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Mammalian arenavirus (mammarenavirus) mRNAs are
characterized by 5'-capped and 3'-nonpolyadenylated un-
translated regions (UTRs). We previously reported that the
nonpolyadenylated 3'-UTR of viral mRNA (vmRNA), which is
derived from the noncoding intergenic region (IGR), regulates
viral protein levels at the posttranscriptional level. This finding
provided the basis for the development of novel live-attenuated
vaccines (LAVs) against human pathogenic
enaviruses. Detailed information about the roles of specific

mammar-

vmRNA 3'-UTR sequences in controlling translation efficiency
will help in understanding the mechanism underlying attenu-
ation by IGR manipulations. Here, we characterize the roles of
cis-acting mRNA regulatory sequences of a prototypic mam-
marenavirus, lymphocytic choriomeningitis virus (LCMV), in
modulating translational efficiency. Using in vitro transcribed
RNA mimics encoding a reporter gene, we demonstrate that
the 3'-UTR of nucleoprotein (NP) mRNA without a poly(A) tail
promotes translation in a poly(A)-binding protein-independent
manner. Comparison with the 3’-UTR of glycoprotein precur-
sor mRNA, which is translated less efficiently, revealed that a
10-nucleotide sequence proximal to the NP open reading frame
is essential for promoting translation. Modification of this
10-nucleotide sequence also impacted reporter gene expression
in recombinant LCMV. Our findings will enable rational design
of the 10-nucleotide sequence to further improve our mam-
marenavirus LAV candidates and to develop a novel LCMV
vector capable of controlling foreign gene expression.

Rodent-borne  mammalian  arenaviruses  (mammar-
enaviruses) include several human pathogenic agents that are
responsible for diseases ranging from mild febrile illnesses to
life-threatening viral hemorrhagic fever. Lassa virus (LASV) is
the most significant agent among mammarenaviruses, and it
raises special public health concerns in West African countries
(1). LASV infects several hundred thousand individuals yearly,
which results in a high number of Lassa fever cases with sig-
nificant mortality. Moreover, a novel mammarenavirus, Lujo
virus, was identified from patients of the recent cluster of
hemorrhagic fever cases in Zambia and the Republic of South
Africa, which raises concerns about the potential future
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emergence of novel mammarenaviruses that cause hemor-
rhagic fever (2, 3). Mounting evidence has also indicated that a
globally distributed prototypic mammarenavirus, lymphocytic
choriomeningitis virus (LCMV), is an important human
pathogen of clinical significance, especially in immunocom-
promised or pregnant individuals (4—7). Despite their signifi-
cant impact on human health, medical countermeasures
against human pathogenic mammarenaviruses are limited.
There are no licensed vaccines against LASV, and off-label use
of ribavirin is currently the most practical approach for
treating patients with Lassa fever. However, ribavirin is only
partially effective and associated with significant adverse
effects (8—-10).

Mammarenaviruses have a bisegmented single-stranded
RNA genome that uses an ambisense coding strategy to
direct the expression of viral mRNAs from two viral genes
arranged in opposite orientations, separated by a noncoding
intergenic region (IGR) (11). The S segment RNA encodes the
viral nucleoprotein (NP) and the glycoprotein precursor
(GPC). The GPC is cotranslationally processed by signal
peptidase to generate a stable signal peptide (SSP) and post-
translationally processed by site 1 protease to generate the
mature virion surface glycoproteins GP1 and GP2. GP1 and
GP2 together with the SSP form the glycoprotein complex,
which is responsible for receptor recognition and cell entry.
The L segment RNA encodes the viral RNA-dependent RNA
polymerase (L) and the matrix RING finger protein (Z). Unlike
most cellular mRNAs, mammarenaviral mRNA has a non-
polyadenylated 3'-UTR. Transcription by the L protein is
initiated from the 3'-termini of genomic and antigenomic
RNAs using a 5'-capped RNA fragment for priming obtained
from cellular mRNA by cap snatching, and transcription ter-
minates within the IGR, generating 5'-capped and 3'-non-
polyadenylated viral mRNA (vmRNA) (12-15). Heterogeneity
of the ends of the 3'-UTR indicates that transcription termi-
nation is induced by the secondary structure of the IGR, rather
than by a specific terminator signal sequence (16). We used an
LCMYV minigenome system and showed that swapping of the
IGRs in the minigenome RNAs between the S and L segments
resulted in altered control of viral protein levels at the post-
transcription level (17). We previously used the finding that
IGR sequences regulate vmRNA translation efficiency to
develop a novel genetic approach for rational attenuation of
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mammarenaviruses. Recombinant LCMV and LASV contain-
ing the S segment IGR (S-IGR) in both the S and L segments
were severely attenuated in vivo and able to elicit protective
immunity against a lethal challenge with their parent virulent
strains (18, 19). In addition, partial deletions in the L segment
IGRs (L-IGRs) of other mammarenaviruses, Lujo virus and
Machupo virus (the causative agent of Bolivian hemorrhagic
fever), were associated with an attenuated phenotype in
cultured cells (20) and in vivo (21). Although the IGR plays a
critical role in mammarenaviral multiplication, limited infor-
mation on the roles of specific vmRNA 3'-UTR regions in
controlling translation efficiency has hampered a detailed
understanding of the mechanism underlying attenuation by
the modified IGR. In this study, we further investigated the
contribution of the 3'-UTR sequence of LCMV mRNA to
translation regulation employing a reporter system using
in vitro transcribed mRNA that mimics 5'-capped and
3’-nonpolyadenylated vmRNA. We demonstrate that the
3'-UTR of NP mRNA with no poly(A) tail promotes trans-
lation in a poly(A)-binding protein (PABP)-independent
manner. We show that a 10-nucleotide (nt) sequence located
on the 5’ side of the 3’ UTR of the NP mRNA is essential for
promoting translation. Importantly, the reporter protein level
was altered in cells infected with recombinant LCMV in which
the 10-nt sequence immediately downstream of the reporter
gene was modified. Our findings will enable rational design of
the 10-nt sequence to further improve our mammarenavirus
LAV candidates and to develop a novel LCMV vector capable
of controlling foreign gene expression.

Results
The 3'-UTR of NP mRNA promotes translation

Using a minigenome system, we previously demonstrated
that IGR sequences play a critical role in vmRNA translation
efficiency (17). To further investigate the roles of specific re-
gions in the cis-acting regulatory sequence of LCMV mRNA,
we used a reporter system with an in vitro transcribed
vmRNA-like mRNA (vImRNA) for the fluorescent reporter
gene ZsGreen (ZsG), flanked by a capped 5'-UTR and non-
polyadenylated 3'-UTR (Fig. 14). This reporter system allows
the accurate assessment of protein levels driven by the UTR
sequences of vmRNA without being affected by viral tran-
scription and replication activities. Intriguingly, the 3’ end of
the LCMV NP mRNA has been reported to have a high degree
of heterogeneity (12). To examine whether the length of the
3’-UTR of LCMV NP mRNA plays a critical role in translation
efficiency, we assessed ZsG levels in cells transfected with a
series of 3'-end-truncated vImRNAs. We generated vImRNAs
using PCR fragments containing the 3'-UTR that were serially
truncated from 64 nt (full length of the S-IGR) as templates for
in vitro transcription. Among the vImRNAs with 3'-UTRs 64
to 40 nt long, the ZsG levels (signal intensities) were highest in
HEK293 cells that were transfected with vImRNAs that had
55- and 50-nt-long 3'-UTRs (Fig. 1B). Further truncation did
not improve the ZsG levels (Fig. 1C). These results indicate
that LCMV NP mRNAs with 3'-UTRs 50 to 55 nt long exhibit
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better translation efficiency among NP mRNAs with variable
lengths of 3’-UTR. We used a 55-nt-long 3-UTR as the
representative 3'-UTR of LCMV NP vmRNA for the subse-
quent experiments.

In contrast to the significant heterogeneity of the 3’ ends of
NP mRNA, the 3’ ends of GPC mRNA formed a cluster at the
distal side of the IGR (12). Accordingly, for the GPC vImRNA,
we used the 53-nt-long 3’-UTR that was the longest among
clones of PCR fragments containing the 3’-UTR of LCMV
GPC mRNA because we considered that it would contain all of
the functional domains involved in translation regulation. We
generated vImRNAs containing 5'- and 3'-UTRs of NP mRNA
[VIMRNA(NP-NP)] or GPC mRNA [vVImRNA(GPC-GPC)] and
assessed the effects of the viral 5'- and 3'-UTR sequences on
protein levels and RNA stability in the transfected cells. The
signal intensity of ZsG in the cells transfected with
vImRNA(GPC-GPC) was approximately seven times lower
than that in cells transfected with vVImMRNA(NP-NP) without
significant reduction of the vImRNA level (Fig. 1, D and E),
which indicates that production of viral protein is regulated by
the UTRs of vmRNA at the translational level.

In a previous study, we used an LCMV minigenome system
and demonstrated that the vmRNA 3’-UTR, not the 5'-UTR,
played a critical role in controlling viral protein levels (17). We
aimed to reproduce these previous observations in our re-
porter system by generating a series of vVImRNAs with viral
5’'- and 3'-UTRs swapped between the NP and GPC mRNAs.
As expected, the ZsG levels were significantly reduced when
the 3'-UTR of vImRNA (NP-NP) was replaced with the 3'-UTR
of GPC mRNA [vImRNA(NP-GPC)] and significantly
increased when the 3’-UTR of vImRNA(GPC-GPC) was
replaced with the 3'-UTR of NP mRNA [vImRNA(GPC-NP)]
(Fig. 1F).

PABP is not involved in the vmRNA translation

Unlike the nonpolyadenylated mRNA of rotavirus, which
requires a nonstructural rotavirus protein, NSP3, to promote
translation (22-25), our in vitro transcribed vImRNA reporter
system demonstrated that translation could be executed in the
absence of viral proteins, suggesting that vmRNA translation is
mediated by viral protein-independent cellular machinery.
PABP interacts with the poly(A) tail of cellular mRNA and
eukaryotic initiation factor 4G (eIlF4G), which results in the
formation of circular mRNA and facilitates repetitive use of a
released ribosome for efficient translation (26-28). To gain
insight into vmRNA translation, we next investigated whether,
similar to cellular mRNAs, vmRNA also associated with PABP
and elF4G to promote translation. We generated vImRNAs
containing the 5-UTR of NP mRNA and the 3’-UTR of NP or
GPC mRNA incorporating 5-bromouridine (BrU). A portion of
vImRNA(NP-NP) incorporating BrU was polyadenylated
[VImMRNA(NP-NPAn)]. A vImRNA(NP-NP) lacking BrU was
used as a negative control. HEK293 cells were then transfected
with the vImRNAs. At 5 h posttransfection, we prepared total
cell lysates for RNA-immunoprecipitation (RIP) assays using an
agarose resin coated with an anti-5-bromo-2’-deoxyuridine
(BrdU) antibody that cross-reacts with BrU (Fig. 24). PABP was
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Figure 1. Contribution of the 5'- and 3’-UTRs of nucleoprotein (NP) and glycoprotein precursor (GPC) mRNAs to translation efficiency. A, left,
schematic diagram of in vitro transcribed viral mRNA-like mRNA (vImRNA) containing 5'- and 3’-UTRs from NP mRNA. ORF, open reading frame. Right,
agarose gel electrophoresis of an in vitro transcribed vImRNA containing 5'- and 3’-UTRs from NP mRNA [VImRNA(NP-NP)]. B and C, translation efficiency of
vImRNA with 3/-UTRs of different lengths. HEK293 cells were transfected with vImRNA containing the 5-UTR and serially truncated 3’-UTRs of NP mRNA
ranging from 64 nt (the length of the whole S segment intergenic region) to 0 nt. The ZsGreen (ZsG) signal intensity was measured 24 h posttransfection.
The mean intensity values for the 64- (B) and 55-nt-long (C) 3'-UTRs were set to 100%. D and E, contributions of UTR sequences from NP and GPC mRNAs to
translation efficiency. HEK293 cells were transfected with vImRNA(NP-NP) (NP) or vVImRNA(GPC-GPC) (GPC) or remained untransfected (UT). At 24 h
posttransfection, the ZsG signal intensity was measured using a fluorescence plate reader (D), and vVImRNA levels in the transfected cells were analyzed by
reverse-transcription quantitative PCR (RT-qPCR) (E). ND, not detected. F, left, schematic diagrams of the vimRNAs. Magenta and blue lines indicate the UTR
sequences from NP mRNA and GPC mRNA, respectively. Right, HEK293 cells were transfected with the corresponding vVImRNAs. The ZsG signal intensity was
measured using a fluorescence plate reader 24 h postinfection. Data represent the mean and standard deviation of three independent experiments.
Statistical significance was determined by comparing the signal intensity values with the value for VImRNA(NP-NP). ns, no significance; ** p < 0.01. UTR,
untranslated region.

efficiently coimmunoprecipitated with vImRNA(NP-NPAn),
but not with vImMRNA(NP-NP) or vImRNA(NP-GPC). Like-
wise, el[F4G was barely detected at similar levels by Western
blotting of the anti-BrdU antibody immunoprecipitates of
vImRNA(NP-NP) and vImRNA(NP-GPC), and elF4G protein
levels were significantly lower than that of VImRNA(NP-NPAn).
To rule out the possibility that different efficiency of coimmu-
noprecipitation of PABP and elF4G was due to inconsistent
immunoprecipitation efficiency, we also examined the levels of
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adenosine deaminases acting on RNA (ADAR), which is known
to bind to double-strand RNA (29). As we expected, ADAR
levels were compatible among anti-BrdU immunoprecipitates
of BrU-incorporated vImRNAs that form a double-stranded
stem structure at the 3-UTR. To further investigate the role
of PABP in LCMV mRNA translation, we examined the impact
of siRNA-mediated knockdown (KD) of PABP on the trans-
lation of vImRNAs with or without poly(A) (Fig. 2B). KD of
PABP significantly reduced ZsG levels in cells transfected with
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Figure 2. Assessment of viral mRNA-like mRNA (vimRNA) binding to host proteins involved in poly(A)-dependent mRNA translation. A, HEK293 cells
were transfected with vVImRNA(NP-NP) (3’-UTR: nucleoprotein, NP), vImRNA(NP-GPC) (3'-UTR: glycoprotein precursor, GPC), or vViImRNA(NP-NPAnN) [3'-UTR:
poly(A)] containing 5-bromouridine (BrU) (BrU: +). vImRNA(NP-NP) (no BrU incorporation, BrU: —) was transfected into HEK293 cells as a negative control. At
5 h posttransfection, we prepared total cell lysates for RNA-immunoprecipitation assays using an agarose resin coated with an anti-5-bromo-2'-deoxyuridine
(BrdU) antibody. Protein levels of eukaryotic initiation factor 4G (elF4G), poly(A)-binding protein (PABP), adenosine deaminases acting on RNA (ADAR), and
GAPDH in cell lysates (Input) and anti-BrdU immunoprecipitates (IP: Anti-BrdU) were analyzed by Western blotting. B, reduction of PABP levels by
siRNA-mediated gene knockdown (KD). HEK293 cells were transfected with siRNA against PABP (siPABP) or with nonsilencing mismatch siRNA (siControl). At
48 h posttransfection, total cell lysate was prepared, and the protein levels of PABP and GAPDH in cell lysates were determined by Western blotting. C, effect
of siRNA-mediated KD of PABP on vImRNA translation. HEK293 cells transfected with either siPABP or siControl for 48 h were further transfected with
vIMRNA(NP-NP), vImRNA(NP-GPC), or vImRNA(NP-NPAN). At 24 h posttransfection with vVImRNAs, the ZsG signal intensity was measured by a fluorescence
plate reader. The mean value for the cells transfected with siControl for each vVImRNA was set to 100%. Data represent the mean and standard deviation of
three independent experiments. Statistical significance was determined by comparing the signal intensity values with the value for the cells transfected
with siControl. ns, no significance; *p < 0.05.

VIMRNA(NP-NPAn), but not with vImRNA(NP-NP) or combinations. Replacing the PR of vImRNA(NP-NP) with that
vImRNA(GPC-GPC) (Fig. 2C). These results indicate that of GPC mRNA [VImRNA(PRgpc-LRyp)] decreased the ZsG
vmRNA translation is regulated in a PABP-independent level to a value similar to that for vImRNA(NP-GPC) (Fig. 3B).
manner. Conversely, replacement of the PR of vImMRNA(NP-GPC) with
that of NP mRNA [vImRNA(PRnp-LRgpc)] significantly
A short 3'-UTR sequence located at the 5' side of ymRNA is @ increased the ZsG level to a value that was moderately lower
major determinant of translation efficiency (32%) than that of vIMRNA (NP-NP). These results indicate that
The LCMV S-IGR contains a putative hairpin structure witha  the PR sequence of vmRNA is essential for translation regula-
21-nt paired stem. Because of the perfect complementarity of ~tion, whereas the LR sequence only partially contributes to
the stem region, the 3'-UTR sequences derived from the stem VMRNA translation.
region of the NP and GPC mRNAs were identical. In addition,
we used 55-nt- and 53-nt-long 3'-UTRs as representative 3'- Sequence specificity of the PR to promote translation
UTRs of NP and GPC mRNAs, respectively, resulting in gen- To identify the PR sequence that promotes translation, we
eration of the same 3’-termini. Therefore, the 3'-UTR unique to  generated vImRNA(NP-NP)-deletion mutants with 2-nt de-
vImRNA (NP-NP) and vImRNA (NP-GPC) can be limited to the letions in the PR. Because the 10-nt PR of the NP mRNA con-
region located upstream of the stem region (proximal region, tains a CUCU sequence, the 2-nt deletions within the PR
PR) and loop region (LR) within the putative hairpin structure resulted in four vimRNA (NP-NP)-deletion mutants (del1-del4)
(Fig. 3A). To examine the contributions of the PR and LR se- (Fig. 44). The ZsG levels were significantly decreased in cells
quences to translation regulation, we generated vImRNAs with  transfected with these VImMRNA(NP-NP)-deletion mutants,
the 5’-UTR of NP mRNA containing chimeric 3'-UTRs with the  although the reductions varied from 48% to 70% (Fig. 4B), which
PR and LR from NP mRNA and GPC mRNA in all possible indicates that the absence of any of the 2-nt pairs reduced the
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Figure 3. Role of specific 3'-UTR sequences in translation of viral mRNA-like mRNAs (vImRNAs). A, alignment of the 3’-UTR sequences of
vImMRNA(NP-NP) and vImRNA(NP-GPC). Magenta and blue indicate vImRNA(NP-NP) and vImRNA(NP-GPC) specific regions, respectively; black lines indicate
the perfectly complementary 21 base pairs that form the stem regions. B, left, schematic diagrams of the 3’-UTRs of the vImRNAs. The magenta and blue
lines in the stem-loop structures indicate 3'-UTR sequences specific to the nucleoprotein (NP) and glycoprotein precursor (GPC) mRNAs, respectively; black
lines represent the stem region. Right, translation efficiency of the vImRNAs containing chimeric 3’-UTRs. HEK293 cells were transfected with the corre-
sponding vVImRNAs. The ZsGreen signal intensity was measured using a fluorescence plate reader 24 h postinfection. The mean value for vVimRNA(NP-NP)
was set to 100%. Data represent the mean and standard deviation of three independent experiments. Statistical significance was analyzed by one-way
ANOVA, and statistically significant differences were determined by Tukey’s multiple comparisons test. **p < 0.01. UTR, untranslated region.

translation efficiency of NP mRNA. This result and the finding random 10-nt or 8-nt sequences instead of the actual PR

that the PRs of the NP and GPC mRNAs were 10 and 8 nt long,
respectively, led us to explore the possibility that the PR length
was important for translation regulation. For this, we examined
Zs@ levels in cells transfected with vImRNA (NP-NP) containing

sequence of NP mRNA. The ZsG levels in cells transfected with
the two VImMRNA(NP-NP) mutants with the random 10-nt or
8-nt sequences as well as those with vImRNA(NP-GPC) were
significantly reduced when compared with those of the cells

A

PR sequence
NP 5/ - GACCCUCUGGGCCUCCCUGACUCUCCACCUCUUUCGAGGUGGAGAGUCAGGGAGG -3’

NP dell 5’ - - CCCUCUGGGCCUCCCUGACUCUCCACCUCUUUCGAGGUGGAGAGUCAGGGAGG -3’
NP del2 5’ - GA - 'CUCUGGGCCUCCCUGACUCUCCACCUCUUUCGAGGUGGAGAGUCAGGGAGG -3’
NP del3 5’ - GACC - 'CUGGGCCUCCCUGACUCUCCACCUCUUUCGAGGUGGAGAGUCAGGGAGG -3’
NP del4 5’ - GACCCUCU * ‘GCCUCCCUGACUCUCCACCUCUUUCGAGGUGGAGAGUCAGGGAGG -3’
GPC 5/ - AGAACAGCGCCUCCCUGACUCUCCACCUCUUUCGAGGUGGAGAGUCAGGGAGG -3’
Q\A: 150 - ;\? 150
Z 2
g 2
.‘E 100 g 100
s T
E’ ** *k 5
» ®
T 50 *% *k T 50
_ﬁ *% _g el *k -
© ©
£ £
[<] (<]
4 0= =z 0-
. N PR: NP GPC N10 N8

S & &8

Figure 4. Contribution of the length of the proximal region (PR) in the 3’-UTR of nucleoprotein (NP) mRNA to translation efficiency. A, alignment of
the 3/-UTR sequences of vImRNA(NP-NP)-deletion mutants. Magenta and blue indicate NP and glycoprotein precursor (GPC) mRNA-specific bases,
respectively. B, translation efficiency of the vVImRNA(NP-NP)-deletion mutants. HEK293 cells were transfected with the indicated viral mRNA-like mRNAs
(VImRNAs). The ZsGreen (ZsG) signal intensity was measured using a fluorescence plate reader 24 h post-infection. C, contribution of the PR length to
translation efficiency. The ZsG signal intensities of HEK293 cells transfected with vImRNA containing random 10-nucleotide (nt) (PR: N10) or 8-nt (PR: N8)
sequences in the PR are compared with those of cells transfected with vVImRNA(NP-NP) (PR: NP) or VImRNA(PRgpc-LR\p) (PR: GPC). NP del1-del4,
vImRNA(NP-NP)-deletion mutants. The mean value for vimRNA(NP-NP) (PR: NP) was set to 100%. Data represent the mean and standard deviation of three
independent experiments. Statistical significance was determined by comparison with the values for vimRNA(NP-NP). **p < 0.01.
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transfected with vVImRNA (NP-NP), which indicates that the PR
length was not a sufficient condition to promote translation

(Fig. 4C).

Involvement of the secondary structure of the PR in regulating
translation efficiency

The 3'-UTRs of the L and Z mRNAs transcribed from L
segment RNA also play a critical role in translation regulation
(17). To examine this further, we determined whether the PR
sequence from L or Z mRNA also supported low or high
translation efficiency, respectively, in the context of the NP
mRNA 3'-UTR. For this, we replaced the PR sequence of
vImRNA(NP-NP) with an 8-nt or 10-nt sequence just down-
stream of the translation termination codon of L. mRNA
(low translation efficiency) [VImMRNA(PR;-LRyp)] or Z mRNA
(high translation efficiency) [VImMRNA(PRy-LRyp)], respec-
tively. VImMRNA(PRz-LRyp) drove efficient production of ZsG
equal to that with vImRNA(NP-NP) (Fig. 54). Conversely, the
ZsG levels in cells transfected with vImRNA (PR -LRyp) were
significantly reduced compared with the level with
vIMRNA(NP-NP) and similar to that with vImRNA
(PRgpc-LRyp). Intriguingly, the PR sequence of Z mRNA
(PRz) had a high degree of sequence identity with that of NP
mRNA (PRyp), where seven of the 10 nts were identical
(Fig. 5B, i). To identify nt bases in PRy that were identical to
those in PRyp required for efficient translation of
vImRNA(NP-NP), we introduced nt substitutions so that the
newly generated vImRNA did not contain the original nt bases
in the three parts of PRyp, ACC, UC, and GG, identical to PRy,
of VImMRNA(NP-NP). The resulting vImRNAs both showed
significant reductions in ZsG levels, but to different degrees
(39%—74%) (Fig. 5B, ii).

Because we failed to clearly identify specific nt bases in the
PRyp critical for NP mRNA translation, we considered whether
the secondary structure, rather than the primary sequence, was
involved in translation regulation by PRyp. For this, we compared
the predicted secondary structures of the 3'-UTRs of
vVImMRNA(NP-NP) and vImRNA(PRgpc-LRyp) using MFOLD
(30). We found a small hairpin structure in PRyp (Fig. 5C) that
was not found in the PRgpc secondary structure. Intriguingly, the
predicted structure of the 3’-UTR of vImRNA (PR,-LRyp) also
contained a small hairpin structure, but its base-paired stem was
shorter than that of vVImRNA(NP-NP). To examine whether the
small hairpin structure contributed to NP mRNA translation, we
designed a PR sequence (synthetic PRyp-structure-forming
sequence, PRsyn) that formed a small stem-loop structure that
mimicked the small hairpin found in PRyp but contained drastic
(nine out of 10 nts) substitutions in the PR of vImRNA (NP-NP)
(Fig. 5C). The Zs@ levels were retained at approximately 60% in
cells transfected with vImRNA (PRsyn-LRyp) compared with the
ZsG@ levels in cells transfected with vImRNA(NP-NP) (Fig. 5D).
However, the PR sequence was largely changed, having sub-
stitutions in positions where substitutions led to impaired
translation efficiency equivalent to VImMRNA(PRgpc-LRyp) (.2,
substitutions in GG residues in PRyp, Fig. 5B). These results
indicate that, in addition to the primary sequence, the small
hairpin structure in the PR of NP mRNA may play an important
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role in translation. Consistent with this, the 60- or 64-nt-long
3’-UTR of NP mRNA, with which translation efficiency of
vInRNA  was significantly reduced compared with
vImRNA (NP-NP), was not predicted to form the small stem loop
structure at the PR (Fig. 5E).

Modifying the IGR sequence corresponding to the PR of
recombinant LCMV resulted in altered expression of its
upstream gene in virus-infected cells

The results from our reporter system indicated that the PR
in NP and GPC mRNAs is a major determinant of translation
efficiency. To validate our findings at the virus level, we took
advantage of a recombinant trisegmented LCMV (r3LCMV)
platform (31, 32). The r3BLCMYV platform developed by sepa-
rating two essential genes, NP and GPC, into two different S
segments provides two additional transcriptional units into
which one or two genes of interest can be inserted. With this
approach, we generated r3LCMYV, where the ZsG sequence
was inserted into the NP locus on the opposite side of the GPC
gene (r3LCMV/ZsG) (Fig. 64). To investigate the impact of
manipulation of the PR on the expression of its upstream gene
in virus-infected cells, the PR sequence of r3LCMV/ZsG was
replaced with that of PRsyn (moderately less translation effi-
ciency than PRyp) or PRy (low translation efficiency, similar to
PRgpc), which resulted in the generation of r3LCMV/ZsG-
PRsyn and r3LCMV/ZsG-PR;, respectively. We inoculated
these three r3LCMVs into Vero E6 cells and determined the
ZsG and NP levels in the virus-infected cells 48 h post-
infection. Although the ZsG levels varied from cell to cell, the
overall ZsG levels, consistent with the results from our re-
porter system, appeared to be decreased when the PR sequence
of rBLCMV/ZsG was replaced with that of PRsyn and
decreased further with PRy, with no apparent differences in NP
levels (Fig. 6B). Quantitative analysis by measuring the ZsG
signal intensity of each well using a fluorescence plate reader
confirmed the stepwise decrease in overall ZsG levels by the
replacement of the PR sequence (Fig. 6C).

Discussion

Asymmetric NP and GPC levels are well documented, and
NP production has been shown to be significantly higher than
GPC production in LCMV-infected cells. This expression
balance is critical for LCMV because abrogation of the balance
by replacing the S-IGR with the L-IGR resulted in nonviable
virus (17). Similar to that of other negative-strand RNA
viruses, mammarenaviral polymerase generates significantly
higher levels of genomic RNA species than the complementary
antigenomic RNA species (17, 33). Because of the ambisense
coding strategy, by which the viral polymerase uses the same
promotor for both viral genome replication and gene tran-
scription, mammarenaviruses cannot balance viral protein
levels by controlling mRNA levels (11). Mammarenaviral
regulation of protein levels by nonpolyadenylated 3'-UTR
sequences, not by amounts, may help to overcome this
constraint (17). Despite the critical role in mammarenaviral
viability, only limited information about the 3’ ends of
vmRNAs is currently available. One factor that has hampered
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Figure 5. Involvement of the proximal region (PR) secondary structure of the 3’-UTR in translation efficiency. A, ability of PR sequences from L and Z
mRNAs to support translation in the context of nucleoprotein (NP) mRNA. HEK293 cells were transfected with vImRNA(NP-NP) (PR: NP) or viral mRNA-like
mMRNA (vImRNA) mutants where the PR sequence of vVImRNA(NP-NP) was replaced with that of glycoprotein precursor (GPC) (PR: GPC), L (PR: L), or Z (PR: Z)
MRNA. The ZsGreen (ZsG) signal intensity was measured using a fluorescence plate reader 24 h postinfection. B, effects of incorporating substitutions into
common bases between the NP and Z PR sequences. i, alignment of the PR sequences of NP and Z mRNA. Red indicates the common bases between NP
and Z PR sequences. ii, in addition to vVImMRNA(NP-NP) (PR: NP) and its mutants, PR: GPC and PR: Z shown in A, other viImRNA(NP-NP) mutants containing
substitutions in the common bases [PR: NP(not-ACC), PR: NP(not-UC), and PR: NP(not-GG)] were transfected into HEK293 cells. The ZsG signal intensity was
measured using a fluorescence plate reader 24 h posttransfection. C, engineering of artificial PR sequences. PR sequences and putative secondary structures
of the 3’-UTRs of vImRNA(NP-NP), vImRNA(PRgpc-LRnp), VIMRNA(PRZ-LRyp), and vVIMRNA(PRsyn-LRyp), which contains an artificial PR sequence (PRsyn) that
was predicted to form a small hairpin structure similar to that of PRyp, are shown. D, translation efficiency of vImRNA(PRsyn-LRyp). The ZsG signal intensities
of HEK293 cells transfected with vImRNA(NP-NP) (PR: NP), vImRNA(PRgpc-LRnp) (PR: GPC), and VIMRNA(PRsyn-LRyp) (PR: syn) are shown. E, 3’-UTR sequences
longer than 55 nt do not form a putative small stem loop structure at the PR. Predicted secondary structures of 60- and 64-nt-long NP mRNA 3’-UTRs are
shown. The mean value for vVImRNA(NP-NP) (PR: NP) was set to 100%. Data represent the mean and standard deviation of five (A) or three (B and D)
independent experiments. Statistical significance was analyzed by one-way ANOVA, and statistically significant differences were determined by Dunnett’s
multiple comparisons test in comparison with the values for vimRNA(NP-NP) (A and B) or by Tukey’s multiple comparisons test (D). ns, no significance;
*p < 0.05; **p < 0.01. UTR, untranslated region.

investigation of the 3’-UTRs of vmRNAs is the limited avail-
ability of sophisticated techniques to separate genome RNA
species and nonpolyadenylated vmRNA species. Meyer and
Southern (12) mapped the 3’ ends of LCMV NP and GPC
mRNAs by sequencing PCR fragments containing regions that
corresponded to the 3'-5' junction of circularized vmRNA
isolated by CsCl density-gradient centrifugation. Intriguingly,

SASBMB

the 3’ ends of the NP mRNA exhibited a high degree of het-
erogeneity. Conversely, our results indicate that the optimal
length of the 3’-UTR of the NP mRNA for translation is 50 to
55 nt and that vImRNAs with 3'-UTRs shorter than 45 nt
significantly reduced ZsG levels when compared with
vImRNA(NP-NP). A possible explanation for this discrepancy
is that the structured 3'-termini of vmRNA prevented efficient
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Figure 6. Effect of modifications in the S segment intergenic region (S-IGR) sequence corresponding to the proximal region (PR) sequence on viral
protein expression. A, schematic diagram of the genome organization of recombinant trisegmented lymphocytic choriomeningitis virus (r3LCMV)
expressing ZsGreen (ZsG) (r3LCMV/ZsG). The orange line in the S-IGR corresponding to the PR of ZsG indicates the region modified to generate r3LCMV/ZsG
mutants. WT, wild type; Cassette, a gene cassette sequence that does not contain open reading frames. B and C, altered ZsG levels by modification of the PR.
Vero E6 cells were infected (multiplicity of infection = 0.1) with r3LCMV/ZsG or r3LCMV/ZsG mutants where the PRyp sequence downstream of the ZsG gene
was replaced with PR, (r3LCMV/ZsG-PR) or PRsyn (r3LCMV/ZsG-PRsyn). At 48 h postinfection, the cells were fixed, and nucleoprotein (NP) was detected by
indirect immunofluorescence using the anti-NP antibody VL-4 (red). Nuclei were visualized by Hoechst 33342 (Hoechst) staining (blue). Stained cells were
observed using a confocal microscope (B). Scale bars = 100 um. ZsG and NP signal intensities were measured using a fluorescence plate reader (C). The
mean signal intensity value of ZsG normalized to that of NP for r3LCMV/ZsG was set to 1. Data represent the mean and standard deviation of four
independent experiments. Statistical significance was determined by comparison with the values for r3LCMV/ZsG-PRsyn. **p < 0.01.

ligation with their 5'-termini, causing biased variations of
circularized vmRNAs. Furthermore, no information about the
3’ ends of LCMV L and Z mRNAs is currently available. Our
results show that PRy reduced and PRy equally promoted
translation, when compared with PRyp, in the context of the
3’-UTR of NP mRNA. However, whether PR; and PRy also
contribute to the regulation of L and Z protein levels in
LCMV-infected cells remains unclear. Further precise map-
ping of the 3’ ends of all four LCMV mRNAs using a state-of-
the-art sequencing technique to read the 3’ ends of
nonpolyadenylated RNAs (e.g., long noncoding RNAs) may
help to elucidate these issues.

The genomic RNA species of dengue virus encodes a viral
polyprotein. The coding region is flanked by 5'-capped and
3’-nonpolyadenylated UTRs, and dengue virus genomic RNA
serves as an mRNA in infected cells. The highly structured
3'-UTR of the dengue virus genomic RNA contains a 3’
stem-loop and two dumb-bell structures and binds to PABP
through the A-rich regions that flank the two dumb-bell
structures upstream of the 3’ stem-loop (34). Conversely, a
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Bunyavirus family virus, Bunyamwera virus (BUNV),
which also produces mRNA species with 5-capped and
3’-nonpolyadenylated UTRs, executes translation in a PABP-
independent manner (35), which indicates that an as-yet-
unidentified host protein may bridge the 5 and 3’ ends to
promote the formation of circular mRNA. Intriguingly,
translation of BUNV mRNA requires a region located at the
3’ end that forms a stem-loop structure. In the present study,
we identified a small region, PRyp, that significantly
enhanced translation efficiency and was also predicted to
form a small stem-loop structure. In addition, our RIP assays
resulted in no clear binding of vVImRNA to PABP. These
findings support the hypothesis that the small stem-loop
structure present in PRyp enhanced the translation effi-
ciency of viral proteins, potentially by recruiting cellular
proteins other than PABP required for the circularization of
vmRNA.

We demonstrated, by RT-qPCR, that vImRNA levels were
compatible between cells transfected with vImRNA(NP-NP)
and those with vVImMRNA(GPC-GPC). Because the template
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total RNA for RT-qPCR might contain biologically active
vImRNA and vImRNA retained with the transfection reagent
and not released into cell cytoplasm, comparison of vVImRNA
levels by RT-qPCR could underestimate the differences in bio-
logically active VImRNA levels. Of note, we previously showed,
using an LCMV minigenome system, that reporter protein levels
were significantly altered by the replacement of the IGRs be-
tween S and L segments without significantly impacting on
intracellularly expressed reporter mRNA levels, suggesting that
3’-UTR sequences of LCMV mRNA do not significantly affect
the stability of mRNA (17). Meanwhile, polysome analysis is a
powerful system to investigate biologically active mRNAs. Avi-
ner et al. (36) recently revealed, using the combination of
polysome analysis and mass spectrometry analysis, that flavivi-
ruses modify polysome compositions by evicting or recruiting
several types of host cell machinery for their preferred biogen-
esis. Polysome analysis of LCMV-infected cells and identifica-
tion of host cell factors incorporated in polysomes should help to
elucidate the mechanism of translation regulation by the 3’-UTR
of LCMV mRNA.

Because LCMYV can induce robust long-term CD8+ cytotoxic
T lymphocyte responses against virus antigens, attenuated re-
combinant LCMV has been proposed as a tumor immuno-
therapy platform to deliver tumor-associated antigens (37). Our
results indicate that the expression of foreign genes from
r3LCMV can be altered by modification of the PR sequence.
This finding provides opportunities to improve recombinant
LCMV-based gene delivery systems to fine-tune the expression
of a foreign gene as well as the degree of attenuation by altering
the PR sequence. In addition to the noncytolytic nature and
broad tissue tropism, this flexibility to manage foreign gene
expression levels expands the utility of a recombinant LCMV-
based gene delivery system to more demanding applications,
such as the generation of induced pluripotent stem cells, in
which the levels of transduced reprogramming factors must be
precisely controlled for effective derivation (38, 39).

Experimental procedures
Plasmids

Plasmids expressing LCMV NP (pC-NP) and LCMV L
(pC-L) have been described previously (40). Plasmids for
r3BLCMYV generation were constructed based on the mPol1Sag
and mPollLag plasmids that direct RNA polymerase I (Poll)-
mediated intracellular synthesis of the S and L RNA anti-
genome species of the Clone 13 strain of LCMV (32, 41).
mPol1Sag(BbsI/GPC) and mPollSag(NP/BsmBI) containing
gene cassette sequences in the NP and GPC loci for the
insertion of genes of interest using restriction enzyme sites,
Bbsl or BsmBI, respectively, have been described previously
(32). To generate mPollSag(ZsG/GPC), a DNA fragment
containing the ZsG open reading frame was inserted into the
NP locus of mPollSag(Bbsl/GPC) using the Bbsl site.
mPol1Sag(ZsG-PRsyn/GPC) and mPollSag(ZsG-PR;/GPC)
were generated by PCR-based mutagenesis replacing the PR
sequence for ZsG in mPollSag(ZsG/GPC) with PRsyn and
PRy, respectively.
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Cells

HEK293 (American Type Culture Collection, ATCC, CRL-
1573), Vero E6 (ATCC, CRL-1586), and BHK-21 (ATCC,
CCL-10) cells were grown in Dulbecco’s modified Eagle me-
dium (DMEM; Nacalai Tesque) containing 10% heat-
inactivated fetal bovine serum, 100 U/ml penicillin, and
100 pg/ml streptomycin at 37 °C and 5% CO,.

In vitro synthesis of vimRNA

DNA fragments composed of the T7 promoter sequence
with a GGG sequence at the 3’ end, 5'-UTR sequence, ZsG
open reading frame with the stop codon, and 3’-UTR sequence
in this order were amplified by PCR. These DNA fragments
were used as templates to generate 5'-capped and 3'-non-
polyadenylated vImRNAs using a T7 mScript Standard mRNA
Production System (CELLSCRIPT). Transcription by T7 po-
lymerase was initiated at the first G position of the GGG
sequence at the 3’ end of the T7 promotor sequence, and
therefore vImRNAs contained a GGG sequence at the
5'-termini. We employed the T7 promoter sequence with the
GGG sequence to increase the transcription efficiency of T7
polymerase and to use it as a surrogate for the nontemplated
5'-terminus sequences of mammarenavirus mRNAs derived
from cellular mRNA by cap snatching (12, 15). In vitro tran-
scribed vImRNAs were purified using Monarch RNA cleanup
kit (New England Biolabs), and the quality of vVImRNAs was
assessed by nondenaturing agarose gel electrophoresis using
RNA High for Easy Electrophoresis (DynaMarker Laboratory).
For RIP assays, 5-bromouridine 5'-triphosphate was added to
in vitro transcription reactions to generate BrU-containing
vImRNAs. A part of the BrU-containing vImRNA(NP-NP)
was polyadenylated using the T7 mScript Standard mRNA
Production System (CELLSCRIPT). To incorporate mutations
in the 5'-UTRs and 3'-UTRs of the vImRNAs, PCR primers
containing corresponding substitutions were used to PCR
amplify the DNA templates for in vitro transcription of
vImRNA. To generate vVImRNAs that possessed random nt
bases (Fig. 4C) or nt bases that were not the same as the
original bases in the PR (Fig. 5B), DNA templates were
amplified by PCR using primers containing mixed bases in the
corresponding regions.

Assessment of ZsG expression in cells transfected with vImRNA

HEK293 cells seeded in 96-well plates at 5 x 10* cells per
well and cultured overnight were transfected with 200 ng of
vImRNA using 0.5 pl of Lipofectamine 2000 (Thermo Fisher
Scientific). At 5 h posttransfection, the transfection mixture
was removed, and fresh medium was added. At 24 h
posttransfection, the cells were fixed with 4% para-
formaldehyde in PBS (4% PFA/PBS) (Nacalai Tesque), and the
Zs@G signal intensity was measured using a fluorescent plate
reader (Powerscan HT, BioTech).

RT-qPCR

HEK?293 cells seeded in 96-well plates at 5 x 10* cells per
well and cultured overnight were transfected with 200 ng of
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vImRNA using 0.5 pl of Lipofectamine 2000 or left untrans-
fected. At 5 h posttransfection, the transfection mixture was
removed and fresh medium was added. At 24 h post-
transfection, total RNA was isolated and reverse-transcribed
into ¢cDNA with a random primer using a CellAmp Direct
TB Green RT-qPCR Kit (Takara Bio). The amounts of cDNAs
for the vImRNAs were quantified using a CellAmp Direct TB
Green RT-qPCR Kit and a qPCR Thermal Cycler (AriaMx,
Agilent). The primers used for amplification of the cDNAs
containing the ZsG coding region by real-time PCR were as
follows: forward primer: 5'-CCCCGTGATGAAGAAGATGA-
3/, reverse primer: 5'-GTCAGCTTGTGCTGGATGAA-3.
Copy numbers were determined by a standard curve method.

RIP assay

HEK293 cells seeded in a 175-cm? flask and cultured overnight
were transfected with 60 pg of BrU-containing vImRNA (NP-
NP), vImRNA(NP-GPC), or vImRNA (NP-NPAn). Additionally,
60 pg of VImMRNA(NP-NP) (not containing BrU) was used as a
negative control. At 5 h posttransfection, total cell lysates were
prepared, and vImRNAs in the clarified cell lysates were immu-
noprecipitated with an anti-BrdU antibody using a RiboTrap kit
[Medical & Biological Laboratories (MBL)], in accordance with
the manufacturer’s protocol. Clarified cell lysates and pre-
cipitates were mixed at a 3:1 ratio with 4 x Bolt LDS Sample
Buffer (Thermo Fisher Scientific) supplemented with Bolt
Sample Reducing Agent (Thermo Fisher Scientific) and incu-
bated for 10 min at 70 °C. Protein samples were fractionated by
sodium dodecyl sulfate—polyacrylamide gel electrophoresis us-
ing 4% to 12% gradient polyacrylamide gels (Blot Bis-Tris Plus
Gel 4 to 12%; Thermo Fisher Scientific), and the resolved proteins
were transferred by electroblotting onto polyvinylidene difluor-
ide membranes (Immobilon-P PVDF Transfer Membranes;
Millipore). To detect specific proteins, the membranes were
incubated with rabbit polyclonal antibodies to e[F4G1 (RN002P;
MBL), ADAR1 (D7E2M; Cell Signaling Technology) and
GAPDH (ABS16; Millipore), and a mouse monoclonal antibody
to PABPC1 (RNOOSM; MBL), followed by incubation with
horseradish-peroxidase-conjugated anti-rabbit or anti-mouse
IgG antibodies as appropriate (Jackson ImmunoResearch Lab-
oratories). The Chemi-Lumi One L or Chemi-Lumi One Ultra
chemiluminescent substrate (Nacalai Tesque) was used to
generate chemiluminescent signals that were visualized with an
ImageQuant LAS 4000 mini biomolecular imager (GE Health-
care Bio-Sciences).

siRNA-mediated gene knockdown of PABP

Chemically synthesized 21-nucleotide siRNAs against
PABP (siPABP) and nonsilencing mismatch siRNA (siCon-
trol) were purchased from Sigma-Aldrich (42). HEK293 cells
seeded in a 12-well plate at 2.5 x 10* cells per well and
cultured overnight were transfected with 50 nM siPABP or
siControl using 2 pl of Lipofectamine RNAi MAX Reagent
(Invitrogen). At 48 h posttransfection, the cells were used for
further experiments.
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Generation of r3LCMVs

The three different r3LCMVs used in this study were
generated by reverse genetics as described previously, with
minor modifications (32). For the generation of r3LCMV/ZsG,
BHK-21 cells seeded at 7 x 10° cells per well (six-well plate)
and cultured overnight were transfected with mPol1Sag(ZsG/
GPC) (0.8 ug), mPol1Sag(NP/BsmBI) (0.8 ug), and mPollLag
(1.4 pg) together with pC-NP (0.8 pg) and pC-L (1 pg) using
12 pl of Lipofectamine 2000 and incubated at 37 °C and 5%
CO,. At 5 h posttransfection, the transfection mixture was
removed and fresh medium was added to the well. After 3 days
of incubation at 37 °C and 5% CQO,, the cell culture medium
(tissue culture supernatant, TCS) was removed, fresh medium
was added to the well, and the plates were then cultured at 37
°C and 5% CO, for another 3 days. The TCS collected at 6 days
posttransfection was used to amplify the rescued virus.
r3LCMV/ZsG-PRsyn and r3LCMV/ZsG-PR;, were generated
by reverse genetics with procedures similar to those used to
generate r3LCMV/ZsG, using mPollSag(ZsG-PRsyn/GPC)
and mPollSag(ZsG-PR/GPC), respectively, instead of
mPol1Sag(ZsG/GPC).

Virus titration

rBLCMV titers were determined using an immunofocus
forming assay as described previously, with minor modifica-
tions (43). Vero E6 cells seeded in 96-well plates at 2 x 10* cells
per well and cultured overnight were inoculated with tenfold
serial dilutions of r3LCMV. After 20 h of incubation at 37 °C
and 5% CO,, the cells were fixed with 4% PFA/PBS. After cell
permeabilization and blocking by treatment with 1% normal
goat serum (FUJIFILM Wako Pure Chemical Corporation) in
dilution buffer (0.3% TritonX-100 in PBS containing 3%
bovine serum albumin), the cells were incubated with a pri-
mary antibody against LCMV NP (VL-4, Bio X Cell), followed
by a secondary anti-rat IgG antibody conjugated with Alexa
Fluor 568 (anti-rat-AF568) (Thermo Fisher Scientific). Virus
titers were calculated by multiplying the NP-positive LCMV-
focus number counted under a fluorescent microscope
(ECLIPSE Ti2-U, Nikon) by the corresponding dilution factor.

Assessment of ZsG expression in cells infected with r3LCMVs

Vero E6 cells seeded in 96-well plates at 2 x 10* cells per well
and cultured overnight were inoculated with r3ALCMV (multi-
plicity of infection = 0.1). After 48 h of incubation at 37 °C and
5% CO,, the cells were fixed with 4% PFA/PBS. After cell per-
meabilization and blocking by treatment with 1% normal goat
serum in dilution buffer, the cells were stained with VL-4 and
anti-rat-AF568 for NP and with Hoechst 33342 (Nacalai Tes-
que) to visualize nuclei. The stained cells were observed using a
confocal microscope (CQ1, Yokogawa Solution Service Cor-
poration). Signal intensities of ZsG and NP were measured
using a fluorescence plate reader (Powerscan HT, BioTech).

Statistical analysis

GraphPad Prism 9 (GraphPad) was used for all the statistical
analyses. Statistical significance was analyzed by one-way
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ANOVA, and statistically significant differences were deter-
mined by Dunnett’s multiple comparisons test unless other-
wise indicated (* p < 0.05, significant; ** p < 0.01, very
significant; ns, p > 0.05, not significant).

Data availability

All data are contained within the article.

Acknowledgments—We thank Juan C. de la Torre for sharing the
LCMV rescue system with us. We also thank Margaret Biswas, PhD,
and Lisa Kreiner, PhD, from Edanz (https://jp.edanz.com/ac) for
editing a draft of this manuscript.

Author contributions—M. 1. conceptualization; M. H. data curation;
M. L. funding acquisition; M. H., A. T., and M. L investigation; M. H.
and M. I. methodology; M. L. project administration; M. L. super-
vision; M. H. and A. T. validation; M. H. visualization; M. H. and
M. L writing—original draft.

Funding and additional information—This research was supported
by the Japan Society for the Promotion of Science (JSPS) KAKENHI
(grant numbers 18H06144 and 19H03477, to M. L) and the Japan
Agency for Medical Research and Development (AMED) (grant
number JP20fm0208101, to M. I.), the Tokyo Biochemical Research
Foundation (to M. L.), and the Ichiro Kanehara Foundation for the
Promotion of Medical Sciences and Medical Care (to M. L).

Conflict of interest—The authors declare that they have no conflicts
of interest regarding the content of this article.

Abbreviations—The abbreviations used are: BUNV, Bunyamwera
virus; GPC, glycoprotein precursor; IGR, intergenic region; LASV,
Lassa virus; LAV, live-attenuated vaccine; LCMYV, lymphocytic
choriomeningitis virus; LR, loop region; NP, nucleoprotein; PABP,
poly(A)-binding protein; PR, proximal region; UTR, untranslated
region; vmRNA, viral mRNA.

References

1. Richmond, J. K., and Baglole, D. J. (2003) Lassa fever: Epidemiology,
clinical features, and social consequences. BMJ 327, 1271-1275

2. Briese, T., Paweska, J. T., McMullan, L. K., Hutchison, S. K., Street, C.,
Palacios, G., Khristova, M. L., Weyer, J., Swanepoel, R., Egholm, M.,
Nichol, S. T., and Lipkin, W. 1. (2009) Genetic detection and character-
ization of Lujo virus, a new hemorrhagic fever-associated arenavirus from
southern Africa. PLoS Pathog. 5, e1000455

3. Paweska, J. T., Sewlall, N. H., Ksiazek, T. G., Blumberg, L. H., Hale, M. ],
Lipkin, W. I, Weyer, J., Nichol, S. T., Rollin, P. E., McMullan, L. K,
Paddock, C. D., Briese, T., Mnyaluza, J., Dinh, T. H., Mukonka, V., et al.
(2009) Nosocomial outbreak of novel arenavirus infection, southern Af-
rica. Emerg. Infect. Dis. 15, 1598—1602

4. Barton, L. L., Mets, M. B., and Beauchamp, C. L. (2002) Lymphocytic
choriomeningitis virus: Emerging fetal teratogen. Am. J. Obstet. Gynecol.
187, 1715-1716

5. Fischer, S. A., Graham, M. B., Kuehnert, M. J., Kotton, C. N., Srinivasan,
A., Marty, F. M., Comer, J. A., Guarner, J., Paddock, C. D., DeMeo, D. L.,
Shieh, W. J., Erickson, B. R, Bandy, U., DeMaria, A., Jr., Davis, J. P, et al.
(2006) Transmission of lymphocytic choriomeningitis virus by organ
transplantation. N. Engl. J. Med. 354, 2235—2249

6. Palacios, G., Druce, J., Du, L., Tran, T., Birch, C., Briese, T., Conlan, S.,
Quan, P. L., Hui, J., Marshall, J., Simons, J. F., Egholm, M., Paddock, C. D.,
Shieh, W. J., Goldsmith, C. S., et al. (2008) A new arenavirus in a cluster
of fatal transplant-associated diseases. N. Engl. . Med. 358, 991-998

SASBMB

7. Peters, C.J. (2006) Lymphocytic choriomeningitis virus—an old enemy up
to new tricks. N. Engl. J. Med. 354, 2208-2211
8. McCormick, J. B., King, I. ]., Webb, P. A, Scribner, C. L., Craven, R. B,
Johnson, K. M., Elliott, L. H., and Belmont-Williams, R. (1986) Lassa
fever. Effective therapy with ribavirin. N. Engl. J. Med. 314, 20-26
9. Dusheiko, G., Main, J., Thomas, H., Reichard, O., Lee, C., Dhillon, A.,
Rassam, S., Fryden, A., Reesink, H., Bassendine, M., Norkrans, G.
Cuypers, T., Lelie, N., Telfer, P., Watson, J., et al. (1996) Ribavirin
treatment for patients with chronic hepatitis C: Results of a placebo-
controlled study. /. Hepatol. 25, 591-598
10. Eberhardt, K. A., Mischlinger, J., Jordan, S., Groger, M., Gunther, S., and
Rambharter, M. (2019) Ribavirin for the treatment of Lassa fever: A sys-
tematic review and meta-analysis. Int. J. Infect. Dis. 87, 15-20
11. Buchmeier, M. ., De la Torre, C., and Peters, C. J. (2013) Arenaviridae. In:
Knipe, D. M., Howley, P. M., Cohen, J. L, Griffin, D. E., Lamb, R. A,,
Martin, M. A, Racaniello, V. R., Roizman, B., eds. Fields Virology, 6th Ed,
Wolters Kluwer Health/Lippincott Williams & Wilkins, Philadelphia, PA:
1283-1303
12. Meyer, B.]., and Southern, P. J. (1993) Concurrent sequence analysis of 5’
and 3° RNA termini by intramolecular circularization reveals 5 non-
templated bases and 3’ terminal heterogeneity for lymphocytic chorio-
meningitis virus mRNAs. J. Virol. 67, 2621-2627
13. Singh, M. K., Fuller-Pace, F. V., Buchmeier, M. J., and Southern, P. J.
(1987) Analysis of the genomic L RNA segment from lymphocytic cho-
riomeningitis virus. Virology 161, 448—456
14. lapalucci, S., Lopez, N., and Franze-Fernédndez, M. T. (1991) The 3’ end
termini of the tacaribe arenavirus subgenomic RNAs. Virology 182,
269-278
15. Reguera, J., Gerlach, P., Rosenthal, M., Gaudon, S., Coscia, F., Giinther, S.,
and Cusack, S. (2016) Comparative structural and functional analysis of
Bunyavirus and arenavirus cap-snatching endonucleases. PLoS Pathog.
12, €1005636
16. Pinschewer, D. D., Perez, M., and de la Torre, J. C. (2005) Dual role of the
lymphocytic choriomeningitis virus intergenic region in transcription
termination and virus propagation. J. Virol. 79, 4519-4526
17. Iwasaki, M., Ngo, N., Cubitt, B., Teijaro, J. R., and de la Torre, J. C. (2015)
General molecular strategy for development of arenavirus live-attenuated
vaccines. J. Virol. 89, 12166—-12177
18. Iwasaki, M., Cubitt, B., Sullivan, B. M., and de la Torre, J. C. (2016) The
high degree of sequence plasticity of the arenavirus noncoding intergenic
region (IGR) enables the use of a nonviral universal synthetic IGR to
attenuate arenaviruses. J. Virol. 90, 3187-3197
19. Cai, Y., Iwasaki, M., Motooka, D., Liy, D. X,, Yu, S., Cooper, K., Hart, R,
Adams, R., Burdette, T., Postnikova, E. N., Kurtz, J., St Claire, M., Ye, C,,
Kuhn, J. H., Martinez-Sobrido, L., et al. (2020) A Lassa virus live-
attenuated vaccine candidate based on rearrangement of the intergenic
region. mBio 11, e00186-20
20. Bergeron, E., Chakrabarti, A. K, Bird, B. H., Dodd, K. A., McMullan, L. K,,
Spiropoulou, C. F., Nichol, S. T., and Albarino, C. G. (2012) Reverse
genetics recovery of Lujo virus and role of virus RNA secondary struc-
tures in efficient virus growth. /. Virol. 86, 10759-10765
21. Golden, J. W., Beitzel, B., Ladner, J. T., Mucker, E. M., Kwilas, S. A.,
Palacios, G., and Hooper, J. W. (2017) An attenuated Machupo virus with
a disrupted L-segment intergenic region protects Guinea pigs against
lethal Guanarito virus infection. Sci. Rep. 7, 4679
22. Piron, M., Vende, P., Cohen, J., and Poncet, D. (1998) Rotavirus RNA-
binding protein NSP3 interacts with elF4GI and evicts the poly(A)
binding protein from elF4F. EMBO J. 17, 5811-5821
23. Vende, P., Piron, M., Castagne, N., and Poncet, D. (2000) Efficient
translation of rotavirus mRNA requires simultaneous interaction of NSP3
with the eukaryotic translation initiation factor eIF4G and the mRNA 3’
end. /. Virol. 74, 7064-7071
24. Poncet, D., Aponte, C., and Cohen, J. (1993) Rotavirus protein NSP3
(NS34) is bound to the 3" end consensus sequence of viral mRNAs in
infected cells. J. Virol. 67, 3159-3165
25. Poncet, D., Laurent, S., and Cohen, J. (1994) Four nucleotides are the
minimal requirement for RNA recognition by rotavirus non-structural
protein NSP3. EMBO J. 13, 4165-4173

J. Biol. Chem. (2022) 298(2) 101576 11


https://jp.edanz.com/ac
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref1
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref1
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref2
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref2
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref2
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref2
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref2
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref3
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref3
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref3
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref3
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref3
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref4
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref4
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref4
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref5
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref5
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref5
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref5
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref5
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref6
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref6
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref6
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref6
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref7
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref7
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref8
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref8
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref8
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref9
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref9
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref9
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref9
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref9
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref10
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref10
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref10
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref11
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref11
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref11
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref11
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref11
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref12
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref12
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref12
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref12
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref13
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref13
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref13
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref14
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref14
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref14
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref14
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref15
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref15
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref15
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref15
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref16
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref16
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref16
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref17
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref17
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref17
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref18
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref18
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref18
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref18
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref19
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref19
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref19
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref19
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref19
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref20
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref20
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref20
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref20
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref21
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref21
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref21
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref21
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref22
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref22
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref22
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref23
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref23
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref23
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref23
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref24
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref24
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref24
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref25
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref25
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref25

Translation regulation by the 3'-UTR of LCMV mRNAs

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Imataka, H., Gradi, A., and Sonenberg, N. (1998) A newly identified N-ter-
minal amino acid sequence of human eIF4G binds poly(A)-binding protein
and functions in poly(A)-dependent translation. EMBO J. 17, 7480-7489
Otero, L. J., Ashe, M. P., and Sachs, A. B. (1999) The yeast poly(A)-
binding protein Pablp stimulates in vitro poly(A)-dependent and cap-
dependent translation by distinct mechanisms. EMBO J. 18, 3153-3163
Tarun, S. Z., Jr., and Sachs, A. B. (1996) Association of the yeast poly(A)
tail binding protein with translation initiation factor elF-4G. EMBO J. 15,
7168-7177

Barraud, P., and Allain, F. H. (2012) ADAR proteins: Double-stranded
RNA and Z-DNA binding domains. Curr. Top. Microbiol. Immunol.
353, 35-60

Zuker, M. (2003) Mfold web server for nucleic acid folding and hybrid-
ization prediction. Nucleic Acids Res. 31, 3406—3415

Martinez-Sobrido, L., Cheng, B. Y., and de la Torre, J. C. (2016) Reverse
genetics approaches to control arenavirus. Methods Mol. Biol. 1403,
313-351

Emonet, S. F., Garidou, L., McGavern, D. B, and de la Torre, J. C. (2009)
Generation of recombinant lymphocytic choriomeningitis viruses with
trisegmented genomes stably expressing two additional genes of interest.
Proc. Natl. Acad. Sci. U. S. A. 106, 3473-3478

Lopez, N., Jacamo, R., and Franze-Fernandez, M. T. (2001) Transcription
and RNA replication of tacaribe virus genome and antigenome analogs
require N and L proteins: Z protein is an inhibitor of these processes. J.
Virol. 75, 12241-12251

Polacek, C., Friebe, P., and Harris, E. (2009) Poly(A)-binding protein binds
to the non-polyadenylated 3" untranslated region of dengue virus and
modulates translation efficiency. . Gen. Virol. 90, 687-692

Blakqori, G., van Knippenberg, I., and Elliott, R. M. (2009) Bunyamwera
orthobunyavirus S-segment untranslated regions mediate poly(A) tail-
independent translation. /. Virol. 83, 3637—3646

12 J Biol Chem. (2022) 298(2) 101576

36,

37.

38.

39.

40.

41.

42.

43.

. Aviner, R, Li, K. H., Frydman, J., and Andino, R. (2021) Cotranslational
prolyl hydroxylation is essential for flavivirus biogenesis. Nature 596,
558-564

Kallert, S. M., Darbre, S., Bonilla, W. V., Kreutzfeldt, M., Page, N,,
Miiller, P., Kreuzaler, M., Lu, M., Favre, S., Kreppel, F., Lohning, M.,
Luther, S. A., Zippelius, A., Merkler, D., and Pinschewer, D. D. (2017)
Replicating viral vector platform exploits alarmin signals for potent
CD8(+) T cell-mediated tumour immunotherapy. Nat. Commun. 8,
15327

Takahashi, K., and Yamanaka, S. (2016) A decade of transcription factor-
mediated reprogramming to pluripotency. Nat. Rev. Mol. Cell Biol. 17,
183-193

Haridhasapavalan, K. K., Borgohain, M. P., Dey, C., Saha, B., Narayan, G.,
Kumar, S., and Thummer, R. P. (2019) An insight into non-integrative
gene delivery approaches to generate transgene-free induced pluripo-
tent stem cells. Gene 686, 146—159

Lee, K. J., Perez, M., Pinschewer, D. D., and de la Torre, J. C. (2002)
Identification of the lymphocytic choriomeningitis virus (LCMV) proteins
required to rescue LCMV RNA analogs into LCMV-like particles. J. Virol.
76, 6393-6397

Flatz, L., Bergthaler, A., de la Torre, J. C., and Pinschewer, D. D. (2006)
Recovery of an arenavirus entirely from RNA polymerase I/II-driven
c¢DNA. Proc. Natl. Acad. Sci. U. S. A. 103, 4663—-4668

Yoshida, M., Yoshida, K., Kozlov, G., Lim, N. S., De Crescenzo, G., Pang,
Z., Berlanga, J. ., Kahvejian, A., Gehring, K., Wing, S. S., and Sonenberg,
N. (2006) Poly(A) binding protein (PABP) homeostasis is mediated by the
stability of its inhibitor, Paip2. EMBO J. 25, 1934—1944

Battegay, M., Cooper, S., Althage, A., Banziger, J., Hengartner, H., and
Zinkernagel, R. M. (1991) Quantification of lymphocytic choriomeningitis
virus with an immunological focus assay in 24- or 96-well plates. J. Virol.
Methods 33, 191-198

SASBMB


http://refhub.elsevier.com/S0021-9258(22)00016-3/sref26
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref26
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref26
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref27
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref27
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref27
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref28
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref28
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref28
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref29
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref29
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref29
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref30
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref30
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref31
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref31
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref31
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref32
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref32
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref32
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref32
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref33
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref33
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref33
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref33
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref34
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref34
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref34
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref35
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref35
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref35
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref36
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref36
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref36
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref37
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref37
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref37
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref37
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref37
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref37
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref38
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref38
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref38
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref39
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref39
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref39
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref39
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref40
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref40
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref40
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref40
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref41
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref41
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref41
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref42
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref42
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref42
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref42
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref43
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref43
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref43
http://refhub.elsevier.com/S0021-9258(22)00016-3/sref43

	A small stem-loop-forming region within the 3′-UTR of a nonpolyadenylated LCMV mRNA promotes translation
	Results
	The 3′-UTR of NP mRNA promotes translation
	PABP is not involved in the vmRNA translation
	A short 3′-UTR sequence located at the 5′ side of vmRNA is a major determinant of translation efficiency
	Sequence specificity of the PR to promote translation
	Involvement of the secondary structure of the PR in regulating translation efficiency
	Modifying the IGR sequence corresponding to the PR of recombinant LCMV resulted in altered expression of its upstream gene  ...

	Discussion
	Experimental procedures
	Plasmids
	Cells
	In vitro synthesis of vlmRNA
	Assessment of ZsG expression in cells transfected with vlmRNA
	RT-qPCR
	RIP assay
	siRNA-mediated gene knockdown of PABP
	Generation of r3LCMVs
	Virus titration
	Assessment of ZsG expression in cells infected with r3LCMVs
	Statistical analysis

	Data availability
	Author contributions
	Funding and additional information
	References


