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ABSTRACT XBP1 is a stress-regulated transcription factor also involved in mamma-
lian host defenses and innate immune response. Our investigation of XBP1 RNA
splicing during rotavirus infection revealed that an additional XBP1 RNA (XBP1es)
that corresponded to exon skipping in the XBP1 pre-RNA is induced depending on
the rotavirus strain used. We show that the translation product of XBP1es (XBP1es)
has trans-activation properties similar to those of XBP1 on ER stress response ele-
ment (ERSE) containing promoters. Using monoreassortant between ES� (“skipping”)
and ES– (“nonskipping”) strains of rotavirus, we show that gene 7 encoding the viral
translation enhancer NSP3 is involved in this phenomenon and that exon skipping
parallels the nuclear relocalization of cytoplasmic PABP. We further show, using re-
combinant rotaviruses carrying chimeric gene 7, that the ES� phenotype is linked to
the eIF4G-binding domain of NSP3. Because the XBP1 transcription factor is involved
in stress and immunological responses, our results suggest an alternative way to ac-
tivate XBP1 upon viral infection or nuclear localization of PABP.

IMPORTANCE Rotavirus is one of the most important pathogens causing severe
gastroenteritis in young children worldwide. Here we show that infection with sev-
eral rotavirus strains induces an alternative splicing of the RNA encoding the
stressed-induced transcription factor XBP1. The genetic determinant of XBP1 splicing
is the viral RNA translation enhancer NSP3. Since XBP1 is involved in cellular stress
and immune responses and since the XBP1 protein made from the alternatively
spliced RNA is an active transcription factor, our observations raise the question of
whether alternative splicing is a cellular response to rotavirus infection.
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A variety of cellular insults such as viral infection triggers a coordinated cell adaptive
response known as the unfolded protein response (UPR) (1, 2) that increases the

endoplasmic reticulum (ER) protein folding capacity and decreases its unfolded protein
load. XBP1 is a key mediator of the prosurvival arm of UPR and is activated via an
unusual mechanism (1). In unstressed cells, the cytoplasmic transcript XBP1u encodes
an inactive unstable transcription factor (XBP1u) with DNA-binding and dimerization
domains but without the activation domain required to activate target genes (Fig. 1A)
(3, 4). Once activated by stress, the endoribonuclease and protein kinase IRE1� cleaves
26 nucleotides off XBP1u. Subsequent joining of the RNA halves by the RNA ligase RtcB
(5–7) produces the XBP1s mRNA and causes a frameshift that enables translation of
XBP1s. XBP1s is a stable protein containing the same DNA-binding and dimerization
domains as XBP1u but in association with functional transcription-activating and
nuclear-localization domains (Fig. 1A). Hence, XBP1s is able to translocate to the
nucleus and activate target genes. XBP1s activates a set of genes that contain ER stress
response element (ERSE) or unfolded protein response element (UPRE) signals in their
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promoters (8–10). XBP1s has a major role in the induction of genes encoding chaper-
ones or molecules involved in lipid biosynthesis and ER-associated degradation (9,
11–13).

IRE1� activation and subsequent XBP1 unconventional splicing are also triggered by
the innate immune response (14). Some Toll-like receptors that sense pathogen-
associated molecular patterns specifically activate the IRE1� branch and its down-
stream target XBP1 (15, 16). XBP1 has also been implicated in stimulation of the
transcription of the beta interferon gene (17, 18). These observations uncover a critical
role of XBP1 in mammalian host defenses and the innate immune response.

Rotavirus is the main cause of gastroenteritis in humans and leads to an estimated
215,000 death each year (19). Rotavirus infection triggers the UPR, but the response is

FIG 1 Rotavirus infection induces cytoplasmic splicing of XBP1. (A) Schematic structures of the XBP1u
and XBP1s mRNAs. The general organization of the XBP1 gene is indicated with exons as gray boxes,
noncoding regions are indicated as white boxes, and introns are indicated as lines (not to scale). The
mRNA encoding XBP1u is produced by canonical nuclear splicing and then exported to the cytoplasm
(black arrow) to be translated (white arrow). The XBP1u protein translated from XBP1u mRNA is 261
amino acids long and contains a DNA-binding domain (hatched box). The mRNA encoding XBP1s is
produced by an unconventional cytoplasmic splicing (gray arrow) of XBP1u mRNA at exon 4 (light gray)
catalyzed by the IRE1� endoribonuclease. The XBP1s protein is 376 amino acids long and contains
DNA-binding and transactivating (black box) domains. (B) Detection of XBP1u splicing by IRE1�. The
positions of the primers XBP1dir and XBP1rev on the XBP1 gene and mRNAs are indicated. The RT-PCR
products (424 and 398 bp) obtained using these primers on RNA purified from unstressed MA104 cells
(lane C) or MA104 cells treated with thapsigargin (400 nM) for 3 and 9 h (T3, T9) are illustrated. (C) The
DNA products obtained by RT-PCR from RNA extracted from mock-infected cells or from cells infected
(MOI of 10) with rotavirus RF or RRV for the indicated time (in hours) were analyzed by agarose gel
electrophoresis. The top panel shows the XBP1 RT-PCR products, and the bottom panel shows the
GAPDH RT-PCR products used as a loading control. The 0= lane corresponds to untreated cells, and the
0 lane corresponds to mock-infected cells. The sizes of the molecular weight markers (MW) are indicated
in base pairs on the left side.
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modulated at the translational level (20, 21). Rotavirus infection induces the shutoff
cellular protein synthesis in a complex way that includes impairment of nuclear RNA
export (22), phosphorylation of eukaryotic translation initiation factor eIF2� (23), and
saturation of the translation machinery by viral mRNAs (24). Small interfering RNA
(siRNA) experiments have shown that both the translation shutoff and nuclear export
arrest are linked to the viral protein NSP3 (22, 25). Rotavirus NSP3 is a viral translation
enhancer and surrogate of the cellular cytoplasmic PABP (PABPC) (26) encoded by
rotavirus gene 7. Upon homodimerization NSP3 recognizes the 3= end of viral mRNAs
(27–29) and interacts simultaneously with the translation initiation factor eIF4G (30–32),
thus strongly stimulating viral mRNA translation (24, 33, 34). Interaction of NSP3 with
eIF4G leads to the eviction of PABPC from eIF4G (32, 35) with its subsequent release
from poly(A) RNA and relocalization into the nucleus (23, 35, 36).

Investigation of XBP1 activation as an host immune response to rotavirus infection
lead us to analyze first the unconventional splicing of XBP1 during a bovine rotavirus
infection. This investigation revealed that with several rotavirus strains, XBP1 RNA
undergoes an additional alternative, IRE1�-independent splicing. We show that this
splicing corresponds to exon 4 skipping during conventional nuclear splicing and that
this phenomenon is genetically linked the viral protein NSP3 and, more precisely, to its
eIF4G-binding domain. The capability to skip XBP1 exon 4 is linked to the faculty of the
viral strain to induce early nuclear relocalization of PABPC. Moreover, we show that the
XBP1 mRNA that results from exon 4 skipping produces an active form of the XBP1
transcription factor.

RESULTS
Rotavirus infection induces exon skipping in XBP1 RNA. The unconventional,

cytoplasmic splicing of XBP1 mRNA induced by IRE1� activation occurs in exon 4 and
can be monitored by reverse transcription-PCR (RT-PCR) using primers positioned in
exons 3 and 5 of the pre-mRNA (Fig. 1A). Our primers (Table 1) yielded two main RT-PCR
products. A DNA fragment of 424 bp was mainly observed with RNA from unstressed
control cells (Fig. 1B, lane C) and corresponds to the XBP1u (unspliced) mRNA. A 398-bp
DNA fragment was observed with RNA from stressed cells (treated with thapsigargin for
3 h [Fig. 1B, lane T3] or 9 h [Fig. 1B, lane T9]) and corresponds to the XBP1s (cytoplasmic
spliced) mRNA. A third minor product running above the two others (indicated as “u�s”
in all figures) was frequently obtained; this product corresponds to an XBP1u-XBP1s
double-stranded hybrid DNA fragment (37).

TABLE 1 Oligonucleotides used for PCR in this study

Oligonucleotide Sequence (5=–3=) Gene Usage

XBP1dir CTGGAACAGCAAGTGGTAGA XBP-1 Detection of XBP1u, XBP1s, and XBP1es
XBP1rev CTGGGTCCTTCTGGGTAG XBP-1
xbpmacEX2-5dir TAGCAGCTCAGACTGCCAGA XBP-1 Alternative splicing exons 2 to 5 of XBP1
xbpmacEX2-5rev ACTGGGTCCAAGTTGTCCAG XBP-1
xbpmacEX1-3dir GGGGCCCCTAAAGTACTGCT XBP-1 Alternative splicing exons 1 to 3 of XBP1
xbpmacEX1-3rev TCTTTAGCAACCAGGGCATC XBP-1
snoU6up CCAATGATGAGTTGCCATGC snoU6 Control of cell fractionation
snoU6lo GCCCCTCAGATCTTCATGTG snoU6
H_SS_475F22_qPCR CGGAAGCCAAGTCTGATATCCT XBP-1 Quantitative detection of XBP1es (junction exons 3 to 5)
H_SS_625R21_qPCR CTGATGACGTCCCCACTGACA XBP-1 Quantitative detection of XBP1es (exon 5)
GAPDH dir GGAGCCAAAAGGGTCATCATCTC GAPDH Control for PCR loading and cell fractionation
GAPDH rev TCCACAGTCTTCTGGGTGGCAG GAPDH
NPR2esmacup CATGTTTGGTGTTTCCAGCTTCC NPR2FL Alternative splicing in NPR2FL
NPR2esmaclo CGGGTTAGCTCAATGCGCTT NPR2FL
GOLGAesmacup TCAAGAGAACCTACTTAAGCGTTGTAAGG GOLGA4 Alternative splicing in GOLGA4
GOLGAesmaclo TGAGCAATTTCTTCTTCTTTCATTTCC GOLGA4
BAZesmacup TGCTCTGATGGTTTTGGAGTTCC BAZ1A Alternative splicing in BAZ1A
BAZesmaclo CGTTTTTGATATCTATACTTTGC BAZ1A
PAMesmacup TGTCCCAGTGCCCGGG PAM Alternative splicing in PAM
PAMesmaclo GGTGAAATCCACAGCTGACTTGG PAM
NCOAesmacup AGGCAACACGACGAAACAGCCATACC NCOA1 Alternative splicing in NCOA1
NCOAesmaclo TCTGGCATAAGATGGCTCTCTGCCC NCOA1
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To establish whether XBP1 is activated during rotavirus infection, we performed
RT-PCR with RNA purified from cells infected with the RF or RRV strains of rotavirus for
3, 6, or 9 h at a multiplicity of infection (MOI) of 10 (Fig. 1C). For mock-infected cell
controls, the RT-PCR product of XBP-u (424 bp) was predominant, showing that
IRE1�-dependent XBP1 splicing was not induced and, consequently, that the cells were
not stressed by mock infection. Infection with the bovine RF strain of rotavirus induced
XBP1 cytoplasmic splicing as early as 3 h postinfection, whereas XBP1 cytoplasmic
splicing was observed only after 6 h of infection with the simian RRV strain, suggesting
that the two strains could differ in their capacities to induce stress. Surprisingly, a
fourth, shorter band of �280 bp was observed only with the RF (bovine) strain starting
6 h after infection (noted as “es” in Fig. 1C). This 280-bp band did not originate from
cellular DNA since the primers used for PCR were positioned in exons 3 and 5, which
are separated by two introns of 884 and 314 bp (Fig. 1A) and therefore would amplify
a much larger fragment from cellular DNA. An XBP1 pseudogene exists in the human
genome (ENSG00000249947), but its nucleotide sequence is sufficiently divergent that
it would not be amplified by the primers used here. The es DNA fragment resulted from
the amplification of a reverse transcription (RT) product, since it was not observed in
the absence of the RT step (Fig. 2A, lanes 3 and 4). Moreover, the es DNA fragment
resulted from the amplification of a cellular polyadenylated RNA because the same PCR
product was obtained when an oligo(dT) primer was used (instead of random primers)
for the RT reaction (Fig. 2A, lane 2) and because rotavirus genes and mRNAs are not
polyadenylated.

Cloning and sequencing of the 280-bp RT-PCR fragment showed that it was the
product of the amplification of an XBP1 RNA lacking exon 4 (Fig. 2B). The 280-bp
fragment and the corresponding RNA are indicated by “es” for “exon skipping” here.

To ascertain that XBP1es resulted from a canonical nuclear alternative splicing of the
XBP1 pre-mRNA and not from a novel unconventional cytoplasmic splicing by IRE1�, a
specific inhibitor of the endonuclease activity of IRE1� (STD 083010 [38]) was used in
combination with the UPR inducer thapsigargin and rotavirus infection (Fig. 2C). The
basal and thapsigargin-induced IRE1�-dependent splicing of XBP1u were both effi-
ciently inhibited by STD 083010, as indicated by the disappearance of the XBPu
(398-bp) RT-PCR product (Fig. 2C, lanes 1 and 3 and lanes 2 and 4). Treatment with
dimethyl sulfoxide (DMSO), which was used as the vehicle for STD 083010 and
thapsigargin, did not modify the splicing of XBP1u in mock-infected (compare lanes 1
and 5) or RF-infected (lanes 6 and 8) cells. STD 083010 also inhibited the cytoplasmic
splicing of XBP1u (to obtain XBP1s) induced by rotavirus infection (lanes 6 and 7) but
had no effect on the XBP1es 280-bp RT-PCR DNA fragment (lane 7).

In addition to the nucleotide sequence of this fragment, this last result indicated
that the XBP1es 280 bp RT-PCR product corresponded to a conventional nuclear
splicing that skipped exon 4 of the XBP1 pre-mRNA.

Exon skipping is specific to XBP1 exon 4. To assess whether exon skipping
occurred in other locations of the XBP1 RNAs, RT-PCR using primers positioned in exons
1 and 3 and exons 2 and 5 (Table 1) was applied to RNA from mock- and RF- infected
cells. Only the expected 401-bp RT-PCR product was observed with the pair of primers
1 and 3, showing that skipping of exon 2 was not induced by rotavirus infection. RT-PCR
amplification with primers positioned in exons 2 and 5 produced the expected three
fragments corresponding to XBP1u, XBP1s, and XBP1es, thus showing that no alternative
splicing other than exon 4 skipping occurred in the XBP1 RNAs (data available upon
request).

Induction of XBP1 exon skipping depends on the viral strain. XBP1 exon
skipping was induced by bovine RF but not by simian RRV (Fig. 1C). Quantification of
the XBP1es RNA by RT-qPCR (Fig. 3A) showed that its expression was 3-fold higher in
cells infected with the RF strain than in the mock-infected control or cells infected with
the RRV strain. To determine whether XBP1es induction could be modified by the viral
load, the same RT-qPCR was applied to RNA extracted from cells infected with MOIs of
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FIG 2 XBP1es is a poly(A) RNA that results from exon skipping, not cytoplasmic splicing. (A) RNA purified
from mock (RF–)- or rotavirus RF (RF�)-infected cells was used as the template for a reverse transcription
reaction with (RT�) or without (RT–) reverse transcriptase and using oligo(dT) (dT) or random hexanucle-
otides (Rd) as primers. DNA products obtained by the PCRs using either XBPdir and XBPrev primers or
GAPDH primers were analyzed by electrophoresis on the same agarose gel. The sizes of the molecular
weight markers (MW) are indicated (in base pairs) on the left side. (B) A chromatogram from Sanger
sequencing of the XBP1es RT-PCR DNA product is shown below a schematic representation of the
organization of the XBP1 gene and that of XBP1es RNA resulting from exon 4 skipping. The vertical line
marks the junction of the exon 3 and 5 sequences. A schematic representation of the putative translation
product of XBP1es RNA is shown with the DNA-binding (hatched box) and transactivating domains (black
box). The numbers indicate amino acid positions. (C) RNA purified from MA104 cells infected (for 9 h) or
not by the RF strain of rotavirus and treated with the IRE1� inhibitor STF-083010 in DMSO (60 �M), with
the IRE1� activator thapsigargin (400 nM) or with DMSO (used as vehicle for STF-083010), was subjected
to RT-PCR with XBP1 primers and GAPDH primers. The PCR DNA products were analyzed by electro-
phoresis on two agarose gels. The sizes of the molecular weight markers (MW) are indicated (in base
pairs) on the left.
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1, 5, 10, or 50 for 9 h (Fig. 3B). An MOI of 5 seemed to be optimal for inducing XBP1es
with the RF strain. However, increasing the MOI did not increase the level of XBP1es
with the RRV simian strain, and the value remained close to that of the mock-infected
control. These results firmly established that the induction of XBP1es did not depend on
the initial viral load but exclusively on the viral strain.

Induction of XBP1 exon skipping depends on gene 7. The identification of two
strains with different capabilities to induce XBP1 exon skipping (here named “ES
phenotypes,” with RF ES� and RRV ES–) and the segmented nature of the rotavirus
genome provided an opportunity to identify the genetic origin of this difference by
using viral reassortants. The eleven possible monoreassortant viruses bearing one gene
from the RRV strain and 10 genes from the RF strain were isolated from the progenies
of an RF and RRV mixed infection and plaque purified twice. The ES� or ES– phenotype
of each virus was established by RT-PCR as described above after 9 h of infection
(MOI of 10) of MA104 cells (Fig. 4A). Only the monoreassortant-bearing gene 7 from RRV
had an ES– phenotype, indicating that this gene controlled XBP1 exon skipping. To
further substantiate this result, the reverse monoreassortant RRV/RF07 was also iden-
tified and cloned. As illustrated in Fig. 4B, this monoreassortant had an ES� phenotype
similar to the wild-type (wt) RF virus. This result showed that gene 7 is the main
determinant of the ES phenotype.

Induction of XBP1 exon skipping depends on the gene 7 genotype. Rotavirus
strains are classified according to the nucleotide sequence of each gene, and at least 16
genotypes have been identified for gene 7 (39–41). To establish whether the ES

FIG 3 XBP1 exon skipping depends on the rotavirus strain but not on the multiplicity of infection. The
amount of XPB1es RNA was quantified by RT-qPCR using primers specific for XBP1es (Table 1) and RNA
extracted from mock-infected cells or from cells infected with the rotavirus RF or RRV for the indicated
time (in hours postpostinfection) (A) or at the indicated MOI (B). The relative amount of XBP1es RNA is
presented. The means � the standard errors of the mean (SEM) for three independent experiments
performed in triplicate are shown. Asterisks indicate significant differences from the mock-infected
control (P � 0.05) as determined by a two-tailed Student t test.
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phenotype is correlated with the gene 7 genotype or with the animal/human origin of
a strain, the ES phenotypes of eight cell culture-adapted rotavirus strains belonging to
seven T genotypes were established. Two human (Au-1 [T3] and DS1 [T2]), two simian
(SA11-4F [T3] and RRV [T5]), and one avian (PO-13 [T4]) strain were identified as ES–,
whereas the human WA (T1), porcine OSU (T1), and bovine UK (T7) and RF (T6) strains
were identified as ES� (Fig. 1A and data available upon request). It is interesting that
genotypes T1, T6, and T7 (ES�) and T5, T3, T2, and T4 (ES–) belong to the two main
phylogenetic groups (40). These results showed that genetic proximity is the determi-
nant of the ES phenotype rather than the animal or human origin of the strain.

XBP1 exon skipping parallels the nuclear localization of PABPC induced by
rotavirus infection. The interaction of rotavirus NSP3 with eIF4G occurs at the expense
of PABPC binding to eIF4G, and PABPC is relocalized into the cell nucleus upon
rotavirus infection (23, 32, 35). Since PABPC nuclear localization perturbs the transcrip-
tion (42) and the export and maturation (43, 44) of nuclear RNAs, we investigated
whether a difference in PABPC localization could be observed in RF- versus RRV-
infected cells and in gene 7 reassortants. At 9 h postinfection (hpi), viruses bearing gene
7 from RF (RF and RRV/RF07 in Fig. 5A) were clearly more efficient at sending PABPC to
the nucleus than viruses bearing gene 7 from RRV (RRV and RF/RRV07, Fig. 5A).
Quantification of PABPC in the nucleus at different times postinfection (Fig. 5B) showed
that the RRV and RF/RRV07 viruses sent PABPC to the nucleus more slowly than the RF
and RRV/RF07 viruses. For example, PABPC was not detected in the nucleus before 9 hpi
with RRV or RF/RRV07, whereas PABPC was present in the nucleus at 6 hpi with the RF
virus. However, with the RRV/RF07 virus, XBP1 exon skipping was delayed in compar-

FIG 4 Rotavirus gene 7 determines the ES phenotype. (A) RNA purified from MA104 cells infected (9 h,
MOI of 10) with the different monoreassortants and parental strains was subjected to RT-PCR with XBP1
and GAPDH primers. The PCR DNA products were analyzed by electrophoresis and ethidium bromide
staining on two agarose gels (middle and lower panels). The sizes of the molecular weight markers (MW)
in base pairs are indicated on the left. (B) RNA purified from mock-infected MA104 cells (lane 5) or cells
infected with either an RRV monoreassortant carrying gene 7 from RF (RRV/RF07 lane 2), an RF
monoreassortant carrying gene 7 from RRV (RF/RRV07 lane 3), or the RRV (lane 1) or RF (lane 4) parental
strains was subjected to RT-PCR with XBP1 and GAPDH primers. The PCR DNA products were analyzed
by electrophoresis and ethidium bromide staining on two agarose gels. The sizes of the molecular weight
markers (MW) in base pairs are indicated on the left.
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ison with the parental RF virus, and exon skipping was not observed before 9 hpi
(Fig. 5C). Comparing PABPC nuclear localization and the detection of XBP1es in cells
infected with the same viruses (Fig. 5B and C) indicated that XBP1 exon skipping was
detectable when the ratio of nuclear PABPC reached a threshold (�0.2 in Fig. 5B); this
threshold was reached before 6 hpi with the RF virus and between 6 and 9 hpi with the
RRV/RF07 reassortant, whereas RRV and RF/RRV07 never exceeded this threshold. This
results showed that PABPC nuclear localization kinetics correlates well with the ES
phenotype but that the genetic background of gene 7 can influence its onset.

FIG 5 Nuclear translocation of PABPC and XBP1 exon skipping in parental RF and RRV and gene 7
monoreassortants. (A) Localization of PABPC in rotavirus-infected cells. MA104 cells infected (or mock
infected) with bovine RF, rhesus RRV, or gene 7 monoreassortants for 9 h were fixed and incubated with
NSP2- and PABPC-specific antibodies. Secondary antibodies coupled to the Alexa fluorophore stains
NSP2 (red) and PABPC (green). Nuclei were stained blue with DAPI. (B) Quantification of nuclear PABC1
in rotavirus-infected cells. Images such as those shown in panel A were taken at 3, 6, and 9 h after
infection (hpi) with the indicated virus and analyzed. The ratio of nuclear to total green (PABPC)
fluorescence (corrected for background) is reported. The results are mean values � the SEM of three
fields with �50 cells. (C) Kinetics of XBP1 splicing. The XBP1 DNA products obtained by RT-PCR of RNA
extracted from mock-infected cells or from cells infected (MOI of 10) for 3, 6, and 9 h with the indicated
parental or monoreassortant virus were analyzed by agarose gel electrophoresis, together with the
GAPDH PCR control. The sizes of the molecular weight markers (MW) are indicated in base pairs on the
left.
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Induction of XBP1 exon skipping by recombinant chimeric gene 7. The eIF4G-
binding domain of NSP3 is required for the nuclear relocalization of PABPC (35). To
establish whether the eIF4G-binding domain of NSP3 determines the ES phenotype, the
eIF4G-binding domains (from amino acid 247) of the RRV or RF gene 7 were swapped
to construct the chimeras RF/247RRV and RRV/247RF. The chimeras were then intro-
duced into a SA11 genetic background by reverse genetics (45). Recombinant rotavirus
carrying the chimeric RRV/247RF gene 7 gave an XBP1es PCR signal at least as strong
as the XBP1es signal obtained from RF (Fig. 6, lanes 5 and 2), and the recombinant
rotavirus carrying the chimeric RF/247RRV gene 7 was ES–, thus demonstrating that the
eIF4G-binding domain of NSP3 RF is a determinant of the ES phenotype.

Alternative splicing during rotavirus infection. Exon skipping is the most com-
mon mode of alternative splicing of mammalian pre-mRNAs. Is the exon skipping on
XBP1 mRNA specific to the XBP1 gene or are other genes affected during rotavirus
infection? To address this question, five genes (PAM, NPR2, GOLGA4, NCOA1, and
BAZ1A), which are a priori not linked to rotavirus replication but susceptible to
alternative splicing (46) and that are transcribed in MA104 cells, were investigated (Fig.
7). NPR2 and GOLGA4 did not show alternative splicing in infected or uninfected
MA104 cells, and PAM and BAZ1 alternative splicing was not affected by infection. In
the case of NCOA1, alternative splicing was clearly enhanced by rotavirus infection but
was independent of the ES phenotype of the virus. Although this study was limited to

FIG 6 ES phenotypes of recombinant viruses bearing NSP3 chimeras The DNA products obtained by
RT-PCR (with XBP1 or GAPDH primers) of RNA extracted from mock-infected cells or from cells infected
(MOI of 10 [9 hpi]) with RF or RRV or a recombinant virus (SA11 background, bearing RRV-247-RF or
RF-247-RRV gene 7 chimeras) were analyzed by agarose gel electrophoresis and ethidium bromide
staining, together with the GAPDH PCR control.

FIG 7 Alternative splicing of selected genes in ES– or ES� rotavirus-infected cells. RNA purified from
mock-infected MA104 cells (lanes “M.”) or from MA104 cells infected with the RF (ES�) or RRV (ES–) strain
of rotavirus was used for RT-PCR with primers specific for the cellular gene indicated on the top of the
lanes. On the left, the sizes of the molecular weight markers (MW) are indicated in base pairs. The
expected sizes (in base pairs) of the RT-PCR products are indicated on the right.

Rotavirus Alters Splicing Journal of Virology

March 2019 Volume 93 Issue 5 e01739-18 jvi.asm.org 9

https://jvi.asm.org


a small number of genes, the results show that splicing can be perturbed by rotavirus
infection.

Cellular localization of XBP1es RNA. Rotavirus infection blocks the nucleocyto-
plasmic trafficking of RNA (22) and perturbs the localization of several cellular proteins
(23, 47, 48). To establish whether XBP1es RNA was present in the cytoplasm of infected
cells or remained in the nucleus, XBP1es was detected by RT-PCR in nuclear and
cytoplasmic fractions of rotavirus-infected cells. To assess the quality of the subcellular
fractionation, primers for the (mainly) nuclear U6 RNA and (mainly) cytoplasmic GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) mRNA were used as controls (Fig. 8). As
expected for efficient subcellular fractionation, all of the XBP1s RNA and most of the
GAPDH mRNA was present in the cytoplasm (compare lanes 2 and 3 and lanes 7 and
8), and most of the U6 RNA was present in the nucleus (lanes 4 and 5). A small fraction
of XBP1es was detected in the cytoplasmic fraction, showing that the nuclear export of
XBP1es RNA was largely impaired.

Transactivation properties of the XBP1es translation product. Skipping exon 4 in
XBP1u mRNA induces the same frameshift as cytoplasmic processing by IRE1�, and
translation of an XBP1 mRNA lacking exon 4 would lead to the production of a XBP1es
protein of 336 aa with an NLS and a transactivating domain identical to those of XBP1s
(Fig. 9A).

To test whether the XBP1es protein has transactivating properties similar to those of
XBP1s on ERSE-containing promoters, XBP1es and XBP1s cDNAs were constructed from
the mouse XBP1u cDNA (49) by site-directed mutagenesis. The three constructs (XBP1u,
XBP1s, and XBP1es) and a plasmid control encoding eGFP were transfected in HEK293
cells, and XBP1 proteins were detected by Western blotting using an anti-XBP1 anti-
body raised against amino acids 76 to 263 of the protein. A protein product of the
expected size and of similar intensity was detected in cells transfected with XBP1s and
XBP1es cDNAs (Fig. 9A). In cells transfected with the cDNA encoding XBP1u, no protein
product was visible most probably due to the instability of XBP1u (3).

MA104 cells were then cotransfected with reporter plasmids encoding the firefly
luciferase gene under the control of the XBP1, GRP78 or GRP94 promoters (50). A
reporter plasmid with the firefly luciferase gene under the control of the CHOP
promoter (50), which is not targeted by XBP1 (51) but is induced after prolonged stress,
was used as a negative control. To standardize the assay, the reporter renilla luciferase
under the control of the cytomegalovirus (CMV) promoter was included in all trans-
fections. As illustrated in Fig. 9B, XBP1u had only very limited trans-acting activity on
the GRP78, GRP94, and XBP1 promoters and no activity on the CHOP promoter.
Conversely, XBP1es and XBP1s both transactivated the GRP78, GRP94, and XBP1
promoters to similar levels but had no effect on the CHOP promoter. Thus, the XBP1es

FIG 8 Localization of XBP1es RNA. RNA purified from the cytoplasmic (C) or nuclear (N) fractions of
MA104 cells infected with the RF strain of rotavirus (MOI of 10, 9 h postinfection) was subjected to RT-PCR
using XBP1, U6, or GAPDH primers. The PCR DNA products were analyzed by electrophoresis and
ethidium bromide staining on two agarose gels. The positions of the XBP1u, XBP1s, and XBP1es PCR DNA
products and of the molecular weight markers (MW; sizes are denoted in base pairs) are indicated.
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protein was functional and, at first approximation, had transactivation properties similar
to XBP1s transcription factor.

DISCUSSION

We have shown that during infection with several rotavirus strains, a new form of
XBP1 RNA is synthesized that corresponds to an RNA lacking exon 4 and potentially
encodes a functional XBP1 transcription factor. We correlated XBP1 exon skipping with
the early induction of the nuclear localization of PABPC. Using classical and reverse
genetics, we identified NSP3 and, more precisely, its eIF4G-binding domain as the
trigger of XBP1 exon skipping.

The nuclear localization of PABPC requires the release of the bound poly(A) RNA and
the subsequent unmasking of nuclear import signals within its RNA recognition motifs
(52). Since the interaction of PABPC and eIF4G is allosterically regulated by poly(A)
binding to PABPC (53), it is probable that eviction of PABPC from eIF4G by NSP3
interaction with eIF4G (32) also disrupts the PABPC-poly(A) interaction and thus un-
masks the PABPC nuclear import signal. The difference in the kinetics of nuclear
localization of PABPC upon rotavirus infection may originate from a difference in the
strength of the eIF4G-NSP3 interaction and hence the amino acid sequence of the NSP3
eIF4G-binding domain. This mechanism can explain the segregation of the ES pheno-

FIG 9 XBP1es and XBP1s proteins have similar transactivating properties. (A) Expression of XBP1u, XBP1s,
and XBP1es in HEK293 cells. On the left, schematic representations of the XBP1u, XBP1s and XBP1es
cDNA constructs used are shown together with schematic representations of the proteins they encode
(numbers indicate amino acid positions). The functional DNA-binding (hatched box) and transcription-
activating domains (black box) are indicated. On the right, lysates of HEK293 cells transfected with XBP1
cDNA constructs were resolved by SDS-PAGE and probed with an antiserum directed against XBP1. The
numbers indicate the positions and molecular weights (in kDa) of the markers. The dotted line indicates
the expected position of XBP1u. (B) Transactivating properties of XBP1u, XBP1s, and XBP1es. MA104 cells
were cotransfected with a combination of three expression plasmids: (i) either one of the XBP1 cDNA
constructs described in panel A or a control plasmid encoding eGFP; (ii) a reporter plasmid carrying the
firefly luciferase gene under the control of the CHOP, XBP1, GRP94, or GRP78 promoter; and (iii) a
normalization plasmid encoding the Renilla luciferase gene under the control of the CMV promoter.
Luciferase activities were measured 48 h after transfection and reported as the firefly/Renilla ratio with
the GFP control set to 100. The mean values � the SEM for three independent experiments performed
in triplicate are shown. Bars: XBP1u (UNSPL), light gray; XBP1s (SPL), dark gray; XBP1es (ES), black.
Asterisks indicate significant differences compared to the XBP1u-transfected sample (P � 0.05) as deter-
mined by a two-tailed Student t test. NS, not significant.
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type according to the T genotype of the viral strain and the eIF4G-binding domain of
NSP3.

The nuclear roles of PABPC are not well known (43). PABPC is not required for mRNA
export from the nucleus (54) but interacts with pre-RNA (44), and an increased level of
PABPC in the nucleus results in hyperadenylation and nuclear retention of transcripts
(55), probably by interfering with the functions of nuclear PABP. Our observations that
the splicing of cellular genes can be altered by rotavirus infection are thus consistent
with alteration of the nuclear functioning by PABPC1 localization in the nucleus.
Relocalization of PABPC into the nucleus have been observed in stressed cells after heat
shock (56) or UV irradiation (54), and in both cases extensive changes in RNA splicing
have been observed (57). Several other viral infections induce PABPC relocalization
(58–60). In the case of HSV1 infection, nuclear RNA export was affected, and profound
modifications of the splicing of cellular genes were observed (61). In the case of
orthoreovirus, another double-stranded RNA (dsRNA) virus, infection perturbs RNA
splicing (62, 63), but PABPC localization has not been studied. Our observation that the
splicing of the NCOA1 RNA is affected by rotavirus infection regardless of the ES
phenotype might indicate that rotavirus infection is more perturbative for RNA splicing
than reported here. In this regard, it is interesting that the nuclear localization of the
RNA processing factor sam68 is modified during rotavirus infection (36) and that the
localization of several cellular RNA binding proteins, including hnRNPs (64), is perturbed
during rotavirus infection (47, 48). A thorough study of RNA splicing during rotavirus
infection using deep sequencing is required to enlighten this point.

However, skipping of exon 4 of XBP1 is observed only with some strains of rotavirus.
The biological significance that only some strains exhibit this effect on XBP1 splicing is
still puzzling since this correlates neither with the animal or human origin of the virus
nor with the capacity to replicate outside the intestines (65), which has also been linked
to the origin of gene 7 (SA11 replication is restricted to the intestine but not RRV, and
this capacity is genetically linked to gene 7; however, SA11 and RRV are both ES–

viruses). Nor does this finding correlate with the kinetics of cell protein synthesis shutoff
(see Fig. 4 in reference 26): cell protein synthesis is halved after 4 h with RF, but only
6 h after infection with RRV, whereas gene 7 monoreassortants have intermediate
phenotypes.

We only correlated the ES phenotype with the kinetics of PABPC nuclear accumu-
lation that itself correlates with the eIF4G-binding domain of the NSP3 protein. Whether
this property provides an advantage for viral replication in vivo, requires a more in
depth comparison of the replication of ES– or ES� viruses.

Taking into account the prominent role of XBP1 in stress and immune responses,
one cannot totally discard the hypothesis of a role of XBP1 exon skipping as a specific
cell response to infection or to nuclear localization of PABPC, especially since the
XBP1es protein is a functional transcription factor.

The XBP1es protein is probably not highly expressed in rotavirus-infected cells
because its RNA is detected at 6 h after infection, when the cellular protein synthesis
shutoff induced by rotavirus is already fully efficient (26, 36). Furthermore, our frac-
tionation experiments showed that most of the XBP1es RNA remains in the nucleus,
where translation is not efficient (66).

However, it cannot be totally excluded that a small amount of the XBP1es tran-
scription factor is synthesized before completion of translation shutoff. The expression
of the XBP1es protein, which has transactivation properties similar to those of XBP1s,
may be a viral mechanism to favor gene expression of proviral factors. Consistent with
this idea, rotavirus is dependent on HSP chaperones (67–69), and activation of the
IRE1/XBP1 arm of the UPR early in flavivirus infection reduces virus cytotoxicity (70). We
have shown here that the XBP1es protein could transactivate the chaperone GRP94 and
GRP78 promoters similarly to the XBP1s protein. However, studies of cellular gene
induction during rotavirus infection are not consistent: GRP78 and GRP94 mRNA and
protein levels decrease in cells infected with the OSU (ES�) strain (20) but increase
during SA11 (ES–) infection (71).
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Studies have uncovered a critical role of XBP1 in mammalian host defenses and the
innate immune response (14–16, 72). For example, some Toll-like receptors specifically
activate the IRE1� branch (but not the PERK or ATF6 branches) of the UPR and its
downstream target XBP1 (15, 16). XBP1 is also involved in the transcription stimulation
of the beta interferon gene (17, 18). Exon skipping in XBP1 could be another means of
inducing the synthesis of a functional XBP1 transcription factor in the course of a
cellular response to infection. Relevant to this hypothesis, alternative splicing has been
shown to regulate host antiviral responses (73, 74), and pathways linking splicing
regulation with the antiviral response are now considered emerging mechanisms of
evasion in viral infection (72, 74–77).

XBP1 is ubiquitously expressed (78) and is involved in diverse human diseases such
as cancer (76, 79), neurodegeneration (80), obesity (81), and inflammatory diseases (82).
Regulation of XBP1 activities in an IRE1�-independent manner by the regulation of
exon skipping might take place in physiological conditions other than rotavirus infec-
tion. Indeed, similar XBP1 exon skipping was found to occur at the gastrula and early
neurula stages of Xenopus development (83). Moreover, cDNAs with the same exon
skipping are present in EST libraries from mice (GenBank BQ884979, 948 bp) and adult
swine bone marrow cells (GenBank HX206384, 628 bp and with a 5= untranslated
region), showing that XBP1 exon skipping could probably occur in physiological
conditions other than rotavirus infection.

MATERIALS AND METHODS
Cells and viruses. Embryonic rhesus monkey kidney MA104 cells were maintained in Eagle minimum

essential medium (EMEM) supplemented with 10% fetal bovine serum, 100 IU/ml penicillin, and
100 �g/ml streptomycin. COS7 cells were maintained in Dulbecco modified EMEM.

The bovine RF and UK, human WA, porcine OSU, and simian RRV and SA11-4F strains of group A
rotavirus were used to infect MA104 cells. Virus titers were determined by counting immunoperoxidase/
carbazole-stained infected cells in 96-well plates 24 h after infection with a 5-fold dilution of the viral
inoculum.

Infections were performed at an MOI of 10 PFU/cell in EMEM in the presence of trypsin (0.44 �g/ml)
and antibiotics but without serum.

To avoid stress induced by the culture medium replacement, the cells were washed with fresh
serum-free medium the day before use, and a small volume of the overnight medium was left on the cell
before proceeding to infection. Mock infections were made by adding trypsin to the overnight medium.

Plasmid construction and mutagenesis. The XBP1s and XBP1es cDNAs were obtained by site-
directed mutagenesis using PFU polymerase and DpnI digestion on the mouse XBP1u cDNA cloned into
pCMV2 (49). Mutations were confirmed by nucleotide sequencing of the whole coding sequences.

To minimize structural perturbations in the chimeric NSP3 proteins, the chimeras were engineered
using the KpnI site preexisting in the RF gene and positioned in regions encoding identical amino acid
sequences in the RF and RRV genes. A silent T-to-C mutation was introduced by site-directed mutagen-
esis at position 769 of the RRV gene 7 cDNA cloned into the pRiboz vector (84) to create a KpnI site. The
KpnI-EcoRI fragment of the RRV plasmid was then exchanged with the KpnI-EcoRI fragment of the RF
plasmid, leading to chimeric RRV/RF genes 07 cloned into pRiboz. The pRiboz RF-Kp-RRV07 plasmid thus
encodes a chimeric NSP3 protein with amino acids 1 to 247 from RF and amino acids 248 to 313 from
RRV NSP3, and the pRiboz RRV-Kp-RF07 plasmid encodes a chimeric NSP3 protein with amino acids 1 to
247 from RRV and amino acids 248 to 313 from RF NSP3.

Cell RNA purification, RT-PCR, and RT-qPCR. Total RNA from cells was purified with an RNeasy RNA
isolation kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol and quantified using a
NanoDrop ND-1000 spectrophotometer. Then, 1 �g of total RNA was used for reverse transcription with
SuperScript II reverse transcriptase (42°C, 50 min, 200 U) and 10 �M random oligonucleotides or oligo(dT)
(when indicated) primers. The PCR conditions were as follows: denaturation at 94°C for 30 s, hybridization
at 50°C for 30 s, and elongation at 72°C for 30 s, with 35 cycles for XBP1 and 25 cycles for GAPDH. The
primers used for PCR were chosen from the Macaca mulatta (rhesus monkey) genome using Primer 7
software and are indicated in Table 1. To specifically quantify the XBP1es isoform, a sense primer
spanning the exon 3-to-5 junction sequence (Fig. 2B) (11 nucleotides on each side) and a reverse primer
positioned in exon 5 (PCR product, 169 bp) were used.

A XBP1es qPCR was performed using 5 �l of a 1:5 dilution of reverse-transcribed RNA (1:15 for
GAPDH) with MESA green qPCR MasterMix Plus (Eurogentec) with a MxPro3000 (Stratagene) apparatus
and Comparative Quantification software. The efficiency of the primers (Table 1) was �98% (26). Results
were analyzed according to the 2–ΔΔCT method with GAPDH mRNA as an endogenous reference (85)
since the GAPDH threshold cycle (CT) values are not significantly modified up to 9 h after infection with
either of the two strains used (26).

dsRNA extraction and RT-PCR. Viral dsRNA was purified from 0.4 ml of infected cell culture medium
by TRIzol (Life Technologies) or RNAzol (Sigma-Aldrich) RT, and 200 ng of RNA was analyzed by
electrophoresis for 24 h on a 20-cm 10% polyacrylamide gel in Tris-glycine-SDS buffer (86). RNA was
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detected by silver staining using a Silver Stain Plus kit from Bio-Rad. To determine the parental origin of
some genes, RT-PCR with strain-specific primers was used. dsRNA (1 �g in 10 �l) with random primers
(5 �M) was denatured by incubation in boiling water and reverse transcribed (50 min at 42°C) using
200 U of Moloney murine leukemia virus reverse transcriptase (20 �l, final volume). PCR was conducted
on 1 �l of the reverse transcriptase reaction in a final volume of 50 �l with 200 nM concentrations of each
primer and 0.2 U of Taq polymerase. The following PCR conditions were used: 35 cycles of denaturation
at 95°C for 0.5 min, annealing at 40°C for 1 min, and elongation at 72°C for 1 min.

Cell transfection, Western blotting, and luciferase assays. DNA was introduced into MA104 cells
by lipofection using Lipofectamine 2000 according to the supplier’s instructions (Life Technologies). Cells
were recovered at 36 h posttransfection and assayed with the Dual-Glo luciferase assay system (Life
Technologies). HEK293 cell lysates were used to detect XBP1 proteins with a rabbit polyclonal antibody
from Santa-Cruz (SC-7160). Western blots were visualized using an OdysseyFC imager and Image Studio
software (LI-COR).

Rotavirus reassortment and reverse genetics. Monoreassortants between the RF and RRV and the
RF and SA11-4F strains of rotavirus were selected from the progeny viruses obtained after mixed
infection at an MOI of 10 for each parent. Some monoreassortants were obtained by back-crossing a
multireassortant with one of the parental viruses. The progeny viruses were plaque purified and
amplified, and the parental origin of the genome segments was determined by the electrophoretic
mobility of the genomic RNA on 10% polyacrylamide gels after silver staining. Genes 1, 2, 3, 7, 8, 9, and
10 whose parental origin could not be unambiguously assigned were further analyzed by RT-PCR using
specific primers for the gene of each parent. Monoreassortant candidates were then plaque purified
twice and reanalyzed after amplification (data are available upon request).

For rotavirus reverse genetics, the protocol and plasmids described by Kanai et al. (45) were used. The
plasmid pT7 SA NSP3 was replaced by the chimeric constructs in pRiboz as described above.

Immunofluorescence staining and microscopy. MA104 cells (105) seeded on 12-mm glass cover-
slips were infected with different rotavirus strains at an MOI of 10 and incubated at 37°C for various times.
The cells were fixed with 4% paraformaldehyde at room temperature and processed as described in Harb
et al. (35). The fixed cells were incubated with the primary antibodies (rabbit polyclonal antibody against
rotavirus NSP2 [1:100] [87] and 10E10 monoclonal antibody specific for PABP-C1 [Santa Cruz, sc-32318;
1:100]) for 1 h and then with Alexa Fluor 488-conjugated goat anti-mouse IgG and Alexa Fluor 546-
conjugated goat anti-rabbit IgG (Molecular Probes, Inc., Eugene, OR) at a dilution of 1:1,000. Before being
mounted on glass slides with ProLong Antifade (Molecular Probes), the cells were incubated with DAPI
(4=,6=-diamidino-2-phenylindole) for 10 min. The cells were visualized with a Zeiss Axio-Imager micro-
scope (20� objective; Zeiss AG, Gottingen, Germany). Images were captured using the same acquisition
parameters. Mock-infected cells were examined first and used to set the background before imaging the
infected samples. For immunofluorescence quantification, three fields were randomly selected for each
time point postpostinfection, and cytoplasmic and nuclear PABPC fluorescence levels were quantified
using the Cell Profiler pipeline (88) and processed using ImageJ (http://rsb.info.nih.gov/ij/index.html).
The nuclear and cytoplasmic compartments were delimited by DAPI and NSP2 fluorescence, respectively.

Nuclear and cytoplasmic extracts. Nuclear and cytoplasmic extracts of infected and mock-infected
cells were prepared as previously described (89).
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