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Signatures of Host mRNA 5’ Terminus for Efficient Hantavirus Cap
Snatching
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Hantaviruses, similarly to other negative-strand segmented RNA viruses, initiate the synthesis of translation-competent capped
mRNAs by a unique cap-snatching mechanism. Hantavirus nucleocapsid protein (N) binds to host mRNA caps and requires four
nucleotides adjacent to the 5’ cap for high-affinity binding. N protects the 5’ caps of cellular transcripts from degradation by the
cellular decapping machinery. The rescued 5’ capped mRNA fragments are stored in cellular P bodies by N, which are later effi-
ciently used as primers by the hantaviral RNA-dependent RNA polymerase (RdRp) for transcription initiation. We showed that
N also protects the host mRNA caps in P-body-deficient cells. However, the rescued caps were not effectively used by the hantavi-
rus RdRp during transcription initiation, suggesting that caps stored in cellular P bodies by N are preferred for cap snatching.
We examined the characteristics of the 5’ terminus of a capped test mRNA to delineate the minimum requirements for a capped

transcript to serve as an efficient cap donor during hantavirus cap snatching. We showed that hantavirus RdRp preferentially
snatches caps from the nonsense mRNAs compared to mRNAs engaged in translation. Hantavirus RdRp preferentially cleaves
the cap donor mRNA at a G residue located 14 nucleotides downstream of the 5’ cap. The sequence complementarity between the
3’ terminus of viral genomic RNA and the nucleotides located in the vicinity of the cleavage site of the cap donor mRNA favors
cap snatching. Our results show that hantavirus RdRp snatches caps from viral mRNAs. However, the negligible cap-donating
efficiency of wild-type mRNAs in comparison to nonsense mRNAs suggests that viral mRNAs will not be efficiently used for cap
snatching during viral infection due to their continuous engagement in protein synthesis. Our results suggest that efficiency of
an mRNA to donate caps for viral mRNA synthesis is primarily regulated at the translational level.

H antaviruses, members of the Bunyaviridae family, are trans-
mitted to humans through aerosolized excreta of infected
rodent hosts. Their infection causes hantavirus cardiopulmonary
syndrome (HCP) and hemorrhagic fever with renal syndrome
(HFRS) (62, 63), with mortalities of 50% and 15%, respectively.
The spherical hantavirus particles harbor three negative-sense
genomic RNA segments, S, M, and L, within a lipid bilayer (64).
The mRNAs derived from S, L, and M segments encode viral nu-
cleocapsid protein (N), RNA-dependent RNA polymerase
(RdRp), and glycoprotein precursor (GPC), respectively. The
GPC precursor is cleaved into two glycoproteins, Gn and Gc. The
characteristic feature of the hantaviral genome is the partially
complementary sequence at the 5" and 3’ termini of each of the
three genome segments that undergo base pairing and form pan-
handle structures (48, 53, 57). N is a multifunctional protein play-
ing a vital role in multiple processes of the virus replication cycle
and has been found to undergo trimerization both in vivo and in
vitro (2, 3, 8, 13, 28, 32, 41-44, 54, 66, 67). N specifically encapsi-
dates the three viral genomic RNAs into nucleocapsids which are
packaged into virions.

The sequence of L segment RNA has been determined for
about 20 viruses in the Bunyaviridae family, including nine han-
taviruses. Except for the tospovirus and nairovirus, the RdRps of
all other bunyaviruses are of a similar molecular mass (~250
kDa). The requirement of both RdRp and N for replication/tran-
scription of the viral genome has been demonstrated for both
hantaviruses and other bunyaviruses (1, 8, 21, 39). Using a green
fluorescent protein (GFP) fusion protein, the localization of Tula
hantavirus RdRp has been found to be perinuclear. The punctate
expression pattern of the L-enhanced GFP (EGFP) fusion protein
has led to the suggestion that RARp is membrane associated (34,
37). The 5" and 3’ termini of the hantaviral genome contain un-
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translated regions (UTRs) of various lengths. Assays in which re-
porter genes have been flanked by these UTRs have shown that
promoters for viral RdRp are located in these critical UTR se-
quences. In the orthobunyavirus Bunyamwera, base pairing of 5’
and 3’ termini of the viral genomic RNA was found to be required
for the synthesis of RNA by viral RARp (6). Studies on the charac-
terization of the influenza A virus promoter have suggested a
corkscrew-like secondary structure formed by the base pairing of
partially complementary 5’ and 3’ ends of the viral genome (17).

The RdRp from segmented negative-sense RNA viruses re-
quires a capped RNA primer to initiate the transcription (12, 15,
18, 55, 68). The capped RNA primer is generated from the 5’
terminus of host cell mMRNA by the “cap-snatching” mechanism,
which has been well characterized for the influenza virus (7, 11, 26,
33,59). Although the knowledge about the sequence, length, and
structure of the 5 mRNA terminus that donates the primer is
rather limited, most common cap donor mRNAs are cleaved 15
nucleotides downstream of the cap, with a variation of 10 to 20
nucleotides (7, 9, 15, 18, 22, 31, 51, 52, 65). The use of capped
primers following a “prime and realign” mechanism has been sug-
gested for the Bunyaviridae transcription initiation (24). Tran-
scription termination signals have been identified in Hantaan and
Sin Nombre virus (SNV) mRNAs (27). SNV S and L segment
mRNAs are not polyadenylated; however, M segment-derived
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mRNA is polyadenylated and synthesis is terminated at a (U)8
polyadenylation transcription termination signal (27).

A cap-snatching mechanism similar to that in influenza virus
has been proposed for all minus-strand segmented RNA viruses,
including the bunyaviruses and arenaviruses, although their
RdRps are structurally different and they replicate at different lo-
cations inside the host cell. Unlike the situation in influenza virus,
the RdRp of bunyaviruses and arenaviruses is encoded by one
rather than three genes. Recent studies have suggested that RARp
from bunyaviruses and arenaviruses harbors the endonuclease
domain at the N terminus, and its endonuclease activity has been
demonstrated (47, 61). Moreover, influenza viruses carry out cap
snatching and transcription in the nucleus of infected cells,
whereas bunyavirus and arenavirus transcription and genome
replication are cytoplasmic. Unlike influenza virus, the viruses
carrying out cap snatching in the cytoplasm have to compete with
the cellular RNA degradation machinery, which actively removes
caps and degrades cellular transcripts after the completion of
translation.

The eukaryotic mRNA degradation machinery follows two
general decay pathways, both of which begin with the shortening
of the 3’ poly(A) tail by a process known as deadenylation (50).
Following deadenylation, mRNAs can be degraded by a 3’-to-5’
exosome under the control of peptides of the SKI complex. Alter-
natively, after deadenylation, mRNAs can be decapped by the
Dcp1/Dcp2 decapping enzymes, followed by 5'-to-3" degradation
by exonuclease XRNT1 (23, 40, 49). Decapping and XRN1-depen-
dent 5'-to-3’ decay form the predominant pathway for the degra-
dation of cellular mRNAs. Moreover, the components of this
pathway, including decapping enzymes Dcp1/Dcp2, exonuclease
XRN1, and other peptides that function in mRNA degradation
and regulation, are located in discrete cytoplasmic foci termed
processing bodies (P bodies) (23, 40, 49).

In addition to these two mRNA degradation pathways, eukary-
otic cells also use elegant mRNA surveillance or quality control
mechanisms to ensure the translation of error-free mRNAs.
Among these, the most prevalent and well-characterized mecha-
nism is the nonsense-mediated mRNA decay (NMD) pathway,
which recognizes and degrades mRNAs containing premature
translation termination codons (PTCs) (29). Premature transla-
tion termination leads to the assembly of the surveillance complex
on mRNA, which triggers NMD. The surveillance complex is
composed of the UPF1 to three proteins and four additional NMD
effectors (SMGI1 and SMG5 to 7) (4, 16, 35). Assembly of the
surveillance complex recruits the decapping enzymes and XRN1,
but it can also accelerate the deadenylation and 3'-to-5" degrada-
tion by the exosome and the SKI complex (14, 46). The enzymes
that function in general mRNA decay also function in NMD, and
the mRNA molecules containing PTCs are targeted to P bodies for
rapid decay (4, 16, 35).

We have recently found that SNV N protein resides in cellular
P bodies and also binds specifically to the mRNA 5’ caps (42, 43,
45). This specific interaction prevented the 5’ caps of cellular
mRNAs from degradation by the cellular decapping machinery.
The rescued 5'-capped oligoribonucleotides were stored in P bod-
ies by N and were later used as primers by the hantavirus RdRp
(42). We reported that 5'-capped mRNA oligonucleotides seques-
tered in P bodies by N were at least 180 nucleotides in length (42).
The mechanism generating the shorter primers of appropriate
length and specificity is still unknown. In this paper, we examine
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the characteristics of the 5’ terminus of a capped test mRNA to
delineate the minimum requirements for a capped transcript to
serve as an efficient cap donor during cap-snatching mechanism
of transcription initiation by the Sin Nombre virus RdRp.

MATERIALS AND METHODS

Oligonucleotides, enzymes, and other reagents. PCR primers were from
Integrated DNA technologies. All restriction enzymes were from New
England BioLabs. Platinum PCR Supermix was from Invitrogen. Phusion
high-fidelity DNA polymerase was from NEB. RNA purification reagents
were from Qiagen, and reverse transcription reagents were from Invitro-
gen. Power Sybr green PCR master mix was from Applied Biosystems. TA
cloning reagents were from Invitrogen. All other chemicals were pur-
chased from Sigma. The reagents for 5" rapid amplification of cDNA ends
(RACE) were purchased from Roche Applied Science.

Constructs. The plasmid pCDNAGFP expressing green fluorescent
protein (GFP) was PCR amplified from plasmid pEGFP-C1 (Clontech)
using a forward primer, 5'-GATTATGCTAGCATGGGGTCTCATGGCG
AGGA-3', and a reverse primer, 5'-GTATTCTCGAGTTATCTAGATCC
GGTGGATCCC-3" (boldface and italics indicate restriction sites). The
PCR product was gel purified, digested with Nhel and Xhol restriction
enzymes, and cloned between the same restriction sites in pCDNA3.1+
vector (Invitrogen). The plasmid pCDNAGFPns, which does not express
GFP due to two substitution mutations, was cloned in pPCDNA3.1+ using
the forward primer GATTATGCTAGCATGGGGTGATCATGGCGAGG
A-3" and the reverse primer described above. The plasmid pCDNAGF-
PnsGO, expressing a GFP mRNA harboring five substitution mutations at
the 5" untranslated region (UTR) of mRNA, was constructed by generat-
inga PCR product from pCDNAGFPns plasmid using forward primer F1,
AGTGTATCATATGCCAAGTAC, and reverse primer R1, 5'-GGATAAG
GGAGTAAGGAGTGGGTTGTGTA. Similarly, another PCR product
was generated from pCDNAGFPns plasmid using forward primer F2,
5'-TACACAACCCACTCCTTACTCCCTTATCC-3', and reverse primer
R2,5'-TCTAGACTCGAGTTACTTGTACAGCT-3'. The two PCR prod-
ucts were gel purified and mixed together. The mixture was used as the
template and a third PCR product was generated using forward primer F1
and reverse primer R2. This final PCR product was again gel purified,
digested with Ndel and Xhol, and cloned between the same restriction
sites in pCDNA3.1+ backbone. Using this cloning strategy, the mutations
were incorporated through forward primer F2 and reverse primer R1. The
same strategy was used for the construction of other plasmids (see Fig. 2A
and Fig. 3A). In all these constructs the same forward F1 and reverse R2
primers were used. However, the sequences of reverse R1 and forward F2
primers were different, depending upon the type of mutation (Table 1).

Reverse transcription and real-time PCR. Vero E6 cells in six-well
plates were transfected with the plasmid of interest, using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions. Eight
hours posttransfection, cells were infected with Sin Nombre virus (strain
77734, a gift from Brian Hjelle, University of New Mexico) at a multiplic-
ity of infection (MOI) of 1.0. Cells were lysed 48 h postinfection, and total
RNA was purified using the RNeasy kit (Qiagen), including treatment
with RNase-free DNase I (Qiagen), following the manufacturer’s proto-
col. Two micrograms of total RNA from each well was reverse transcribed
using Moloney murine leukemia virus (M-MLV) reverse transcriptase
(Invitrogen) and a primer specific to the viral S-segment mRNA (5'-AC
TAAAGCCAATCACACCCATGACA-3") in a total volume of 20 pl. Two
microliters of the resulting cDNA was used in 20-.l real-time PCRs. The
relative quantification method was used for real-time PCR using an
ABI Prism 7700 sequence detection system following the manufactur-
er’s instructions (Applied Biosystems). Fold change in mRNA levels
and standard deviation were calculated by the relative quantifica-
tion method, which is described in detail in the ABI instruction
manual (http://www3.appliedbiosystems.com/cms/groups/mcb_support
/documents/generaldocuments/cms_040980.pdf). We used a universal
primer set with a forward primer (5'-TGGCTAACTACACAACCC-3")
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5'TACACAACCCACGCCTTACTCCCTTATCC

F2
F2

5'GGATAAGGGAGTAAGGCGTGGGTTGTGTA

R1

pCDNAGFPnsG13

5'TACACAACCCAGTCCTTACTCCCTTATCC

5'GGATAAGGGAGTAAGGACTGGGTTGTGTA

R1

pCDNAGFPnsG12

5'TACACAACCCGCTCCTTACTCCCTTATCC
5'TACACAACCCACAGCTTACTCCCTTATCC

F2

5'GGATAAGGGAGTAAGGAGCGGGTTGTGTA
5'GGATAAGGGAGTAAGCTGTGGGTTGTGTA

R1

pCDNAGFPnsG11
pCDNAGFPns(i)

F2
F2

R1

5'TACACAACCCATAGCTTACTCCCTTATCC

5'GGATAAGGGAGTAAGCTATGGGTTGTGTA

R1

pPCDNAGFPns(ii)

5'TACACAACCCACTGTAGACTCCCTTATCC
5'TACACAACCCACTGTAGTAGCCCTTATCC
5'TACACAACCCACTCTAGTAGTAGTTATCC

F2

5'GGATAAGGGAGTCTACAGTGGGTTGTGTA
5'GGATAAGGGCTACTACAGTGGGTTGTGTA

5'GGATAACTACTACTACAGTGGGTTGTGT
“ As discussed in Materials and Methods, two PCR products (PCR1 and PCR2) were generated from plasmid pcDNAGFPns using the primer sets F1 and R1 and F2 and R2, respectively. The two PCR products were mixed and used as a

R1

pCDNAGFPns(iii)

F2
F2

R1

pCDNAGEFPns(iv)
pCDNAGEFPns(v)

R1

template for a third PCR along with primers F1 and R2. This third PCR product was digested with Ndel and Xhol restriction enzymes and cloned between the same sites in plasmid pPCDNA3.1+ to generate plasmid pPCDNAGFPnsGO.

The same strategy was used for the construction of the remaining plasmids. The sequences of the F1 and R2 primers were the same. However, the sequences of the R1 and F2 primers were changed depending upon the type of mutation

to be incorporated in the plasmid of interest.

Hantavirus Cap Snatching

and areverse primer (5'-ATGGTCATCAGGTTCAATCC) to amplify 290
nucleotides from the 5" terminus of viral S-segment mRNA. This univer-
sal primer set was used in all real-time PCRs reported in this paper, unless
otherwise stated. The forward primer is complementary to the 5" termi-
nus of GFP mRNA, which is expressed from the transfected plasmid, and
the reverse primer is complementary to the open reading frame of viral
S-segment mRNA. This primer set will generate products only if the viral
S-segment mRNA has snatched a cap from the GFP mRNA (discussed in
more detail in Results). Amplification of B-actin mRNA as an “internal
control” was carried out using a forward primer, 5'-CCATCATGAAGT
GTGACGTGG, and a reverse primer, 5'-GTCCGCCTAGAAGCATTT
GCG, as previously reported (42). To ensure the amplicon specificity of
each primer set, the PCR products were subjected to melting curve anal-
ysis followed by sequential agarose gel electrophoresis. The efficiency for
amplification of the target (5’ terminus of the viral S-segment mRNA) and
the internal control gene (B-actin) was examined using serial dilutions of
c¢DNA. The mean difference between threshold cycle number values was
calculated for each ¢cDNA dilution. The mean difference values corre-
sponding to each dilution were plotted and fit to a straight line with a slope
of <0.1. After this validation test, the levels of S-segment mRNA which
have snatched caps from the test mRNA expressed from the transfected
plasmid in Vero E6 cells were calculated following normalization to the
B-actin mRNA levels and expressed as relative units. Intrinsic steady-state
levels of GFP reporter mRNA in transfected cells were monitored by real-
time PCR analysis using a forward primer, 5'-CACATGAAGCAGCAC
GACTT-3', and a reverse primer, 5'-AGTTCACCTTGATGCCGTTC-3'.
This primer set is specific to the GFP open reading frame.

TA cloning. During cap snatching, hantaviruses typically cleave the host
cell mRNA at a G residue located 8 to 17 nucleotides downstream of the
terminal cap (24). To determine whether the caps derived from the mRNAs
expressed from transfected plasmids (PCDNAGFP/pCDNAGFPns) exhibit
these hallmarks of correct cap snatching, we sequenced the cap-viral UTR
junctions of viral S-segment mRNAs, which have obtained their caps from
either GFP mRNA or nonsense GFP mRNA. Vero E6 cells were transfected
with either plasmid pCDNAGFP or plasmid pPCONAGFPns, followed by viral
infection 4 h posttransfection. Cells were lysed 48 h postinfection, and total
RNA was purified and reverse transcribed using a primer specific to the S-seg-
ment mRNA, as described above. The cDNA was PCR amplified using a
primer set shown in Fig. 1A. The PCR product was cloned using a TA cloning
kit (Invitrogen) by following the manufacturer’s instructions. Plasmid DNA
was purified from 20 randomly selected clones and sequenced in the region
corresponding to the cap-UTR junction, as previously reported (42).

siRNA knockdown. To substantiate the role of P bodies in hantavirus
cap snatching, two essential P-body components, GW-182 and Ge-1, were
downregulated by small interfering RNA (siRNA) transfection. The GW-
182, Ge-1, and control siRNAs were purchased from IDT. The sequences
for the GW-182 siRNAs were 5'-GGAAUGUUACAAGACAAACGA
AUGG and 5"-CCAUUCGUUUGUCUUGUAACAUUCCUA-3". The se-
quences of the Ge-1 siRNAs were 5'-GGAUGUUAGCCAGAUCAAGCA
GGGC-3'" and 5'-GCCCUGCUUGAUCUGGCUAACAUCCAC-3". Both
GW-182 and Ge-1 siRNAs were transfected at a final concentration of 50
nM each into monolayers of Huh-7 cells (a gift from Yu-Jui-Yvonne Wan,
KUMC) seeded in six-well plates using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. Control siRNA was simi-
larly transfected into control wells. Twelve hours after transfection, GW-
182 and Ge-1 siRNA or control siRNA was retransfected together with 4
pg of pPCDNAGFPns plasmid. The effect of siRNA knockdown on the
expression levels of GW-182 and Ge-1 proteins was verified 24 h after first
transfection by Western blot analysis, using either anti-GW182 or anti-
Ge-1 antibodies (Santa Cruz). Cells were infected with SNV at an MOI of
1.0, 24 h after first transfection. Cells were lysed 36 h postinfection, and
total RNA was purified and reverse transcribed using a primer specific to
the S-segment mRNA, as mentioned in the “Reverse transcription and
real-time PCR” section above. The effect of siRNA knockdown on hanta-
virus cap snatching was monitored by quantitative estimation of caps
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g @ —UAGAGAACCCACUG UAGUAGUAG ------ 16
8 @ —UAGAGAACCCACUGCUUACUG  UAGUAGUAG 2
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F
GFP mRNA —> m7G-TAGAGAACCCACUGC—] GFP_}—(A)n

Nonsense GFP mRNA —> M7G-TAGAGAACCACCUGC—| GFP_|—(A)n

Capped primer Snatched from ViralmRNA 5’ UTR  # clones
5’-UAGAGAACCACCUG Nonsense GFP mRNA  UAGUAGUAG 13
5’-UAGAGAACCCACUG GFP mRNA UAGUAGUAG 1

5" AUAGACAUUGTTGG Cellular UAGUAGUAG 1

FIG 1 Hantavirus cap-snatching assay. (A) A diagrammatic representation of the cap-snatching assay. Step 1, Vero E6 cells were transfected with cap donor
plasmid (pCDNAGFPns or pPCDNAGEFP) followed by SNV infection 4 h posttransfection (step 2). Step 3, cells were lysed 48 h postinfection, and total RNA was
purified as described in Materials and Methods. Twenty-five nanograms of the purified RNA was reverse transcribed using a primer specific to the S-segment-
derived mRNA. The cDNA was PCR amplified using a forward primer specific to the 5" terminus of GFP mRNA (purple) and a reverse primer specific to the N
gene (black). See Materials and Methods for details. (B) As expected, the PCR product was generated only from the cells which were transfected with either
PCDNAGFPns or pCDNAGFP plasmid, followed by viral infection. (C) The Vero E6 cells were transfected with cap donor plasmid pCDNAGFPns or
pCDNAGFP, followed by SNV infection 4 h posttransfection, as described for panel A. Cells were lysed 48 h postinfection, and total RNA was purified. Intrinsic
mRNA levels expressed from cap donor plasmids pPCDNAGFPns and pCDNAGFP were quantified by real-time PCR analysis using a primer set specific to the
GFP open reading frame, as described in Materials and Methods. (D) Similarly, the cap-donating potential of the transcripts expressed from cap donor plasmids
pCDNAGFPns and pPCDNAGFP was determined by real-time PCR using a primer set shown in panel A. (E) The PCR product from panel B was cloned in a TA
cloning vector (Invitrogen), and plasmid DNA from 20 random clones was sequenced to examine the cap-UTR junction. As shown at the bottom, the capped
primers were terminated at the 3" G residue. (F) The GFP mRNA and nonsense GFP mRNA were synthesized by in vitro T7 transcription, as described in
Materials and Methods. To distinguish their 5 UTRs, two nucleotides in the 5" UTR of nonsense GFP mRNA were mutated (bold and underlined). Vero E6 cells
were cotransfected with GFP mRNA and nonsense GFP mRNA, followed by virus infection. The cap-donating potential of these two transcripts was examined
by 5'RACE, as described in Materials and Methods.

snatched from the GFPns mRNA by the SNV RdRp, using real-time PCR
analysis, as discussed in the above “Reverse transcription and real-time
PCR” section.

To determine the effect of a P body on the protection of mRNA caps by
SNV N protein, monolayers of Huh-7 cells were either mock transfected

10176 jviasm.org

or transfected with both GW-182 and Ge-1 siRNAs at a final concentra-
tion of 50 nM each. Twelve hours posttransfection, cells were retrans-
fected with GW182 and Ge-1 siRNAs along with 4 ug each of plasmids
pPCDNAGFPns and pCDNA-SNVN. Cells were lysed 24 h after plasmid
transfection, and total RNA was purified. Two micrograms of total RNA
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was reverse transcribed using random primers. The cDNA generated from
both mock- and siRNA-transfected cells was used in real-time PCR anal-
ysis to quantitatively estimate the 5" terminus of GFPns mRNA, using a
forward primer, 5'-TAGAGAACCCACTGCTTACTGGC-3', and a re-
verse primer 5'-CAGATGAACTTCAGGGTCAG-3'.

5 RACE. 5" RACE was performed using a 5'/3" RACE kit (catalog no.
03353621001; Roche Applied Science) following the manufacturer’s in-
struction. Briefly, Vero E6 cells seeded in six-well plates were transfected
with 4 g of either pPCDNAGFP or pCDNAGFPns plasmid or cotrans-
fected with 2 g of each GFP mRNA and nonsense GFP mRNA and
synthesized by in vitro T7 transcription. Eight hours posttransfection, cells
were infected with Sin Nombre virus at an MOI of 10. Cells were lysed 48
h postinfection, and total RNA was purified using the RNeasy kit (Qia-
gen). Two micrograms of purified total RNA was reverse transcribed us-
ing a primer, 5'-ACTAAAGCCAATCACACCCATGACA-3', comple-
mentary to the S-segment mRNA from 696 to 720 nucleotides. The
resulting cDNA was purified using a PCR cleanup kit (Qiagen), and a
homopolymeric (dA) tail was added at the 3" end of the cDNA, using
terminal transferase provided in the kit. The (dA)-tailed cDNA was then
used to generate a PCR product with the forward oligo(dT)-anchor
primer 5'-GACCACGCGTATCGATGTCGACTTTTTTTTTTTTTTIT
V-3" (V= A, C, or T) and a reverse primer, 5'-GCGAAACTTAGAATG
TAGAGTCCGATG-3'. The reverse primer was complementary to the
S-segment mRNA from 405 to 431 nucleotides. Finally, the resulting PCR
product was used as a template to generate a short PCR product using the
anchor primer (5'-GACCACGCGTATCGATGTCGAC-3") containing a
Mlul site and a reverse primer (5'-ATTATATAGCGGCCGCATGGTCA
TCAGGTTCAATCC-3") containing a Notl site. The reverse primer was
complementary to the S-segment mRNA from 290 to 309 nucleotides.
The final PCR product was digested with Mlul and Notl and cloned in
pcDNA 3.1+ vector between the same restriction sites. The plasmid DNA
isolated from 20 colonies was sequenced to read the cap-UTR junction of
the S-segment mRNA.

Staining and microscopy. Adherent Huh-7 cells were grown on ster-
ilized glass coverslips in a six-well plate. Cells were transfected with either
GW182 siRNA (IDT) or Ge-1 siRNA (IDT) using Lipofectamine
RNAiMax (Invitrogen) according to the manufacturer’s instructions.
Similarly, the control siRNA was transfected into the control well. After 24
h, cells were fixed at —20°C for 5 min using acetone and then permeabil-
ized with 0.5% Triton X-100 at room temperature for 15 min. Cells were
then incubated for 1 h at room temperature with rabbit anti-Dcp2 anti-
body at a dilution of 1:100 in phosphate-buffered saline (PBS) containing
2% fetal calf serum (FCS). After washing with PBS, cells were incubated
for 1 h at room temperature with fluorescein isothiocyanate (FITC)-con-
jugated anti-rabbit IgG antibody at a 1,000-fold dilution in PBS contain-
ing 2% FCS. Fluorescent images were recorded by a Nikon Eclipse 80i
upright microscope.

Synthesis of mRNA and 5’ capping. The mRNA synthesis was carried
out using the Ribomax T7 transcription kit (Promega) as previously re-
ported (39—-42). Briefly, the gene of interest was PCR amplified using a
forward primer containing a flanking T7 promoter and an appropriate
reverse primer. The PCR product was gel purified and used as the template
in a 50-pl transcription reaction. Following synthesis, template DNA was
degraded with DNase I, and RNA was purified by RNAeasy (Qiagen) and
stored in 10-pl aliquots at —70°C. The resulting mRNA was 5" capped
using the ScriptCap m7G capping system (Cell Script Catnumber
C-SCCE0610), according to the manufacturer’s instructions. Briefly, 50
g of purified mRNA was added to the reaction mix containing 50 mM
Tris HCL, pH 8.0, 6 mM KCl, 1.25 mM MgClL,, 1 mM GTP, 100 pM
S-adenosyl-methionine (SAM), and 1 unit of the capping enzyme in a
final volume of 100 pl. The reaction mixture was incubated at 37°C for 30
min, followed by purification of capped mRNA using the RNeasy kit
(Qiagen). The purified capped mRNA was used to transfect Huh-7 cells.

Using this approach, we also synthesized GFP mRNA and nonsense
GFP mRNA, which were cotransfected to Huh-7 cells to examine whether
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hantaviruses preferentially snatch caps from nonsense transcripts. Briefly,
the GFP ORF was PCR amplified from pCDNAGFP plasmid using a for-
ward primer, 5'-CTAGCTAATACGACTCACTATAGTAGAGAACCCAC
TGCTTACTGGCTTATCG-3', and a reverse primer, 5'-CCATAGAGCC
CACCGCATCCCC-3'. Similarly a forward primer, 5'-CTAGCTAATACG
ACTCACTATAGTAGAGAACCACCTGCTTACTGGCTTATCG-3', and
the above-described reverse primer were used to generate another PCR
product from plasmid pCDNAGFPns. Both the PCR products were gel
purified and used as the templates to generate two transcripts, as described
above. The two transcripts were 5’ capped using the ScriptCap m7G cap-
ping system, as described above. The 3’ tailing of purified capped mRNAs
was carried out using a Cell Script A-Plus poly(A) polymerase tailing kit,
following the manufacturer’s instructions. Briefly, 50 g of purified
capped GFP mRNA or nonsense GFP mRNA were mixed with 1X tailing
buffer (50 mM Tris-HCI, pH 8.0, 250 mM NaCl, and 10 mM MgCl,)
containing 10 mM ATP and 8 units of Cellscript A-plus poly(A) polymer-
ase in a total volume of 50 pl. The reaction mixture was incubated for 30
min at 37°C, and the tailed mRNA was purified by the RNeasy kit.

RESULTS

SNV preferentially snatches caps from mRNAs containing pre-
mature termination codons. We have previously reported that
hantavirus N protein efficiently protects the 5" caps of cellular
nonsense mRNAs in comparison to mRNAs, which encode pro-
teins (42). The protected caps were abundantly found in cellular P
bodies, which were later efficiently used by the RdRp for transcrip-
tion initiation (42). To further confirm this observation, we
cloned GFP in the pCDNA3.1+ vector, which expresses GFP
mRNA having 5" and 3’ UTRs of 71 and 372 nucleotides in length,
respectively (Fig. 1E). In addition, we incorporated two extra nu-
cleotides in the open reading frame (ORF) of the GFP expression
construct, which generated a premature termination codon two
amino acids downstream of the start codon (Fig. 1E). We trans-
fected Vero E6 cells with these GFP constructs expressing either
GFP mRNA or nonsense GFP mRNA, followed by infection with
SNV 8 h posttransfection. We used our previously established
cap-snatching assay to quantitatively estimate the caps snatched
from either GFP mRNA or GFP nonsense mRNA by the viral
RdRp. Briefly, 48 h postinfection, cells were lysed and total RNA
was purified and reverse transcribed using a primer specific to the
S-segment mRNA (Fig. 1A; also see Materials and Methods). The
c¢DNA was PCR amplified using a forward primer specific to the 5’
terminus of GFP mRNA and a reverse primer specific to the N
protein open reading frame (ORF) (Fig. 1A). This PCR strategy
was designed to specifically identify the S-segment mRNAs, which
have obtained their 5’ caps from either GFP mRNA or GFP non-
sense mRNA. As expected, this PCR strategy generated the PCR
product of appropriate size only from SNV-infected cells that
were previously transfected with the constructs expressing either
GFP mRNA or GFP nonsense mRNA (Fig. 1B). A comparatively
intense band from cells expressing GFP nonsense mRNA suggests
that RdRp preferentially snatches caps from PTC-containing
mRNAs. To rule out the possibility that the difference in the band
intensities shown in Fig. 1B was not due to a difference in the
intrinsic steady-state levels of GFP mRNA and GFP nonsense
mRNA in host cells, we repeated the above-described experiment
and quantitatively estimated the expression levels of these two
transcripts using real-time PCR. As shown in Fig. 1C, the intrinsic
steady-state levels of GFP mRNA were 3-fold higher than those of
GFP nonsense mRNA, consistent with preferential degradation of
PTC-containing mRNA by host NMD machinery. To further con-

jviasm.org 10177


http://jvi.asm.org

Cheng and Mir

firm the observation made in Fig. 1B that SNV RdRp preferentially
snatches caps from PTC-containing mRNAs, we used
our previously established real-time PCR-based cap-snatching
method to quantitatively estimate the caps snatched by the S-seg-
ment mRNA from either GFP mRNA or GFP nonsense mRNA.
Consistent with the observations made in Fig. 1C, we observed
that although intrinsic steady-state levels of GFP nonsense mRNA
were lower than those of GFP mRNA, the PTC-containing GFP
mRNA served as a better cap donor than GFP mRNA (Fig. 1D).

In addition, we used 5" RACE to examine the 5’ terminus of
S-segment mRNA and to further confirm that SNV RdRp prefer-
entially uses the PTC-containing mRNAs for cap snatching. We
expressed either GFP mRNA or GFP nonsense mRNA in virus-
infected Vero E6 cells and examined the 5’ terminus of S-segment
mRNA by 5" RACE to further confirm that GFP nonsense mRNA
serves as a preferential cap donor in comparison to GFP mRNA.
The PCR product corresponding to virus-infected cells expressing
either GFP mRNA or GFP nonsense mRNA was cloned, and plas-
mid DNA isolated from 20 colonies was sequenced (see Materials
and Methods for details). Interestingly, 19 of 20 colonies were
positive for cap snatching from GFP nonsense mRNA, suggesting
that SNV RdRp snatched 95% of the caps from GFP nonsense
mRNA in virus-infected cells expressing this transcript. In com-
parison, 1 of 20 colonies was positive for cap snatching from GFP
mRNA, suggesting that only 5% of caps were snatched from GFP
mRNA in virus-infected cells expressing this transcript (data not
shown). Thus, both 5" RACE and real-time PCR analysis suggest
that the cap-donating potential of nonsense GFP mRNA is ~25-
fold higher than that of GFP mRNA.

To further strengthen this observation, we synthesized the GFP
mRNA and nonsense GFP mRNA by in vitro T7 transcription, as
described in Materials and Methods. Both the mRNAs were
capped at the 5" terminus and polyadenylated at the 3’ terminus
(see Materials and Methods). To differentiate the 5' UTRs of GFP
mRNA and nonsense GFP mRNA, we mutated the 10th and 11th
residues downstream of the terminal cap in the 5’ terminus of GFP
mRNA from CA to AC (Fig. 1F). We cotransfected Vero E6 cells
with GFP mRNA and nonsense GFP mRNA, followed by viral
infection. Total RNA was purified from infected cells, and 5’
RACE was again used to examine the 5’ terminus of viral S-seg-
ment mRNA, as described above. An examination of 15 colonies
revealed that 13 out of 15 colonies were positive for cap snatching
from nonsense GFP mRNA. One colony each was positive for cap
snatching from GFP mRNA and cellular mRNA. Taken together,
these observations strongly establish that hantaviruses preferen-
tially snatch caps from nonsense mRNAs.

It has been previously reported that hantavirus RdRp prefer-
entially cleaves the host cell mRNA at a G residue during cap
snatching (24, 42). To confirm these hallmarks of correct cap
snatching, the PCR products from Fig. 1B were cloned in a TA
cloning vector (Invitrogen), and plasmid DNAs from 20 random
clones were sequenced to examine the cap-UTR junction. Al-
though the assay is not quantitative, it is evident from Fig. 1E that
capped mRNAs are cleaved at G residues, with a preference for the
14th G residue downstream of the 5’ cap. In addition, this obser-
vation further confirms the specificity of the PCR-based cap-
snatching assay. Similar observations were made from the 5’
RACE experiment (Fig. 1F).

SNV preferentially cleaves the host mRNA at a G residue 14
nucleotides downstream of the terminal cap. Since PTC-contain-
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PCDNAGFPnsG14 ™= @— UACACAACCCACUGCUUACUCCCUUAUCC ----- ~1.2kb---(A)n
PCDNAGFPnsG16 ™= @— UACACAACCCACUCCGUACUCCCUUAUCC ----=~1.2kb--(A)n
PCDNAGFPnsG18 === @— UACACAACCCACUCCUUGCUCCCUUAUCC ---=- ~1.2kb---(A)n
PCDNAGFPnsG20 === @— UACACAACCCACUCCUUACGCCCUUAUCC ----- ~1.2kb---(A)n
PCDNAGFPnsG22 === @— UACACAACCCACUCCUUACUCGCUUAUCC ----- ~1.2kb---(A)n
PCDNAGFPnsG24 === @— UACACAACCCACUCCUUACUCCCUGAUCC -----~1.2kb---(A)n
PCDNAGFPnsG13 === @— UACACAACCCACGCCUUACUCCCUUAUCC -----~1.2kb---(A)n
PCDNAGFPnsG12 ==mb @— UACACAACCCAGUCCUUACUCCCUUAUCC ----- ~1.2kb—-(A)n
PCDNAGFPnsG11 === @— UACACAACCCGCUCCUUACUCCCUUAUCC -...- ~1.2kb---(A)n

Universal primer set:
Forward primer: 5° TGGCTAACTAGAGAACCC 3’
Reverse primer: 5’ ATGGTCATCAGGTTCAATCC 3’

FIG 2 Characteristics of a preferred cap donor mRNA for hantavirus cap
snatching. (A) To determine the characteristics of the 5" mRNA termini that
are required for cap snatching, we generated multiple constructs, shown on the
left side. The mRNA encoded by each plasmid is shown by an arrow. The bold
letters show the mutations in the 5" mRNA terminus. The universal primer set
used in the real-time PCR studies is shown at the bottom. (B) Vero E6 cells
were transfected with the plasmids shown in panel A, followed by SNV infec-
tion. Total mMRNA was purified and reverse transcribed using a primer specific
to the S-segment mRNA. Using the universal primer set, the cDNA was used in
real-time PCR analysis to quantify the caps obtained by the S-segment mRNA
from the mutant mRNAs expressed from the transfected plasmid of interest
(see Materials and Methods for details).

ing GFP mRNA was preferentially used for cap snatching, this mRNA
was further examined to demonstrate the characteristics of the 5’
mRNA termini that are prerequisite for cap snatching. Both wild-
type and PTC-containing GFP mRNAs contain five G residues in the
first 30-nucleotide region of the 5" UTR (Fig. 1E). Using site-directed
mutagenesis, we first mutated these five G nucleotides to C residues
(pPCDNAGFPnsGO) and asked whether the resulting mutant mRNA
was still an efficient cap donor for the hantavirus cap snatching (Fig.
2A). We used a real-time PCR analysis to quantitatively estimate the
caps obtained by the S-segment mRNA from the test mRNAs ex-
pressed from the transfected plasmids of interest (see Materials and
Methods). As shown by the Fig. 2B, the lack of G residues in the 5’
terminus of the test mRNA drastically decreased its cap-donating
potential to an undetectable level. This observation further confirms
that G residues in the 5’ terminus of an mRNA are required for effi-
cient cap snatching. From plasmid pPCDNAGFPnsGO (Fig. 2A), we
generated multiple constructs to further examine the requirements of
a capped mRNA to serve as an efficient cap donor during cap snatch-
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FIG 3 Role of nucleotide complementarity in hantavirus cap snatching. (A) To determine whether nucleotide complementarity at the 3’ termini of viral genomic
RNA and the capped primer have a role in cap snatching, we generated five additional plasmids, shown on the left side. The mRNAs expressed from these plasmids
are shown by arrows. The bold letters show the mutations in the 5" mRNA terminus. The complementary nucleotides between the test mRNA and the viral
genomic RNA are shown. (B) Vero E6 cells were transfected with the plasmids shown in panel A, followed by SNV infection. Total mRNA was purified and reverse
transcribed using a primer specific to the S-segment mRNA. Using the universal primer set, the cDNA was used in real-time PCR analysis to quantify the caps
obtained by the S-segment mRNA from the mutant mRNAs expressed from the transfected plasmids shown in panel A (see Materials and Methods for details).

ing (Fig. 2A). We incorporated a single G residue at either the 14th
(pCDNAGFPnsG14), 16th (pCDNAGFPnsG16), 18th (P CDNAGF
PnsG18), 20th (pCDNAGFPnsG20), 22nd (pCDNAGFPnsG22),
24th (pCDNAGFPnsG24), 13th (pPCDNAGFPnsG13), 12th (pCD
NAGFPnsG12), or 11th position (pCDNAGFPnsG11) from the 5’
cap (Fig. 2A). Vero E6 cells were transfected with these mutant plas-
mids, followed by the viral infection. Using the universal primer set
(Fig. 2A, bottom), the real-time PCR analysis showed that incorpo-
ration of a single G residue at the 14th position from the 5" cap dra-
matically enhanced the ability of the test mRNA to donate caps dur-
ing cap snatching (Fig. 2B). However, the displacement of the 14th G
residue further downstream or upstream had a negative effect on the
cap-donating ability of the test mRNA (Fig. 2B), suggesting that the
presence of a G residue at the 14th position from the 5" cap improves
the chances of an mRNA to serve as an efficient cap donor during
hantavirus transcription initiation.

Sequence complementarity between the 3’ termini of the
capped primer and viral genomic RNA favors cap snatching. To
determine whether the complementarity between the nucleotides
at the 3’ terminus of viral genomic RNA and the nucleotides lo-
cated in the vicinity of the high-priority cleavage site (14th G res-
idue) of the cap donor mRNA improves the efficiency for cap
donation, we generated five additional mutants (Fig. 3A). The
mutants pCDNAGFPns(i) and pCDNAGFPns(ii) express
mRNAs having either two or three nucleotides at positions 13 to
14 or 12 to 14, respectively, complementary to the 3’ terminus of
the viral genomic RNA (Fig. 3A). Similarly, three other mutants,
pCDNAGFPns(iii), pCDNAGFPns(iv), and pCDNAGFPns(v),
which have either three, six, or nine nucleotides complementary
to the 3’ terminus of viral genomic RNA were generated (Fig. 3A).
The mutant plasmids were transfected into Vero E6 cells, followed
by viral infection, and caps obtained by the S-segment mRNA
from the corresponding mutant mRNAs were quantified by real-
time PCR, using the universal primer set. It is evident from Fig. 3B
that a gradual increase in the nucleotide complementarity signif-
icantly enhances preferential usage of caps from the test mRNA
during cap snatching. Although it has been previously reported
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that cleavage of capped mRNAs by the endonuclease subunit of
influenza virus RdRp occurs independent of the 3’ terminus of
viral genomic RNA (60), the recent findings suggest that influenza
virus transcriptase also prefers capped primers with 3’ nucleotides
more complementary to the 3’ terminus of viral genomic RNA
(25).

SNV snatches caps from its own mRNA. SNV preferentially
snatched caps from the transcripts containing 5" nucleotides com-
plementary to the 3’ terminus of the viral genomic RNA (Fig. 3B).
Caps were snatched with remarkable efficiency from the GFP non-
sense transcript having a nine-nucleotide-long triplet repeat se-
quence (UAGUAGUAG) in the 5" UTR, which is complementary
to the 3’ terminus of viral genomic RNA (Fig. 3B). All hantaviral
mRNAs contain this triplet repeat sequence at the same location,
raising a question of whether hantaviruses snatch caps from their
own mRNAs during infection. To test this hypothesis, we cloned
the gene encoding the hantavirus glycoprotein precursor (GPC)
along with 5" and 3’ UTRs in the ptriEX1.1 vector. A PCR product
was generated from the resulting plasmid using a forward primer
containing a flanking 5" T7 promoter preceded by the 14 nucleo-
tides of the 5" UTR of the GFP mRNA and a reverse primer con-
taining a flanking 5’ poly(A) tail of 50 nucleotides in length. The
resulting PCR was used as the template in a T7 transcription reac-
tion for the synthesis of GPC mRNA (see Materials and Methods
for details). The purified mRNA was capped at the 5’ terminus, as
described in Materials and Methods. This capping method incor-
porates cap 1 structure, predominantly found in all higher eukary-
otic mRNA (5). The cap 1 structure was found to be required for
priming the transcription of influenza virus mRNA (10). The syn-
thesis of GPC mRNA was performed in such a way that the 5’ 14
nucleotides of the GPC transcript matched all other transcripts
used in this study (Fig. 4A). In addition, the synthesized GPC
mRNA also matched the transcript generated by the viral RdRp.
Similarly, we synthesized the GPCns mRNA containing a PTC 15
amino acids downstream of the initiating methionine (Fig. 4A).
For comparison, we also synthesized GFP mRNA and GFP non-
sense mRNA using T7 RNA polymerase (Fig. 4A). Vero E6 cells
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FIG 4 SNV snatches caps from its own mRNA. (A) To determine whether hantaviruses snatch caps form their own mRNAs, we synthesized SNV glycoprotein
precursor (GPC) mRNA and GPC nonsense mRNA by T7 transcription reaction, as described in Materials and Methods. The two mRNAs are the same in
sequence except that nonsense GPC mRNA has two additional CC residues in the GPC ORF four amino acids from the initiating methionine. This additional
mutation generated a stop codon 15 amino acids downstream of the initiating methionine. For comparison we synthesized GFP mRNA and nonsense GFP
mRNA using a T7 transcription reaction, as described in Materials and Methods. GFP mRNA and nonsense GFP mRNA are the same in sequence except that
nonsense GFP mRNA has a PTC two amino acids from the initiating methionine. It must be noted that the 5'-terminal 15 nucleotides of all these four mRNAs
are the same in sequence. (B) Vero E6 cells were transfected with the mRNAs shown in panel A, followed by SNV infection. Caps snatched by SNV RdRp from
these four transcripts were quantified by real-time PCR analysis using the universal primer set shown in Fig. 2A (see Materials and Methods for details). To ensure
that transfected mRNA were properly engaged in translation, Vero E6 cells were transfected with the mRNA shown in panel A. Cells were lysed 36 h posttrans-
fection, and cell lysates were examined by Western blot analysis (inset) using either anti-GFP (i) or anti-His tag (ii) antibody. The GPC contained a C-terminal

His tag and was examined by ant-His tag antibody.

were transfected with these mRNAs, and the expression of GPC
and GFP was monitored by Western blot analysis. Unlike non-
sense mRNAs, the GFP and GPC expression was observed in cells
transfected with GFP mRNA and GPC mRNA, respectively (Fig.
4B, inset). The cap-donating potential of these four transcripts
(Fig. 4A) was quantified by a real-time PCR, using the primer set
shown in Fig. 1A. As shown in Fig. 4B, SNV snatched caps from
both mRNAs encoding either GFP or viral GPC protein. However,
both GFP and GPC mRNAs harboring PTCs served as efficient
cap donors in comparison to their respective wild-type mRNAs.
Moreover, it is noticeable from Fig. 4B that in comparison to GFP
nonsense mRNA, SNV preferentially snatched caps from its own
mRNA having a PTC.

Since GPC generates two transmembrane proteins, Gn and Gc,
the translation of GPC mRNA occurs on the endoplasmic reticu-
lum (ER). The GFP is a soluble cytoplasmic protein; it is likely that
GFP mRNA is translated by the cytoplasmic ribosomes. Thus, the
possibility that hantaviruses preferentially snatch caps from non-
sense mRNAs associated with ER cannot be ruled out.
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Role of cellular P bodies in hantavirus cap snatching. We
have previously reported that capped host mRNA oligoribonucle-
otides bound with SNV N protein were abundantly found in cel-
lular P bodies which were later efficiently used as primers by the
hantavirus RdRp for transcription initiation (42). It is possible
that N independently migrates to P bodies and selectively associ-
ates with the 5’ caps of those cellular transcripts that are trans-
ported to P bodies for degradation. Alternatively, it is equally
likely that N independently associates with the mRNA 5’ caps in
the cytoplasm and migrates to P bodies along with bound mRNAs,
which are targeted to P bodies for degradation. To test these two
possibilities and to demonstrate the general role of cellular P bod-
ies in hantavirus cap snatching, we used siRNAs to downregulate
GW182 and Ge-1 proteins in Huh-7 cells. Downregulation of
Gw182 and Ge-1 was confirmed by Western blot analysis (Fig. 5A
and B). Both Gw182 and Ge-1 are critical P-body components
whose downregulation has been reported to cause P-body loss in
cells (38, 69). The decapping enzyme Dcp2 is a P-body resident
and a commonly used marker to examine the P-body formation in
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FIG 5 Role of cellular P bodies in hantavirus cap snatching. (A) Downregulation of GW182 by siRNA. To determine whether GW182 was downregulated after
siRNA treatment, cells transfected with either siRNA or control siRNA were lysed and GW182 expression was monitored by Western blot analysis using
anti-GW182 antibody. To confirm that downregulation of GW182 observed by Western blot analysis was not a loading error, equal volumes of cell lysate were
examined for the expression of B-actin by Western blot analysis (bottom bands). (B) Similar to what is shown in panel A, the downregulation of Ge-1 by siRNA
was confirmed by Western blot analysis using anti-Ge-1 antibody. (C) Downregulation of GW182 and Ge-1 by siRNA causes the downregulation of cellular P
bodies. Huh-7 cells were transfected with 150 nM either control siRNA, GW-182 siRNA, or Ge-1 siRNA. Twenty-four hours posttransfection, cells were fixed
with formaldehyde and stained with anti-Dcp2 antibody. Cells were visualized under fluorescence microscope using a FITC-conjugated secondary antibody. Bar,
10 pm. (D) Wild-type or P-body-downregulated Huh-7 cells were cotransfected with pCDNAGFPns and pCDNA-SNVN plasmids, expressing the cap donor test
mRNA and SNV N protein, respectively. Thirty-six hours posttransfection, cells were lysed and total RNA was purified and reverse transcribed using random
primers. The effect of N upon the stability of the test mRNA was quantified by real-time PCR analysis using a forward primer, 5'-TAGAGAACCCACTGCTTA
CTGGC-3', and a reverse primer, 5'-CAGATGAACTTCAGGGTCAG-3', to amplify 241 nucleotides from the 5" mRNA terminus. (E) Huh-7 cells transfected
with either siRNA or control siRNA along the cap donor plasmid pPCDNAGFPns were infected with SNV. Caps snatched by the SNV from the test mRNA were

quantified by real-time PCR analysis using the primer set shown in Fig. 1A.

sense mRNA was quantitatively estimated by real-time PCR anal-
ysis using a primer set targeted to amplify 180 nucleotides at the 5’
terminus of the mRNA, as previously reported (42). As shown in
Fig. 5D, the loss of P-body machinery resulted in the protection of
the 5' mRNA terminus independent of N protein expression. This
protection was likely due to the inefficient decapping machinery
in P-body-downregulated cells (38, 69). Interestingly, we ob-
served a remarkable protection of the 5" mRNA terminus by SNV
N in both wild-type and P-body-downregulated cells. This obser-
vation suggests that SNV N likely binds to the capped host cell
mRNAs in the cytoplasm outside the P bodies. To delineate
whether P bodies play a role in hantavirus cap snatching and viral
mRNA synthesis, we transfected the Huh-7 cells with the cap do-
nor plasmid pPCDNAGFPns, followed by the viral infection. The

cells. Using an anti-Dcp2 antibody, the P-body formation in wild-
type and siRNA-downregulated Huh-7 cells was examined by flu-
orescence microscopy. As evident from Fig. 5C, the downregula-
tion of GW182 and Ge-1 causes P-body loss in Huh-7 cells.

We next asked whether SNV N can bind to the 5" caps and
equally protect the 5 terminus of the nonsense mRNA in wild-
type and P-body-deficient Huh-7 cells. If N selectively protects the
5" caps of cellular mRNAs in P bodies, we do not expect such
protection in Gw182-deficient cells. We cotransfected the wild-
type and P-body-deficient Huh-7 cells with a pCDNAGFPns con-
struct expressing nonsense GFP mRNA along with a plasmid ex-
pressing SNV N protein. At 36 h posttransfection, cells were lysed
and total RNA was purified and reverse transcribed using random
primers, as previously reported (42). The 5" terminus of GFP non-
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cap-snatching efficiency by SNV RdRp in P-body-deficient Huh-7
cells was compared with that of wild-type Huh-7 cells having in-
tact P-body machinery. Since the protection of the 5 mRNA ter-
minus by N protein in P-body-deficient cells was around 2-fold
greater than that in the wild-type Huh-7 cells (Fig. 5D), we ex-
pected corresponding increases in cap snatching in P-body-defi-
cient cells. Interestingly, we observed that cap snatching, and
hence viral mRNA synthesis, was not improved in P-body-defi-
cient cells compared to that in wild-type cells (Fig. 5E). This ob-
servation suggests that N increases the RNA half-life with no
mechanism inferred.

DISCUSSION

The viral genome of negative-sense RNA viruses is encapsidated
into viral nucleocapsids, which serve as templates for RdRp during
transcription and replication of the viral genome (56, 58). The
negative-strand segmented RNA viruses of the Orthomyxoviridae
(e.g., influenza A, B, and C and Thogoto viruses), Bunyaviridae
(e.g., La Crosse, hanta, Rift Valley fever, and Crimean-Congo
hemorrhagic fever viruses) and Arenaviridae (e.g., Lassa virus)
families synthesize the translation-competent capped mRNAs by
the cap-snatching mechanism. This mechanism has been well
studied for the influenza virus, having an RARp composed of three
subunits, PA, PB1, and PB2. The PBI subunit contains a con-
served polymerase domain, which carries out RNA elongation
during RNA synthesis (55). The PB2 subunit binds to the 5" caps
of host pre-mRNAs (26, 36), and the PA subunit has the endonu-
clease domain, which cleaves the capped pre-mRNAs 10 to 13
nucleotides downstream of the 5’ cap (19, 70). The capped oligori-
bonucleotides are used as primers by the viral RdRp to initiate the
transcription. The presence of an endonuclease domain in the
RdRps of several other viruses, including SNV, has recently been
proposed (47, 61). However, it is not yet clear whether, similarly to
that in influenza viruses, the entire cap-snatching process in these
viruses is carried out solely by the RdRp or other host factors or
whether viral proteins also play a role. Sequence analyses of many
viral mRNA 5’ termini have revealed a nucleotide preference at
the 3" end of the capped primer, which has been assumed to reflect
the sequence preference for cleavage by the viral endonuclease
during cap snatching. For example, in the case of Dugbe virus
endonucleolytic cleavage is assumed to take place after a C residue
(31), whereas for Bunyamwera virus a strong preference for cleav-
age after a U residue has been proposed (30). In tomato spotted
wilt virus, preference for an A residue has been confirmed (20).
However, it has been reported that influenza virus RdRp effec-
tively uses only CA-terminated capped fragments as primers for
viral mRNA synthesis in vitro. Consistent with our previous ob-
servation (42), we have found that primers used by the SNV RdRp
are terminated at G residues. Taking these observations into con-
sideration, it is likely that RARps have a preference for the endo-
nucleolytic cleavage at certain nucleotides in the mRNA sequence.
However, it is also possible that RdRps randomly cleave the
capped mRNAs and that the resulting capped fragments with ap-
propriate terminal nucleotides are selected as primers. The selec-
tion may depend upon the appropriate location of complemen-
tary nucleotides at the 3’ terminus of the VRNA template.
Previous studies have reported that most viruses use 15-nucle-
otide-long capped primers with a variation of 10 to 20 nucleotides
for transcription initiation (7, 9, 15, 18, 22, 31, 51, 52, 65). How-
ever, viruses of the Arenaviridae and the nairovirus genus use rel-
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FIG 6 Hantavirus cap-snatching model. (Step 1) An mRNA engaged in trans-
lation is not used for cap snatching. N protein can bind to the mRNA cap
before translation or after the completion of translation. (Step 2) N-associated
mRNAs are targeted to P bodies for degradation. N protects the mRNA caps
from degradation in P bodies. The rescued 5'-capped mRNA oligoribonucle-
otides are stored in P bodies by N and are efficiently used for cap snatching
outside P bodies. Alternatively, N-associated mRNAs outside the P bodies can
be directly used in cap snatching with less efficiency. (Step 3) The endonuclease
activity of hantavirus RdRp or a possible cellular endonuclease preferentially
cleaves the capped oligonucleotides at G residues. (Step 4) N protein with a
capped primer at the cap binding site simultaneously binds the 3" terminus of
the viral RNA genome and facilitates the annealing of the capped primer with
the 3’ terminus of the vVRNA template. The capped primer with 3’ nucleotides
more complementary to the 3’ terminus of VRNA genome is preferred for
transcription initiation.

atively shorter primers, varying in length from 1 to 4 and 5 to 16
nucleotides, respectively (24, 31, 59). We observed that SNV has a
strong preference for 14-nucleotide-long primers containing a 3'-
terminal G residue. It is still a mystery why the RdRps from differ-
ent viruses use capped primers of various lengths for the transcrip-
tion initiation. A possible role of the length of a capped primer in
transcription initiation has been suggested in the cap-snatching
model (Fig. 6).

In hantaviruses, the capped primer containing a 3’ G residue
has been proposed to undergo base pairing with one of the C
residues at the 3’ terminus of the VRNA template during tran-
scription initiation (24). It has been suggested that RdRp elon-
gates the annealed primer during transcription initiation using a
“prime and realign” mechanism (24, 42). However, it is interest-
ing to imagine how a single G-C base pairing between the RNA
primer and 3’ terminus of the VRNA template stabilizes the primer
and favors its annealing. We have previously reported that hanta-
virus N protein stabilizes a capped primer at the 3’ terminus of the
vRNA template (45). We showed that N protein binds the mRNA
caps and has distinct cap and RNA binding sites (42, 43). N pro-
tein with a capped primer loaded at its cap binding site simulta-
neously binds the 3’ terminus of the vVRNA template with speci-
ficity and facilitates the annealing of the capped primer with the
template, which favors transcription. To further address the an-
nealing of the capped primer with the vRNA template during the
cap-snatching mechanism of transcription initiation, we asked
whether the complementarity between the 3’ termini of the
primer and vRNA template favors cap snatching. We incorpo-
rated two nucleotides preceding the high-priority cleavage site
(14th G) in the 3" terminus of test mRNA which were complemen-
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tary to the 3’ terminus of the genomic RNA (Fig. 3A). Similarly,
either three, six, or nine nucleotides complementary to the 3’ ter-
minus of the VRNA template were incorporated in the test mRNA,
preceding the 14th G residue (Fig. 3A). These complementary
nucleotides contained G residues, which can also serve as low-
priority cleavage sites for the RARp. An examination by a very
sensitive real-time PCR method demonstrated that these test
mRNAs served as efficient cap donors during cap snatching. These
observations support the recent findings that although the cleav-
age of capped mRNAs by the endonuclease subunit of influenza
RdRp occurs independent of the 3’ terminus of viral genomic
RNA (60), the influenza virus transcriptase prefers capped prim-
ers with 3’ nucleotides more complementary to the 3" terminus of
viral genomic RNA (25). We propose that for an mRNA to be an
efficient cap donor during cap snatching, it must contain a high-
priority cleavage site at an appropriate length from the 5’ termi-
nus. For example, an mRNA having a G residue at the 14th posi-
tion will be the preferred cap donor for hantavirus cap snatching.
In addition, the nucleotide complementarity between the 3’ ter-
mini of the capped primer and vRNA template favors the anneal-
ing of the primer with the vRNA template.

Although the basic mechanism for the generation of capped
primers of appropriate length and specificity might be similar be-
tween the RdRps of influenza virus and SNV, the basic difference
in their cap-snatching mechanism would be due to their replica-
tions at different locations in the host cell. The cellular mRNAs are
engaged in translation in the cell cytoplasm and are targeted to P
bodies for degradation after the completion of translation. Thus,
unlike influenza virus, whose replication takes place in the nu-
cleus, the viruses replicating in the cytoplasm, such as SNV and
Rift Valley Fever virus, have to effectively compete with the host
decapping machinery to protect the mRNA caps from degrada-
tion. We have previously reported that hantavirus N protein ac-
tively protects the host mRNA caps from degradation (42). N
binds to the host mRNA caps and likely blocks the binding of the
decapping enzyme DCP2 at the mRNA 5" cap by competitive in-
hibition, which would result in the protection of host mRNA caps
from degradation. The rescued 5’ capped RNA oligoribonucle-
otides were sequestered in the cellular P bodies by N and were later
efficiently used as primers by the RARp. These observations raised
the questions of whether N binds to the mRNA caps in the cyto-
plasm or inside the P bodies and whether P bodies have any role in
the cap-snatching process. Protection of host mRNA caps in P-
body-downregulated cells support the idea that N likely binds the
mRNA caps inside the cytoplasm. N protein is likely transported
to the P bodies along with the mRNAs, which are targeted for
degradation after the completion of translation. Although N res-
cued the mRNA caps in P-body-deficient cells, the rescued caps
were not used with significant efficiency in comparison to cells
having intact P-body machinery. These observations suggest that
P bodies might play a role in virus replication by providing the
capped primers with high efficiency for the transcription initia-
tion. Alternatively, a possible role of a P-body component in han-
tavirus cap snatching cannot be ruled out. Further experimenta-
tion is required to demonstrate the exact role of cellular P bodies
in the cap-snatching process. A critical observation that PTC-con-
taining mRNAs were remarkably efficient cap donors in compar-
ison to the wild-type mRNAs suggests that efficiency of an mRNA
to donate caps for viral mRNA synthesis is regulated primarily at
the translation process. An mRNA engaged in translation may not

September 2012 Volume 86 Number 18

Hantavirus Cap Snatching

be an efficient cap donor even if it contains a potential G residue at
the 14th position or contains a sequence more complementary to
the 3’ terminus of the viral RNA template. We propose that han-
taviruses obtain most of their caps from the mRNAs, which abort
translation due to PTCs or other translation defects.

The interesting observation that hantaviruses can snatch caps
from their own mRNAs is consistent with the positive role of the
nucleotide complementarity between the 3" termini of the capped
primer and the VRNA template in cap snatching. However, the
cap-donating efficiency of wild-type mRNAs is negligible in com-
parison to that of the nonsense mRNAs; it is unlikely that viral
mRNAs will be efficiently used for cap snatching during viral in-
fection due to their continued engagement in the translation. We
found that viral mRNAs containing a PTC were remarkably used
for cap snatching with high efficiency. Hantavirus RdRp lacks
proofreading activity. The promiscuous nature of polymerization
by RdRps due to the lack of proofreading ability is thought to be
the primary source of evolution in RNA viruses, which provides
them an ability to replicate in different hosts and produce more
pathogenic strains. An error rate of approximately 1 mutation/
replication/genome for hantaviruses has been estimated. Al-
though this mutation rate is negligible, the nonsense mRNAs gen-
erated due to the lack of proofreading activity of the RARp will be
actively recycled for cap snatching. We suggest that apart from
helping in the evolutionary strategies of the virus, the lack of
proofreading activity of the RdRp plays a role in cap snatching. A
model depicting the role of N protein and cellular P bodies in
hantavirus cap snatching is shown in Fig. 6.
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