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ABSTRACT

The translation of capsid proteins of Plautia stali intestine virus (PSIV), encoded in its second open reading frame (ORF2), is
directed by an internal ribosomal entry site (IRES) located in the intergenic region (IGR). Owing to the specific properties of
PSIV IGR in terms of nucleotide length and frame organization, capsid proteins are also translated via stop codon read-
through in mammalian cultured cells as an extension of translation from the first ORF (ORF1) and IGR. To delineate stop
codon readthrough in PSIV, we determined requirements of cis-acting elements through a molecular genetics approach
applied in both cell-free translation systems and cultured cells. Mutants with deletions from the 3′′′′′ end of IGR revealed
that almost none of the sequence of IGR is necessary for readthrough, apart from the 5′′′′′-terminal codon CUA.
Nucleotide replacement of this CUA trinucleotide or change of the termination codon from UGA severely impaired read-
through. Chemical mapping of the IGR region of the most active 3′′′′′ deletion mutant indicated that this defined minimal
element UGACUA, together with its downstream sequence, adopts a single-stranded conformation. Stimulatory activities
of downstream RNA structures identified to date in gammaretrovirus, coltivirus, and alphavirus were not detected in the
context of PSIV IGR, despite the presence of structures for IRES. To our knowledge, PSIV IGR is the first example of stop
codon readthrough that is solely defined by the local hexamer sequence, even though the sequence is adjacent to an es-
tablished region of RNA secondary/tertiary structures.
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INTRODUCTION

Stop codon readthrough, initially identified in RNA virus
bacteriophage Qβ coat protein translation (Weiner and
Weber 1971), is a post-transcriptional mechanism to diver-
sify the C termini of polypeptides at the level of translation.
Subsequent studies revealed its prevalence in plant RNA
viruses, but it has been reported in numerous eukaryotic vi-
ruses (Beier and Grimm 2001; Bertram et al. 2001) and in a
wide range of host cellular genes, as in the case of rabbit
β-globin (Geller and Rich 1980), E. coli surface antigen
CS3 pili (Jalajakumari et al. 1989), large form of humanmy-
elin protein zero (MPZ) glycoprotein, L-MPZ (Yamaguchi
et al. 2012), fungal peroxisomal enzymes such asU.maydis
3-phosphoglycerate kinase (PGK) (Freitag et al. 2012), or
bovine and human VEGF-Ax (Eswarappa et al. 2014), albeit
the activity of VEGF-Ax was controversial in a recent report
(Loughran et al. 2017). The identification of genes accom-
modating readthrough has been accelerated by system-

atic analysis using bioinformatics or ribosomal profiling
(Namy et al. 2002; Sato et al. 2003; Jungreis et al. 2011;
Lindblad-Toh et al. 2011; Dunn et al. 2013; Loughran
et al. 2014; Yordanova et al. 2018). Notable examples are
peroxisomal enzymes directed via C-terminal peroxisomal
targeting signal 1 (PTS1), and this targeting by stop codon
readthrough was observed beyond species. For example,
oxidoreductases such as human lactate dehydrogenase B
(LDHB) andmalate dehydrogenase 1 (MDH1), or glycolytic
enzymes like U. maydis PGK and triosephosphate isomer-
ase (TPI1) (Freitag et al. 2012; Schueren et al. 2014;
Stiebler et al. 2014;Hofhuis et al. 2016), aredirected toper-
oxisomes by stop codon readthrough.

With regard to the mechanism involved, the UGACUAG
heptamer was proposed as an optimal readthrough se-
quence through genome-wide analyses based on compar-
ative genomics in mammals (Loughran et al. 2014) and a
regression model in human cells (Schueren et al. 2014).
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However, stop codon readthrough has also been identi-
fied in VEGF-Ax and rabbit β-globin, which have different
contexts of UGAGCC and UGAGAU, respectively.
Among the 42 human readthrough examples listed in a ri-
bosomal profiling assay, only two use the context of
UGACUA (Dunn et al. 2013). Even in cases that share the
same UGACUAG heptamer sequence, the efficiency of
readthrough is influenced by sequences in other regions
of genes (Loughran et al. 2014; Schueren et al. 2014).
Further delineation of cis-elements in each case would
be necessary to understand how this mechanism is defined
and/or controlled.
The study of RNA viruses has elucidated the cis-acting

elements necessary for readthrough (Beier and Grimm
2001; Firth and Brierley 2012). Based on the local context
of nucleotide sequences around the termination codon,
Beier and Grimm (2001) classified viral examples of stop
codon readthrough into three major types, in which type
I uses UAGCAA (termination codon underlined), type II
uses UGACGG or UGACUA in most cases, and type III typ-
ically uses UAGGGG/A/C or UAGGUA. Notably, these

classified local contexts are quite often followed by a vari-
ety of downstream RNA structures. Type III readthrough in
animal gammaretroviruses at UAGGGA sequences is en-
hanced by conserved downstream pseudoknot structures
(Wills et al. 1991; Feng et al. 1992), while UAGGUA and
UAGGAA readthrough in plant luteovirus and tombusvi-
rus, respectively, is stimulated by long-range RNA interac-
tions (Brown et al. 1996; Cimino et al. 2011). Type II
readthrough in animal alphaviruses or coltivirus is stimulat-
ed by RNA structures that extend up to 150 nucleotides
(nt) downstream from the stop codon UGA, or a stem–

loop structure of 9 nt downstream from UGA, respectively
(Supplemental Fig. S1; Firth et al. 2011; Napthine et al.
2012). The roles of these different RNA structures in stop
codon readthrough need to be clarified.
Plautia stali intestine virus (hereafter abbreviated as

PSIV) is a species of the Dicistroviridae, a family of inverte-
brate RNA viruses known to use internal initiation in its
intergenic region (IGR) to translate capsid proteins encod-
ed in its second open reading frame (ORF2) (see Fig. 1A;
Hellen and Sarnow 2001; Kieft 2008; Kamoshita et al.

A

B

C

FIGURE 1. Structure of PSIV IGR and experimental system to analyze stop codon readthrough coincidental to internal initiation. (A) Schematic
representation of genomic RNA of PSIV. Coding regions are boxed. Noncoding regions are shown with bold lines. The range of nucleotide se-
quence cloned into the expression vector is shown by the arrow. Nucleotide numbers are from registered sequence AB006531. Positions of the
3D replicase and VP2 capsid protein are shown alongwith the box. Dotted lines within the box represent expected cleavage sites of viral proteins.
(B) Dicistronic expression unit of plasmid derived from pCI-neo with dicistronic mRNA transcribed, and with schematics of three polypeptides
translated. Nucleotide and polypeptide regions for Renilla luciferase (RLuc) and firefly luciferase (FLuc) with a FLAG tag are shown with dark
and light gray boxes, respectively. Promoters and polyadenylation site are depicted by triangles and a closed diamond, respectively. In thematrix
for translated polypeptides, translation termination at UGA codon is shown by a filled square, while readthrough is shown by an open circle.
Schematics of three translational products from full-length IGR, namely, readthrough polypeptides (RT), FLuc, and RLuc, are shown with numbers
representing their expectedmolecular mass. (C ) Primary nucleotide sequence of PSIV IGR presented with secondary and tertiary structural model
(Kanamori and Nakashima 2001). Positions of stem–loop III (6005–6072) and three pseudoknots are shown. Termination codon of the first ORF
(ORF1) and initiation codon of the second ORF (ORF2) are written in red and green, respectively. IGR, intergenic region; IRES, internal ribosomal
entry site; N/A, not applicable; PK, pseudoknot; SL, stem–loop; UTR, untranslated region.
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2009; Nakashima and Uchiumi 2009; Hertz and Thompson
2011). In the case of PSIV, IGR and the coding region
downstream were also translated via stop codon read-
through in a mammalian assay system (Kamoshita et al.
2009), due to its unique features of frame composition
and leakiness of the first ORF (ORF1) termination codon;
that is, the next in-frame downstream termination codon
of ORF1 is the ORF2 termination codon.

The presence of the internal ribosomal entry site (IRES),
which has been both structurally and mechanistically
characterized (e.g., Fernández et al. 2014; Ruehle et al.
2015; Abeyrathne et al. 2016; Bugaud et al. 2017;
Johnsonet al. 2017; Yamamotoet al. 2017), raises theques-
tion of how coincident RNA structures are involved in stop
codon readthrough observed in PSIV. In PSIV, the termina-
tion codon UGA is followed by the IGR nucleotide se-
quence 6007–6012CUAUGU (Fig. 1C), overlapping with
six of the seven nucleotides of the aforementioned optimal
heptamer UGACUAG. Most of this sequence in PSIV is in a
P1.1 paired helical structure in the large stem–loop III (SLIII;
Fig. 1C; Supplemental Fig. S1), which is involved in ribo-
somal 40S subunit recruitment and stabilization of the
IRES–80S complex (Jan and Sarnow 2002; Nishiyama et
al. 2003; Pfingsten et al. 2010). How these two components
contribute to PSIV readthrough has yet to be determined.

In this study, we evaluated requirements of cis-acting el-
ements in stop codon readthrough in PSIV IGR using a
dicistronic dual luciferase reporter system. Of note, 3′

deletion mutants of IGR revealed that trinucleotide CUA,
just downstream from the UGA termination codon, was
the determinant of efficient readthrough in both mamma-
lian cultured cells and cell-free translation systems. The im-
portance of the primary sequence of CUA after the UGA
termination codon was confirmed by nucleotide replace-
ment assays. Chemical mapping of the IGR sequence of
the most active UGACUA mutant, containing only the
CUA trinucleotide as an IGR, showed that the UGACUA
hexamer and the downstream sequence are unlikely to
form RNA structures. Thus, readthrough in PSIV, which un-
winds and translates flexible IGR IRES structures, is en-
sured by the hexamer nucleotide sequence even without
stimulatory activities of downstream RNA structures. The
potential involvement of the readthrough product in viral
replication is discussed at the end of this paper.

RESULTS

Expression system

To analyze stop codon readthrough of PSIV IGR, the
previously described mammalian expression vector
pCdEchimUAAgaCAA21LucH (Kamoshita et al. 2009)
wasmodified so that the first cistronof RLuc and the second
cistron of FLuc were positioned in-frame via the wild-type
PSIV IGR sequence 6004–6213 (Fig. 1A,B). The termination

codon UGA6004–6006 of the viral first ORF1 was used as a
termination codon for the first cistron of RLuc, UGA1. The
initiation codon of PSIV capsid proteins was changed
from CAA/glutamine to GCU/alanine to ensure constant
translation from IRES (Kamoshita et al. 2009). The AUG ini-
tiation codonof theoriginal FLuc cDNAwasdeleted aspre-
viously. To improve detection through immunoblotting,
the C-terminal 6× His tag of the FLuc gene was changed
to a FLAG tag. A dicistronic expression system prepared
in this way gives three different translational products
from one mRNA (Fig. 2B, lane 2): 108 kDa RT, 64 kDa
FLuc protein, and 36 kDa RLuc protein. While translation
of FLuc depends on IGR IRES, RT and RLuc are translated
from the 5′ end structure, cap (Fig. 1B).

Evaluation of upstream viral sequence
and separation of stop codon readthrough
from internal initiation

It has been reported that upstream sequences influence
stop codon readthrough in mouse and human cells
(Cassan and Rousset 2001; Loughran et al. 2014). Thus,
the effects of the sequence at the 5′ end of ORF1 in PSIV
were evaluated here by inserting viral sequence 5854–
6003 between the penultimate CAA931–933 codon of
RLuc and the UGA termination codon (Fig. 2A, sample
1). As shown in Figure 2B, dicistronicmRNAwith or without
insertion was translated in RRL to form 114- (lane 1) or 108-
kDa (lane 2) readthrough polypeptides, respectively. In
cell-free experiments, expression levels of polypeptides
were determined from the radioactivity of the translational
products separated on the gel. Dividing the amount of
readthrough product (RT) by the sum of RT and RLuc, the
proportion of readthrough products of one mRNAwas cal-
culated using the following formula:

VRT

nRT

( )
VRT

nRT

( )
+ VRLuc

nRLuc

( ){ }
,

/

where V and n represent the radioactivity value and the
number of methionine residues, respectively. In Figure
2C, themathematicalmeanof the relative value to the stan-
dard sample (sample 2) is shown in a graph to indicate the
relative expression level of readthrough (openbars). The in-
clusion of the viral upstream sequence 5854–6003 (lane 1)
gave a 1.3-fold increase of readthrough level (absolute
proportions in lanes 1 and 2 in Fig. 2B were 3.6% and 2.8%,
respectively). In cultured cells, readthrough products RT
were detected in the immunoblot against C-terminal FLAG
(Fig. 2D). Chemiluminescence quantified in ImageQuant
LAS4000 system was directly compared between sample
1 and sample 2. As shown in Figure 2E (open bars), a similar
degree of increase was observed in HEK293 cells. While
constantly higher readthrough levels of sample 1 relative
to those of sample 2 were calculated, we did not consider
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that the difference of 1.3-fold was important and did not
adopt the upstream viral sequence in the following assays.
With regard to internal initiation, IRES activity in RRL was

calculated using the following formula:

VFLuc

nFLuc

( )
VRLuc

nRLuc

( )
.

/

IRES activity in cultured cells was evaluated from the im-
munoblot, as described above. In the presence of the up-
stream sequence, monocistronic FLuc was expressed 2.4-
and 1.7-fold more efficiently in RRL and in cultured cells,
respectively (Fig. 2B–E, shaded bars in the graph, compare
FLuc in lanes 1 and 2), consistent with the findings in a pre-
vious report (Sasaki and Nakashima 1999). In honeybee

dicistrovirus, the 5′-adjacent stem–loop structure to IGR,
predicted by Firth et al. (2009), stimulates IRES activity
(Ren et al. 2012; Au et al. 2018). How the PSIV upstream
sequence (sample 1) confers this sort of inter-ORF transla-
tional effects in stop codon readthrough and/or internal
initiation remains to be clarified.
While internal initiation and readthrough are colocalized

within wild-type IGR nucleotide sequence, their separation
is necessary to investigate either of these two mechanisms
individually. For this purpose, key nucleotides in IGR were
manipulated via a molecular genetic approach (Fig. 2,
samples 3 and 4). Insertion of the dinucleotide GA to in-
duce frameshift combined with replacement of the termi-
nation codon (sample 3) or M1 mutation to interrupt

EC

B DA

FIGURE 2. Effects of the viral sequence upstreamof the UGA codon on the downstream translation of PSIV. (A) DicistronicmRNAswith or without
the viral ORF1 (open box) were used as a template for protein synthesis. Translation from dicistronic luciferase mRNA in which the wild-type full-
length IGR sequence is preceded by an upstream viral sequence 5854–6003 (sample 1, 5854–6192) was compared with that of the standard se-
quence (sample 2, 6004–6192, written with red letters). Controls without stop codon readthrough (sample 3) or internal initiation (sample 4) were
prepared by frameshift mutation after the stop codon or M1 mutation into pseudoknot I (PK I) that is essential for IRES activity, respectively.
(B) Polypeptides labeled with L-[35S]-methionine in rabbit reticulocyte lysate (RRL) were separated by 8% SDS-PAGE. (C ) According to the radio-
activity quantified from the gel, the relative expression levels of stop codon readthrough and IRES to those of sample 2 were determined as de-
scribed in the text and are shown with open and shaded bars, respectively. Mean and SD of three experiments. (D) Readthrough products RT and
IRES-dependent FLuc, expressed after transfection into HEK293 cells, were detected with anti-FLAG antibody. Loading control of the blot as-
sayed with anti-β-actin antibody is shown at the bottom. (E) According to the chemiluminescence of the immunoblot obtained using anti-
FLAG antibody, the expression levels of RT and FLuc products relative to those of sample 2 are expressed with open and shaded bars, respec-
tively. Mean from the three independent experiments with SD. In B andD, schematic representations of separated polypeptides and marker po-
sitions are shown alongside the gel. Mck,mock; X in sample 4,M1mutation to inactivate IGR IRES.Other abbreviations are as shown in Figure 1. A
sample name and lane numbers acting as references are colored red.
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tertiary interactions of pseudoknot I (PK I), an essential
component of IRES (sample 4; Kamoshita et al. 2009),
was effective to abrogate either readthrough polypeptides
(sample 3) or internal initiation (sample 4), without severely
impairing the other mechanism. In the following assays,
these two types of mRNAs were used as controls.

Termination codon mutation

The identity of the termination codon is important for clas-
sifying readthrough. Using Renilla luciferase activity as an
internal control of transfection, the levels of stop codon
readthrough from the three different termination codons
were deduced in COS-1, HEK293, and HeLa cells (Fig.
3A). Internal initiation was eliminated by the deletion of
165 nt of PSIV IGR starting from 6028A (samples 1–4) in
this assay. Readthrough levels at the UAG or UAA termina-
tion codon relative to that at the UGA codon were approx-
imately one-fifth and one-fifteenth, respectively, in the
three investigated cultured cell lines. In immunoblots for
the lysate from COS-1 cells (Fig. 3B), the expression of
101 kDa readthrough polypeptides from the UGA termina-
tion codon (lane 3) was prominent compared with that for
the other two. The absence of a 101 kDa product in immu-
noblots for control samples (lanes 4 and 5) confirmed that
the 101 kDa product was actually produced by read-
through. Thus, in the context of PSIV IGR, among the three
termination codons, UGA gave the highest level of read-
through products, followed by UAG and then UAA.

Deletion of IGR

To clarify the relationship between stop codon read-
through and the IGR sequence in PSIV, a series of 3′ dele-
tion mutants were prepared (Fig. 4A) and readthrough

levels of mutants were compared with that from full-length
IGR with M1 mutation (sample 2, see also Fig. 2). Down-
stream deletions up to positions 6147, 6072, and 6027
(samples 4–6) were designed to match the boundaries of
expected secondary or tertiary structures in IGR, under
the restriction that the numbers of deleted nucleotides
were multiples of three.

As described and shown in Supplemental Results and
Supplemental Figure S2, specific luciferase enzymatic
activities of mutant readthrough polypeptides varied ac-
cording to the length of deletion. Therefore, we used ra-
dioactivity and chemiluminescence in immunoblots to
evaluate the readthrough levels of deletion mutants in
cell-free assays and in cultured cells, respectively (Fig.
4B–E). In a series of assays in cultured cells, the expression
of IRES-dependent FLuc (Fig. 4D, sample 1) was low, for
unknown reasons, and 64 kDa Fluc polypeptides from
sample 1 were not detected in immunoblot using anti-
FLAG antibody (Fig. 4D, FLAG, lane 1).

The amounts of radiolabeled readthrough polypep-
tides, separated asmolecular masses over 100 kDa in lanes
1–7 (Fig. 4B), were compared using the level obtained for
the M1 mutant as a reference (Fig. 4B,C, sample 2). Assays
were repeated at two different final potassium concentra-
tions. In both conditions, the level of stop codon read-
through gradually increased as the size of the deletion in
the IGR increased to more than double the reference level,
until the entire IGR was deleted, except for the first three
nucleotides (Fig. 4B,C, samples 2–7). However, when dele-
tion proceeded from 6009 to 6006 (sample 8), the level
of readthrough markedly decreased by 14- and 16-fold
at the potassium concentration of 100 mM and 150 mM,
respectively.

In immunoblots using anti-Renilla luciferase or FLAG
antibody (Fig. 4D,E), the expression of readthrough

A B

FIGURE 3. Effects of termination codon mutations on stop codon readthrough. (A) The UGA termination codon of PSIV IGR (sample 3) was
changed to UAA (sample 1) or UAG (sample 2). To inactivate IRES, 165 nt of the IGR portion starting from PSIV nucleotide 6028A were deleted.
In sample 4, theGCU codon following IGRwas changed to UAG. The stop codon readthrough level of each samplewas determined as the ratio of
firefly to Renilla luciferase enzymatic activities after 48 h of transfection into indicated cells and is shown as the percentage relative to that of UGA–
GCU (sample 3). Mean and SD from four different transfections are shown. (B) Polypeptides expressed in COS-1 cells after 60 h of transfection
were immunoblottedwith anti-RLuc or anti-FLAGantibody. Loading controls are shown as in Figure 2. Polypeptides expressed from IRESwere run
as a control in lane 5.
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A

B D

EC

FIGURE 4. Effects of deletions from the 3′ end of IGR on UGA stop codon readthrough. (A) IGR cloned into the dicistronic unit was deleted from
the 3′ end of full-length IGR (sample 1). Schematics of mutants (left) and positions of deletion alongside the nucleotide sequence in predicted
structure (right). In the panel at right, numbers following an underscore symbol denote the lengths of IGR nucleotides remaining. (B) In RRL, poly-
peptides translated from dicistronic mRNAs with partial (lanes 3–7) to complete (lane 8) deletion of IGR were analyzed and compared with those
from control mRNAs (lanes 2, 9, and 10). Shown below is the overexposed image of RT and FLuc products, with its corresponding part in the
original image indicated with rectangles alongside. Potassium concentration was adjusted to 150mMwith KCl. Representative data among three
reactions are shown. (C ) Proportion of stop codon readthrough was determined from the radioactivity of each polypeptide and normalized to that
of 6192M1 (sample 2). Values obtained at potassium concentrations of 100 and 150 mM are shown with open and dark gray bars, respectively.
(D) Plasmids corresponding toAwere transfected into COS-1 cells and expressed polypeptides were immunodetected in blots using anti-RLuc or
anti-FLAG antibody. Loading controls against β-actin are shown below. (E) Relative expression levels determined from the chemiluminescence of
readthrough polypeptides in COS-1 and HEK293 cells, normalized to that of 6192M1 mutant (lane 2), are shown with open and shaded bars,
respectively. Mean from three different experiments.
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polypeptides peaked again in mutant 6009 (sample 7) and
expression was barely detectable in mutant 6006 (sample
8). In mutant 6009 (Fig. 4E, sample 7), normalized relative
chemiluminescence increased 4.4- and 3.6-fold in COS-1
and HEK293 cells, respectively. When 6007–6009CUA
was deleted and the GCU codon was directly connected
to the UGA codon (sample 8, mutant 6006), the relative ex-
pression level was diminished to 0.38 and 0.36 in COS-1
and HEK293 cells, respectively.

Thus, almost none of the nucleotides in IGR were neces-
sary, except for a trinucleotide 6007–6009CUA both in the
mammalian cell-free system and in cultured cells. Com-
pared with cell-free assays, readthrough polypeptides
from mutants 6072, 6027, and 6009 (samples 5–7) were
detected more in cultured cells. From this result, it is diffi-
cult to find any stimulatory contributions toward read-
through in nucleotides deleted in these mutants and we
did not pursue this issue.

The result revealed by deletion mutants that the only el-
ement essential for readthrough is the 3 nt CUA strongly
suggests that structures within IGR that form IRES are not
necessary for maximal readthrough. Deletion of IGR up
to position 6009 did not prominently abolish readthrough
activity also in transdirect insect cell extract, which is de-
rived from Spodoptera frugiperda 21 cells (Supplemental
Fig. S3), suggesting that the observation is not an artifact
of mammalian systems.

Structural probing of 3′′′′′ deletion mutants

To confirm the absence of any unexpected structures in
mutant 6009, structural mapping around the stop codon
was performed using the base-modifying reagents and
the SHAPE (selective 2′-hydroxyl acylation analyzed by
primer extension) reagent, 2-methylnicotinic acid imidaz-
ole (NAI) (Fig. 5, entire gel images are shown in Supple-
mental Fig. S4).

If the UGACUA sequence does not form base pairs, or is
unstructured, the N1 atoms of adenine A6006 and A6009
will be methylated by dimethyl sulfate (DMS) and reverse
transcription from the downstream primer, labeled with
32P, will be inhibited at these positions. Note that the prod-
ucts of primer extension inhibition obtained after the reac-
tion with base-modifying reagents are 1 nt shorter than
those of dideoxy sequencing shown in parallel (Ziehler
and Engelke 2001). Similarly, if RNA is single-stranded at
this position, N3 of U6004 and U6008 will be alkylated
by N-cyclohexyl-N′-β-(4-methylmorpholinium) ethylcarbo-
diimide p-tosylate (CMCT) and detected. As shown in
Figure 5A, two adenylates and two uridylates in the
UGACUA hexamer sequence inmutant 6009 were reactive
with DMS and CMCT, respectively, together with other
bases in downstream capsid-coding nucleotides. To rule
out the possibility that the reagents were modifying all of
the nucleotides present, even if a structure is present, mu-

tant 6072, which contains a sequence predicted to form a
large stem–loop structure called SLIII (Sasaki and Naka-
shima 1999; Kanamori andNakashima 2001), was analyzed
under the same conditions. As shown in the gel and sche-
matic presentation (Fig. 5B), most of the nucleotides pre-
dicted to be located in the L1.2 loop and L1.1 bulge of
SLIII in mutant 6072 were modified. In contrast, ribonucle-
otides A6006, U6008, and A6009 were not reactive in mu-
tant 6072. Therefore, these three nucleotides form base
pairs, as predicted in the model. The presence or the ab-
sence of the base pairs was appropriately mapped by
DMS and CMCT. The UGACUA hexamer in mutant 6009
is not base-paired, while the same sequence in mutant
6072 forms a paired double helix at the base of SLIII.

To investigate the IGR structure further, the SHAPE re-
agent NAI was used. As shown in Figure 5A, 2′-hydroxyl
groups in the IGR nucleotides CUA and the downstream
capsid-coding nucleotides in mutant 6009 were modified.

Nucleotide replacement assay of 6007–6009CUA

To further evaluate the requirement for the primary nucle-
otide sequence 6007–6009CUA following the UGA termi-
nation codon, the GCU/Ala codon in mutant 6006 was
changed to CUA/Leu and its related codons (Fig. 6; Sup-
plemental Table S1). Readthrough levels in COS-1 or
HEK293 cells were determined from the level of firefly lu-
ciferase activity relative to Renilla luciferase activity and ex-
pressed as a percentage of that of the CUA codon. In both
cell types, any single-nucleotide replacement from CUA
resulted in a decrease in the readthrough level (Sup-
plemental Table S1), consistent with previous reports for
cellular genes (Loughran et al. 2014; Schueren et al.
2014; Stiebler et al. 2014; Hofhuis et al. 2016).

Readthrough using the UGA termination codon has
been reported in other contexts differing from UGACUA
in 2 or 3 nt positions. The effects of mutations from CUA
to GAU (rabbit β-globin) and GCC (bovine VEGF-Ax)
were investigated, together with control GCU and UAG
codons. The expression from these codons was <5%
(Supplemental Table S1), and reported readthrough activ-
ity was not reproduced in HEK293 cells.

The significance of the CUA sequence following
the UGA termination codon was further investigated
using silent mutations to the other five leucine-coding co-
dons (Fig. 6). As indicated in immunoblots for HEK293 cel-
lular lysates (Fig. 6B), readthrough products were most
prominently expressed when CUA followed UGA (sample
1). Mutations at the third position of the CUA codon (sam-
ples 2–4) diminished the expression levels of readthrough
products to 26.2%–39.3%, but they were still detected in
the blot using anti-Renilla luciferase antibody. Two mu-
tants, in which the first base of the CUA codon was
changed to uridylate, showed levels of readthrough prod-
ucts of <5%. Readthrough polypeptides of these two
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A

B

FIGURE 5. Chemical mapping of RNA structures downstream from UGA1 codon in 3′ deletion mutants 6009 and 6072. IGR RNA structures of
representative deletion mutants used in Figure 4 were chemically mapped with DMS (60 mM), CMCT (25 mM), or NAI (100 mM). (Left)
Chemically modified ribonucleotides in mutant 6009 (A) or 6072 (B) were determined by the inhibition of reverse transcription from the down-
stream 32P-labeled primer hybridized to FLuc. Two different preparations of RNAs were modified in DMS and CMCT. The positions of modified
nucleotides are indicated with lines at the side of the gel. Strong modifications observed in NAI are depicted with thick lines. (Right) In the sche-
matics, the positions of landmark nucleotides are shown with dots and numbers. Modified nucleotides are indicated with bars (A) and lines (B).
Codons 6004UGA, 6007CUA, and 6193GCU are color-coded with red, orange, and green, respectively. The positions of coding sequences for
RLuc and Δcapsid–FLuc are boxed. In B (left), the positions of predicted paired regions in SLIII are indicated by arrows on the side of the gel. The
positions of CMCT modification were determined from the short-exposure image (see Supplemental Fig. S4C).

A B

FIGURE 6. Synonymous mutations for 6007–6009CUA. (A) Synonymous mutations coding for CUA/leucine were introduced into the GCU/ala-
nine Δcapsid initiation codon of mutant 6006. Readthrough levels in HEK293 cells normalized to the CUA wild-type sequence, indicated with
orange, are shown as mean±SEM from five different experiments. (B) Polypeptides expressed in HEK293 cells were analyzed with immunoblots
using anti-RLuc or anti-FLAG antibody. Loading controls obtained in immunoblots for β-actin are shown below.

Stop codon readthrough in dicistrovirus IGR

www.rnajournal.org 97

http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.065466.117/-/DC1


mutants were barely detectable in immunoblots (samples
5 and 6).

Together with the results shown in Supplemental Table
S1, these findings show that, for maximal expression in
UGA readthrough, all of the trinucleotide sequence of
CUA is necessary, among which cytidylate at the fourth
position of the UGACUA hexamer and uridylate at the
fifth position contribute more than adenylate at the sixth
position.

Efficiency of stop codon readthrough

The efficiency of readthrough in a full-length IGR was esti-
mated from the expression level of reporters in cultured
cells using M1 mutants. In these mutants, no internal initi-
ation to produce monocistronic firefly luciferase occurs
(Fig. 2, sample 4), and firefly luciferase activities are solely
attributed to the amount of readthrough polypeptides
(Fig. 7A). To normalize the efficiency of transfection, firefly
luciferase activity was divided by cotransfected EGFP fluo-
rescence as an internal control, instead of Renilla luciferase
activity. This is based on our observation that specific enzy-
matic activity of luciferase protein became different from
that of the original form when polypeptides were fused
by readthrough (data not shown). As a sense codon,
GGA was used to maintain base pairs in the P1.1 region
of IGR IRES. Normalized firefly luciferase activity derived
from the sense codon GGA was more than ten times high-
er than that from UGA stop codon readthrough (Fig. 7B),
and readthrough efficiency was calculated to be 7.9%
and 8.6% in COS-1 and HEK293 cells, respectively.
Compared with the findings in previous reports, values
were closer to those in assays using dual luciferase systems
(Firth et al. 2011; Loughran et al. 2014, 2017) than those
using other reporters (Schueren et al. 2014; Hofhuis et al.

2016). Besides the difference of reporters, this would be
due to several other differences among the reported stud-
ies such as assay procedures, experimental conditions, cell
types analyzed, and nucleotide sequences inserted be-
tween reporters.

An important observation from this and the previous as-
say using full-length IGR (Figs. 2, 7) is that readthrough
polypeptides directed by the local hexamer sequence
UGACUA were efficiently expressed in cultured cells,
even in the presence of structured IGR IRES, which lacks
stimulatory activity for readthrough (Fig. 4).

DISCUSSION

We defined cis-acting elements of PSIV stop codon read-
through mostly using mammalian systems and revealed
that almost none of PSIV IGR, which forms IRES, was nec-
essary for this. The determinant for readthrough in PSIV
was shown to be the CUA trinucleotide immediately down-
stream from the UGA termination codon. This is the mini-
mal element because one codon is the unit for the
readthrough assay, and both deletion (Fig. 4) and system-
atic nucleotide replacement (Fig. 6; Supplemental Table
S1) of this CUA sequence drastically impaired stop codon
readthrough.

Deletion mutants were necessary in the investigation of
cis-elements for stop codon readthrough. However, we
encountered a problem with fused reporter genes, in
which, according to the length of deletion, fused firefly lu-
ciferase genes gave different specific enzymatic activities
(Supplemental Fig. S2). Here, we used physical separation
and quantification of translational products in autoradio-
graphs or immunoblots, which was helpful for evaluating
the amounts of translated reporters (Figs. 2, 4).

A B

FIGURE 7. Readthrough efficiency in cultured cells. (A) Expression of 108 kDa RT polypeptides from the UGA codon (sample 2, indicated in red)
was compared with that of the corresponding products fromGGA sense codon control (sample 1). IRES-dependent translation was inactivated by
M1 mutation, shown with an X, in pseudoknot I. In the matrix, polypeptides expressed or not expressed are shown with a solid or dotted box,
respectively. (B) FLuc activity 48 h after transfection was normalized to coexpressed fluorescence of EGFP used as an internal control. Relative
FLuc activities normalized to that expressed from the UGA codon (sample 2) were determined from three independent transfections. Mean
and SD in COS-1 and HEK293 cells are shown with open and shaded bars, respectively. N/A, not applicable.

Kamoshita and Tominaga

98 RNA, Vol. 25, No. 1

http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.065466.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.065466.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.065466.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.065466.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.065466.117/-/DC1


Role of RNA structures and sequences in PSIV
readthrough

Most cases of readthrough identified in animal viruses to
date are enhanced by downstream RNA structures, collec-
tively called stimulators (Firth and Brierley 2012). Results
that RNA structures in PSIV IGR, intensively studied as IGR
IRES, lack stimulator activity were at first unexpected to us.
The unlikely possibility that short IGR is involved in unfore-
seen long-range structures within dicistronic mRNA, as re-
ported in luteovirus or alphavirus (Brown et al. 1996; Firth
et al. 2011), was ruled out by chemical mapping (Fig. 5). If
a stimulator were present, the level of readthrough poly-
peptides would decrease upon its deletion (Wills et al.
1991; Firth et al. 2011; Napthine et al. 2012). The sole stim-
ulatory element in our assay was 6007–6009CUA, in both
cell-free systems and cultured cells (Fig. 4).
One difference between reported stimulators and full-

length PSIV IGR is the complexity of the structure. During
translational elongation, ribosomes need to unwind RNA
structures, if present. RNA structures including pseudo-
knots were previously shown to decrease the rate of trans-
lation in different assay systems derived from different
sources (Tu et al. 1992; Somogyi et al. 1993; Chen et al.
2013). Considering the structure of IGR IRES, namely, an
abundance of base pairs with six helical portions and three
pseudoknots (Kanamori and Nakashima 2001; Pfingsten
et al. 2006), the results of nucleotide deletion from mu-
tants 6147 to 6009 (Fig. 4), which showed gradual increas-
es in the level of readthrough polypeptides, may reflect
the reduction of the general inhibitory effects of complex
RNA structures against ribosomal elongation. However,
other possibilities cannot be ruled out. Increased read-
through in samples 5–7 can be explained by the deletion
of the functional RNA region of IRES to recruit ribosomes
(see Supplemental Fig. S5; Nishiyama et al. 2003), which
could be a hindrance of readthrough if present. Part of
the activity of the mutant 6009 can be attributed to the se-
quence of the VP2-coding region, which may enhance
readthrough only when located in the proximity of the
ORF1 stop codon, as evidenced in several mutations intro-
duced into the spacer in type III readthrough in Moloney
murine leukemia virus (Honigman et al. 1991; Feng et al.
1992; Wills et al. 1994).
Another differenceof PSIV structure is its location relative

to the termination codon. In stimulators for type II read-
through identified to date, the structure starts from the
12th or 16th nucleotide from the uridylate of the UGA co-
don (9 or 13 nt downstream from the termination codon,
Supplemental Fig. S1). In PSIV IGR, SLIII starts from the sec-
ond nucleotide, or internal guanylate, of the termination
codon UGA. When the ORF1 UGA codon is decoded,
base pairs within the P1.1 region of SLIII must be unpaired
and the entire structure of SLIII will no longer be present at
the time readthrough occurs. There will be a structure

formed with the P1.2 helix, but the stimulator activity for
readthrough was not detected in the comparison between
6072 and 6009 in our assay (Fig. 4). In the case of barley yel-
low dwarf virus or carnation Italian ringspot virus, the viral
sequence 700–750 or ∼3500 nt downstream from the
stop codon affects readthrough, respectively (Brown et al.
1996; Cimino et al. 2011; Xu et al. 2018). While such
long-range interactions with downstream viral sequences
were not investigated, our assay within the range of IGR
led to the conclusion that IGR SLIII is not a stimulator.
Within the UGACUA sequence identified in PSIV read-

through, the importance of cytidylate at the fourth position
on readthrough was previously pointed out (Li and Rice
1993). This would be the reflection of the weak termination
signal formed by the UGAC sequence, as pointed out by
others (Brown et al. 1990; McCaughan et al. 1995; Lough-
ran et al. 2014). Recent cryo-EM-based studies on the
mammalian termination complex (Brown et al. 2015; Math-
eisl et al. 2015), showing the presence of four nucleotides
in the ribosomal A site, would be structural proofs of this
phenomenon. The effect of uridylate at the fifth position
is enigmatic. The fifth uridylate was almost as unexchange-
able as the fourth cytidylate in our nucleotide replacement
assays (Supplemental Table S1). Compared with these two
positions, the effect of adenylate at the sixth position was
mild.
In PSIV IGR, as long as UGACUA hexamer is present, a

certain level of readthrough occurred, even in the pres-
ence of the large RNA structure of IRES (Figs. 2, 7), which
can intrinsically inhibit translational elongation, as dis-
cussed above. The number of examples of readthrough us-
ing the UGACUA sequence is increasing, as identified by
Loughran and colleagues (Loughran et al. 2014, 2018), in-
cluding metabolic enzymes targeted to peroxisomes
(Schueren et al. 2014; Stiebler et al. 2014). It is unlikely
that the 3′-UTRs of all of these mRNAs are equipped
with stimulatory RNA structures or are completely free
from RNA structures. We propose that, for one or some
of these cellular mRNAs, an essential level of readthrough
would be secured by the hexamer sequence even in the
presence of downstream RNA structures lacking stimulator
activities, as observed in our assay.
Conversely, the previous reports of readthrough in rab-

bit β-globin (local hexamer UGAGAU) and bovine VEGF-
Ax (UGAGCC) could not be reproduced in our cell-based
system (Supplemental Table S1). In both cases, hexamer
sequences differ from UGACUA by three nucleotides.
The readthrough activity of these two genes does not
need to be ubiquitous or essential and would be up-regu-
lated by trans-acting factors (Eswarappa et al. 2014).

Role of PSIV readthrough in viral replication

Within 15 dicistroviruses, the UGACUA motif identified in
this study is only present in PSIV (Supplemental Fig. S6),
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while an in-frame termination codon, which abolished the
extension of readthrough products (Fig. 3, sample 4; Fig.
4, sample 9), is present within the downstream three co-
dons in five viruses (HiPV, BQCV, HoCV-1, TSV, and
KBV). Therefore, readthrough to translate capsid proteins
will never be conserved. The observation of readthrough
in an insect cell-free system (Supplemental Fig. S3), how-
ever, suggests that the translation of amino acid sequence
encoded in IGR (IGR polypeptides, hereafter abbreviated
as IGRp) does occur in infected cells.

IGRp will be composed of 63 amino acids (Supplemen-
tal Figs. S5, S7), with its expectedmolecular mass and pI of
7.5 kDa and 9.6, respectively. Besides methionine, all oth-
er 19 amino acids are present. Overlapping with the pre-
dicted transmembrane α-helix in the N-terminal region, it
has homology with the prokaryotic transmembrane pro-
tein CydD thiol exporter (Supplemental Fig. S5; Supple-
mental Table S2). One possible function of readthrough
is to increase the affinity of 3D replicase (Supplemental
Fig. S8) to the membrane structure where viral RNAs are
synthesized (Flint et al. 2015).

Since IGRp andORF2 capsid proteins (ORF2p) share the
same reading frame, the following three polypeptides will
be translated in PSIV: ORF1p, ORF2p, and ORF1p–IGRp–
ORF2p derived from 5′ IRES, IGR IRES, and 5′ IRES fol-
lowed by readthrough, respectively. The uniqueness of
PSIV readthrough resides in that C-terminally diversified
ORF1p is N-terminally fused to the otherwise functional
ORF2p via IGRp. Dicistroviral polypeptides are thought
to be proteolytically processed to each protein (Bonning
and Miller 2010; Nakashima and Ishibashi 2010). As a re-
sult, the unique readthrough in PSIVmay produce a unique
viral protein, 3D–IGRp–VP2 (Fig. 1A), which has no coun-
terparts in any other viruses in the order Picornavirales.
The structures of virions are similar between picornavirus
and dicistrovirus (Tate et al. 1999). The N-terminal attach-
ment of 3D–IGRp to VP2 will be too large (594 vs. 254 ami-
no acids), if present, to be assembled into the virion.
Localization to the membrane evoked by the predicted
membrane affinity in IGRp may alleviate the interference
with assembly but disturb the supply of viral proteins.
Cleavage within or around IGRp, therefore, will be the
most effective way for PSIV to replicate in the presence
of readthrough.

Dicistroviral VP2 is the most upstream capsid protein
translated by IGR IRES. In contrast to the picornaviral
VP2, which is encoded downstream from VP4 and the N
terminus of which is strictly determined by the self-cleav-
age inside the virion, there is remarkable heterogeneity
of the amino acid sequence and length at the N termini
(Supplemental Fig. S10). Virion crystal structures of dicis-
trovirus revealed the extension of the VP2 N-terminal re-
gion to the outside of the pentamer unit (Tate et al.
1999), where chances of cleavage will be present. Accord-
ing to the homology search, six candidate sites, which in-

clude unique initiator glutamine of PSIV, are present
(Gln1–Glu2; for details, see Supplemental Discussion
and Supplemental Fig. S9). Whether and how these sites
are cleaved needs an experimental proof. In case neither
of the candidate sites is cleaved, readthrough will be a
bystander. Note that 3D–IGRp–VP2 will be localized to
the membrane and other detrimental effects of read-
through will be tolerated.

The development of a cultivation system together with
an infectious cDNA clone, which is currently unavailable
in PSIV but has been reported in another dicistrovirus
(Kerr et al. 2016), will advance the virological understand-
ing of PSIV readthrough. The roles of PSIV readthrough
should be addressed via a multidisciplinary approach us-
ing virological, biochemical, bioinformatic, and any other
methods available.

MATERIALS AND METHODS

Plasmids

Plasmids used in this study were prepared from the previously de-
scribed mammalian expression vector pCdEchimUAAgaCAA21
LucH (Kamoshita et al. 2009) and were purified using JetStar
2.0 Plasmid Midiprep Kit (Genomed/Veritas). Mutations were in-
troduced by standard primer-based PCR using KOD DNA poly-
merase (ToYoBo) and sequences were verified with ABI PRISM
310 Genetic Analyzer (Applied Biosystems). A more detailed de-
scription is provided in the Supplemental Material.

Transfection

COS-1, HEK293, or HeLa cells, plated in a 24-well plate the day
before, were transfected with a mixture of 0.4 µg of plasmid
and 0.375 µL of Lipofectamine 2000 (Life Technologies) assem-
bled in 50 µL of Opti-MEM (Life Technologies). Medium was
changed to complete medium and further incubated for 48 h at
33°C. For immunoblot, cells plated in a six-well plate were trans-
fected with an increased amount of DNA/Lipofectamine 2000
complex in proportion to surface area of the well. The duration
of incubation was extended to 60 h.

Immunoblotting

Cells were lysed with TNE buffer and cleared by centrifugation
(Kamoshita et al. 2009). After quantification of protein concentra-
tion of the cleared lysate using Pierce BCA Protein Assay Kit
(Thermo 23225), 8 µg of lysate was separated by 8% SDS-PAGE
and transferred to an Immobilon-P PVDF membrane (Millipore
IPVH0001). Expressed polypeptides were detected by rabbit
anti-Renilla luciferase antibody (MBL PM047) or mouse mono-
clonal anti-FLAG M2 antibody (SIGMA F1804-20), together with
appropriate secondary antibodies. As a loading control, β-actin
was stained with mouse monoclonal antibody (Santa Cruz
sc-47778). Chemiluminescence from the blot was recorded
on an ImageQuant LAS4000 Luminescent Image Analyzer (GE
Healthcare). When necessary, the luminescence of the bands of
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interest was quantified as volume values using the Analysis
Toolbox module in ImageQuant TL software (GE Healthcare).

RNA

Plasmids, linearized with the SpeI site, were used as a template for
the T7 RNA polymerase reaction. Template DNA was digested
with DNase I (Promega) and transcripts were purified using a
spun column packed with Sephadex G-50 (GE Healthcare).
Capped RNA was prepared with anti-reverse cap analog (NEB
S1411S).

In vitro translation

Rabbit Reticulocyte Lysate (RRL, Promega L416A) or Transdirect
Insect Cell Extract (Shimadzu 292-30000-91) from Spodoptera
frugiperda ovary Sf21 cells was used, in accordance with each
manufacturer’s protocol. The final reaction concentrations for po-
tassium, magnesium, and template RNA were adjusted to 150 or
100 mM, 1.1 mM, and 0.03 µg/µL (RRL) or 0.3 µg/µL (Sf21), re-
spectively. Products were labeled with L-[35S]-methionine
(Perkin-Elmer, NEG709A) and separated by SDS-PAGE, as de-
scribed previously (Kamoshita et al. 1997). Radioactivities of poly-
peptides on the images scanned with a Typhoon 9410 Imager
(GE Healthcare) were measured as volume values V of photo-
stimulated luminescence (PSL) in ImageQuant TL software (GE
Healthcare). When polypeptides with different lengths were com-
pared, the PSL value was divided by the number of methionine
residues in each polypeptide. Readthrough efficiency of certain
mRNA was calculated as (VRT/nRT)/(VRT/nRT +VRLuc/nRLuc), where
VX and nX represent the PSL V value and the number of methio-
nine residues, respectively, for translated polypeptide X, where
polypeptide X is either RT (stop codon readthrough) or RLuc
(Renilla luciferase). IRES activity was calculated as (VFLuc/nFLuc)/
(VRLuc/nRLuc).

Reporter assay

Luciferase activities in 5–10 µL of cellular lysate were quantified
using Dual Luciferase Reporter Assay (Promega). Firefly and
Renilla luciferase activities were measured by Lumat LB9507
Tube Luminometer or LB96VMicroplate Luminometer (Berthold).

Fluorescence intensity from EGFP was quantified using
ARVOmx Plate Reader (PerkinElmer). After 10-fold dilution of
10 µL of lysate with PBS, fluorescence of 485 nm excitation and
535 nm emission was measured for 1 sec. Samples with mock
transfection were used as blank controls.

Determination of the expression level of stop codon
readthrough polypeptides

Calculation in cell-free systems was performed as described
above. In cultured cells, the expression level of stop codon read-
through polypeptides was compared among mutants by one of
the following three procedures. In all three procedures, values ob-
tained in one series of transfection were normalized to that of a
reference sample, shown in red or the indicated color in each fig-
ure, and averaged from at least three independent experiments.

1. When the lengths in amino acids of the readthrough products
to be compared were equal (Figs. 3, 6; Supplemental Table
S1), the ratio of firefly luciferase activity to Renilla luciferase ac-
tivity was normalized to that of a reference sample.

2. In 3′ deletion mutant assays (Fig. 4), chemiluminescence from
readthrough polypeptides obtained with anti-FLAG antibody
and 36 kDa Renilla luciferase proteins obtained with anti-
RLuc antibody (Fig. 4D) was quantified as volume values using
ImageQuant TL software. Relative chemiluminescence values
of readthrough polypeptides divided by those of 36 kDa
Renilla luciferase were normalized to that of a reference sam-
ple 6192M1 (Fig. 4E). In upstream sequence assay (Fig. 2),
chemiluminescence from readthrough polypeptides obtained
with anti-FLAG antibody was directly compared between sam-
ple 1 and sample 2.

3. When readthrough was compared with a sense control (Fig. 7),
in which no 36 kDa Renilla luciferase was expressed, Renilla lu-
ciferase activity values were no longer used as an internal con-
trol. Firefly luciferase activity was divided by co-transfected
fluorescence of EGFP and this relative value was normalized
to that of a reference sample UGA M1 (Fig. 7B).

Structural mapping of RNA

Chemical reagents including DMS and CMCT were purchased
from SIGMA. SHAPE reagent NAI was prepared from 2-methyl-
pyridine-3-carboxylic acid (2MNA), and 1,1′-carbonyldiimidazole
(CDI), in accordance with the procedures described by Spitale
et al. (2013).
Dicistronic RNAs to be mapped were renatured after 1 min

of heat denaturation at 80°C. At a potassium concentration of
150 mM, 0.08 µg/µL RNA was reacted with 60 mM DMS,
25 mM CMCT, or 100 mM NAI at 33°C for 15 min. The positions
of modifications were determined by reverse transcription inhibi-
tion from 32P-labeled oligodeoxyribonucleotide (ODN) annealed
to downstream firefly luciferase sequence (Kamoshita et al. 2009).

Bioinformatic analysis

Homology of PSIV polypeptides was analyzed in NCBI BLASTP. In
the search using a short query (length 50–85), BLOSUM80 was
used as a substitution matrix. Secondary structure prediction
was based on PSIPRED and JPRED. The alignment of viral pro-
teins (Supplemental Figs. S8–S10) was prepared in the Web ver-
sion of ESPiprt 3.0 (Robert and Gouet 2014). Six candidate sites
for 3C or 3CD cleavage were chosen according to the presence
of P1 glutamine, or P1 glutamate followed by serine or glycine.
Details are described in the Supplemental Material.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.

ACKNOWLEDGMENTS

The earliest part of this work was carried out in the RajBhandary
Laboratory at MIT. We are grateful to Dr. Nobuhiko Nakashima

Stop codon readthrough in dicistrovirus IGR

www.rnajournal.org 101

http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.065466.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.065466.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.065466.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.065466.117/-/DC1


for his generous gift of cDNA of PSIV and Dr. Shusuke Kuge and
Dr. Izumu Saito for plasmids. We are also grateful to laboratory
members for discussions and toDr. TsukasaOhmori for comments
on the manuscript and support for revisions of experiments. This
work was supported by Grants-in-Aid for Scientific Research (C)
from the Japan Society for the Promotion of Science (JSPS
KAKENHI grant numbers JP22590413 to N.K. and JP25460393
to S.T.) and the MEXT-Supported Program for the Strategic
Research Foundation at Private Universities, 2013–2017.

NOTE ADDED IN PROOF

After this paper was submitted, investigations into the AMD1
gene and all human genes containing UGA_CUAGwere reported
in Yordanova et al. (2018) and Loughran et al. (2018), respectively.
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