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ARTICLE INFO ABSTRACT

Keywords: Acute watery diarrhea due to Rotavirus (RV) infection is associated with high infantile morbidity and mortality
RA-839 in countries with compromised socio-economic backgrounds. Although showing promising trends in developed
R”ta‘{irus countries, the efficacy of currently licensed RV vaccines is sub-optimal in socio-economically poor settings with
Agonist high disease burden. Currently, there are no approved anti-rotaviral drugs adjunct to classical vaccination
Nrf2/ARE (antioxidant response element) . . : . . . . .

pathway program. Interestingly, dissecting host-rotavirus interaction has yielded novel, non-mutable host determinants

which can be subjected to interventions by selective small molecules. The present study was undertaken to
evaluate the anti-RV potential of RA-839, a recently discovered small molecule with potent and highly selective
agonistic activity towards cellular redox stress-sensitive Nuclear factor erytheroid-derived-2-like 2 (Nrf2)/
Antioxidant Response Element (ARE) pathway. In vitro studies revealed that RA-839 inhibits RV RNA and protein
expression, viroplasm formation, yield of virion progeny and virus-induced cytopathy independent of RV strains,
RV-permissive cell lines and without bystander cytotoxicity. Anti-RV potency of RA-839 was subsequently
identified to be independent of stochastic Interferon (IFN) stimulation but to be dependent on RA-839's ability to
stimulate Nrf2/ARE signaling. Interestingly, anti-rotaviral effects of RA-839 were also mimicked by 2-Cyano-3,
12-dioxo-oleana-1, 9(11)-dien-28-oic acid methyl ester (CDDO-Me) and Hemin, two classical pharmacological
activators of Nrf2/ARE pathway. Overall, this study highlights that RA-839 is a potent antagonist of RV pro-

Therapeutic potential

pagation in vitro and can be developed as anti-rotaviral therapeutics.

1. Introduction

Infantile deaths and morbidity due to Rotavirus (RV)-induced gas-
troenteritis are major impediments to socio-economic welfare in de-
veloping nations (Aliabadi et al., 2016; Clark et al., 2017; Tate et al.,
2016). Introduction of vaccination programmes has shown promising
trends in reducing the severity of RV disease burden (Bhandari et al.,
2014; Burnett et al., 2017; Isanaka et al., 2017; Parashar et al., 2016).
In endemic settings of developing countries, however, co-circulation of
multiple genotypes, occurrences of mixed infections and zoonotic
transmission have contributed to intergenotypic reassortments. Rota-
viral diversity is further intensified by rapid accumulation of point
mutations in the antigenic epitopes of viral proteins coupled to immune
selection pressure imparted by the host giving rise to temporal and
spatial shifts of predominant viral strains (Banerjee et al., 2018; D6r6
et al.,, 2015; McDonald et al., 2009). In face of this unceasing viral
heterogeneity, prophylactic vaccination as the sole mode of disease
management might be greatly challenged over long term. Moreover,

targeting highly mutable viral proteins with antivirals might only act as
an impetus to host-virus evolutionary arms race leading to emergence
of drug-resistant viral strains (Irwin et al., 2016; Strasfeld and Chou,
2010). Emerging evidence suggests that critical host determinants
might serve as broad-range therapeutic candidates due to their indis-
pensability for viral propagation and low mutation rates compared to
viral proteins (de Chassey et al., 2012; Lee and Yen, 2012). Manip-
ulation of pro-viral and antiviral host determinants with antagonists
and agonists has, indeed, been reported to have remarkable impacts on
RV propagation (Bagchi et al., 2012; Bhowmick et al., 2014; Chanda
et al., 2015, 2016; Chattopadhyay et al., 2013, 2017; Crawford et al.,
2012; Ding et al., 2018; Dutta et al.,, 2009; Eichwald et al., 2012;
Holloway and Coulson, 2006; Mukherjee et al., 2018; Silva-Ayala et al.,
2013; Yin et al., 2018a, 2018b). Thus, adjunct to prophylactic vacci-
nation, developing anti-rotaviral therapeutics by targeting critical host
determinants would be of prime importance to minimize selection
pressure on RV strains and to reduce disease burden of rotaviral gas-
troenteritis.
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RV, a non-enveloped virus belonging to the family Reoviridae, con-
sists of a genome of 11 segmented double stranded RNAs which code
for six structural (VP1-VP4, VP6 and VP7) and six non-structural (NSP1-
NSP6) proteins. While infecting the enterocytes, triple layered in-
fectious virions (called Triple Layered Particles or TLPs) shed their
outermost layer to form double-layered particles (DLPs) which become
transcriptionally active within host cytosol. Assisted by VP2 and VP3,
VP1 initiates transcription within DLPs to form capped, non-poly-
adenylated, plus-strand RNAs which serve as both messengers for viral
protein translation and templates for replication of the viral genome.
Viral genome replication within DLPs and early viral morphogenesis
occur in highly dynamic, electron-dense aggregates within host cyto-
plasm, called viroplasms, the formation of which also requires NSP5
along with its hyperphosphorylated isoforms and NSP2 (Desselberger,
2014; Estes and Greenberg, 2013; Silvestri et al., 2004). Upon virus
infection, like other un-physiological cellular stimuli, eukaryotic cells
evoke adaptive, homeostatic stress response genes some of which are
also innate immune regulators of infection. Disturbing the exquisite
balance in the spatio-temporal regulation of host stress responses is
often how viruses subvert host innate immunity to ensure obligatory
intracellular propagation (Lopez et al., 2016).

Adaptive cellular responses against oxidative and electrophilic
stresses are largely orchestrated by Nuclear factor erytheroid-derived-2-
like 2 (Nrf2), a member of the ‘cap-n-collar’ class of basic leucine zipper
transcription factor. Under unstressed conditions, trans-activation po-
tencies of Nrf2 are restricted by keeping Nrf2 sequestered in cytosol by
Kelch-like erythroid cell-derived protein with CNC homology [ECH]-
associated protein 1 (Keapl), a cysteine-rich adaptor of Cullin3-Ring
Box1 (Cul3-Rbx1) E3 ubiquitin ligase complex. Stoichiometrically, two
Kelch domains of Keapl dimers interact with the high affinity ‘ETGE’
and low affinity ‘DLG’ motifs of one Nrf2 molecule at Neh2 domain, one
of Nrf2's six functional Nrf2-ECH homology domains (Nehl-6), or-
ienting the Nrf2 molecule for ubiquitination by Cul3-Rbx1 complex.
Prompt proteasomal degradation of ubiquitinated Nrf2 renders the
Keapl dimers free for sequestering additional nascent Nrf2 molecules
thereby repeating the cycle and accounting for low basal expression of
Nrf2. When challenged by oxidative and electrophilic stresses, subsets
of the cysteine residues in Keapl are covalently modified leading to a
conformational change in the protein and release of Nrf2 from the low
affinity binding sites. At this ‘locked’ conformation, Keapl can bind
only to high affinity binding sites of Nrf2; thus, transfer of ubiquitin to
and subsequent proteasomal degradation of Nrf2 are hampered. In
absence of free Keapl repressors, nascent Nrf2 molecules translocate to
nucleus, heterodimerize with small musculoaponeurotic fibrosarcoma
(sMaf) proteins and bind to Antioxidant Response Element (ARE), the
canonical cis-acting enhancer sequence (TCAG/CXXXGC) in the pro-
moter region of Nrf2-regulated genes, to produce anti-oxidant and cyto-
protective effectors. (Baird et al., 2014; Bryan et al., 2013; Harder et al.,
2015; Niture et al., 2014; Suzuki et al., 2016; Tong et al., 2006, 2007).

RA839 [(3S)-1-[4-[(2, 3, 5, 6-tetramethylphenyl) sulfonylamino]-1-
naphthyl] pyrrolidine-3-carboxylic acid] was initially identified as a
non-covalently and very specifically interacting small molecule of
Keapl (K4 ~6pum). Moreover, unlike non-selective, covalent Keapl
modifiers such as sulforaphane, oltipraz, CDDO-Me, RA-839 selectivity
induced Nrf2/ARE pathway without bystander cytotoxicity (Winkel
et al., 2015). Effects of RA-839 on RV replication were observed while
studying the dynamics between RV infection and host redox-stress re-
sponse. Interestingly, RA-839 was found to efficiently reduce RV RNA
and protein expression, viroplasm formation and infectious progeny
yield in vitro at sub-cytotoxic doses. Detailed mechanistic investigations
revealed anti-RV potential of RA-839 to be independent of stochastic
Interferon induction and relying partially on RA-839's ability to sti-
mulate Nrf2/ARE signaling. Together, the study highlights an excellent
therapeutic potential of RA-839, a non-covalent, highly selective in-
ducer of Nrf2/ARE pathway, against rotaviral propagation in vitro.
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2. Materials and Methods
2.1. Cell culture and virus infection

Monkey kidney cell line MA104 (ATCC number: CRL-2378™) was
cultured in Minimal Essential Medium (MEM) and human colorectal
adenocarcinoma cell line HT29 (ATCC number: HTB-38™), human
embryonic kidney cell line HEK293 (ATCC number: CRL-1573™),
human alveolar epithelial cell line A549 (ATCC® CCL-185™) were cul-
tured in Dulbecco's Modified Eagle's Medium (DMEM) as described
previously (Dutta et al., 2011). Cell culture adapted RV strains SA11
(simian strain; G3P[2]), A5-13 (bovine strain; G8P[1]), Wa (human
strain; G1P[8]) and EW (murine strain) were used in this study. Unless
otherwise mentioned, cells were infected at a multiplicity of infection
(moi) 1 in all experiments as described previously (Dutta et al., 2011).
The time of virus addition was considered as 0 hour post infection (0
hpi) for all experiments (Chattopadhyay et al., 2013).

2.2. Viral infectivity assay

For calculating viral infectivity, plaque assay was performed ac-
cording to protocols described previously (Bagchi et al., 2010; Dutta
et al., 2009). Viral Plaque Forming Units (PFU) were calculated as PFU/
ml (of original stock) = 1/dilution factor x number of plaques x 1/(ml
of inoculum/plate) (Smith et al., 1979). Relative viral load of drug-
treated infected cells was represented as ‘% of infectivity’ considering
infectivity of vehicle-treated infected control as 100% in each replicate
of quadruplicate experiments.

2.3. Reagents and antibodies

RA-839 (5707) was purchased from Tocris and was dissolved in
Dimethyl sulfoxide (DMSO) to form a stock solution of 40 mM. Dilution
of the stock solution was carried out in MEM or DMEM. CDDO-Methyl
Ester (SMB00376), Hemin (H9039), Cordycepin (C3394), phosphatase
inhibitor cocktail 2 (P5726), protease inhibitor cocktail (P2714) and
MTT (M5655) were purchased from Merck (Sigma-Aldrich). RA-839,
CDDO-Me, Hemin, Cordycepin were added 1 hour post virus addition
(during addition of final media). Polyclonal and Monoclonal antibodies
used for this study are listed in Supplementary Table 1 and
Supplementary Table 2 respectively and were used according to the
manufacturer's recommended dilutions. Antisera against RV-SA1l
structural and nonstructural proteins were raised either against peptide
(for NSP4, NSP1) or by purification of full-length protein expressed in
bacterial expression system (for VP1, VP2, NSP2, NSP3, NSP5) in rab-
bits according to standard protocols at the Department of Virology and
Parasitology, Fujita Health University School of Medicine, Aichi, Japan.

2.4. Sub-cellular fractionation of nucleus and cytosol

Nuclear and cytosolic fractions were separated by NE-PER™ Nuclear
and Cytoplasmic Extraction Reagents (78833; Thermo Scientific™) fol-
lowing the manufacturer's instructions.

2.5. Transfection of siRNA

Transfection of Keapl-specific (Qiagen) and scrambled siRNAs were
carried out in MA104 cells with siPORT-NeoFX (Ambion) according to
the manufacturer's instructions.

2.6. Western blot

Cells were washed with ice-cold PBS and lysed in RIPA buffer
(Bhowmick et al., 2015). Protein concentration was measured by
Bradford reagent (Sigma Aldrich) or Pierce™ BCA Protein Assay Kit
(Thermo Scientific™). Whole cell lysates, cytosolic and nuclear fractions
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were mixed with protein sample buffer (Bhowmick et al., 2015) and
boiled for 10 minutes. Samples were further run on SDS-PAGE followed
by immunoblotting with specific antibodies as described previously
(Bagchi et al., 2010). Primary antibodies were detected with HRP
conjugated secondary antibody (Thermo Scientific™) and chemilumi-
nescent substrate (Millipore & Bio-Rad) within ChemiDoc Imaging
System (Bio-Rad). The immunoblots shown are representatives of at
least three independent experiments. Relative fold changes (with re-
spect to the first lane) were represented below the panel of each protein
after normalizing against GAPDH or Histone H3 (for proteins isolated
from nuclear fraction) using Image Lab software (version 5.2.1), Biorad.

2.7. Immunofluorescence

MA104 cells, grown in four-welled chambered slides (BD
Pharmingen), were infected with RV-SA11 in presence and absence of
RA-839 and processed as described previously (Mukherjee et al., 2018).
RV-NSP5 antiserum and DyLight488-labeled goat anti-rabbit (Thermo
Scientific™) antibody were used as primary and secondary antibodies
respectively. Cells were finally stained with 4/, 6’-diamidino-2-pheny-
lindole (DAPI) (mounting medium) and covered with a cover slip.
Imaging was done in Zeiss Axioplan microscope (63X oil immersion).
Number of viroplasm positive cells were calculated as the mean of x’
from five different fields of 2 biological replicates with each field
having a minimum of 40 DAPI positive cells; ‘x’ for each field is counted
as (Number of cells with punctate viroplasms/Total number of DAPI
positive cells)X100.

2.8. Knockdown of Nrf2 expression by Nrf2 shRNA

Short hairpin sequences targeting Nrf2 (Forward primer- 5-CCGG
AAGCACAGCAGAATTCAATGACTCGAGTCATTGAATTCTGCTGTGCTT
TTTTTG-3’; Reverse Primer- 5'-AATTCAAAAAAAGCACAGCAGAATTC
AATGACTCGAGTCATTGAATTCTGCTGTGCTT-3’) were generated with
the help of a siRNA Selection Program hosted by Whitehead Institute
for Biomedical Research and inserted into pLKO.1 - TRC cloning vector
(Addgene plasmid #10878) (Moffat et al., 2006). Transfection of Nrf2
shRNA was carried out using Lipofectamine 2000 (Invitrogen) ac-
cording to manufacturers' instructions. Nrf2 knockdown efficiency was
assessed by western blot from cells expressing Nrf2 shRNA using anti-
Nrf2 antibody.

2.9. PCR and quantitative real time (qQRT) PCR

Total cellular RNA was extracted by TRIzol reagent (Invitrogen)
according to the manufacturer's instructions. cDNA was prepared from
500 ng of RNA using Superscript II reverse transcriptase (Invitrogen)
with random hexamer primers by incubating at 42 °C for 1 hour. cDNA
was amplified by conventional PCR method using primers listed in
Supplementary Table 3. The PCR amplicons were separated in 1.5%
agarose gel and visualized using Gel Documentation (Biorad). Real time
PCR reactions (Bhowmick et al., 2015) were performed in triplicate
using SYBR Green (Applied Biosystems) in Step one plus (Applied
Biosystems) with primers listed in Supplementary Table 4. The relative
gene expressions were normalized to gapdh using the formula 2-*4¢T
(AACT = ACT sampie-ACT yntreated control; CT is the threshold cycle) and
represented as ‘fold change decrease of RV RNA with respect to vehicle-
treated control’.

2.10. Cell viability assay

To determine cytotoxicity of chemicals in MA104 cells, cell viability
assays were conducted in 96-well plates at 80%-90% cell confluency.
Cells were treated with chemicals (RA-839, CDDO-Me, Hemin) at in-
dicated concentrations upto 24 or 48 hours followed by MTT assay.
Briefly, 10 uL of MTT solution (5mg/mL in PBS) was added and
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incubated at 37 °C for 4h. The formazan complex was dissolved in
200 puL MTT solvent (4 mM HCI, 0.1% Nonidet P-40 in isopropanol) and
the optical density (OD) of the solutions was measured at 570 nm.
Percentage of cell viability was measured by the formula (ODgampie-
ODgjani) X 100/(ODcontroi-ODg1ant)-

2.11. Luciferase reporter assay

MA104 cells were transfected with Cignal antioxidant response lu-
ciferase reporter from Qiagen (336841) according to the manufacturer's
recommendations. Cells were further treated with indicated con-
centration of RA-839 24 hours post transfection. Firefly luciferase ac-
tivity was analyzed 12 hours post treatment by Dual-Luciferase’
Reporter Assay System (Promega, E1910). Briefly, cells were lysed in
1X passive lysis buffer and cell lysates were mixed with luciferase assay
reagent. Firefly luciferase activity was measured and finally normalized
with the Renilla luciferase control. A positive control (with constitutive
luciferase expression) was kept to check transfection efficiency.

2.12. IC50 and CC50 determination

50% inhibitory concentration (IC50) and 50% cytotoxic con-
centration (CC50) of RA-839 were calculated using GraphPad Prism
(Version 5) software wusing non-linear regression model
[Y=Bottom + (Top-Bottom)/(1 + 107{(LogIC50-X)*HillSlope)}].

2.13. Statistical analyses

Mean + standard deviation (S.D.) of at least three independent
biological replicates (n = 3) was considered for analyses. For Western
blot analyses, RNA quantification, luciferase reporter assay, cell viabi-
lity assay, viroplasm positivity assay and plaque assay, p < 0.05
(Mann-Whitney U test and Student's t-test) was considered to be sta-
tistically significant. For drug interaction studies, Chou-Talalay
Combination Index (CI) was evaluated by CompuSyn software using
dose-dependent ‘fractional inhibition’ data (Chou and Talalay, 1984;
Zhang et al., 2016). CI values of < 0.95, 0.95-1.05 and > 1.05 were
considered as synergistic, additive and antagonistic effects respectively.

3. Results

3.1. RA-839 treatment significantly reduced RV RNA and protein
expressions, viroplasm formation and infectious progeny yield in vitro

A dose response study of RA-839 (Fig. 1A) (5, 10, 20 and 40 uM) on
levels of RV protein VP6 was carried out in RV-SA11 infected (12 hpi)
MA104 cells as a pilot experiment. Compared to DMSO-treated infected
control, treatment with 20 and 40 uM of RA-839 resulted in significant
reduction of VP6 protein levels, the concentration of 40 uM being more
effective and decreasing VP6 levels to near-abolishment (Fig. 1B). The
possibility of bystander host cytotoxicity being the reason for stunted
viral protein levels was ruled out as both 20puM (cell viability
95.7 + 2%) and 40 uM (cell viability 90 = 2%) concentrations of RA-
839 were found to be tolerated well by MA104 cells upto 48 hours
(Supplementary Fig. 1A). A concentration of 20 uM of RA-839 was
therefore chosen to conduct further experiments. RA-839 treatment in
RV-SA11 infected MA104 cells caused robust and persistent reductions
in the levels of structural RV proteins (VP1, VP2, VP6) both at relatively
early (12 and 24 hpi) as well as late (36 and 48 hpi) time points of
infection (Fig. 1C). RV non-structural protein levels (NSP1, NSP2,
NSP3, NSP4, NSP5) were also found to be attenuated at 12 and 24 hours
post RV-SA11 infection (Supplementary Fig. 1B). Notably, none of the
polyclonal sera against RV structural and non-structural proteins tested
were found to be cross-reactive to host proteins and therefore detected
in uninfected control cells. RV RNA levels were further investigated in
presence and absence of RA-839 in MA104 cells infected with RV-SA11.
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Figure 1

Fig. 1. RA-839 treatment has significant antagonistic effects on RV replication and propagation in vitro. (A) Chemical structure of RA-839 is shown. (B) Expression of
VP6 was assessed by Western blot in RV-SA11 infected MA104 cells (12 hpi) treated with either DMSO (vehicle control) or graded concentrations of RA-839 (5, 10,
20, 40 uM). GAPDH was used as an internal loading control. Relative fold change was represented as described in Materials and Methods section (2.6.). (C)
MA104 cells were infected with RV-SA11 (moi 0.1) in presence or absence of 20 pM RA-839. Cellular lysates prepared at 12, 24, 36 and 48 hpi were subjected to
Western blot for checking expressions of RV structural (VP1, VP2, VP6) proteins. GAPDH served the purpose of internal loading control. Relative fold change was
represented as described in Materials and Methods section (2.6.). (D) Total RNA was extracted from RV-SA11 infected MA104 cells either vehicle-treated or treated
with 20 uM RA-839 (at 12 and 24 hpi); relative expressions of RV RNAs were evaluated by conventional PCR (vp4, vp7, vp1, vp3) and quantitative real time PCR (vp6,
nsp3) using gapdh expression as normalizing control. Relative fold changes (with respect to the first lane) were represented below the panel of each gene after
normalizing against gapdh using Image Lab software (version 5.2.1), Biorad. Fold change of viral gene expression obtained by qRT-PCR was normalized and
represented as described in Materials and Methods section (2.9.). (E) MA104 cells were infected with RV-SA11 in presence or absence of RA-839 (20 uM and 40 uM),
fixed at 12 hpi with paraformaldehyde, blocked and subsequently stained with anti-NSP5 antiserum (as a marker for viroplasms) overnight. Secondary staining and
mounting were performed with Dylight488 labeled anti-rabbit antibody and DAPI respectively. Cells were finally visualized by confocal microscopy (63X oil
immersion; Tiling mode); Scale bar 20 um. (F) Viroplasm positivity was quantified as described in the Materials and Methods section (2.7) (Mann-Whitney test,
n = 10, ***p < 0.001). (G) End point viral titers (12 and 24 hpi) were measured by plaque assay from RV-SA11 infected MA104 cells treated with vehicle or 20 pM
RA-839; relative infectivity of RA-839-treated samples compared to vehicle-treated counterpart was represented by ‘% of infectivity’ as described in the Materials and
Methods section (2.2.). (H) Morphological appearance of RA-839-treated or vehicle-treated MA104 cells infected with RV-SA11 for 24 hours was observed under
light microscope (Axiovert 40 CFL; Carl Zeiss; 40X) to visualize RV-induced cytopathy.

Consistent with the marked attenuation of RV proteins in RA-839 presence of RA-839 (Fig. 1G). Moreover, percentage of inhibition in
treated cells, RV-RNA levels were also significantly low in response to viral yield as a result of RA-839 treatment followed a dose dependent
RA-839 at 12 and 24 hpi in both conventional (vp1, vp3, vp4, vp7) and pattern at 12, 24 as well as 48 hours post RV-SAll infection
quantitative real time PCR-based studies (vp6, nsp3) (Fig. 1D). These (Supplementary Fig. 1C). Interestingly, cytopathic effects in the form of

results suggest that RA-839 may hamper overall RV replication in loss of cell adhesion characteristics of RV-SA11 infection were found to
MA104 cells. The status of viroplasms was therefore investigated by be substantially reduced in RA-839 treated infected cells, further as-
confocal microscopy in presence and absence of RA-839 in MA104 cells serting a robust cyto-protective and anti-rotaviral property of RA-839
infected with RV-SA11 using RV-NSP5 as viroplasm marker. In response (Fig. 1H). Next, the impact of RA-839 on propagation of human RV
to RA-839, formation of punctate viroplasms was compromised strain Wa, bovine RV strain A5-13 and murine RV strain EW was

(Fig. 1E), as evident by the acute decline in the percentage of viroplasm evaluated in MA104cells. RA-839 resulted in 1.75 * 0.1 log
positive cells at 12 hpi from 51.6 = 8.19% in DMSO-treated RV-SA11 (94.26 = 0.35%), 0.85 = 0.03 log (88.23 = 0.41%) and
infected MA104 cells to 13.2 + 3.43% and 2.35 * 0.67% in presence 0.77 = 0.12 log (86.74 + 2.32%) reductions of viral particle during
of 20 and 40 pM RA-839 respectively (Fig. 1F). Yield of infectious viral RV-Wa (Supplementary Fig. 1D), RV-A5-13 (Supplementary Fig. 1E)
progeny was also severely affected in response to RA-839. In compar- and RV-EW (Supplementary Fig. 1F) infection respectively at 24 hpi.
ison to DMSO-treated infected control, conventional plaque assay re- Anti-rotaviral potency of RA-839 was also observed in HT29
vealed 0.82 + 0.13 log (87.54 = 1.75%) and 1.34 = 0.12 log [1.18 = 0.22 log (91.36 = 1.41%) reduction of viral titer]
(92.5 = 0.68%) decline in viral titer at 12 and 24 hpi respectively in (Supplementary Fig. 1G) and HEK293cell line [0.88 = 0.15 log
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Table 1
IC50 values of RA-839 against different RV strains and CC50 value of RA-839 in
MA104 cell line.

RV Strain IC50 (uM) CC50 (uM)
SA11 10.303 + 0.397
Wa 6.187 + 0.204 110.035 + 18.465
A5-13 11.97 = 1.01
Table 2

IC50 values of RA-839 against RV-SA11 and CC50 values of RA-839 in two
different RV permissive cell lines.

Cell Line IC50 (uM) CC50 (uM)
HT29 11.815 *= 1.195 111.8
HEK293 9.686 + 0.684 84.89 + 12.38

(88.35 = 1.9%) reduction of viral titer] (Supplementary Fig. 1H) 24
hours post RA-SA11 infection. IC50 (based on viral titer measurement
at 24hpi) and CC50 values of RA839 against different RV strains and RV
permissive cell lines are listed in Table 1 and Table 2. Collectively, the
data suggests potent antagonistic effects of RA-839 on RV infection in
vitro.

3.2. RA-839 is a potent agonist of Nrf2-driven transcription units

RA-839 has previously been reported to be a potent and highly
specific inducer of Nrf2-dependent gene transcription (Winkel et al.,
2015). Concurrently, in this study too, RA-839 treatment in
MA104 cells (12 and 24 hours) resulted in increased levels of Nrf2
protein in whole cell lysates as well as in purified nuclear fractions
(Fig. 2A). To further assess whether RA-839-induced nuclear accumu-
lation of Nrf2 does coincide with stimulated gene transcription from
Nrf2-driven transcription units, a luciferase reporter assay was per-
formed in presence and absence of 20 uM RA-839. As reported pre-
viously (Winkel et al., 2015), a significant up-regulation of Nrf2-driven
luciferase expression was observed in cells treated with RA-839 com-
pared to cells treated with vehicle control DMSO (Supplementary
Fig. 2A). Consistently, protein levels of HO-1 and NQO1, which are
regulated transcriptionally by Nrf2, were also found to be significantly
elevated in presence of RA-839 (Fig. 2A). Similar effects of RA-839 on
Nrf2/ARE pathway were also found in HT29 (Supplementary Fig. 2B)
and HEK293 cell lines (data not shown). Interestingly, knocking down
expression of Nrf2 by Nrf2 shRNA abrogated RA-839-mediated induc-
tion of Nrf2 (Fig. 2B) leading to restoration of HO-1 and NQO1 protein
to basal levels (Fig. 2B). These results indicate that induction of HO-1
and NQOL1 in response to RA-839 is highly Nrf2-dependent. The po-
tency of RA-839 in up-regulating Nrf2-regulated gene transcription is
dependent on its interaction with Nrf2-interacting Kelch domain of
Keapl (Winkel et al., 2015). Thus, it can be hypothesized that RA-839-
mediated induction of Nrf2/ARE pathway should not be observed in
cells silenced for Keapl expression. Consistent to our hypothesis, nei-
ther Nrf2 nor HO-1 and NQO1 protein levels were found to be elevated
in response to RA-839 in cells transfected with Keapl siRNA (Fig. 2C).
Basal level expressions of Nrf2, HO-1 and NQO1, however, were ob-
served to be higher in absence of Keapl and much alike to RA-839
treated cells (Fig. 2C). The necessity to modulate Nrf2-repressor activity
of Keapl by RA-839 for Nrf2/ARE activation was further ascertained in
A549 cells. This Non-Small Cell Lung Carcinoma (NSCLC) cell line
harbors an inherent mutation in the Keapl protein rendering Keapl
incapable of interaction with Nrf2 (Singh et al., 2006). Indeed, RA-839
treatment failed to elevate protein levels of Nrf2, HO-1 and NQO1 in
A549cell line (Fig. 2D). Overall, the results suggest that RA-839
treatment leads to significant induction of Nrf2 along with Nrf2-driven
gene transcription in vitro.
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3.3. Anti-rotaviral potency of RA-839 is partially dependent on induction of
Nrf2

Next, we investigated whether there is any possible correlation
between RA-839's ability to exert anti-RV effects and to selectively
trigger Nrf2-dependent gene transcription in vitro. Diminishing the pool
of nascent Nrf2 by RNA interference has been shown to abrogate RA-
839-mediated activation of Nrf2/ARE pathway (Fig. 2B). Anti-RV po-
tency of RA-839 was therefore evaluated in MA104 cells in presence
and absence of Nrf2 shRNA. Expressions of structural (VP1, VP6) and
non-structural (NSP1, NSP3, NSP5) RV proteins, which were reduced in
cells treated with RA-839 only, were partially rescued in RA-839
treated cells silenced for Nrf2 expression both at 12 and 24 hpi
(Fig. 3A). Significant reductions of infectious viral progenies in pre-
sence of RA-839 [0.87 = 0.1 log (88.38 = 1.32%) and 1.25 = 0.11
log (91.97 + 0.67%) at 12 and 24 hpi respectively] were also re-
covered partly [0.18 log (42.96 * 1.14%) and 0.15 * 0.01 log
(35.03 = 5.13%) at 12 and 24 hpi respectively] in cells pre-transfected
with Nrf2 shRNA in addition to RA-839 treatment (Fig. 3B). These re-
sults suggest that the anti-RV efficacy of RA-839 is partially dependent
on Nrf2 induction. Owing to the insensitivity of A549 cell line to RA-
839-mediated activation of Nrf2/ARE pathway (Fig. 2D), in vitro anti-
RV impacts of RA-839 were further investigated in A549 cell line. No
significant changes in the expression levels of structural (VP1, VP6) and
non-structural (NSP1, NSP5) RV proteins were observed in response to
RA-839 in A549 cell line at 12 and 24 hpi (Fig. 3C). Consistently, RA-
839 also failed to significantly reduce end point viral titers at 12 and 24
hpi in A549 cell line (Fig. 3D), asserting the importance of Nrf2/ARE
pathway in mediating anti-RV effects of RA-839. Moreover, treatment
of RV-SA11 infected MA104 cells with CDDO-Me (1 uM) and Hemin
(20 uM), two classical pharmacological activators of Nrf2, also resulted
in 1.4 = 0.13 log (92.81 *+ 0.65%) and 0.62 * 0.06 log
(83.83 = 1.52%) decline in viral titers respectively (Fig. 3E) at 24 hpi
without loss of cell viability (87 = 2% for CDDO-Me and
98.33 = 5.13% for Hemin) (Supplementary Figs. 3A and B).

3.4. Anti-RV impact of RA-839 is independent of stochastic interferon
induction

The possibility of non-specific IFN response (Nrf2-independent) was
further investigated to contribute to RA-839-mediated anti-RV effects
by assessing the activation status of Janus Kinase (JAK)1-Signal trans-
ducer and activator of transcription (STAT)1 pathway (a signature of
IFN signaling induction) in response to RA-839. Cordycepin was kept as
a positive control because of its previously reported role on boosting
IFN signaling through activation of Retinoic Acid-Inducible Gene 1
(RIG-I)/Mitochondrial Antiviral-Signaling protein (MAVS)/phospho-
Interferon regulatory factor 3 (p-IRF3) axis (Chanda et al., 2015). In-
terestingly, unlike Cordycepin-treated cells which showed phosphor-
ylation of STAT1, JAK1 as well as induced levels of IRF3, p-IRF3
(Ser396) and RIG-I, RA-839 (20 uM) treatment failed to stimulate IFN
signaling (Fig. 4A). Next, anti-RV potency of co-treatment of Cordy-
cepin with RA-839 was evaluated in RV-SA11 infected MA104 cells.
Cordycepin co-treatment with 20 uM of RA-839 was found to exert
additive effects (CI = 1.03 at 16 uM of Cordycepin; CI = 0.99 at 32 uM
of Cordycepin; CI = 1.03 at 64 uM of Cordycepin) as revealed by the
end point viral titer measurement at 12hpi (Fig. 4B).

4. Discussion

Designing antiviral therapeutics targeted against deterministic host
factors of viral infection and without stochastic bystander adversities
has paved a new era of research. Manipulation of host regulators with
therapeutic anti-RV potential has been reported at various stages of
host-RV interaction, such as viral entry (Li et al., 2017; Silva-Ayala
et al., 2013), cellular signaling influencing RV replication (Bhowmick
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Fig. 2. RA-839 exerts significant agonistic activity towards activation of Nrf2/ARE pathway. (A) Whole cell lysates along with purified nuclear fractions prepared
from DMSO-treated or 20 uM RA-839-treated MA104 cells were harvested (12 and 24 hours post treatment) and further subjected to Western Blot for assessing
expressions of Nrf2 (whole cellular fraction and nuclear fraction), HO-1 and NQO1 (whole cellular fraction). GAPDH and Histone H3 were used as internal loading
controls for whole cellular fraction and nuclear fraction respectively. GAPDH was also used to check sub-cellular purity of nuclear fraction. (B) MA104 cells,
transfected with mock vector (PLKO.1-TRC) or Nrf2 shRNA (cloned into PLKO.1-TRC), were further treated with DMSO or 20 uM RA-839 36 hours post transfection.
Expressions of Nrf2, HO-1 and NQO1 in whole cellular extracts were checked by Western Blot 12 and 24 hours post RA-839 treatment. Re-Probing with GAPDH
served the purpose of internal loading control. (C) Scrambled siRNA or Keap1-specific siRNA transfected MA104 cells were treated with DMSO or 20 uM RA-839 36
hours post transfection. Whole cellular extracts (prepared after 12 hours of DMSO/RA-839 treatment) were checked for expressions of Nrf2, HO-1, NQO1 and Keapl
by Western Blot. Probing for GAPDH served the purpose of loading uniformity. (D) Whole cell lysates isolated from DMSO/RA-839 (20 uM)-treated A549 cells were
checked for expressions of Nrf2, HO-1 and NQO-1 by Western blot. Loading equality was assured by re-probing the membrane with GAPDH. Relative fold change for
each panel in each subfigure was represented as described in Materials and Methods section (2.6.).

et al., 2014; Chattopadhyay et al., 2013; Crawford et al., 2012; Yin
et al., 2018b) and viroplasm dynamics (Eichwald et al., 2012), host
cellular apoptosis (Bagchi et al, 2010; Chanda et al., 2016;
Chattopadhyay et al., 2017; Dutta et al., 2009; Mukherjee et al., 2018),
boosting of antiviral IFN signaling (Chanda et al., 2015; Dagenais et al.,
1981; Ding et al., 2018; Lecce et al., 1990; Shen et al., 2013). The
current study depicts the potential of RA-839 (Fig. 1A), an agonist of
cellular redox-stress responsive Nrf2/ARE pathway, in remarkably re-
stricting RV propagation in vitro. RA-839 treatment at a sub-cytotoxic
dose (Supplementary Fig. 1A, Table 1, Table 2) resulted in marked
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decrease of viral titers independent of RV strains (Fig. 1G,
Supplementary Figs. 1D, E, F), RV-permissive cell lines (Supplementary
Figs. 1G and H) and infection time points (Fig. 1C, Supplementary
Fig. 1C). Consistently, viroplasm formation was compromised in pre-
sence of RA-839 (Fig. 1E and F) leading to diminished expression of RV
RNAs (Fig. 1D) and proteins (Fig. 1B and C, Supplementary Fig. 1B).
These results indicate that RA-839 exerts a potent cyto-protective
(Fig. 1H) anti-RV activity in vitro.

Characterization and biological functions of RA-839 as a selective
agonist of redox stress-responsive Nrf2/ARE pathway were reported
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Fig. 3. RA-839 shows anti-RV effects in vitro by inducing Nrf2/ARE pathway. (A) MA104 cells were transfected with mock vector (PLKO.1-TRC) or Nrf2 shRNA and
were further infected with RV-SA11 36 hours post transfection in presence of either DMSO or 20 pM RA-839. Expressions of RV structural (VP1, VP6) and non-
structural (NSP1, NSP3, NSP5) proteins at 12 and 24 hpi were checked by Western blot; probing for GAPDH served the purpose of loading equality. Relative fold
change was represented as described in Materials and Methods section (2.6.). (B) Mock vector-transfected or Nrf2 shRNA-transfected MA104 cells were subsequently
infected with RV-SA11 in presence or absence of 20 uM RA-839. End point viral titers (12 and 24 hpi) were measured by plaque assay and finally represented as ‘% of
infectivity’ [described in the Materials and Methods section (2.2.)]. (C) Cellular lysates from RV-SA11 infected (12 and 24 hpi) A549 cells, treated with either DMSO
or RA-839 (20 uM), were subjected to Western blot for assessing expressions of RV proteins (VP1, VP6, NSP1, NSP5); equal protein loading was assured by GAPDH.
Relative fold change was represented as described in Materials and Methods section (2.6.). (D) RV-SA11 titers from infected A549 cells (12 and 24 hpi) treated with
RA-839 (20 uM) were measured by plaque assay and expressed as ‘% of infectivity’ compared to DMSO-treated infected control. (E) RV-SA11 titers (determined by
plaque assay) at 24 hpi of vehicle-treated or CDDO-Me (1 uM) and Hemin (20 pM)-treated infected MA104 cells were represented as ‘% of infectivity’ as described in

the Materials and Methods section (2.2.).

very recently. RA-839 was found to interact with the Nrf2-interacting
Kelch domain of Keapl with a stoichiometry of 1:1 and Ky of around
6 um. X-ray crystallography as well as thermodynamic profiling re-
vealed the carboxylic group of RA-839 to be involved in critical ionic
interactions with Arg*'® and Arg*®? of Keap1. Functional significance of
RA-839 as a potent inducer of Nrf2-driven gene transcription was re-
vealed by RNA quantification and luciferase reporter assay (Winkel
et al., 2015). In our studies too, RA-839 treatment was found to induce
stability and nuclear translocation of Nrf2 protein (Fig. 2A,
Supplementary Fig. 2B) leading to upregulation of Nrf2-driven tran-
scription units (Supplementary Fig. 2A) and protein level induction of
two candidate Nrf2-responsive genes HO-1 and NQO1 (Fig. 2A,
Supplementary Fig. 2B). RA-839 was speculated to dock at the Nrf2-
interacting Kelch domain of Keapl thereby rendering Keapl dimers
unavailable to nascent Nrf2 molecules. Indeed, knocking down Nrf2 by
RNA interference blocked RA-839-mediated elevation of Nrf2, HO-1
and NQO1 protein levels (Fig. 2B). Interestingly, anti-RV potential of
RA-839 was also significantly affected in absence of Nrf2 (Fig. 3A and
B). Target specificity of RA-839 was ascertained when RA-839 failed to
stimulate Nrf2, HO-1 and NQO1 protein levels in absence of either
Keapl (Fig. 2C) in Keapl siRNA expressing cells or Keapl-Nrf2 inter-
action (Fig. 2D) in Keapl-mutated A549 cell line. Notably, A549 cell
line was also found to be insensitive to RA-839-mediated anti-RV effects
(Fig. 3C and D). These results, supported further by the anti-RV
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potencies of two other Nrf2 activators CDDO-Me and Hemin (Fig. 3E),
indicate anti-RV efficacy of RA-839 to be partially dependent on Nrf2/
ARE pathway.

Unlike most of the conventional Nrf2 activators such as sulfor-
aphane, oltipraz, CDDO-Me, which covalently modify Keapl cysteine
residues and beckon serious safety issues associated with stochastic off-
target adverse effects (Chen et al., 2014; de Zeeuw et al., 2013; Liby and
Sporn, 2012; Park et al., 2011; Scannevin et al., 2012; To et al., 2010;
Tran et al., 2009; Wang et al., 2014; Weerachayaphorn et al., 2014;
Zoja et al., 2014) leading to their failures in pre-clinical and clinical
trials, RA-839 was identified to be highly selective in stimulating Nrf2/
ARE pathway at sub-cytotoxic concentration both in vitro and in vivo.
Global gene expression analyses upon RA-839 treatment in Nrf2 knock
out BMDM cell line revealed significant regulation of only two genes
(Zfp192 and Pank1) which were not regulated in wild type counterpart.
Moreover, RA-839 was also shown to be unreactive in binding assays to
a panel of 93 unrelated cellular proteins (Winkel et al., 2015), some of
which are known regulators of RV infection [PI3K, GSK3p (Bagchi
et al., 2010, 2013), mTOR (Yin et al., 2018a), AMPKa (Crawford et al.,
2012), cSrc (Chattopadhyay et al., 2017), Cdkl (Mukherjee et al.,
2018), MAPK1 (Holloway and Coulson, 2006; Jafri et al., 2007), CaMKI
(Bhowmick et al., 2014)]. We further nullified non-specific IFN sig-
naling to contribute to anti-RV impacts of RA-839 (Fig. 4A). When co-
administered with IFN booster Cordycepin, however, 20 uM of RA-839
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Fig. 4. (A) MA104 cells were kept treated with RA-
839 (20 uM) or cordycepin (64 uM) for 12 hours be-
fore checking the expressions of p-JAK1, JAK1, p-
STAT1, STAT1, p-IRF3, IRF3, RIG-I by Western Blot
using GAPDH as internal loading control. Relative
fold change was represented as described in the
Materials and Methods section (2.6.). (B) Titers of
RV-SA11 (at 12 hpi) from infected MA104 cells
treated with indicated combinations of Cordycepin
(0, 16, 32, 64 uM) and RA-839 (0, 10, 20 pM) were
shown as ‘% of infectivity’ as described in the
Materials and Methods section (2.2.) (Student's t-test,
n = 3, *»=<0.05, **p=<0.01, ***p<0.001,
ns = non-significant).
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20
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showed additive anti-RV effects (Fig. 4B) without added cytotoxic se-
verity.

Overall, the present study highlights the potency of RA-839, a se-
lective agonist of Nrf2/ARE pathway, as an anti-RV therapeutic can-
didate in vitro. Owing to its metabolic instability, RA-839 possesses the
added advantage of avoidance of chronic Nrf2 activation in mice
(Winkel et al., 2015), further increasing its therapeutic potential. In
future, it will be interesting to address the dynamics between RV in-
fection and host redox-stress response which will further elucidate the
significance of Nrf2/ARE pathway on RV infection.
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