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Summary. - Cells infected with MA104 rotavirus and/or transfected with plasmids expressing NSP
proteins, were analyzed for expression of cellular proteins related to NFkB and PPARy pathways and
evaluated through the ELISA, luminescence, flow cytometry and Western blot techniques. The associa-
tion between cellular and viral (NSPs) proteins was examined by ELISA, epifluorescence and confocal
microscopy techniques. It was observed that NSP1 protein interacts with RXR, NSP1, and NSP3 with
PPARy, NSP2 with p-IKKa/p and NSP5 with NF«B proteins. We have found that phosphorylated PPARy
is localized in cytoplasm and transcriptional activity of PPRE is diminished. These results lead to the
conclusion, that RRV activates the proinflammatory pathway, increasing the expression of NFkB and
possibly by PPARy phosphorylation, its translocation to the nucleus is impeded, thus inactivating the

proinflammatory pathway.
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Introduction

Rotaviruses belongto the Reoviridae family containing
non-envelopedicosahedral viruses. They measure approx-
imately 70 nm in diameter; its genome comprises of adou-
ble-stranded RNA, which encodes six structural proteins
called VP1-VP4, VP6, VP7 and six nonstructural proteins
called NSP1to NSP6 (Crawford et al., 2017; Pesavento et al.,
2006; Estes and Cohen, 1989). The virus enters the host
cell by interaction with cellular proteins found in the
cellular membrane such as sialic acid (Isa et al., 2006),
heat shock protein (Zarate et al., 2003; Wang et al., 2020;
Rico et al., 2020; Guerrero and Moreno, 2012), dynamin
protein (Gutiérrez et al., 2010), integrins (Guerrero et al.,
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Abbreviations: CUR = curcumin; h.p.i. = hours post-infection;
h.p.t. = hours post-transfection; NFkB = nuclear factor kappa B;
NSPs = nonstructural proteins; PPARY = peroxisome prolifera-
tor-activated receptor gamma; ROS = reactive oxygen species;
TZD = thiazolidinedione; PGZ= pioglitazone; VP = viroplasms

2000; Londrigan et al., 2000; Zarate et al., 2000), and pro-
tein disulfide-isomerase (Moreno et al.,2016; Riveraet al.,
2020). Depending on strain, the virus enters the cells
using different endocytosis pathways (Arias et al., 2015).
Replication and assembly of the rotavirus genome takes
place in cytoplasmic inclusions called viroplasms (VP).
During the viral infection, rotavirus nonstructural pro-
teins participate in different intracellular processes. They
are involved in antagonizing the antiviral host response
and subverting important cellular processes to enable
successful virus replication (Trujilloet al.,2011; Sen et al.,
2020). Furthermore, it is known that oxidative stress is
part of the cellular process during virus infection (Gue-
rrero and Acosta, 2016) and can be amechanism by which
viruses damage cells (Echeverri and Mockus, 2010; Fuchs
and Fligge, 2004). The interaction between oxidative
stress and viral infection (Schwarz,1996; Ivanov et al.,2017;
Camini et al., 2017) and the mechanisms that lead to cell
death (Guerrero and Acosta,2016) have been documented.
During the first hours post-infection, the nonstructural
protein 1 (NSP1) antagonizes the immune host response
(Senetal.,2009; Barro and Patton, 2005; Feng et al., 2009).



40 GOMEZ, D. et al.: ROTAVIRUS NON-STRUCTURAL PROTEINS AND PPARy-NF«B

NSP1 inhibits NFkB activation by degradation of f-TrCP
(Graff et al., 2009). The nonstructural protein 3 (NSP3)
binds to cellular translation machinery and permits
mRNA viral cellular translation (Firth and Brierley, 2012).
NSP3 is involved in cellular mRNA inhibition by bind-
ing to elF4G (Piron et al., 1998; Deo et al., 2002). During
rotavirus infection, the nonstructural protein 4 (NSP4)
isknowntointerrupt calcium (Ca?*) cellular homeostasis
through translocation to the endoplasmic reticulum and
the mitochondria (Bhowmick et al., 2012). NSP4 exerts
its pro-apoptotic effect by interacting with mitochon-
drial proteins, although apoptosis activation by NSP4
is inhibited by the activation of cell survival pathways
(PI3K /Akt) by NSP1 during the first hours of infection
(Bhowmicketal.,2012). However, the relationship between
proteins of the peroxisome proliferator-activated recep-
tor gamma (PPARy) and nuclear factor kappa B (NF«B)
immune response pathway and rotaviral nonstructural
proteins is not fully characterized.

Researchers have reported that PPARy activation by
thiazolidinedione (TZD) (Hsieh et al., 2010; Potula et al.,
2008; Jarrar and Baranova,2007) interferes with the NFkB
signaling cascade, which leads to areduction in the tran-
scription of some pro-inflammatory genes depending on
NFkB. The negative interference mediates part of the PPAR
anti-inflammatory regulation between the PPAR and
other nuclear factors like NFkB, AP-1,and C/EBP, regulat-
ing innate and adaptative immunity (Genoletet al.,2004).
Additionally, theligands of PPARyinhibit the expression
of inflammatory genes like interleukin 1p and the tumor
necrosis factor-a (Clark, 2002). Treatment with a PPARy
agonist increases PPARY levels (Yeligar et al., 2017). The
above supports the potential role of PPARy agonists for
viral infection treatment. Additionally, rotavirus infec-
tion induces an inflammatory response in the host cell,
accompanied by an increase in expression or activation
of some molecules, including reactive oxygen species
(ROS), NFkB, and COX-2 (Gémez et al., 2016). Stimulation
with PPARY agonists pioglitazone, thiazolidinedione,
rosiglitazone, docosahexaenoicacid, alphalipoicacid, all-
trans retinoic acid, and treatment with N-acetylcysteine
interfere with viral infections, including rotavirus infec-
tion (Gémez et al., 2016; Guerrero et al., 2012, 2013). The
accumulation of the studied cellular proteins and ROS,
induced by rotavirus infection, was reduced with piogl-
itazone (PGZ) treatment, causing a concomitant reduc-
tionintheinfectious virion's performance. However, the
relation between NFkB and PPARYy cellular pathways with
rotavirusinfectionsis not yet clear, as they affect opposite
pathways (Gémez et al., 2016; Villapol, 2018; Martin, 2010;
Kapadiaetal.,2008; Liuet al.,2007; Lawrence, 2009). Simi-
larly, it has not been determined yet if rotavirus proteins
are implied directly in the increase in expression of cel-

lular proteins, or the increase is due to the cell's response
to the viral infection.

Therefore, this research intended to determine pos-
sible interactions between RRV rotavirus nonstructural
proteins (NSP1,NSP2, NSP3, NSP4, NSP5,and NSP6) with
proteins from the PPARy-NFkB pathway in MA10% cells.
For this purpose, the expression of cellular proteins re-
lated to the NFkB and PPARy pathway was evaluated in
MAI104 cells infected and/or transfected with rotavirus
NSPs proteins. We found that NSP1 interacts with RXR,
NSP1 and NSP3 with PPARy, NSP2 with p-IKKa/f, and
NSP5with NFkB 12 hours post-infection (h.p.i). Addition-
ally, we observed that phosphorylated PPARyis found in
the cytoplasm, and the transcriptional activity of PPRE
is diminished. Finally, we conclude that RRV activates
the inflammatory pathway, increasing the expression
of NF«xB, and possibly by phosphorylation of PPARY, its
translocation to the nucleus is impeded, leading to inac-
tivation of the anti-inflammatory pathway.

Materials and Methods

Bacterial strains and plasmids. The E. coli bacterial strains
XL-1BLUE, DHb5a (Taylor et al., 1993), BL21 (DE3) were used for
the plasmid amplification and protein expression. Bacteria
were grown in Luria-Bertani (LB) broth and agar. Used plasmids
are presented in Supplementary Table S1. To express rotavirus
NSPs in the eukaryotes, the relevant DNA segments were cut
with restriction enzymes from the prokaryotic expression plas-
mids: pGEM 3Z NSP1(Smal and HindIII), pET-28a NSP2 (HindIII
and BamHI), pET-28a NSP3 (Xhol and BstEII), pET-28a NSP4
(HindIII and BamHI) and pET-28a NSP5 (HindIII and BamHI).
The procedure of digestion, inactivation, and ligation was car-
ried outaccording tothe protocols described for each restriction
enzyme by manufacturers (BioLabs, USA; Thermo Fisher, USA).

Rotavirus strains, antibodies, and reagents. Dr. Carlos Arias
from Universidad Nacional Auténoma de México kindly pro-
vided the RRV (Rhesus rotavirus). The MOI of 0.8 was used
(Guerrero et al., 2012). The MTT assay was used to determine
the cell viability at different time-points post-transfection.
The plates were read at 590 nm on a Stat Fax 303/Plus reader
(Awareness Technology, Inc., USA). Antibodies and reagents
are presented in Supplementary Table S2.

Transformation and plasmid isolation. Bacteria XL1BLUE,
BL21 or DH5a with an optical density of 0.5 (approximately
600 x 10° bacteria/ml) were mixed with 10 ng of plasmid DNA
and processed as described previously (Moreno et al., 2013).
The E. coli DH5a bacteria, in LB media, were transformed with
different plasmids independently, taking into account the
characteristics of each plasmid. Extraction and purification of
plasmids was performed by the Column-pure plasmid miniprep
kit (Applied Biological Materials Inc, Canada). Plasmids were
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quantified by NanoDropTM, ND-1000 (Thermo Fisher, USA).
The plasmids were treated with specific restriction enzymes
and were analyzed in agarose gel. The isolated plasmids were
kept at -20°C until use.

Expression of recombinant proteins in prokaryotic cells and
their isolation. Ten pl of each of the transformed bacteria with
each plasmid of interest, with an optical density of 0.5 were
incubated in 10 ml of LB medium over night at 37°C,in the pres-
ence of ampicillin or kanamycin antibiotics (100 pg/ml, final
concentration). The expression of the recombinant proteins
was carried out as previously described (Moreno et al., 2016).

SDS-PAGE and electroelution of proteins. The bacterial lysate
was separated by SDS-PAGE electrophoresisin 10% or 12% gels in
denaturing/reducing conditions. The 26,61 mg/ml of proteinsin
2200 pul volume in duplicates were separated. Half of the gel was
transferred, in semidry conditions, to a PVDF membrane. The
membrane was blocked with 5% skimmed milk and detected by
a hyperimmune anti-rabbit serum against NSP4, NSP5, or anti-
guinea pig or mouse anti-PPARy antibody. IgG-HRP secondary
antibodies were used (0.4 pg/ml Santa Cruz, USA). The proteins
were visualized with aminoethyl carbazole 0.64 mg/ml (AEC,
Sigma-Aldrich, USA), acetate buffer pH 5 and 0.36% hydrogen
peroxide, for 45 min. Once the bands were identified by Western
blot, the bands of interest were cut out of the other half of the gel
and were electroeluted. The electroelution was carried out for 3
h,at constant 10 mA per tube, in running buffer (192 mM glycine,
25 mM Tris, SDS 0.1% pH 8.3) in a camera model 422 (Bio Rad®,
USA). The electroeluted proteins were precipitated with acetone
(L:3v:v, protein: acetone) overnight at-80°C and were centrifuged
at 11,200 x g for 30 min at 10°C. The pellet was washed with cold
80% ethanol. The precipitated proteins were resuspended in
PBS, incubated for 10 min at 37°C, and kept at -20°C until use.

Antibody generation using recombinant proteins. Seven male
mice and 7 guinea pigs were used, considering the correspond-
ent norm (14-2017, 2017). The animals were inoculated three
times, subcutaneously every 15 days with the recombinant pro-
teins (15,9 mg/mlin1 ml for guinea pigs and 0.3 ml for mice), in
aFreund's complete adjuvant emulsion mixed with FIS peptide
(FISEAAIIHVLHSR; 0.5 mg /ml) as immunomodulating agent
(Prieto et al., 1995).

Transfection of MA104 cell line. MA104 cells were grown
in MEM medium supplemented with 10% fetal bovine serum
(FBS), up to 80% confluence. In concentrations of 0, 1, 1.5, and
5 pg/ml, the plasmids were incubated with Hexadimethrine
bromide (PolybreneR; 6 pg/ml) for 15 min at 37°C, and added to
the MA104 cells. The transfected cells were cultivated for 24, 36,
and 48 hat 37°Cin 5% CO,. The protein expression in the MA104
cells was evaluated by epifluorescence as previously described
(Gémezetal.,2016). Ten representative photographs were taken
per plate, and the semi-quantitative fluorescence analysis was
carried out using the software Image J 1.44 Java 1. 6. 0_20 of 32
bits; plugins (analyze, measure), calculating the corrected total
cell fluorescence (CTCF).

Cell and viral recombinant protein binding assays. To evalu-
ate the interaction in MA104 cells transfected with different
plasmids, four assays were performed. 1. Co-transfection: MA104
cells were independently co-transfected with plasmids that
express each of the NSPs (pcDNA3.1 Hygro(-) NSP2, pcDNA3.1
Hygro(-) NSP4, pcDNA3.1 Hygro(-) NSP5, pcDNA%4 Myc NSP3,
pCR-flag NSP1), and each of the plasmids that express cellular
proteins (pcDNA flag PPAR gamma, p50 cFlag pcDNA3, pcDNA
flag PGC1(180-797), pCRFlagIlKKalpha, pcDNA4 myc PGClalpha)
at a 2 ug/ml concentration, and cultivated for 36 hours post-
transfection (h.p.t) at 37°C with 5% CO,. As a control, MA104
cells were transfected with the plasmids that individually ex-
press each of the NSPs. To evaluate the binding, the cells were
lysed with RIPA buffer. The lysate was added to an ELISA plate
previously incubated with an anti-NSPs hyperimmune serum
(1:1000) generated in guinea pig or mouse in our laboratory,
and as the primary antibody, antibodies against Myc and Flag
tags at a concentration of 2 pg/ml each. As a negative control,
the absorbance of the non-infected or non-transfected MA104
cell lysates was used; likewise, the lysates of cells transfected
with empty vector. Another control was cell lysate from cells
transfected with the plasmids that express each NSPsindividu-
ally, without co-transfection. The positive binding control was
the lysate of cells co-transfected with plasmids that express
viral proteins NSP2+NSP5 and cellular proteins PPARy+RXR,
PPARY+PGCl, and PPARy+NFkB. 2. Infection and transfection:
MA104 cells were transfected with each of the plasmids that
express cellular proteins pcDNA Flag PPAR gamma, p50 cFlag
pcDNA3, pcDNA flag PGC1 (180-797), pCR-Flag-IKKalpha, and
pcDNA4 myc PGCl1 alpha at a 2 pg/ml concentration and culti-
vated for 36 h, at 37°C with 5% CO,. Meanwhile, these cells were
infected with rotavirus RRV with MOI of 0.8 and cultivated
for 12 h at 37°C with 5% CO,. As a control, cells transfected with
empty plasmids were used. The cells were lysed and added to an
ELISA plate accordingto the procedure described previously. As
a negative control, non-infected, non-transfected MA104 cells
and the lysates of cells transfected with empty vector were used.
As a positive binding control, the lysate of cells co-transfected
withthe NSP2+NSP5 plasmids orinfected and/or co-transfected
with plasmids that express cellular proteins PPARy+RXR or
PPARy+PGClor PPARy+NFkBwere used. 3. Transfection of NSPs:
toanalyze the binding between the rNSPs and the cellular pro-
teins, the MA104 were transfected with plasmids that express
each of the NSPs (2 ug/ml), and were cultivated for 36 h at 37°C
with 5% CO,. The cells were lysed and the lysates were analyzed
using the ELISA, as described above. As a capture antibody anti-
NSPs were used and as the primary antibody, antibodies against
each of the cellular proteins PPARY, Peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PGCla), RXR,
and p-IKK and p-NFkB. As a negative control, the non-infected,
non-transfected MA104 cells lysate and the lysates of cells
transfected with empty vector were used. As a positive control
of the binding, the lysate of cells co-transfected with plasmids
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NSP2+NSP5, PPARy+RXR, PPARY+PGCI, or PPARy+NFkB were
analyzed. 4. RRVinfection (MOI 0.8): Cells MA104 were infected
with rotavirus for 12 h and to determine the expression of
viral and cellular proteins the cells were lysed and analyzed
by ELISA as described above. As a capture antibody, anti-NSPs
were used and as the primary antibody, antibodies against
each of the cellular proteins PPARy, PGC1, RXR, p-IKK, and
p-NFkB (200 pg/ml) were used. As a negative control, the non-
infected, non-transfected MA104 cell lysates and the lysates of
cells transfected with empty vector were used. As a positive
control of interaction, infected cell lysates were analyzed, and
the binding between NSP2+NSP5, PPARy+RXR, PPARy+PGCl,
or PPARy+NFkB was detected.

Agonists and inhibitors of PPARy and NF«kB. To analyze the
expression of the PPARy and NF«B proteins in cells infected
with RRYV, the cells were infected with MOI 0.8, incubated for
1 h at 37°C, washed with medium without SFB, and 153 mM
TZD, 10 uM PPARY-GW9662, or 100 uM curcumin (CUR) was
added. The cells were cultivated for 12 h at 37°C and 5% CO,. As
acontrol, non-transfected cells and cells transfected with plas-
mids that express each of the NSPs treated with a TZD, CUR, or
GW9662 were used. To localize the expression of PPARy in the
cytoplasm and the nucleus, nuclear extraction in uninfected
and infected cells was carried out, following the technique
described by Abcam (Abcam, 2020). The nuclei were evaluated
through the epifluorescence, analyzing the actin proteins as
cytoplasmic control and PGCla as nuclear control. The presence
of PPARy and p-PPARy in nucleus and cytoplasm was detected
in Western blot, differentiating them by molecular weight. The
binding of PPARy with PGClain nucleus was detected through
the capture-ELISA technique. For this purpose, the cells were
lysed, and the lysates were added to an ELISA plate previously
incubated with anti-PPARy hyperimmune serum (1:1000). As
the primary antibody, an anti-PGCla antibody generated in
goat was used (200 pg/ml),and as secondary antibody, anti-goat
conjugated with IgG- HRP (0.08 pg/ml). As a negative control,
non-infected and non-transfected MA104 cell lysates and the
lysate of MA104 cells non-infected and transfected with an
empty vector, were used.

ELISA and flow cytometry. Capture ELISA was conducted as
previously described (Gémezet al.,2016); as capture antibodies,
hyperimmune sera generated in guinea pig or mouse were used.
These seraarereactive with rotavirus nonstructural proteins di-
luted 1:1000in 50 pl of PBS. A quantity of 74.62 mg/ml of the total
protein of each of the NSPs recombinant proteins or cell lysates
of MA104 transfected or non-transfected cells were added at
each well. As primary antibodies anti-PPARY, -PGCla, -IKK-p,
-IKK, -IkB, -NFkB-p, or -NFkB (0.2 ug/ml in PBS) were used.

Direct ELISA was conducted as previously described
(Gémez et al., 2016), 74.62 mg/ml of the cell lysate was added to
each well. As primary antibodies anti-PPARY, -PGCla, -IKK-p,
-IKK, -IkB, -NFkB-p, or -NFxB (0.2 pg/ml in PBS) were used. The
ELISA plates were read at 490 nm in an ELISA Stat Fax 303/

Plus reader (Awareness Technology, Inc.). Flow cytometry was
conducted as previously described (Gémez et al., 2016).

Luciferase assay. The cells co-transfected with eukaryotic
expression plasmids NSPs and PPRE X3 TK luc (Addgene, USA)
or NFkB luc, (Addgene) were lysed with lysis buffer (50 mM Tris,
100 mM NacCl, 5 mM MgCl,, 1% Triton X-100, 50% glycerol and
protease inhibitor (PMSF)) and were incubated for 20 min at
room temperature. Subsequently, the protocol of the Gaussia
Luciferase kit (BioLabs®, USA) was followed. The reading was
performed in BioTek FLX800TB fluorometer equipment (BioTek
Instruments, Inc, USA).

Epifluorescence and confocal microscopy. Epifluorescence
and confocal microscopy in transfected cells were conducted as
previously described (Gémezetal.,2016). As primary antibodies,
hyperimmune anti-NSPs serum generated in mouse or guinea
pig (1:1000) and/or polyclonal antibody anti-PPARy, PGCla,
IKK-p, IKK, -IkB, NFkB-p, were added. As secondary antibody,
anti-rabbit, goat or guinea pig conjugated with FITC-Texas red
and DAPI were added. The images were taken on an epifluores-
cence microscope SOPTOP (Sunny Optical Technology, China).
The confocal microscopy was performed on an Olympus FV1000
microscope and was analyzed with the Image J (Fiji) program
(Schindelin et al., 2012). To carry out the superposition and
co-localization analysis, three coefficients, Pearson's, Overlap
divided into two overlap coefficients, k1 and k2, and Mander's,
were calculated in the program Image J-JaCoP (Bolte and Cord-
eliéres, 2006).

Statistics. All the experiments were performed in duplicate
or triplicate. The data analysis was performed employing
one-way ANOVA (analysis of variance) with a Dunnett's test
(comparison between groups against a control group) level
of significance alpha of p = <0.05 defined as significant with
a confidence interval of 95%.

Results and Discussion
Standardization of the transfection efficiency

The plasmid concentrations and the time-points of
cell culture at which proteins of interest were expressed
were not affecting cell viability. Cells containing 2 pg/ml
of plasmid and cultivated for 36 h, had plasmid protein
expression similar to the expression of the rotavirus RRV
infected cells (MOI = 0.8) cultivated for 12 h. Also, the
expression in cells transfected with 5 pg/ml of plasmid
cultivated for 36 h, was similar, but the viability was
lower, which is why 2 pg/ml of plasmid were used during
the whole study (data not shown). Total corrected NSPs
fluorescence was calculated in the cells transfected with
2 pg/ml of plasmid and cultivated for 36 h.p.t. and com-
pared with cells infected with RRV 12 h.p.i. and compa-
rable values were observed between the transfected and
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Standardization of the transfection efficiency
Corrected total cell fluorescence of each protein in MA104 infected and transfected cells (a, b). Cell viability analyzed by the MTT assay in
cells transfected with different plasmid concentrations (c). Capture ELISA. Expression of each NSPsin infected cells at different MOI and in
cells transfected with 2 pg/ml of each plasmid 36 h.p.t (d). Flow cytometry of the NSPs protein in MA104 infected and transfected cells (e).

infected cells (Fig. 1a,b). Cell viability was determined at
different hours post-transfection using the MTT assay
(Fig. 1c). After 36 h.p.t. the viability of transfected cells
was 75%-80% for the 2 pg/ml of plasmid and of 60%-70%
for 5 pg/ml of plasmid; in the transfected cells cultivated
48 h.p.t., viability was 60%-70% with a 2 pg/ml concentra-
tion (data not shown). By means of the capture ELISA and
flow cytometry, the expression of the NSPsin the RRV in-
fected cells was measured at different MOI (0.2,0.8,2 and
4), and in cells transfected with the 2 pg/ml of plasmids
that express the NSPs cultivated 36 h.p.t. (Fig.1d,e). It was
observed that in cells transfected with the plasmids, the
tendency in the expression of all the NSPs is like the one
obtained for the NSPs in RRV infected cells (MOI of 0.8).
The results presented are the average of the two experi-
ments.

The RRV infection alters the expression of proteins
related to the NFkB and PPARY pathway in MA104 cells

The expression of cellular proteins IKKa/p, p-IKKa/f,
IxB, NFkB, p-NFkB, PPARY, PGCla, RXR in MA104 cells
transfected with plasmids that express NSPs proteins was
analyzed by ELISA. The non-infected and non-transfected
MA104 cells and non-infected and transfected with empty
vector pcDNA 3.1 Hygro (+) cells were used as negative
control. The expression was compared with the RRV
infected cells.

ELISA analysis showed that the IKK o/ and IkB pro-
teins do not show any differences in expression among

non-infected cells and rotavirus infected cells or the
cells transfected with each of the NSPs (data not shown).
However, the phosphorylated p-IKK a/( protein showed
a significant increase in expression in rotavirus infected
cells and cells transfected with NSP3, NSP4, NSP5, and
NPS6 compared to the negative control.

The absorbance of p-IKK a/f in infected cells was
similar to those transfected with NSP3, NSP4 and NSP5,
with the lowest absorbance in NSP6. The absorbance of
NFkBinrotavirus RRV infected cells was similar to those
transfected with NSP1, with lower absorbance in NSP3
and NSP4, and with a significant increase in expression,
regarding the negative control. The absorbance of NFkB
phosphorylated protein (p-NFkB) in rotavirus infected
cells was higher than in cells transfected with NSP1,
NSP2,NSP3,NSP4,NPS5,and NPS6, but with a significant
increase in expression compared to the negative control
(Fig. 2a). For luminescence analysis, RRV infected cells
were transfected with the NFkB-Luc plasmid (2 pg/ml).
Similarly, cells transfected with plasmids that express
each of the NSPs were co-transfected with NFkB-Luc (2 pg/
ml, 1:1). Asacontrol, uninfected cells were transfected with
the NFkB-Luc plasmid (2 pg/ml). It was observed that in
rotavirus infected cells, the luminescence of NFkB-Luc
was 225.75 Relative Light Unit (RLU), and in uninfected
cells was 72.87 RLU, suggesting that the RRV infection
induces an increase in the promoter activity. The lumi-
nescence in the co-transfected cells (NFkB-Luc-NSPs,
1:1, 2 ug/ml) in NSP4 was 178.8 RLU, and in NSP6 178.33
RLU. The rest of the NSPs did not present any changes in
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The RRV infection alters the expression of proteins related to the NFkB and PPARy pathway
ELISA of the expression of p- KKa/P, NFkB and p-NFkB proteins in MA104 cells transfected with plasmids expressing NSPs of RRV (a).
Luminescence of the transcriptional activity of the NFkB promoter in MA104 cells co-transfected with plasmids expressing RRV at differ-
ent concentrations of 2 ng/pl and NF«B-Luc 2 ng/ul of plasmid (b). ELISA of the expression of PPARY, RXR and PGCla proteins in MA104
cells transfected with plasmids expressing NSPSs of RRV (c). Flow cytometry of the expression of PPARy protein in MA104 infected and
transfected cells (d). Luminescence of the PPRE transcriptional activity in MA104 cells co-transfected with plasmids expressing RRV at
different concentrations of 2 ng/ul and PPRE-luc 2 ng/pl of plasmid (e).

comparison with the uninfected cells transfected with
the NFkB-Luc. These results suggest that RRV activates
the NFkB inflammatory pathway when increasing the
phosphorylated portion of p-IKK and p-NFkB. Similarly,
p-IKK is increased when transfected with NSP], 3, 4, 5,
and 6. Additionally, the NFkB promoter activity is stimu-
lated in cells infected with rotavirus or transfected with
NSP4 and NSP5. Other research has observed that some
viruses modify the NFkB expression to alter the cellular
mechanisms to eliminate the infection (Deng et al., 2018;
Zhaoetal.,2015; Kumar et al.,2008). The current pandemic
virus, SARS-CoV-2,regulates the NFkB signaling pathway
positively (Huang et al., 2020; Lauxmann et al., 2020;
Li et al., 2020) (Fig. 2b). In analyzing the PPARy protein
by capture ELISA, the absorbance in RRV infected cells
was of 0.219:0.049, and in cells transfected with NSP1,
0.245+0.029, NSP3, 0.210+0.003, NSP5, 0.249+0.077, and
NPS6,0.227+0.033 with significant increase in comparison
with non-infected cells. In analyzing the PGCla protein
by direct ELISA, in rotavirus infected cells, the absorb-
ance was 0.179:0.025 and in cells transfected with NSPI,
0.221+0.077, and NPS5, 0.216+:0.086 with a significant
increase in expression in comparison with non-infected
cells. In analyzing the RXR protein in RRV infected cells
by direct ELISA the absorbance was 0.224+0.061, and
in cells transfected with NSP4, 0.225+0.042, and NSP6,
0.224+0.003 with a significant increase in expression in
comparison with non-infected cells (Fig. 2c). In analysis
by flow cytometry in comparison with non-infected cells,

PPARY expression in cells infected with rotavirus was
54.39%. It also increased in cells transfected with NSP],
52.82%, NSP2, 52.49%, NSP3, 53.96%, NSP5, 54.36%, and
NPS6, 51.19% (Fig. 2d). The PPRE promoter activity was
analyzed through the luminescence technique in RRV
infected cells,and in cells transfected with 2 ug/ml of the
PPRE plasmid, and also in the cells transfected with the
plasmids expressing each of the NSPs and co-transfected
with the PPRE plasmid (2 pg/ml). As a negative control,
uninfected cells were transfected with PPRE plasmid
(2 pg/ml). The luminescence was 38.4 RLU when cells
were infected with rotavirus, while without RRV infec-
tion it was 116.02 RLU, a decrease being observed in in-
fected cells compared to uninfected cells. In contrast, no
changes were observed in the luminescence expression
in the co-transfected (PPRE-NSPs) cells, in comparison
with the non-infected transfected cells (Fig. 2e). These
results suggest that RRV inhibits the anti-inflammatory
pathway. Paradoxically, RRV infection also increases the
proportion of proteins related to the PPARy, PGCI, and
RXR anti-inflammatory pathway, thus decreasing the
PPRE transcriptional activity. Various investigations
havereported that different viruses modify PPARy expres-
sion, for example, the human cytomegalovirus (HCMYV)
induces PPARY transcriptional activity in infected cells,
demonstrating that when activating PPARY, the produc-
tion of the virus is dramatically impaired, and the early
human trophoblast migration and invasion is drastically
affected (Rauwel et al., 2010). The influenza A virus (IAV)
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Table 1. Analysis with recombinant protein (binding)

Concentrations (pg/ml) absorbance + SD

Classification Groups
1.56 3.13 60 400
Positive binding rNSP2-rNSP5 0.187+0.083 0.243:0.048 0.286+0.062 0.498:0.052
control rPPARY-TRXR 0.188+0.082 0.212:0.072 0.333+0.044 0.465+0.068
rPPARy 0.116+0.005 0.146:0.048 0.300:0.122 0.428+0.172
rRXR 0.061+0.001 0.197+0.035 0.229+0.030 0.403+0.074
. rNSP1 0.081+0.004 0.131:0.033 0.227+0.016 0.516+0.177
Negative control

rNSP2 0.047:0.003 0.054+0.001 0.201:0.051 0.511:0.123
rNSP3 0.080:0.050 0.099:0.059 0.175:0.005 0.594+0.114
rNSP4 0.062:+0.019 0.075+0.037 0.227+0.075 0.417+0.109
rPPARY-rNSP1 0.097:0.001 0.414:0.078 0.447+0.038 0.642:0.061
rPPARY-TNSP2 0.289:0.053 0.371:£0.033 0.484+0.001 0.527+0.079
Protein binding rPPARY-TNSP3 0.187+0.083 0.243+0.048 0.286+0.062 0.498+0.052
rPPARY-TNSP4 0.188:0.082 0.212:0.072 0.333:0.044 0.465+0.068
rRXR-rNSP1 0.123+0.080 0.126+0.085 0.211:0.029 0.371+0.103

Evaluation criterion: The absorbance values of the mixture of recombinant cellular and viral proteins greater than or equal to those ob-
tained in negative control were considered positive for the binding (in 2 or more concentrations).

regulates PPARynegatively, after the infection of alveolar
macrophages (AM), through type IFN-I dependent signal-
ing. Similarly, the PPARy expressionin AM suppresses the
exaggerated antiviral and inflammatory response of AM
after infections by IAV and respiratory syncytial virus
(Huang et al., 2019).

Formation of protein complexes between rotavirus
nonstructural proteins and proteins related to PPARY-
NFxB pathways

To determine the formation of complexes between
the RRV NSPs and the proteins related to the NFkB path-
way (IKKa, p-IKKa/p, NFkB p50, and p-NF«kB) and PPARy
pathway (PPARy, PGCla, and RXR), binding between
recombinant cellular and viral proteins was analyzed
through capture ELISA assays, immunofluorescence and
confocal microscopy.

For the analysis of recombinant protein, each of the
recombinant soluble proteins (rPPARy,rRXR, and rPGC1)
was mixed with each of the rNSPs at different concentra-
tions. The absorbance obtained in the mixture of rNSPs
recombinant proteins and recombinant cellular proteins
rPPARY, rRXR, and rPGCl was compared with the absorb-
ance of the rNSPs proteins and cellular proteins individu-
ally. As an acceptance criterion, it was proposed that the
absorbance values of the mixture of recombinant cellular
and viral proteins greater than or equal to those obtained
in negative control were considered positive for the bind-

ing (in 2 or more concentrations). In this way, the binding
between rNSP1 with rPPARy and rRXR in the concentra-
tions of 1.56, 3.13, 60, and 400 pg/ml, respectively was
observed. TherNSP5 protein did not show any interaction
with therecombinant cellular proteins evaluated (Table1).

In the analysis of transfected cells, as an acceptance
criterion was considered positive for binding when the
absorbance value in the infection model was signifi-
cant (p <0.05) in comparison with the non-infected, nor
transfected cells, and coincides with the other evalua-
tion models (co-transfection, transfection-infection, and
transfection). Here, we show that PPARy binds to NSPL, 2,
3,and 4; RXR binds to NSP1and 2; p-IKK bindsto NSP 1, 2,
3,4,5,6; p-NFkB binds to NSP 5 and 6. These results were
observed in both analysis (Table 2).

Colocalization between rotavirus nonstructural pro-
teins and proteins related to PPARy-NFkB pathway

Before performing the colocalization through the
confocaltechnique, screening using epifluorescence tech-
nique was performed to determine if the rotavirus NSPs
that were positive for binding in the ELISA overlap with
cellular proteins related to PPARy and NFkB pathways.
MA104 cells were transfected with each of the plasmids
that express NSPs, and the expression of each viral protein
with each cellular protein (RXR, PGC1, PPARY, p- KKa/p,
and NFkB) was analyzed by antibodies. The images taken
from each group were analyzed using the program Image



46 GOMEZ, D. et al.: ROTAVIRUS NON-STRUCTURAL PROTEINS AND PPARy-NF«B

Table 2. Co-localization in MA104 cells

Absorbance +SD

Classification Groups Co-transfected Transfected Intfr?;:?e]c{é ‘é * Infected RRV
Positive binding NSP2-NSP5 0.235+0.022 0.276:0.040
control PPARY-RXR 0.153:0.018 0.211:0.009 0.435:0.099 0.297:0.039
PPARy 0.145+0.006 0.202:0.013
RXR 0.182:0.030 0.196:0.024
p-IKKa/p 0.202:0.017 0.199:0.020
p-NFxB 0.149:+0.021 0.204+0.021
Negative control NSP1 0.145+0.016 0.127+0.005
NSP2 0.146+0.017 0.122+0.004
NSP3 0.155+0.0231 0.135+0.014
NSP4 0.146:0.015 0.142+0.010
NSP5 0.157+0.014 0.147+0.004
NSP6 0.137+0.001 0.126+0.018
PPARY-NSP1 0.208+0.037 (NS) 0.155:0.004 (NS) 0.230+0.049 (*) 0.201:0.017 (*)
PPARY-NSP2 0.164+0.021 (NS) 0.143:0.002 (NS) 0.240+0.054 (**) 0.187+0.014 (*)
PPARY-NSP3 0.162:0.016 (NS) 0.154+0.007 (NS) 0.228:0.048 (*) 0.216:0.015 (*)
PPARY-NSP4 0.183+0.037 (NS) 0.162+0.012 (NS) 0.236+0.049 (*) 0.214+0.017 (**)
RXR-NSPI 0.170+0.012 (NS) 0.205+0.021 (*)
RXR-NSP6 0.218+0.031 (***) 0.205:0.021 (*)
p-IKKa/B-NSP1 0.294+0.095 (*) 0.198+0.014 (*) 0.201:0.036 (NS) 0.217:0.023 (*)
Protein binding
p-IKKa/B-NSP2 0.242:0.057 (*) 0.201+0.024 (**) 0.211:0.037 (NS) 0.208:0.023 (*)
p-IKKa/B-NSP3 0.201:0.030 (NS) 0.212+0.031 (**) 0.196+0.035 (NS) 0.213:0.023 (*)
p-IKKa/B-NSP4 0.212+0.038 (*) 0.206+0.027 (***) 0.205+0.036 (NS) 0.204:0.028 (*)
p-IKKa/B-NSP5 0.234+0.052 (**) 0.205+0.025 (*) 0.186+0.037 (NS) 0.223+0.024 (**)
p-IKKa/B-NSP6 0.293:0.063 (**) 0.183:0.032 (*) 0.251:0.023 (**) 0.206+0.027 (*)
p-NFkB- NSP5 0.221:0.038 (*) 0.184+0.025 (NS) 0.160:0.028 (NS) 0.211:0.019 (*)
p-NFkB- NSP6 0.271+0.058 (*) 0.156+0.008 (NS) 0.187+0.003 (NS) 0.201:0.021 (*)

Acceptance criterion: It is considered as positive for binding when the absorbance value at the joints of the infection is significant and
coincides with the other evaluation models (co-transfection; transfection; and infection and transfection). Statistical analysis was per-
formed by one-way Anova and Dunnett's multiple comparison test (Comparison of NSPs and binding groups).

J-JaCoP to calculate protein colocalization (Fig.3a-f). The
expression of viral and cellular proteins in non-infected
nor transfected MA104 cells was used as a negative con-
trol. Astransfection control, MA104 cells were transfected
with an empty vector. As a positive control, the colocaliza-
tionin cells co-transfected with NSP2-NSP5 and rotavirus
infected cells (MOI 0.8) 12 h.p.i. (Zhao et al., 2015) was
used. The coefficients calculated in transfected cells were
compared, considering as positive colocalization all the
values greater than or equal to Pearson's and Overlap co-
efficients reported in the positive control. In the positive
controls (NSP2+NSP5 co-transfected), the Pearson's coef-
ficient was 0.94, the Overlap coefficient was 0.939, and

in RRV infected cells was 0.944, 0.939, respectively (Fig.
3a, Table 3). Considering the previous coefficients, when
evaluating the cellular proteins, it was found that they co-
localize as follows: RXR with NSP1, NSP2,and NSP4, with
Pearson's coefficient 0.962,0.960, 0.954, and Overlap coef-
ficient 0.969,0.975,and 0.950, respectively (Fig.3b, Table 3).
PPARYy colocalizes with NSP1, NSP2, NSP3,and NSP4; with
Pearson's coefficient 0.963, 0.960, 0.977, 0.947, and Over-
lap coefficient 0.962, 0.961, 0.985 and 0.968, respectively
(Fig. 3¢, Table 3). PGC1 did not present any colocalization
with any of the NSPs proteins (Fig. 3d, Table 3). p-IKKa/p
showed colocalization with NSP2, NSP3, and NSP6, with
Pearson's coefficient 0.982,0.969, 0.985, and Overlap coef-
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Epi-immunofluorescence
(a-f) Representative images of RXR, PGC1, PPARY, p- KKa/p and p-NF«kB proteins of the expression and magnification of the merge of the

images of the positive, negative controls and empty vector.

ficient 0.965,0.973,and 0.987, respectively (Fig. 3e, Table 3).
p-NFkB colocalized with NSP2 with Pearson's coefficient
0.915 and Overlap coefficient 0.946 (Fig. 3f, Table 3).

To determine if there is co-localization between viral
and cellular proteins, through the confocal microscopy
technique and image analysis by the program Image J,
MAI104 cells were transfected with each of the plasmids
that express viral proteins (NSPsl-6). Through specific
antibodies, the expression of viral and cellular proteins
(RXR, PPARY, p- KKa/f, and NFkB) was detected. Sub-
sequently, some images were taken with the Olympus
FV1000 confocal laser scanning microscope, with opti-
cal sectioning of the samples in Z plane (depth plane)
with a thickness of 2 pm, obtaining 27 images for each
analyzed group (Fig. 4a-f). The protein colocalization
calculation analysis was performed using the program
Image J-JaCoP, calculating the Pearson's, Overlap, and
Mander's coefficients. As a negative control, viral and
cellular proteins in non-infected and non-transfected
MAI104 cells were detected. As a transfection control,
non-infected MA104 cells transfected with empty vectors
were used. As a positive control, the colocalization was
detected between NSP2+NSP5 in co-transfected MA104
cellsand MA104 rotavirusinfected cells withan MOI of 0.8

12 h.p.i.(Rainsford and Malcolm,2007). The Pearson's and
Overlap coefficients in the positive controls (NSP2+NSP5
co-transfected) were 0.430, 0.572, and in the RRV infected
cells were 0.499 and 0.546, respectively (Fig. 4a, Table 4).
Considering the previous coefficients, when evaluating
the cellular proteins, it was found that RXR colocalized
with NSP1, with Pearson's coefficient 0.436 and Overlap
coefficient 0.549 (Fig. 4b, Table 4). PPARY colocalized
with NSP1 and NSP3, with Pearson's coefficient 0.505,
0.542, and Overlap coefficient 0.519, 0.545, respectively
(Fig. 4c, Table 4). p-IKKa/p colocalized with NSP2, with
Pearson's coefficient 0.548, and Overlap coefficient 0.614
(Fig. 4d, Table 4). p-NFkB colocalized with NSP5, with
Pearson's coefficient 0.715 and Overlap coefficient 0.725
(Fig.4e, Table4). Our work evaluated the binding between
recombinant cellular proteins PPARy, RXR, PGCla, and re-
combinant viral proteins NSP1, NSP2, NSP3, NSP4, NSP5.
Binding between PPARy with NSP1, NSP2, NSP3, NSP4,
and RXR with NSP1was found. Similarly, the binding in
MA104 cells was evaluated, finding that there is interac-
tion between PPARy with NSP1, NSP2, NSP3, NSP4; RXR
with NSP1, NSP6; p-IKK with NSP1, NSP2, NSP3, NSP4,
NSP5, NSP6, and p-NFkB with NSP5, NSP6 12 h.p.i. This
finding was supported with the results obtained through
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Table 3. Co-localization of rotavirus nonstructural proteins and proteins related to PPARy-NFkB pathway

Positive control

Sample Pearson's coefficient  Overlap coefficient Manders' coefficients
Co-transfected NSP2+NSP5 0.941 0.939 M1=0.969 M2=0.999
RRV 0.944 0.939 M1=0.898 M2=0.999
RXR
Negative control 0.578 0.652 M1=0.994 M2=0.565
Empty vector 0.345 0.572 M1=0.998 M2=0.517
NSP1 0.962 0.969 M1=0.856 M2=0.991
NSP2 0.96 0.975 M1=0.997 M2=0.985
NSP4 0.954 0.95 M1=0.98 M2=0.999
PPARY
Negative control 0.159 0.159 M1=1.0 M2=0.0080
Empty vector 0.393 0.381 M1=1.0 M2=0.075
NSP1 0.963 0.962 M1=0.938 M2=0.999
NSP2 0.96 0.961 M1=0.93 M2=0.999
NSP3 0.977 0.985 M1=0.998 M2=0.986
NSP4 0.947 0.968 M1=0.995 M2=0.981
p-NEKB
Negative control 0.183 0.188 M1=0.977 M2=0.057
Empty vector 0.0070 0.0080 M1=0.902 M2=0.0
NSP2 0.915 0.946 M1=0.961 M2=0.943
p-IKKa/f
Negative control 0.096 0.613 M1=1.0 M2=0.58
Empty vector 0.159 0.482 M1=1.0 M2=0.418
NSP2 0.982 0.965 M1=0.962 M2=1.000
NSP3 0.969 0.973 M1=0.964 M2=0.999
NSP6 0.985 0.987 M1=0.979 M2=0.999

image overlapping of PPARY cellular proteins with NSP],
NSP2,NSP3,and NSP4; RXR with NSP1, NSP2, NSP3, NSP4;
p-IKK with NSP2, NSP3, NSP6, and p-NFkB with NSP2.
Similarly, through confocal microscopy it was observed
that PPARYy colocalizes with NSP1 and NSP3, RXR with
NSPI, p-IKK with NSP2, and p-NFkB with NSP5. Since
analysis with recombinant protein, NSP1and NSP3 bind
to PPARY, and bind and co-localized in MA104, it is prob-
able that they are the proteins responsible for inhibiting
this inflammatory transcription factor. It has been re-
ported that rotavirus NSP1inhibits NFkB activation 5 to
7 h.p.i (Graff et al., 2009). In our work, the time evaluated
was at 12 h.p.i. for RRV and /or 36 h.p.t., where it was ob-
served that the cellular infection was asynchronous. For
thisreason, we acknowledge that other transient bindings
may occur between the different NSPs and the proteins
of the cell. This can be presented for the MOI (0.8) used
and because the amount of virus that enters the cells is

not homogeneously even, affecting the number and size
of the viroplasm, which is dependent on the number of
particles that enter the cells (Carrefio-Torres et al., 2010).

The RRV infection affects the expression of cytoplas-
mic and nuclear PPARy

The study aimed to find if the expression level of cy-
toplasmatic or nuclear PPARy protein is affected by RRV
infection. The expression of PPARy and NFkB proteins
was analyzed in isolated nuclei and cytoplasm of RRV
infected cells (MOI 0.8) 12 h.p.i., and treated with 153 mM
TZD, 10 pM GW9662 or 100 puM CUR for 12 h. Similarly,
non-infected cells transfected with NSPs and treated
with TZD or CUR, were evaluated. When evaluating the
PPARY protein, through the ELISA, in non-infected cells,
the absorbance was 0.145+0.009, and in RRV infected
cells 0.219:0.063 (**p: 0.0071) (Fig. 5a). The nuclei were
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Confocal microscopy
(a-f) Representative images of the focal plane Zwith 2 pm of thickness, detection of the colocalization of the RXR, PPARY, p- KKa/B, p-NFkB
and viral NSPs proteins.

Table 4. Co-localization between rotavirus nonstructural proteins and proteins related to PPARY-NFKB pathway

Sample Pearson's coefficient = Overlap coefficient Manders' coefficients
Unlabeled MA104 0.178 0.179 M1=0.592 M2=0.207
Positive control
RRV 0.499 0.546 M1=0.927 M2=0.968
NSP2+NSP5 0.43 0.572 M1=0.998 M2=0.86
RXR
Negative control 0.264 0.268 M1=0.118 M2=0.987
Empty vector (Hygro) 0.077 0.078 M1=0.014 M2=0.969
NSP1 0.436 0.549 M1=0.997 M2=0.914
PPARY
Negative control 0.064 0.065 M1=0.0070 M2=10
Empty vector (Hygro) 0.067 0.066 M1=0.0070 M2=0.993
NSP1 0.505 0.542 M1=0.903 M2=0.918
NSP3 0.519 0.545 M1=0.811 M2=0.942
p-IKKa/p
Negative control 0.016 0.017 M1=0.0 M2=0.92
Empty vector (Hygro) 0.0040 0.0090 M1=0.0 M2=0.901
NSP2 0.548 0.614 M1=0.995 M2=0.923
p-NExB

Negative control 0.023 0.026 M1=0.0010 M2=0.794
Empty vector (Hygro) 0.017 0.018 M1=0.0010 M2=0.633

NSP5 0.715 0.725 M1=0.939 M2=0.984




50 GOMEZ, D. et al.: ROTAVIRUS NON-STRUCTURAL PROTEINS AND PPARy-NF«B

(a) 030 (b)

MAl08

.10 Nucteus.

40.D.492 nm
PPAR;
Blipiia

—
m
—

A 0.D.492 nm
PPARy +PGC1a
nucleus
A 0.D.492 nm
PPARy +PGC1a
cytoplasm

(f)

AcTiv poc1 oapl mERGE (c)
50 —|

A O.D. 492 nm PPARy

Empty  Unrel
b

RRV  RRV
vector + +

TZ0 oW

NSP1  NSP5
+ +
oW GW

Transfected

Fig.5

PM  Negative RRV
-

| P-PPARY (58)
i PARY (57)

ISOLATED NUCLEUS OF MA104
PM__Negative __RRV

P-PPARY (58)

S5 PPARY (57)

ISOLATED CYTOPLASM OF
MA104

0,123

Empty Unrel. Neg RRV  RRV
+

NSP2 NSP4
vector  Ab + +

Cur Cur. Cur.

Transfected

The RRV infection affects the expression of cytoplasmic and nuclear PPARy
Capture ELISA of the expression of PPARY protein in MA104 rotavirus infected cells (a). Epi-immunofluorescence of PGCl and actin expres-
sion in cytoplasm and nucleus (b). Western blot of the expression of PPARY and p-PPARy proteins in nucleus and cytoplasm (c). Capture
ELISA of PPARY-PGC1 proteins in nucleus and cytoplasm of MA104 cells transfected with plasmids expressing NSPs of RRV (d-e). Capture
ELISA of the expression of PPARY and NFkB proteins in MA104 cells transfected with plasmids expressing NSPs of RRV and treated with

thiazoglitazone, curcumin or GW9662 inhibitor (f-g).

isolated and representative images of the epifluorescence
using specific anti-actin and anti-PGCla antibodies were
taken (Fig.5b). Two bandsin the cytoplasmic fraction and
the nuclear fraction were detected through the Western
blot, which corresponded to PPARy and p-PPARY. In the
cytoplasmic fraction, the band correspondent to p-PPARy
is 28% more intense in comparison with the PPARy band
in uninfected and infected cells. In the nuclear fraction,
the band correspondent to PPARY, in infected cells, is
74% more intense in comparison with the band in non-
infected cells; the band correspondent to p-PPARY is
not observed in this fraction (Fig. 5¢). When evaluating
the binding between proteins, through the ELISA, in
the cytoplasmic fraction, there were no differences in
the expression between PPARy and PGCla proteins, in
non-infected cells, infected, or transfected cells. At the
nuclear level, the binding between PPARy and PGCla in
infected cells was 0.224x0.028, and in cells transfected
with plasmids was, for NSP2, 0.207+0.006, and NSP4,
0.224+0.052 (Fig. 5d-e). In non-infected, nor transfected
cells, the PPARy absorbance was 0.145:0.009, while the
expression of this protein increases in non-infected cells
treated with TZD at 0.284:0.062; in non-infected cells
treated with the GW9662 inhibitor, the absorbance in-
creased to 0.204+0.052 in comparison with non-infected
cells. When the cells are infected with rotavirus, the pro-
tein expression increases to 0.218+0.049 in comparison
withnon-infected cells. When treating infected cells with

TZD, the protein expression decreases to 0.159+0.033 in
comparison with the infected cells. When treating the
infected cells with the GW9662 inhibitor, the protein
expression increases to 0.293+0.065 in comparison with
theinfected cells. When transfecting the cells with each of
the plasmids expressed for each of the NSPs and treating
them with TZD, no changes were observed in the PPARy
expression in non-infected, nor treated cells. When the
cells were transfected with each of the plasmids that
express NSPs and treated with the GW9662 inhibitor, the
expression of PPARY in the cells transfected with NSP1
increased to 0.256+0.007, NSP5 to 0.279+0.098, and NSP6
t0 0.224+0.005 in comparison with the non-infected, nor
transfected cells (Fig. 5f). In the non-infected nor trans-
fected cells, the absorbance of NFkB was 0.110+0.025.
The NFkB expression in non-infected cells treated with
CUR increased to 0.141:0.008 in comparison with the
non-infected nor treated cells. In infected cells, the NFkB
expression increased to 0.193+0.068 in comparison with
the non-infected cells. When treating infected cells with
CUR, the NFkB expression decreased to 0.162+0.019, in
comparison with untreated infected cells. When the cells
were transfected with each of the plasmids that express
each NSP and treated with curcumin, it was observed
that NFkBinthe cells transfected with NSP2 decreases to
0.131+0.013,and, with NSP4,t0 0.075+0.004 in comparison
with non-infected, nor transfected cells (Fig. 5g). This
result suggeststhat RRVinfection activates mechanisms
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that phosphorylate PPARyleadingtoitsinactivation. The
above, may be due to the role of PPARY being regulated
by post-translational modifications like phosphoryla-
tion, SUMOylation, and ubiquitination. When PPARY is
modified by acetylation, it induces the PPARy function
in the absence of an external ligand; suggesting that
the acetylation of PPARYy is an activation mechanism of
PPARy independent of the ligand (Jiang et al., 2014). The
phosphorylationisthe mostimportant post-translational
modification that affects PPARyactivity. The PPARy phos-
phorylation by MAPK results in the inhibition of protein
transactivation both dependent and independent of the
ligand, and inhibits PPARy activity (Sozio et al., 2011). We
also observed that the PPARY expression increased sig-
nificantly when the non-infected cells were treated with
athiazolidinedione or GW9662 inhibitor, an irreversible
and selective PPARyantagonist (Seargent and Yates, 2004).
Similarly, when the cells are infected with RRV, they in-
crease the PPARYy expression significantly. These results
suggest that thiazolidinedione inhibits the phosphoryla-
tion of PPARY, altering the PPARY levels directly or indi-
rectly. It has been reported that cyclin-dependent kinase
5(Cdk5) phosphorylates the nuclear receptor PPARY. This
PPARy modification does not alter its adipogenic capac-
ity but leads to the deregulation of many genes whose
expression is altered. The phosphorylation of PPARy by
Cdk5 is blocked by anti-diabetic PPARy ligands, such as
rosiglitazone and MRL24 (Choi et al., 2010). In our work,
we found that in infected cells or cells transfected with
NSP1, NSP5, and NSP6, treated with GW9662, the PPARYy
expression increases. The same result was reported
when infecting with rotavirus, finding an increase in cel-
lular proteins PPARY, NF«B, PDI, Hsc70, COX-2, and ROS
(Gémezetal.,2016), which were reduced when treating the
infected cells with pioglitazone, reducing the number of
generated viruses simultaneously. It was hypothesized
that rotavirus infection induces a pro-inflammatory re-
sponse in the host cells, benefiting the infection process,
and that the interference in the inflammatory pathways
involved leads to a decrease of the infectious elements
(Guerrero and Acosta, 2016; Gémezet al.,2016). It has been
observed that the treatment with rosiglitazone provokes
asignificant decrease in the HIV-1viral infection in mac-
rophages (Potula et al., 2008). It has also been found to
reduce the influenza viral load and decrease the produc-
tion of cytokines and chemokines in mice infected with
influenza and treated with rosiglitazone compared with
the controls (Gopal et al., 2019). The PPARYy agonists have
beneficial effects in the inflammatory response suppres-
sion during the infection by the respiratory syncytial
virus (RSV) (Arnold et al., 2007).

In this work, RRV infected cells or cells transfected
with NSP2,and NSP4 increased the NFkB expression sig-

nificantly and when treated with CUR, decreased the NFkB
expression and RRV infection significantly, supporting
the idea that the rotavirus induces a pro-inflammatory
response, benefiting the infectious process and its in-
terference reduces the infection. It has been known that
curcumin inhibits the NFkB pathway expression and
downregulates the pro-inflammatory cytokines such as
interleukin (IL)-1, IL-6, IL -8, and tumor necrosis factor
(TNF-a) (Liu et al., 2007; Kim et al., 2012). NFkB inhibitor
drugs like caffeic acid phenethyl ester (CAPE), resveratrol
Bayl11-7082, and parthenolide inhibit the NFkB activation
and reduce the SARS-CoV inflammation in mice (DeDi-
ego et al., 2014). The PPARYy activation represents an effi-
cient therapeutic strategy to counteract a cytokine storm.
The synthetic PPARy agonists have anti-inflammatory
properties that make them promising candidates to treat
inflammation in severe viral diseases (Ciavarella et al.,
2020; Abdelrahman et al., 2005; Belvisi et al., 2006).

From this work, it can be concluded that during the
RRV infection, RXR binds to NSP1, PPARy binds to NSP1
and NSP3, p-IKKa/{ binds to NSP2, NF«kB binds to NSP5.
Phosphorylated PPARYy is present in the cytoplasm, and
the PPRE transcriptional activity is diminished. Overall,
itsuggeststhat RRV activates the inflammatory pathway,
increasing the NFkB expression and possibly inactivating
PPARy when PPARY is phosphorylated in the cytoplasm
inhibiting its translocation to the nucleus.

Supplementary information is available in the online version
of paper.
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