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The shift from low to high non-structural protein 1
expression in rotavirus-infected MA-104 cells

Laura Martinez-Alvarez, Carolina Pifa-Vazquez, Wilbert Zarco, Luis Padilla-Noriega/*

'Instituto de Investigaciones Biomédicas, Universidad Nacional Auténoma de México, Mexico DF, Mexico

A hallmark of group/species A rotavirus (RVA) replication in MA-104 cells is the logarithmic increase in viral
mRNAs that occurs four-12 h post-infection. Viral protein synthesis typically lags closely behind mRNA synthesis but
continues after mRNA levels plateau. However, RVA non-structural protein 1 (NSPI) is present at very low levels
throughout viral replication despite showing robust protein synthesis. NSPI has the contrasting properties of being
susceptible to proteasomal degradation, but being stabilised against proteasomal degradation by viral proteins and/
or viral mRNAs. We aimed to determine the kinetics of the accumulation and intracellular distribution of NSPI in
MA-104 cells infected with rhesus rotavirus (RRV). NSPI preferentially localises to the perinuclear region of the cyto-
plasm of infected cells, forming abundant granules that are heterogeneous in size. Late in infection, large NSPI gran-
ules predominate, coincident with a shift from low to high NSPI expression levels. Our results indicate that rotavirus
NSPI is a late viral protein in MA-104 cells infected with RRV, presumably as a result of altered protein turnover.
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Group/species A rotaviruses (RVAs) belong to the Re-
oviridae family and are one of the major causes of gastro-
enteritis in infants and young children (Anonymous 2008).
The viral particle consists of three concentric protein layers
that enclose a genome of 11 segments of double-stranded
RNA (dsRNA). The viral genome encodes six structural
proteins [viral protein (VP) VP1-VP4, VP6, VP7] and five
or six non-structural proteins [(NSP)1-NSP5 and, in some
strains, NSP6]. Of the structural proteins, VP4 and VP7
form the outer layer, VP6 the intermediate layer and VP2
the inner layer. The viral RNA polymerase VP1 and the
RNA-capping enzyme VP3 are associated with the inner
layer and the viral genome (Estes & Kapikian 2007).

RVA entry into the host cell is accompanied by loss
of the outer layer, converting the triple-layered particles
(TLPs) into double-layered particles (DLPs), which are
transcriptionally active. Viral mRNAs are capped, but
not polyadenylated, and they have the dual roles of be-
ing translated into viral proteins and being templates for
the production of genomic dsRNA. The putative sites of
genome transcription, replication and DLP assembly are
the viroplasms, which are cytoplasmic inclusion bodies
made of viral RNAs and proteins. In MA-104, a vervet
monkey kidney cell line, the DLPs assemble in the viro-
plasms and bud through the endoplasmic reticulum (ER),
thus acquiring a transient lipid envelope. In the ER, the
envelope is lost concurrently with the assembly of the
outermost layer to produce TLPs and the mature virions
are released by cell lysis (Estes & Kapikian 2007).
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The kinetics of viral mRNA synthesis in MA-104
cells infected with rhesus rotavirus (RRV) consist of a
slight linear increase during the first 4 h post-infection
(hpi) followed by a logarithmic increase from 4-12 hpi
(Ayala-Breton et al. 2009). Protein synthesis lags closely
behind mRNA synthesis, such that typical RVA proteins,
such as NSP2 (the major component of viroplasms), start
to accumulate sharply at 4 hpi and reach a very high
level at 8 hpi (Carreno-Torres et al. 2010). The kinetics
of dsRNA and infectious virus progeny production show
a 2-h delay compared to mRNA synthesis, such that a
slight linear increase occurs from 3-6 hpi followed by
a logarithmic increase from 6-12 hpi (Ayala-Breton et
al. 2009). Moreover, infectious virus production reaches
its maximum level at 12 hpi (Estes et al. 1979, McCrae
& Faulkner-Valle 1981, Johnson & McCrae 1989, Ayala-
Breton et al. 2009).

NSP1 is a 53-kDa RNA-binding protein that loca-
lises to the cytoplasm of infected cells (Hua & Patton
1994, Hua et al. 1994). Although it is the most variable
viral protein, NSP1 contains a conserved set of seven
cysteines and one histidine near the N-terminus (resi-
dues 44-74 of RRV gene 5), which has been proposed to
be a really interesting new gene (RING) domain, which
is characteristic of E3 ubiquitin-protein ligases (Graff et
al. 2007, Pina-Vazquez et al. 2007). NSP1 interacts with
interferon (IFN) regulatory factors (IRFs) 3, 5 and 7 and
the B-transducin repeat-containing protein (B-TrCP), the
component of the E3 ubiquitin ligase complex respon-
sible for activating NF-xB. This interaction induces the
degradation of IRFs and B-TrCP through the proteasome,
resulting in suppression of the type I IFN response (Ar-
nold & Patton 2010).

In contrast to the high expression levels of typical
RVA proteins, such as NSP2 and VP6, NSP1 has a low
expression level in RVA-infected cells and is barely
detectable by metabolic labelling (Ericson et al. 1982,
Johnson & McCrae 1989, Pina-Vazquez et al. 2007). The
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determinants of the low NSP1 expression level have not
been thoroughly studied. Polyribosome analysis indicat-
ed that NSP1 mRNA has a lower translational efficiency
than VP6 mRNA in MA-104 cells infected with the RVA
strain B641 (Mitzel et al. 2003). Using a highly efficient
vaccinia virus expression system, we previously found
that despite having robust protein synthesis, RRV NSP1
has very low expression levels due to its high suscep-
tibility to proteasomal degradation. Moreover, this pro-
teasomal degradation was prevented by transfection
with the full complement of translation-competent viral
mRNAs, thus suggesting that viral proteins alone or in
combination with viral mRNAs prevent the degradation
of NSP1 by the proteasome (Pina-Vazquez et al. 2007).
Because RING-domain E3 ubiquitin ligases are capable
of self-ubiquitination in the absence of their protein tar-
gets, the proposed role of NSP1 as an E3 ubiquitin ligase
would allow this protein to auto-regulate its expression
level via self-ubiquitination and degradation by the pro-
teasome. However, in the presence of viral or cellular
factors that are able to bind NSPI, self-ubiquitination
would be prevented, thus upregulating its expression
(Graff et al. 2007, Pina-Vazquez et al. 2007).

Because a detailed study of NSP1 expression through-
out RVA infection is lacking, we determined the intrac-
ellular distribution and expression kinetics of NSP1 in
RRV-infected cells using immunofluorescence (IF) and
Western blot (WB) analyses, respectively.

MATERIALS AND METHODS

Cell lines and viruses - RRV was obtained from HB
Greenberg (Stanford University, Stanford, CA). The vac-
cinia virus vl 7lacOI was obtained from B Moss (Nation-
al Institutes of Health, Bethesda, MD). The recombinant
vaccinia virus VNSP1, which was used for expressing
NSP1 from RRV, was previously produced in our labo-
ratory (Pina-Vazquez et al. 2007). NSP1 expression in
BSC-1 cells was based on the vaccinia virus/lac operon/
T7 RNA polymerase/encephalomyocarditis (EMC) inter-
nal ribosome entry site (IRES) (VOTE) mammalian cell
system developed by B Moss (Ward et al. 1995). In this
system, the cells are infected with a recombinant vaccinia
virus carrying the target gene, which is transcribed from
a T7 RNA polymerase promoter regulated by an Escheri-
chia coli lac operator that is produced at high levels due
to the IRES of the EMC virus. The vervet monkey kid-
ney cell lines MA-104 and BSC-1 were obtained from R
Wyatt (National Institutes of Health, Bethesda, MD) and
R Rosales (Universidad Nacional Autonoma de México,
Mexico City), respectively. The human cervix adenocar-
cinoma cell line HeLa was obtained from A Gonzalez
(Universidad Nacional Auténoma de México, Mexico
City). RRV was propagated in MA-104 cells (Kaljot et al.
1988) and vaccinia viruses were replicated in adherent
HeLa cells (Earl et al. 2007).

Antibodies - The anti-NSP2 guinea pig serum was
produced in our laboratory as previously described
(Cabral-Romero & Padilla-Noriega 2006). The mono-
clonal antibodies (Mabs) from the ascitic fluid used to
detect the RVA proteins were obtained from HB Green-

berg: 3A8/6E8 anti-VP2 (Svensson et al. 1990), 1E11 an-
ti-VP6 (Coria-Galindo et al. 2009), 4F8 anti-VP7 (Shaw
et al. 1985) and 191 anti-NSP2 (Bass et al. 1990).

For this study, we produced 12 sera that were hyperim-
mune to a C-terminal peptide of RRV NSP1 or full-length
recombinant NSP1 from RRV. Here, we describe only the
production of serum that was hyperimmune to full-length
NSPI1 and showed the best signal/noise ratio with IF of
RRV-infected cells; this serum was used throughout the
study. Gene 5 of RRV, which codes for NSP1, was ampli-
fied from the viral genomic dsRNA with the ThermoScript
reverse transcription-polymerase chain reaction system
(Invitrogen, Carlsbad, CA) and cloned into the Ncol-Xhol
sites of the plasmid pET28b (Novagen, Madison, WI) to
produce pET28b-NSP1. The following specific primers
were used to amplify the NSP1 gene (GenBank: U08433):
5-CAATATTCCATGGCAACCTTTAAG-3’ and 5’-GA-
TAACTCGAGGTCGAGGTCGTCATCTTCAGAG-3’.
A hexahistidine tail was added to the C-terminus in this
construct. The insert was sequenced from both strands.

NSP1 expression was induced in E. coli BL21-DE3
transformed with pET28b-NSP1 with 1 mM isopropyl-
beta-d-thiogalactopyranoside (IPTG) for 6 h at 37°C,
starting at an OD,, of 0.8. The bacterial cells were dis-
rupted by sonication in lysis buffer [phosphate-buffered
saline (PBS)] without calcium or magnesium plus an
ethylenediamine tetraacetic acid-free protease inhibitor
cocktail (Roche, Mannheim, Germany). The quantity of
NSP1 in the insoluble fraction was determined using so-
dium dodecyl sulphate-polyacrylamide gel electropho-
resis (SDS-PAGE) (Laemmli 1970). To obtain the NSP1
antigen, the band corresponding to NSP1 was excised
from the gel and pulverised at -70°C. The NSP1 antigen
was administered intramuscularly and intraperitoneally
to guinea pigs in four 100-ug doses with complete Fre-
und’s adjuvant (Sigma-Aldrich, Saint Louis, MI) for the
first dose and incomplete adjuvant for subsequent doses.
The guinea pigs were bled 10 days after the last dose and
the serum was separated.

Infection of MA-104 cells with RRV - The viral inocu-
lum was activated by treatment with 10 pg/mL trypsin
(1:250, Invitrogen) for 30 min at 37°C. Confluent MA-
104 monolayers were infected with activated RRV in
serum-free minimum essential medium (MEM) (Invit-
rogen) at the indicated multiplicity of infection (MOI).
At 1 h after infection, the viral inoculum was replaced
with serum-free MEM and the cells were incubated at
37°C until the indicated time pi. In some experiments,
the RRV infections were synchronised by treatment with
the 4F8 Mab at 1 hpi, thus neutralising both adsorbed
and non-adsorbed virions as previously described (Rug-
geri & Greenberg 1991). Briefly, the cells were washed
with serum-free MEM at 4°C and incubated with the
neutralising Mab 4F8 diluted 1:200 in serum-free MEM
at 4°C. After 1 h, the cells were washed with serum-free
MEM and incubated at 37°C until the indicated time pi.

Infection of BSC-1 cells with vaccinia viruses -
BSC-1 cells were grown in 16-well chambered slides
(Nalge Nunc, Rochester, NY) at 37°C. Prior to infection,
the viral inoculum was activated with 125 pg/mL of
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trypsin (1:250, Invitrogen) for 30 min at 37°C and fur-
ther homogenised in a cup sonicator for 1 min as previ-
ously described (Elroy-Stein & Moss 2007). The BSC-1
monolayers were infected with activated vNSP1 or vI'7-
lacOI at the indicated MOI, the inoculum was replaced
at 1 hpi with MEM + 2.5% FBS + 1 mM IPTG, the cells
were incubated at 37°C and further processed for IF at
the indicated times pi.

WBs - MA-104 cells grown in 12-well plates were
mock-infected or infected with RRV as described above.
At the indicated times pi, the cells were harvested as
previously described (Padilla-Noriega et al. 2002). The
cell pellets obtained were resuspended in 20 pL of lysis
buffer [SO mM Tris-HCI, pH 7.5, 5 mM MgCl,, 0.4 U/mL
DNase 1, 0.01 mg/mL RNase A and 37 mg/mL of protease
inhibitor cocktail (P8340, Sigma-Aldrich)] and disrupted
in a cup sonicator for 1 min at 4°C. The lysed cells were
mixed with 20 pL of Laemmli sample buffer and boiled
for 5 min. One half of the cell harvests from each well
were resolved on a 12% SDS-PAGE gel and then trans-
ferred to polyvinylidene fluoride membranes (162-0177,
BioRad, Hercules, CA). The membranes were blocked
with 5% non-fat dry milk in Tris-buffered saline + 0.15%
Tween 20 (TBS-Tween) at room temperature (RT) and
further incubated for 2.5 h at RT with anti-NSP1 (1:500
or 1:5,000) or 1 h with anti-glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (MAB374, Millipore, Bill-
erica, MA) (1:10,000), both of which were diluted with
1% non-fat dry milk in TBS-Tween. The blots were then
incubated for 1 h with appropriate horseradish peroxi-
dase-conjugated anti-IgG antibodies diluted with 1%
non-fat dry milk in TBS-Tween. Finally, the blots were
developed with SuperSignal West Femto chemilumines-
cence substrate (Pierce, Rockford, IL) according to the
manufacturer’s instructions. The blots were scanned and
quantitated using ImageJ 1.43u software.

IF microscopy - Confluent MA-104 cell monolayers
in 16-well chambered slides were infected as described
above and at the indicated times pi, the cells were washed
with cold PBS and fixed for 15 min at RT with 4% para-
formaldehyde in PBS. The cells were then permeabilised
with PBS + 0.1% Triton X-100 (PBST) for 10 min and
blocked for 1 h with PBST + 1% bovine serum albumin
(BSA) at RT. The cells were then incubated for 1 h with
one of the following primary antibodies diluted in PBST
+ 1% BSA: anti-NSPI serum (1:200), anti-NSP2 Mab
(1:40,000), anti-VP6 Mab (1:40,000) or anti-VP2 Mab
(1:50,000). After three washes with cold PBST + 1%
BSA, the cells were incubated for 1 h with Alexa Fluor
488 or Alexa Fluor 594 secondary antibodies (Invitro-
gen) diluted in PBST + 1% BSA. The cells were washed
three times with cold PBST and the nuclei were stained
with 0.1 pg/mL 4°,6-diamino-2-phenylindole (DAPI)
(Sigma-Aldrich). The cover slips were mounted in Dako
mounting medium (Dako Corporation, Carpinteria, CA)
and analysed using epifluorescence microscopy. Images
were acquired using Image-Pro Plus v6.2 software (Me-
dia Cybernetics, Bethesda, MD) with an Olympus 1X70
microscope coupled to a CoolSNAP-Pro camera (Media
Cybernetics) and analysed using Imagel.

RESULTS

Recombinant NSPI expressed in a vaccinia system
localises to the cytoplasm with a diffuse and granular
appearance - To determine the intracellular distribution
of NSP1 in the absence of other viral proteins and/or vi-
ral RNAs, we infected the vervet monkey kidney cell
line BSC-1 with the recombinant vaccinia virus vNSP1,
which had previously been developed to express RRV
NSP1 (Pina-Vazquez et al. 2007). As a negative control,
cells were infected with vI'7lacOl, the parental vaccinia
virus used to produce vNSP1 (Ward et al. 1995). At 15
hpi, the cell monolayers were analysed using IF with a
guinea pig anti-NSP1 serum. No NSP1 signal was detect-
ed in the control cells infected with vI'7lacOI (Fig. 1A,
left image). In contrast, recombinant NSP1 was detected
in the cytoplasm of cells infected with vNSP1. NSP1 dis-
played a diffuse distribution pattern and a few granules
throughout the cytoplasm (Fig. 1A, right image).

LY vT7lacO/l

Fig. 1: intracellular localisation of rhesus rotavirus (RRV) non-
structural protein 1 (NSP1). A: recombinant NSP1 localises to the
cytoplasm with a diffuse and granular appearance. BSC-1 cell mono-
layers were infected with the vaccinia virus vNSP1 or vI71lacOI at a
multiplicity of infection (MOI) of 0.1 and induced with 1 mM iso-
propyl-beta-d-thiogalactopyranoside. At 15 h post-infection (hpi), the
cells were processed using immunofluorescence (IF) with anti-NSP1
(white) and 4°,6-diamino-2-phenylindole (DAPI) (blue). NSP1 was
not detected in the cells infected with the parental vaccinia vI7la-
cOI (left picture), while in cells infected with vNSPI, a diffuse and
granular appearance of NSP1 was observed (right picture); B: NSP1
localises to the cytoplasm in RRV-infected cells, with preferential lo-
calisation to the perinuclear region and granular appearance. MA-104
cell monolayers were infected with RRV at an MOI of 0.1 (upper row)
or 1 (lower row). At 12 hpi, the cells were processed using IF with
anti-NSP1 (white) and DAPI (blue). NSPI localised preferentially
to the perinuclear region, with some cells showing predominantly
small granules (upper row, left picture) and others large granules (up-
per row, right picture). The extent of localisation differences and the
heterogeneity in the levels of NSP1 expression in different cells are
shown using a higher MOI (lower picture). Bar = 10 p.
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NSPI shows a granular appearance and localises
preferentially in the perinuclear region of the cytoplasm
of RRV-infected cells - To determine the intracellular
distribution of NSP1 in the context of viral infection,
we infected MA-104 cells with RRV and analysed the
cell monolayers using IF at 12 hpi. NSPI localised to the
cytoplasm, forming abundant granules with varied sizes
ranging from small to large (Fig. 1B). We also observed
a range of NSPI expression levels that correlated with
granule size; in cells with low expression, small granules
predominated (Fig. 1B, upper left image), whereas in
cells with high expression, large granules predominated
(Fig. 1B, upper right image). Heterogeneity in NSP1 ex-
pression levels and granule sizes was observed at a low-
er magnification (Fig. 1B, lower image). Remarkably,
NSP1 preferentially localised to the perinuclear region
of RRV-infected cells. In contrast, the recombinant pro-
tein expressed with the vaccinia system was distributed
throughout the cytoplasm, suggesting that perinuclear
localisation is determined by viral factors.

Large NSPI granules are detected only at late times
pi - Having established that NSP1 granules of different
sizes can be detected using IF in RRV-infected cells,
we investigated the kinetics of granule appearance.
We infected MA-104 cells with RRV and analysed the
distribution of NSPI at different times pi using IF with
anti-NSP1 serum. As an infection control, we performed
double IF with the anti-NSP2 Mab to detect viroplasms.
The distribution kinetics of NSP1 were assessed at each
time pi by classifying a minimum of 50 rotavirus-in-
fected cells according to the level of NSP1 expression
(low or high) as determined by direct observation at the
microscopic level (Fig. 1B). NSP1 expression was unde-
tectable at 12 hpi in mock-infected cells (Fig. 2A), while
NSP1 was detected at low levels from 6-9 hpi in RRV-
infected cells (Fig. 2B, C). The intracellular distribution
of NSP1 at 6 hpi and 9 hpi was granular and cytoplasmic,
but showed no large granules. From 12 hpi until the final
time point at 18 hpi, approximately 30-40% of infected
cells displayed high NSPI expression levels character-
ised by a confluence of large NSP1 granules (Fig. 2D-F).
Two fields per row are shown in Fig. 2 to demonstrate
the heterogeneity in the distribution and expression lev-
els of NSP1 in infected cells under each condition. These
results suggest that the formation of large NSP1 granules
correlates with high expression levels.

NSPI has a low expression level that increases at
late times pi - Because our IF assays of NSP1 were not
quantitative, we determined the kinetics of NSP1 expres-
sion in RRV-infected cells using WB analysis. Our hy-
perimmune anti-NSP1 serum detected a specific NSP1
band that migrated according to its expected molecular
weight (Fig. 3A, Lane 2) and an intense non-specific
cellular band in both mock-infected and RRV-infected
cells (Fig. 3A, Lanes 1, 2). The reactivity of our hyper-
immune anti-NSP1 serum with a cellular protein did not
preclude its use in WB analysis to determine the level of
NSP1 expression because of the different electrophoretic
migration of NSP1 and the cellular protein. We infected
MA-104 cells with RRV at an MOI of 10 and measured

the levels of NSP1 expression at different times pi (Fig.
3B). As controls, cellular GAPDH and viral NSP2 were
also detected (Fig. 3B). Our results demonstrated that
NSP1 had a low expression level at 6 hpi that increased
by seven-fold at 12 hpi and remained similarly high until
18 hpi (Fig. 3C). The kinetics of NSP1 expression were
different from the major viroplasm component NSP2,
which was previously analysed using the same method,
cell line, virus and MOI (Carreno-Torres et al. 2010).
Carreno-Torres et al. (2010) found a sharp increase in
the level of NSP2 expression starting at 4 hpi that corre-
lated with the logarithmic phase of viral replication and
increased viroplasm number. In contrast, we found a rise
in NSP1 expression starting much later than NSP2 at 9
hpi. Based on the difference in the kinetics of accumu-
lation of NSPI vs. other viral proteins, such as NSP2,
NSP1 is a late viral protein.

High levels of NSPI expression in RRV-infected cells
correlate with altered viroplasm morphology - While
performing studies on the intracellular localisation of
NSP1 in RRV-infected cells, we observed that cells with
high NSP1 expression levels exhibited alterations in the
morphology of the viroplasms detected with anti-NSP2
antibodies (Fig. 2). In RRV-infected MA-104 cells with
low NSP1 expression levels, the intracellular distribu-
tion of NSP2 was characterised by small perinuclear

MOCK|NSP2
(12 hp)) INUCLEUS

Fig. 2: large non-structural protein 1 (NSP1) granules are detected
only late in infection in rhesus rotavirus (RRV)-infected cells.
MA-104 cells were mock-infected (row A) or infected with RRV at
a multiplicity of infection of 0.1 (rows B-F) and at different times
post-infection (pi) (as indicated), the cells were processed using im-
munofluorescence with anti-NSP1 (white) or anti-NSP2 (green) and
4’,6-diamino-2-phenylindole (blue). Two images are shown for each

pi time, which illustrate the heterogeneity in the intensity of NSP1
fluorescence. hpi: hours pi. Bar = 10 p.
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granules and the viroplasms, which are characteristi-
cally large, round structures that do not colocalise with
NSP1, appeared normal (Fig. 2D-F, left panel). In con-
trast, cells with high NSP1 expression levels had altered
viroplasm morphology characterised by a confluence of

+— NSP1

NSP1 L-EXP

GAPDH

NSP2

(2]

-
o
1

0.51

Normalised NSP1
expression

0.0-
I O N T
hpi

Fig. 3: non-structural protein 1 (NSP1) has a low expression level that
increases late in infection in rhesus rotavirus (RRV)-infected cells.
MA-104 cells were mock-infected or infected with RRV at a multi-
plicity of infection of 10 and the cells were processed using Western
blot analysis with anti-NSP1, anti-NSP2 and anti- glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) at different times post-infection
(pi) (as indicated). The anti-NSP1 serum detected an intense cellu-
lar band in mock-infected cells (Lane 1, panel A), whereas a specific
NSP1 band was detected only in RRV-infected cells (A). The results
of one representative WB assay are shown (B), with two lengths of
film exposure [low (NSP1 L-EXP) or high (NSP1 H-EXP)], as well
as quantitative analyses of three independent experiments normalis-
ing the band intensities of NSPI to the loading control GAPDH (C).
Standard deviations are shown above each bar. hpi: hours pi.

large NSP1 granules (Fig. 2D-F, right panel). To thor-
oughly investigate the association of high NSP1 expres-
sion levels with altered viroplasm structure, we analysed
viroplasm morphology in NSP1-expressing cells using
antibodies that recognised the three viroplasm-localised
proteins NSP2, VP2 and VP6. We infected MA-104 cells
with RRV and analysed the monolayers with double IF
with an anti-NSP1 antibody combined with anti-VP2,
anti-VP6, or anti-NSP2 antibodies at different times pi.
Similar to the results shown in Fig. 2, infected cells with
low NSP1 expression levels (not shown) had normal viro-
plasm morphology (Fig. 4A, left panel). In contrast, cells
with high NSP1 expression levels frequently exhibited
altered viroplasm morphology, which was character-
ised by large, irregular structures instead of the normal
round viroplasms (Fig. 4A, right panel). The association
between high NSP1 expression levels and altered viro-
plasm morphology was assessed at each time pi by clas-
sifying 150 RRV-infected cells according to the level of
NSP1 expression (low or high) and the distribution of
NSP2 (normal or altered) (Fig. 4B). This analysis indi-
cated that more than half of the cells with high NSPI
expression levels displayed altered viroplasm morphol-
ogy, suggesting that high NSP1 expression levels are as-
sociated with altered viroplasm morphology.

High NSPI expression levels in RRV-infected cells
increase in an MOI-dependent manner - Based on
prior studies reporting that viral proteins and/or viral
mRNAs are able to prevent the degradation of NSPI
by the proteasome (Pina-Vazquez et al. 2007), we hy-
pothesised that high MOIs would enhance the expres-
sion level of NSP1 due to the increased accumulation of
viral mRNAs and proteins under such conditions. Oth-
ers have found that in RRV-infected MA-104 cells, the
expression level of the major viroplasm protein NSP2
and the number and size of viroplasms increase with
MOI. At 8 hpi, a 20-fold increase in MOI (from 0.5-
10) increased the expression level of NSP2 6-fold and
the number of viroplasms 1.3-fold (Carreno-Torres et
al. 2010). In contrast, silencing the expression of viral
proteins that are essential for viroplasm formation, such
as NSP2, greatly reduced the formation of viroplasms
and the synthesis of viral mRNAs in these inclusion
bodies (Silvestri et al. 2004). These data suggest that
high MOIs enhance viral mRNA and protein synthe-
sis to some extent. To investigate the effect of MOI on
NSP1 expression, we infected MA-104 cells with RRV
at different MOIs and semi-quantitatively analysed the
expression levels of NSP1 using IF. To synchronise the
infection, the cells were treated after virus adsorption
with the neutralising Mab 4F8 at 4°C, which neutralises
RRYV virions adsorbed to the cell (Ruggeri & Greenberg
1991). In our study, treatment with Mab 4F8 neutralised
99.9% of the infectivity of RRV pre-adsorbed to MA-
104 cells (data not shown). The RRV-infected MA-104
cells were synchronised and the cells were processed
for IF with anti-NSP1 at 15 hpi. The NSP1-expressing
cells were classified according their expression levels
(low or high) and the results demonstrated that the frac-
tion of cells with high NSP1 expression levels increased
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by approximately 27% after a 16-fold increase in MOI
from 0.5-8 (Fig. 5). These results indicate that the NSP1
expression level increases at late times after infection in
an MOI-dependent manner.

DISCUSSION

Because a detailed study of NSP1 expression through-
out the infection process was lacking, our first aim was
to determine the intracellular distribution of NSPI in
MA-104 cells infected with RRV. NSP1 localised to the
cytoplasm and formed granules that were heterogeneous
in size. NSP1 preferentially localised to the perinuclear
region of RRV-infected cells, in contrast to the homo-
genous cytoplasmic distribution of recombinant NSP1.
Moreover, recombinant NSP1 was diffusely localised
throughout the cytoplasm, whereas diffuse localisa-
tion was not detected in RRV-infected cells. Based on
the diffuse localisation of recombinant NSP1, we can-
not exclude the possibility that a fraction of NSP1 lo-
calises diffusely in the cytoplasm in RRV-infected cells
below the detection level of our anti-NSP1 serum. The
perinuclear localisation of NSP1 appears to be a com-
mon trait across different RVA strains, as the infection
of MA-104 cells with a different viral strain, SA11, also
led to the preferential localisation of NSP1 in the peri-

A Normal vimalasma NSP1

nuclear region (Hua & Patton 1994, Hua et al. 1994). The
dependence of perinuclear distribution on viral infection
suggests that viral factors are involved in determining
this localisation. Viral components, such as viroplasms,
localise to the perinuclear region (Silvestri et al. 2004)
and the acquisition of the third protein layer of prog-
eny virions involves budding through the ER (Estes &
Kapikian 2007). It is likely that viral components in the
perinuclear region interact with NSP1, leading to its ac-
cumulation in this region.

We also determined the kinetics of the intracellular
localisation of NSP1 in MA-104 cells infected with RRV.
During the first 9 hpi, small NSP1 granules predominated
in contrast to late times (12-18 hpi), when large granules
predominated. Coincident with the emergence of large
granules, a high proportion (30-40%) of infected cells
showed large areas with confluent NSP1 granules. These
results suggest that the formation of large NSP1 granules
and their confluence are a consequence of NSP1 abun-
dance at late times pi. Notably, NSP1 proteins from dif-
ferent RVA strains differ widely in their amino acid se-
quences and their mechanisms to subvert the host antiviral
response, which can vary in different cell types (Arnold &
Patton 2010). Therefore, the results of this study cannot be
extrapolated to other viral strains or cell types.

Altered viroplasms
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Fig. 4: high levels of non-structural protein 1 (NSPI) expression in rhesus rotavirus (RRV)-infected cells correlate with altered viroplasm
morphology. MA-104 cell monolayers were infected with RRV at a multiplicity of infection of 0.1. At 12 h post-infection (hpi), the cells were
processed using immunofluorescence with anti-NSP1 (red) and one of three antibodies against proteins that localise in viroplasms (green): anti-
viral protein (VP)6, anti-NSP2 or anti-VP2. The nuclei were visualised with 4’,6-diamino-2-phenylindole (blue) (A). Representative images of
normal or altered viroplasm morphology are shown, as indicated above the images. The association between high levels of NSP1 expression and
altered viroplasm morphology was assessed at each pi time by classifying 150 rotavirus infected cells according to the level of NSP1 expression
(low or high) and the distribution of NSP2 (normal or altered) (B). Bar = 10 p.
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A previous analysis of RRV replication in MA-104
cells demonstrated that the production of infectious prog-
eny and genome replication follow similar kinetic pat-
terns, with a small linear increase during the first 6 hpi
and a logarithmic increase from 6-12 hpi (Ayala-Breton
et al. 2009). Using the same cell line, virus and MOI that
Ayala-Breton et al. (2009) used to determine the kinet-
ics of viral replication, we observed that NSP1 had a low
expression level during the logarithmic increase in infec-
tious progeny production. In contrast, NSP2 starts to ac-
cumulate sharply at 4 hpi, reaching a very high level at 8
hpi, much earlier than NSP1 (Carreno-Torres et al. 2010).
These data show that NSP1 is a late viral protein in MA-
104 cells infected with RRV. NSP1 mRNA is approxi-
mately 1.4 times the length of NSP2 mRNA. It is unlikely
that this difference would explain the different expres-
sion levels of these proteins because translation initia-
tion is usually the rate-limiting step for protein synthesis
(Mathews et al. 2007). The translational efficiency of
NSPI mRNA is slightly lower than VP6 mRNA in MA-
104 cells infected with B641; however, the difference is
small (Mitzel et al. 2003). At 2 hpi, Mitzel et al. (2003)
found 67% of NSP1 mRNA and 52% of VP6 mRNA in
sub-polysomal fractions. In contrast to the mild regulato-
ry effect of the translational efficiency of NSP1 mRNA,
the expression level of NSPI is strongly regulated post-
translationally (Pina-Vazquez et al. 2007). Pina-Vazquez
et al. (2007), found that up to 11-fold of NSPI expressed
in mammalian cells was degraded by the proteasome.

It is unclear why NSP1 reaches a high expression lev-
el coincidently with the plateau of RRV replication at 12
hpi. Moreover, the high expression level of NSP1 at late
times pi correlates with altered viroplasm morphology.
Previous studies have found altered viroplasms in RVA-
infected cells treated with a siRNA that inhibits the ex-
pression of the cellular kinase CK1a, leading to impaired
phosphorylation of the viral protein NSP5 (Campagna et
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Fig. 5: high levels of non-structural proteins 1 (NSP1) expression in rhe-
sus rotavirus (RRV)-infected cells depend on multiplicity of infection
(MOI). MA-104 cells were infected with RRV at MOlIs of 0.5, 2 or 8.
To synchronise the infection, the cells were washed 1 h post-infection
(hpi) and treated with the neutralising Mab 4F8 for 1 h at 4°C, as previ-
ously described, to neutralise the input virus (Ruggeri & Greenberg
1991). At 15 hpi, the cells were processed using immunofluorescence
with anti-NSP1 and the NSP1-expressing cells were classified accord-
ing to the NSP1 expression level (low or high). The ratio of cells with
high levels of NSP1 expression relative to all cells expressing NSP1 is
shown. Standard deviations are shown for each MOL

al. 2007). Under these conditions, viroplasms adopt ir-
regular shapes resembling aggregations of smaller viro-
plasms. It is unclear whether there is any relationship be-
tween the altered viroplasms in cells treated with siRNA
against CKla and the altered viroplasms described in this
study. Further study will be needed to determine whether
the decrease in viral replication altered viroplasm mor-
phology and high NSP1 expression are somehow related.

In this study, we determined the effect of MOI on
NSP1 expression. Our results demonstrate that the frac-
tion of cells with elevated NSP1 levels increased propor-
tionally with the MOI. We hypothesised that high MOIs
enhanced NSP1 expression levels due to the increased
accumulation of viral mRNAs and proteins, which are
known to stabilise NSP1 against proteasomal degrada-
tion. Our experimental setup included late time points
up to 18 hpi. From 12-18 hpi, considerable numbers of
infectious viruses can be released to initiate a second
round of infection. Therefore, we cannot exclude the
possibility that secondary infections contributed to the
increased expression of viral components that stabilise
NSP1 against proteasomal degradation. Moreover, other
factors may be involved in enhancing NSP1 expression
at high MOIs. High MOIs of the polyomavirus SV40 fa-
vour the production of defective interfering (DI) parti-
cles, which can replicate only in the presence of a helper
virus, but interfere with such replication (Huang & Bal-
timore 1970). At high MOIs, the probability that a DI
particle and a non-defective virus co-infect a given cell
increases. Because DI particles affect the replication of
their helper viruses, the elevated levels of NSP1 and the
altered viroplasm morphology observed with increased
MOI may be consequences of defects in rotavirus repli-
cation caused by DI particles. Indeed, the production of
DI particles in RVA stocks may be favoured by propaga-
tion of the virus at high MOIs, a common practice in
RVA propagation (Gray & Desselberger 2000) due to the
difficulty of obtaining high titres at low MOIs.

A recent study proposed that NSP1 plays a role in
regulating RVA gene expression (Chung & McCrae
2011). Chung and McCrae proposed that at late times pi,
the binding of NSP1 to viral mRNA favours the packag-
ing and replication of the viral genome. This model is
consistent with our findings that NSP1 localises close
to viroplasms in the perinuclear region and that NSP1
expression kinetics change late in the infection.

In this study, we found that NSP1 localises preferen-
tially to the perinuclear region in the cytoplasm of RRV-
infected MA-104 cells. We also found a late shift from
low to high expression levels; therefore, NSP1 can be
considered a late viral protein in MA-104 cells infected
with RRV. Combined with prior studies on the suscep-
tibility of NSP1 to proteasomal degradation, our results
suggest that the late shift from low to high NSP1 expres-
sion levels occurs as a result of altered NSP1 turnover.
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