base-pairing between
the —1 A of the extended sequences and the template —1 U, and ex-
tended again to generate full-size mRNAs and ncRNAs. W represents
“A" or "U."

establishing a symmetry in synthesizing capped/ppp-
RNAs using vVRNA and cRNA templates (Fig. 7). However,
this symmetry is imperfect since VRNA templates are pre-
dominantly for synthesizing capped mRNAs, while cRNA
templates are predominantly for synthesizing ppp-vRNAs.
In both cases, the level of the minor RNA species is only
~1%-2% of that of the major species. In summary, the tem-
plate —2 C is preferentially used for synthesizing capped
RNAs in both cases, and the template —1 U is preferentially
used for synthesizing ppp-RNAs. Moreover, we demon-
strate that |AV RARP also preferentially utilizes the template
—2 C, defined as a relative position, to synthesize capped
RNAs in mRNA 3’ clusters (Fig. 7).

We demonstrate that the cleavage site preference on
host caps likely plays a critical role in preferentially select-
ing template sites (C nt), since: (1) previous studies have
demonstrated that cap-snatching preferentially cuts host
caps 3’ of G; (2) our data show the cleavage site prefer-
ence, 50%, for 3’ of G on host caps (Fig. 5A,B), is very close
to ~60%, the start nt preference for G in IAV mRNA 3’ clus-
ters and VRNA 5’ regions (Supplemental Fig. S5B,C).

The nts 3’ of template C's affect the selection of C sites
for the initial priming events (Fig. 7). Based on canonical
and noncanonical cap-snatchings, we obtained a general
motif 3'WC5" on template RNAs, corresponding to a
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5'WG3’ motif on capped RNAs, in which “W" represents
A or U encoded by templates but not expressed. This
WG motif is not caused by realignment since realignment
is infrequent (<5%) in mMRNA 3’ clusters while ~50% of
priming events utilize this motif. Theoretically this motif
can be used to develop a novel therapeutic strategy.

Realignment occurs much less frequently in noncanoni-
cal cap-snatching. Realignment or rerealignment events
constitute ~20% cap-snatching with recognizable se-
quence patterns at IAV mRNA +1. In contrast, realignment
events with recognizable sequence patterns only consti-
tute ~1.5% of cap-snatching in noncanonical regions.
This suggests that IAV RdRP may use different modes to
synthesize capped RNAs at different loci. Or this discrep-
ancy is caused by template sequence differences, that is,
3'UCGUUUUCGS' for mRNA +1, 3'UCAUCUUUGS’ for
vRNA 5" regions, and 3'WCNNNNNNNS5" for mRNA
3’ clusters (Fig. 7). A sequence swap assay may help ad-
dress this hypothesis.

Trans-realignment utilizes IAV-derived caps. It has been
hypothesized that IAV cap-snatching does not target 1AV
mRNAs as cap donors (Shih and Krug 1996). However,
we clearly show that some caps utilized in vRNA 5’ regions
are likely derived from IAV mRNAs based on the specific
realignment patterns. Here we propose two models. In
model 1, cap-snatching targets both host and IAV capped
RNAs as cap donors. As a simple and straightforward mod-
el, it has serious caveats since (1) AV mRNAs are exported
to cytoplasm for translation, generating a physical barrier
for cap-snatching; and (2) evidence showed that IAV
RARP does not target its own mRNAs (Shih and Krug
1996). In model 2, the realignment process may fail to
prime with the same template RNAs, jumping onto a sec-
ond template, a process called “trans-realignment.”
We prefer this model because it is well known that
RNA/DNA polymerases often stall on promoters, generat-
ing PASRs (Seila et al. 2008; Affymetrix/Cold Spring
Harbor Laboratory ENCODE Transcriptome Project 2009;
Nechaev et al. 2010; Gu et al. 2012). IAV RdRP may bear
the same feature, generating partially extended caps and
then falling off templates. These caps usually anneal
back with the —1 U of the same template RNAs simply
because (1) the initial priming/extension usually ends
with A due to four template U's within the —2 to —7 posi-
tions of template VRNAs; (2) the selection of the same tem-
plate RNA is due to physical proximity. These caps may be
used to prime with another template at a much lower fre-
quency, as we observed. We detected this phenomenon
simply because the two templates, cRNAs and vRNAs,
bear different 5 sequences. If trans-realignment were to
occur between two cRNA or two vRNA templates, the re-
sult would appear as cis-realignment on the same
templates.

Noncanonical cap-snatching diversifies IAV mRNAs and
ncRNAs. We demonstrate that in mRNA 3’ clusters, cap-
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snatching generates capped RNAs bearing all the features
of functional mMRNAs including a cap, poly(A) tail, start AUG
and Kozak motif. Actually, we can identify more transla-
tion-capable capped RNAs when we include other
mRNA regions or relax the Kozak motif requirement. In
many cases, host caps provide a start AUG and a coding
frame for 1-3 amino acids. Although noncanonical cap-
snatching only generates ~1% of capped RNAs mapped
to IAV mRNA strands, the expression levels of some nonca-
nonical mMRNAs may reach to the median level of host
mRNAs because |AV mRNA reads constitute 18% of total
host/IAV reads and are derived from only eight mRNA
strands. Interestingly, we found that on NA mRNAs, the
noncanonical capped RNA level reaches ~9% of the ca-
nonical mMRNA level. In addition, cap-snatching may pro-
mote the diversity of IAV mRNAs and ncRNAs via (1)
introducing a new AUG and Kozak signal to the internal se-
quences of annotated mMRNAs; and (2) obtaining new cod-
ing frames, especially on vRNAs, due to the high mutation
rate of |AV RdRP.

In summary, we provide a comprehensive profile of
IAV cap-snatching and a more general mode for the prim-
ing-realignment mechanism. We also propose that
cap-snatching promotes the diversity of IAV mRNAs and
ncRNAs. Insights from this study may help better under-
stand the cap-snatching mechanism and design research
and therapeutic tools.

MATERIALS AND METHODS

IAV infection

The cell culture and virus infection condition were described pre-
viously (Gu et al. 2015). Briefly, A549 cells were incubated with in-
fluenza A/Brisbane/59/2007 (H1N1) at a multiplicity of infection 1
at 37°C for 1 h, washed and cultured for 6, 12, 24, and 48 h.

RNA extraction

RNA was extracted from infected cells using TRI reagents (Sigma-
Aldrich) according to the manufacturer’s protocol. The resulting
aqueous solution was phenol/chloroform extracted and copreci-
pitated with 20 pg glycogen.

Obtaining the 5’ end sequences of host
and IAV RNAs

To simultaneously analyze the 5" end of host and IAV RNAs, high-
throughput sequencing libraries were constructed using CapSeq
and then sequenced (Gu et al. 2015). In brief, 2 pg of total
RNA was processed using Terminator exonuclease (Epicentre)
to remove rRNAs and decapped using Tobacco Acid Pyrophos-
phatase (Epicentre). The linkers required for high-throughput
sequencing were added to the 5’ end of target RNAs using liga-
tion and to the 3’ end using random priming in reverse transcrip-
tion. We obtained cDNA containing 50-200-nt RNA inserts and

sequenced the first 50 or 100 nt using HiSeq 2000. The data
were stored at http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
token=apwnwimmvnupfkr&acc=GSE67493 (Gu et al. 2015).

Bioinformatic analyses

The RefSeq IAV sequences lack parts of the 5" and 3’ UTRs, which
are critical for our analyses (Pruitt et al. 2014; Sikora et al. 2014).
We used a custom Perl script to assemble the 5" UTRs of IAV
mRNAs, cRNAs, and vRNAs based on our CapSeq data and
then obtained the corresponding 3’ UTRs using reverse comple-
ment, as shown in Supplemental Figure STA.

The bioinformatic analyses were performed using custom Perl
scripts and Bowtie 0.12.7, as described previously (Langmead
et al. 2009; Gu et al. 2015). Since the previous analyses focused
on the 5" end of mRNAs, we modified the scripts to fit the analyses
of VRNA 5’ regions and mRNA 3’ clusters. In brief, we mapped the
first 40-nt sequence of each read to human genome and annota-
tions, the Ensembl GRCh37 release 71 (Zerbino et al. 2018). We
obtained the unmatched reads and then split them into two parts,
position 1-20 and 21-40. The latter was mapped to IAV RNAs,
and the resulting full-size match was extended toward the
5 end of the reference sequence using the position 20 —1 of
the read with a score +1 and —3 for each match and mismatch, re-
spectively. The longest extension was selected using the maxi-
mum score, and the sequence 5 of the matched part was
extracted as a non-lAV sequence. We also removed the most fre-
quent extension stops caused by indels due to sequencing errors
or mutations. Gbrowse was used to generate histograms of 1AV
reads (Stein et al. 2002). We used a custom Perl script to predict
the coding frame encoded by noncanonical capped RNAs with
the criteria: (1) it contains at least 50 amino acids; (2) there is a
Kozak motif (A/G)NNAUGG in which AUG is the start codon en-
coded by IAV or host caps; (3) a poly (A) tail can be added using
the “stuttering” mechanism (Luo et al. 1991; Pritlove et al. 1998;
Poon et al. 1999; Zheng et al. 1999). The whole pipeline is avail-
able at https:/github.com/guweifengucr/WG060519_capseq_
flu_analysis.git.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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