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ABSTRACT Infection of the central nervous system by the Japanese encephalitis virus
(JEV) is characterized by extensive neuronal cell death and neuroinflammation. Several
protein-coding genes and microRNAs are implicated in JEV-induced neuronal cell death.
However, the global expression patterns and functional contributions of long non-cod-
ing RNAs (IncRNAs) during JEV-induced neuronal cell death have not been explored.
Here, we profiled the transcriptome of the JEV-infected neuronal cell line and iden-
tified several INcRNAs whose expression is altered during JEV infection. We function-
ally characterized a IncRNA named JINRT (JEV-induced non-coding RNA 1), which is
evolutionarily conserved in primates. JINRT induction during JEV infection is regulated
by nuclear factor-kappa B (NF-kB). Depletion of JINRT during infection reduces flavivi-
rus replication, neuronal cell death, and the expression of genes involved in ER stress
and neuroinflammation. Interestingly, GRP78 overexpression prevents the decrease in
flavivirus replication due to JINRT knockdown. JINRT interacts with RBM10 and NF-kB to
regulate the transcription of virus-induced genes. In addition, RBM10 and JINRT form a
feed-forward loop to reciprocally promote each other’s expression by regulating NF-kB
activity. Our results suggest the role of JINRT in promoting flavivirus replication and
flavivirus-induced neuronal cell death.

IMPORTANCE Central nervous system infection by flaviviruses such as Japanese
encephalitis virus, Dengue virus, and West Nile virus results in neuroinflammation and
neuronal damage. However, little is known about the role of long non-coding RNAs
(IncRNAs) in flavivirus-induced neuroinflammation and neuronal cell death. Here, we
characterized the role of a flavivirus-induced IncRNA named JINRT during the infection
of neuronal cells. Depletion of JINRT during virus infection reduces viral replication and
cell death. An increase in GRP78 expression by JINR1 is responsible for promoting virus
replication. Flavivirus infection induces the expression of a cellular protein RBM10, which
interacts with JINRT. RBM10 and JINR1 promote the proinflammatory transcription factor
NF-kB activity, which is detrimental to cell survival.

KEYWORDS JEV, DENV, WNYV, flavivirus, IncRNAs, ER stress, NF-kB, GRP78, RBM10,
LINCO1518

apanese encephalitis virus (JEV) is a mosquito-borne, positive single-stranded

RNA-containing, neurotropic virus belonging to the genus Flavivirus (1, 2). This genus
includes Dengue virus (DENV), West Nile virus (WNV), Yellow fever virus, Zika virus, and
Tick-borne encephalitis virus. JEV is endemic in Asia-Pacific and causes viral encephalitis,
known as Japanese encephalitis (JE), for which no cure is available (2). According to WHO
estimates, JEV is responsible for ~50,000 cases annually, one-third of which are fatal, and
around half result in permanent neurological damage in survivors (3, 4). Neurons are
the most supportive cells for the infection and replication of JEV in the central nervous
system (5, 6). Although all cases of JEV infection are not symptomatic, its infection of
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the central nervous system (CNS) is marked by an uncontrolled inflammatory response
and neuronal cell death (3, 7-9). Other flaviviruses, such as DENV and WNYV, also infect
neurons, resulting in neuroinflammation and apoptosis (10-19). Despite the availability
of vaccines, the disease burden of JE is high in India due to low vaccine usage and
efficacy, suggesting the need for novel therapeutic agents to combat symptomatic JEV
infection and prevent disease progression (7, 8).

Long non-coding RNAs (IncRNAs) are regulatory transcripts that play functional roles
in development and disease, including viral pathogenesis, by regulating gene expression
in cis and trans at both transcriptional and post-transcriptional levels (20, 21). LncRNAs
are poorly conserved across species, have expanded widely in the primate brain, and
likely contribute to neural diversification (22). LncRNAs show differential expression (DE)
in response to viral replication or viral protein expression induced by infection (22).
During viral life cycles, IncRNAs modulate viral gene expression, viral replication, genome
packaging, virion release, and viral-induced host gene expression (22-24). LncRNAs
also regulate innate immune responses by promoting or inhibiting viral replication,
highlighting them as novel targets for developing anti-viral therapies (25-27). Moreover,
IncRNAs play a significant role in inducing or suppressing cell death using diverse
mechanisms (28-30).

JEV infection triggers endoplasmic reticulum (ER) stress and neuronal apoptosis
through several pathways, including protein kinase R-like endoplasmic reticulum kinase
(PERK), activating transcription factor 6, Inositol-requiring enzyme 1 (IRE1), and Forkhead
box O signaling (31-33). Interestingly, JEV infection in the CNS of mice results in the
upregulation of a nuclear virus-inducible ncRNA (VINC)/NEAT1, but its function in JEV
pathogenesis is unknown (34). JEV-induced PERK activation during unfolded protein
response (UPR) results in the upregulation of IncRNA MALAT1 in mouse neuroblastoma
cells, but its exact role in JEV pathogenesis is unclear (35). Li et al., using a microarray
screen, identified 618 DE IncRNAs upon JEV infection in mice’s brains; co-expression
network analysis of DE IncRNAs suggested their involvement in host immune and
inflammatory response signaling pathways (36). Furthermore, they found that silencing
IncRNAs E52329 and N54010 in mouse microglial cells reduces the phosphorylation
of JNK and MKK4 to regulate inflammatory responses (36). JEV-infected swine PK-15
cells (pigs are the amplifying host of JEV) initiate cell defense systems by upregulating
INcRNA-SUSAJ1 expression, which reduces JEV replication (37). However, C-C chemokine
receptor type 1 protein expression rapidly reduces IncRNA-SUSAJT transcript levels by
decreasing the recruitment of transcription factor (TF) SP1 at the promoter of SUSAJT
(37). SUSAJT activates the UPR pathway, ER stress, and apoptosis in PK-15 cells (38).
However, the function and underlying mechanism of the action of IncRNAs participating
in flavivirus-induced human neuronal cell death are unknown.

We examined IncRNA expression profiles in response to JEV infection in human
neuronal cell line SH-SY5Y and characterized the role of LINCO1518, named JINR1
(JEV-induced non-coding RNA 1) by us, in JEV, DENV, and WNV infection of the SH-SY5Y
cells. JINRT is among the IncRNA transcripts expressed during early cortical neuron
differentiation, but it has no homolog in mice; however, its sequence is conserved across
primates (39). JINRT expression is upregulated in human glaucoma tissues, TGF-f1-
treated human tenon capsule fibroblast (HTF) cells, and esophageal squamous cell
carcinoma (ESCC) (40, 41). JINRT acts as a competing endogenous RNA for miR-1-3p, and
its silencing inhibits tumorigenicity in ESCC cells by suppressing PIK3CA/Akt pathway
(40). JINRT promotes proliferation, migration, and autophagy in TGF-B1-induced HTF cells
by interacting with miR-216b-5p (41). However, the function of JINRT in viral infection or
neuronal cell death is unknown.

We show that NF-kB induces JINRT expression during JEV infection. JINRT promotes
flavivirus replication, flavivirus-induced neuronal apoptosis, and the expression of NF-kB
target genes involved in ER stress and neuroinflammation. JINR1T interacts with RNA-
binding protein RBM10, promoting flavivirus replication, apoptosis, and NF-kB target
gene expression. JINRT and RBM10-mediated increase in GRP78 expression promotes
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flavivirus replication. Moreover, JINRT also interacts with the p65 subunit of NF-kB.
JINRT and RBM10 regulate the expression of flavivirus-induced NF-kB target genes by
modulating the binding of the p65 subunit of NF-kB to their promoters. Interestingly,
JEV induces RBM10 expression via NF-kB. In line with their role in regulating NF-kB
target gene expression, JINRT and RBM10 promote self and each other’s expression by
enhancing p65 binding to their promoters. Our results identify JINRT as an integral player
regulating flavivirus replication and neuronal cell death and suggest new targets for
therapeutic intervention during flavivirus infection.

RESULTS
Identification of JEV-regulated IncRNAs in human neuronal cell line SH-SY5Y

We sought to identify IncRNAs whose expression is responsive to JEV infection in human
neuronal cells at a genome-wide scale. To this end, we performed paired-end, high-
throughput RNA-sequencing of SH-SY5Y cells infected with or without the GP78 strain
of JEV for 48 h in triplicates. JEV-infected SH-SY5Y cells showed significant upregulation
of JEV RNA, whereas mock-infected cells (MI) showed no viral RNA expression (Fig. STA).
As expected, JEV infection reduced cell viability and increased caspase-3/7 activity in
SH-SY5Y cells (Fig. S1B and C). After RNA sequencing, the QC passed reads were mapped
onto the human reference genome (GRCh38.p7) using the HISAT2 aligner. On average,
82.40% of the reads aligned onto the reference genome. We identified differentially
expressed genes (DEGs) by comparing mock or JEV-infected SH-SY5Y cells. Transcripts
with absolute log base 2 (fold > 0.6) and log base 2 (fold < —0.6) and adjusted P-value
< 0.05 were considered significant. The expression profile of DE transcripts upon JEV
infection is represented as a heatmap (Fig. 1A). We identified 2,290 (83.72%) DE protein-
coding RNAs, 330 (11.9%) non-coding RNAs, and 91 (3.32%) DE pseudogenes during JEV
infection of SH-SY5Y cells (Fig. 1B; Table S1).

We found that the most significant GOs associated with upregulated transcripts were
related to the regulation of cytokine production, response to ER stress, and type |
interferon signaling pathway. Similarly, the most enriched upregulated pathways
included protein processing in ER, NF-kB signaling pathway, and inflammatory response
(Fig. 1C). We next verified the JEV-induced changes in levels of selected IncRNAs in SH-
SY5Y cells using quantitative real-time PCR (QRT-PCR). In agreement with our sequencing
results, LINCO1518/JINR1, ENST00000580528.2, ENST00000447430.1, ENST00000556646.1,
ENST00000427022.1, LINC00632, and ENST00000435597.1 get approximately three- to
fourfold upregulated upon 48 h post-JEV infection (hpi) in SH-SY5Y cells (Fig. 1D). We also
confirmed downregulation of IncRNAs LINC00682, ENST00000514871.1, LINCO1134, and
ENST00000501520.1 upon JEV infection by qRT-PCR (Fig. 1D). Next, we evaluated the
expression of these JEV-regulated IncRNAs during DENV or WNV infection in SH-SY5Y
cells using qRT-PCR (Fig. 1E and F). As with JEV infection, DENV infection also resulted in
significant differential expression of all candidate IncRNAs in SH-SY5Y cells (Fig. 1E). WNV
infection of SH-SY5Y cells also results in substantial changes in the expression of all JEV-
regulated IncRNAs except LINCO1578 and LINCO1134 (Fig. 1F). We also confirmed the
changes in the expression of DE mRNAs during JEV infection identified from the RNA
sequencing using gqRT-PCR (Fig. S1D). Among the JEV-induced IncRNAs, we further set
out to characterize the role of IncRNA JINR1 in flavivirus pathogenesis.

NF-kB induces JINR1 expression during JEV infection

JINRT is an intergenic intronless transcript of 1,856 bases located on human chromosome
10911.21(-) between ZNF33b and HNRNPF genes. The time-course analysis identified
JINRT as a delayed transcript with induction of approximately twofold at 36 hpi, approxi-
mately fourfold at 48 hpi, and approximately threefold at 60 hpi, reaching a plateau after
that (Fig. 2A). JINR1 induction was MOI dependent in response to JEV infection (Fig. 2B).
JEV infection also results in a time-dependent increase of JINRT expression in human
astrocytoma cell line T98G (Fig. STE). Interestingly, we failed to detect measurable
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FIG 1 Identification of JEV-regulated IncRNAs in human neuronal cell line. (A) Heat map of DEG in SH-SY5Y cells 48 h after mock or JEV Infection (n = 3;
DEGs = 1.5-fold, P < 0.05). (B) Pie chart representing the class of DEGs (P < 0.05) identified from the whole transcriptome sequencing in SH-SY5Y cells at 48 hpi.
(C) Pathway analysis of DEGs using Kyoto Encyclopedia of Genes and Genomes. The vertical axis shows the pathways in descending order by the deregulated
genes, and the horizontal axis represents the fold enrichment. (D) Validation of JEV-regulated significant DE IncRNAs identified from whole transcriptome
sequencing using quantitative real-time PCR (qRT-PCR) in SH-SY5Y cells. RNA samples were analyzed by qRT-PCR, and error bars represent the mean + SEM
from three independent experiments. *Significant change compared to MI. Statistical comparisons were made using Student’s t-test. (E) Expression of DE
IncRNAs during DENV infection using qRT-PCR in SH-SY5Y cells. RNA samples were analyzed by qRT-PCR, and error bars represent the mean + SEM from three
independent experiments. *Significant change compared to MI. Statistical comparisons were made using Student’s t-test. (F) Expression of DE IncRNAs during
WNV infection using qRT-PCR in SH-SY5Y cells. RNA samples were analyzed by qRT-PCR, and error bars represent the mean + SEM from three independent
experiments. *Significant change compared to MI. Statistical comparisons were made using Student’s t-test.
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FIG 2 NF-kB activates JINRT expression during JEV infection. (A) JINRT induction upon JEV infection plateaus. SH-SY5Y cells were infected with JEV (MOI 5), and
JINRT levels were measured at the indicated time points using qRT-PCR. (B) JINRT induction upon JEV infection is MOl dependent. SH-SY5Y cells were infected

with different MOI as indicated, and the JINRT levels were measured by qRT-PCR at 48 hpi. (C) JINRT induction upon DENV infection is time dependent. SH-SY5Y

(Continued on next page)
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FIG 2 (Continued)

cells were infected with DENV (MOI 5), and the JINRT levels were measured at the indicated time points using qRT-PCR. (D) JINRT induction upon WNV infection
is time dependent. SH-SY5Y cells were infected with WNV (MOI 5), and the JINRT levels were measured at the indicated time points using qRT-PCR. (E) Poly
(1:C) induces JINRT expression. SH-SY5Y cells were transfected with different amounts of poly(l:C), as indicated for 24 h. JINRT transcript levels were determined by
gRT-PCR. (F) JEV promotes RNA Pol Il and H3K4me3 recruitment at the promoter of JINR1. Relative enrichment of RNA Pol Il and H3K4me3 at the JINRT promoter
region in Ml or JEV-infected SH-SY5Y cells determined by ChIP-qRT-PCR 36 hpi. Enrichment values are relative to MI-IgG. (G) NF-kB inhibition abrogates JINR1
induction upon JEV infection. SH-SY5Y and T98G cells were pre-treated with 1 uM of BAY11-7085 for 2 h, followed by JEV infection (MOI 5). JINRT transcript levels
were determined by qRT-PCR at 48 hpi. (H) JEV promotes the p65 subunit of NF-kB recruitment at the promoter of JINR1. Relative enrichment of p65 at the JINRT
promoter in Ml or JEV-infected SH-SY5Y cells determined by ChIP-qRT-PCR 36 hpi. Enrichment values are relative to MI-IgG. Error bars represent the mean +
SEM from three independent experiments. Statistical comparisons were made using Student’s t-test. (A-E and G) RNA samples were analyzed by qRT-PCR. (A-D)
*Significant change compared to the MI. (E) *Significant change compared to the control. (F and H) ChIP purified DNA was analyzed by qRT-PCR, and error bars
represent the mean + SEM from three independent experiments. *Significant change compared to the MI. Statistical comparisons were made using Student’s

t-test. (G) *Significant change compared to the respective Ml sample. #Significant change from JEV-infected sample.

expression or induction of JINRT upon JEV infection using qRT-PCR in the human
microglia HMC3 cell line. Time-course analysis of JINRT expression upon DENV or WNV
infection in the SH-SY5Y cell line also showed a time-dependent increase of JINR1
expression (Fig. 2C and D). Next, we evaluated JINRT expression post-polyinosinic:polycy-
tidylic acid [poly (I:C)] exposure which is a synthetic analog of double-stranded RNA that
mimics viral infection and activates toll-like receptors (TLR3), retinoic acid-inducible gene
| (RIG-I)-like receptors pathway, NF-kB signaling, and type | IFN secretion (42-44). JINR1
gets upregulated upon poly (I:C) treatment in a dose-dependent manner (Fig. 2E). These
results suggest that apart from JEV, DENV, and WNV, JINRT may get induced as a general
host response to other RNA viruses in neuronal cells.

To confirm if the JINRT promoter is transcriptionally active upon JEV infection. We
performed ChIP gqRT-PCR to assess the recruitment of RNA Pol Il and H3K4me3 (a marker
for active transcription) at the JINRT promoter upon JEV infection. The recruitment of
RNA Pol Il and H3K4me3 to the promoter of the JINRT was significantly enhanced in
cells infected with JEV, suggesting that an increase in its expression upon JEV infec-
tion is due to transcription activation (Fig. 2F). To identify the TFs involved in JINRT
expression upon JEV infection, we analyzed the 2,000-bp putative promoter sequence
upstream of the JINRT transcription start site (TSS) for TF binding sites. In silico analysis
using Alibaba2 revealed NF-kB binding sites in the JINRT promoter region ~1.1 kb
upstream of the TSS (45). Since poly (I:C) and JEV both activate the NF-kB pathway,
we evaluated JINRT expression upon NF-kB inhibition during JEV infection (46, 47).
Treatment of SH-SY5Y and T98G cells with the NF-kB inhibitor BAY11-7085 before JEV
infection strongly suppressed JEV-induced JINRT expression (Fig. 2G). ChIP qRT-PCR assay
confirmed increased occupancy of the p65 subunit of NF-kB on the JINRT promoter upon
JEV infection (Fig. 2H). These results suggest that the NF-kB induces the transcription of
JINRT upon JEV infection.

LncRNA-JINR1 inhibition attenuates JEV replication and neuronal apoptosis
in SH-SY5Y cells

To test the role of JINRT in JEV replication, we established JINRT depletion in SH-SY5Y
cells using three different antisense oligonucleotides (ASOs) (Fig. S2A). Depletion of JINRT
with ASO-JINR1-1, ASO-JINR1-2, and ASO-JINR1-3 resulted in ~83%, ~77%, and ~43%
reduction of JINRT expression, respectively, compared to the cells transfected with
non-specific ASO (ASO-NS). Hence, we used ASO-JINRT-1 and ASO-JINR1-2 for the
functional analysis of JINR1. We also cloned the full-length JINRT in pcDNA3.1, and
transfection of JINRT in SH-SY5Y resulted in ~8.5-fold increase in JINRT expression
compared to cells transfected with empty vector (Fig. S2B).

Assessment of JEV replication by measuring intracellular JEV RNA levels upon JINR1
depletion in JEV-infected SH-SY5Y cells indicated ~73% and ~66% reduction in JEV RNA
levels in ASO-JINR1-1 and ASO-JINR1-2 transfected cells, respectively, in comparison to
JEV-infected ASO-NS-transfected cells (Fig. 3A). Moreover, the overexpression of JINRT
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FIG 3 JINRT inhibition attenuates JEV replication, neuronal apoptosis, and the expression of genes involved in ER stress and neuroinflammation. (A) JINR1
promotes JEV replication in SH-SY5Y cells. Cells were transfected with either ASO-NS, ASO-JINR1-1, ASO-JINR1-2, empty vector (Con-Vec), or pcDNA3.1 with
full-length JINRT (JINR1-OE), and viral replication was determined by quantifying the intracellular levels of JEV RNA using qRT-PCR at 48 hpi. (B) JINRT silencing
reduces JEV titer. Quantification of viral titer upon JINRT depletion during JEV infection is shown in Fig. S2C (upper panel). (C) JINRT overexpression increases
JEV titer. Quantification of viral titer upon JINRT overexpression during JEV infection is shown in Fig. S2C (lower panel). (D) JINRT knockdown attenuates
JEV-mediated reduction in cell proliferation. The proliferation of SH-SY5Y cells was assessed by WST1 assay upon JINRT depletion at 60 hpi. The graph represents
the percentage of viable cells. (E) JINRT promotes apoptosis in SH-SY5Y cells. SH-SY5Y cells were transfected with either ASO-NS, ASO-JINR1-1, or ASO-JINR1-2,
and the caspase-3/7 activity was determined at 60 hpi. (F) JINRT depletion reduces JEV-induced cleaved PARP protein expression. SH-SY5Y cells were transfected
with ASO-NS or ASO-JINR1-1, and protein lysates were collected at 60 hpi. Cleaved PARP protein levels were analyzed by western blotting. A representative blot
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is shown from three independent experiments with similar results. Blots were reprobed for B-actin to establish equal loading. (G) JINRT depletion attenuates

JEV-induced ER stress genes. qRT-PCR analysis of indicated ER stress genes upon JINRT depletion in SH-SY5Y cells at 48 hpi. (H) JINRT depletion reduces

JEV-induced neuroinflammatory genes. qRT-PCR analysis of indicated neuroinflammatory genes upon JINRT depletion in SH-SY5Y cells at 48 hpi. Error bars

represent the mean + SEM from three independent experiments. (A, G, and H) RNA samples were analyzed by qRT-PCR. (A and B) *Significant change compared
to JEV-ASO-NS/JEV-Con-Vec. (C) *Significant change compared to JEV-Con-Vec. (D, E, G, and H) *Significant change compared to MI-ASO-NS. #Significant change

compared to JEV-ASO-NS. Statistical comparison was made using the Student’s t-test.

during JEV infection in SH-SY5Y cells also increases intracellular JEV viral RNA levels
by approximately twofold compared to the cells transfected with an empty vector (Fig.
3A). We also measured infectious viral particle release in the culture supernatant of
JEV-infected SH-SY5Y cells upon JINRT knockdown using the JEV plaque assay in PS cells.
Supernatant from SH-SY5Y cells transfected with ASOs against JINRT and infected with
JEV for 48 h had lower viral titers than ASO-NS-transfected cells infected with JEV (Fig. 3B;
Fig. S2C). JINR1 overexpression also increased viral particle release from JEV-infected cells
by ~2.15-fold compared to JEV-infected cells transfected with empty vector (Fig. 3C; Fig.
S2CQ). To further confirm the role of JINRT in inhibiting viral replication, we also checked
the viral RNA levels in cell culture supernatants from the JEV-infected SH-SY5Y cells
transfected with ASOs against JINRT. In concordance with the above results, significant
depletion in mature virion RNA release was observed in cells transfected with ASO-JINRT
compared to ASO-NS as evidenced by respective CT values (viral band detected at
180 bp, 1 kb ladder was used) (Fig. S2D). In addition, JINRT overexpression significantly
increased mature virion RNA levels (Fig. S2D).

Since JINRT inhibition reduced JEV replication, we evaluated the impact of JINR1
depletion on JEV-induced changes in cell proliferation and death in SH-SY5Y cells.
JINR1 knockdown using ASOs prevented JEV-mediated reduction in cell proliferation of
SH-SY5Y cells (Fig. 3D). Moreover, JINRT knockdown in JEV-infected SH-SY5Y significantly
reduced neuronal apoptosis, as indicated by ~50% reduction in caspase-3/7 activity in
JEV-infected cells transfected with ASO against JINRT compared to JEV-infected cells
transfected with ASO-NS (Fig. 3E). Consistent with this, JEV-infected SH-SY5Y cells, upon
JINRT knockdown, had significantly reduced cleaved PARP protein levels compared to
JEV-infected ASO-NS-transfected cells (Fig. 3F; Fig. S3A). These results suggest that JINRT
enhances JEV-induced neuronal cell death.

JINR1 regulates JEV-induced increase in the expression of genes involved in
ER stress and neuroinflammation

JEV-induced ER stress and neuroinflammation are crucial in neuronal cell death (3,
32, 48-50). Since JINRT silencing reduced JEV replication and neuronal apoptosis, we
evaluated the role of JINRT in regulating the expression of JEV-regulated genes involved
in ER stress (GRP78, XBP1, IRE1, DDIT3, and c-JUN) and neuroinflammation (IFNa, IL-18,
RIG-1, IL-8, IL6, CCL5, and ISG15). Compared with the MI, the ER stress-related transcripts
level significantly increased in the JEV-infected group, and JINRT silencing with both
ASOs significantly attenuated JEV-induced ER stress gene expression (Fig. 3G; Fig. S3B).
JINRT overexpression significantly enhanced the basal and JEV-induced ER stress gene
expression in SH-SY5Y cells (Fig. S3D and E). Furthermore, ASO-mediated JINRT depletion
also resulted in a marked reduction in the expression of JEV-induced inflammatory
genes (Fig. 3H; Fig. S3C). As with ER genes, overexpression of JINRT enhanced basal and
JEV-induced expression of neuroinflammatory transcripts in SH-SY5Y cells compared to
their respective controls (Fig. S3F and G). These findings suggest that JINR1 promotes
the expression of genes associated with ER stress and neuroinflammation during JEV
infection.
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JINR1 associates with RBM10 and also regulates its expression to promote
viral replication and neuronal apoptosis during JEV infection

LncRNAs often exert their functions via interaction with protein complexes (51, 52).
To identify proteins interacting with JINRT, we used the POSTAR database (53). Using
it, we identified several proteins that interact with JINRT, such as CAPRIN1, CSTF2,
FIP1L1, LIN28B, MOV10, YTHDF3, RBM10, and YTHDC1 (Table S2). Since RBM10 regulates
inflammatory gene expression (54) and is also involved in regulating immune responses
during dengue infection (55), we tested whether RBM10 plays any role in JEV pathogen-
esis (54, 55). First, we checked the mRNA and protein levels of the RBM10 upon JEV
infection in SH-SY5Y cells. RBM10 transcript and protein levels increase in a time-depend-
ent manner during JEV infection in SH-SY5Y (Fig. 4A and B; Fig. S4A). RBM10 transcripts
levels were increased approximately twofold at 24 and 36 hpi and then returned to basal
level at 48 hpi (Fig. 4A). JEV-infected SH-SY5Y cells had ~1.3-, ~2.1-, ~2.56-, and ~1.76-fold
higher RBM10 protein levels at 12, 24, 36, and 48 hpi, respectively, in comparison to Ml
cells (Fig. 4B; Fig. S4A). JINRT was among the RBM10 interacting transcripts identified
using PAR-CLIP in HEK-293T cells (56). Hence, we confirmed the association between
RBM10 and IncRNA JINRT during JEV infection in SH-SY5Y cells using formaldehyde
crosslinked RNA immunoprecipitation (RIP) with the RBM10 antibody. We detected
RBM10 binding to JINRT in MI SH-SY5Y cells (1.5-fold enrichment compared to Ml IgG IP),
and this association was further enhanced by ~4.5-fold in JEV-infected SH-SY5Y cells (Fig.
4C). Next, we evaluated the impact of JINRT knockdown on RBM10 expression during
JEV infection. JINRT depletion significantly attenuated JEV-induced RBM10 transcript
expression (Fig. 4D). JINRT inhibition also reduces JEV-induced RBM10 protein expression
(Fig. 4E; Fig. S4B). To study the functional relevance of RBM10 during JEV infection, we
first established the RBM10 knockdown using the previously validated siRNA (56). siRNA
mediated knock-down of RBM10 resulted in ~80% decrease in RNA and protein levels of
RBM10 in SH-SY5Y cells (Fig. S4C and D). Interestingly, RBM10 depletion results in ~20%
increases in cell proliferation of SH-SY5Y cells and T98G cells (Fig. S4E and F).

Next, we evaluated the impact of RBM10 depletion on JEV replication in SH-SY5Y
cells. RBM10 knockdown during JEV infection resulted in a ~40% reduction in JEV RNA
levels compared to JEV-infected SH-SY5Y cells transfected with si-NS (Fig. 4F). Analysis of
JEV titer and RNA in culture supernatant from RBM10-depleted cells also confirmed that
RBM10 silencing inhibits JEV replication (Fig. 4G; Fig. S5A and B). In line with these results,
we observed that overexpression of RBM10 promotes JEV replication (Fig. 4F; Fig. S5C
and D).

Since RBM10 depletion attenuated JEV replication in SH-SY5Y cells, we evaluated the
effect of RBM10 knockdown on JEV-mediated neuronal cell death. JEV-infected SH-SY5Y
cells transfected with si-RBM10 had ~50% less caspase-3/7 activity than JEV-infected
SH-SY5Y cells transfected with si-NS (Fig. 4H). Moreover, RBM10 depletion significantly
attenuated the JEV-mediated increase in cleaved PARP levels (Fig. 4l; Fig. S6A). These
results indicate that similar to JINR1, RBM10 also promotes JEV replication and JEV-medi-
ated neuronal apoptosis in SH-SY5Y cells.

RBM10 is involved in regulating the expression of genes involved in ER stress
and neuroinflammation during JEV infection

We next checked if RBM10 is involved in regulating JINRI-induced ER stress and
inflammatory gene expression upon JEV infection in SH-SY5Y cells. RBM10 depletion
in JEV-infected SH-SY5Y cells significantly reduces ER stress and inflammatory gene
expression compared to JEV-infected SH-SY5Y cells transfected with si-NS (Fig. 4) and
K; Fig. S6B and C). Overexpression of RBM10 induces not only the basal level of ER
stress and neuroinflammatory transcripts but also significantly enhances JEV-triggered
induction of these transcripts (Fig. S6D through G). These results indicate that, like JINRT,
RBM10 promotes JEV replication, cell death, and transcription of genes involved in ER
stress and neuroinflammation.
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FIG 4 JINRT associates with RBM10 and also regulates its expression to promote viral replication and neuronal apoptosis during JEV infection. (A) JEV infection

increases RBM10 mRNA expression. Time course analysis of RBM10 mRNA expression at indicated time points during JEV infection was measured using qRT-PCR.

(B) JEV infection increases RBM10 protein levels. SH-SY5Y cells were infected with JEV (MOI 5) for the indicated time, and cell lysates were subjected to Western
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FIG 4 (Continued)

blot analysis. (C) JINRT interacts with RBM10. JINRT RNA levels in RBM10 immunoprecipitated from lysates of formaldehyde-crosslinked JEV or MI SH-SY5Y cells
were measured by gRT-PCR analysis, normalized to input, and represented as fold enrichment relative to MI-IgG IP. Values represent mean + SEM from three
independent experiments. *Significant change compared to MI-IgG IP (P < 0.05). #Significant change compared to MI-RBM10 IP (P < 0.05). (D) JINRT depletion
attenuates JEV-induced RBM10. qRT-PCR analysis of RBM10 upon JINRT depletion in SH-SY5Y cells at 36 hpi. (E) JINRT promotes RBM10 protein expression
during JEV infection. SH-SY5Y cells were transfected with either ASO-NS or ASO-JINRT, cell lysates were collected at 36 hpi, and subjected to western blot
analysis. (F) RBM10 promotes JEV replication. SH-SY5Y cells were transfected with si-NS, si-RBM10, empty vector (Con-Vec), or pcDNA3.1 with full-length RBM10
(RBM10-OE), and viral replication was determined by quantifying the intracellular levels of JEV RNA using qRT-PCR at 36 hpi. (G) RBM10 depletion reduces JEV
titer. Quantification of viral titer upon RBM10 silencing during JEV infection is shown in Fig. S5A. (H) RBM10 promotes apoptosis in SH-SY5Y cells. SH-SY5Y
cells were transfected with si-NS or si-RBM10, and the caspase-3/7 activity was determined at 60 hpi. (I) RBM10 promotes cleaved PARP protein expression in
JEV-infected SH-SY5Y cells. SH-SY5Y cells were transfected with si-NS or si-RBM10, and protein lysates were collected at 60 hpi. Cleaved PARP protein levels
were analyzed by western blotting. (J) RBM10 depletion attenuates JEV-induced ER stress genes. qRT-PCR analysis of indicated ER stress genes upon RBM10
depletion in SH-SY5Y cells at 36 hpi. (K) RBM10 depletion reduces JEV-induced neuroinflammatory genes. qRT-PCR analysis of indicated neuroinflammatory
genes upon RBM10 depletion in SH-SY5Y cells at 36 hpi. (L) Co-inhibition of JINRT and RBM10 reduces JEV replication. SH-SY5Y cells were transfected either with
ASO-JINRT or si-RBM10 or both, and viral replication was determined by quantifying the intracellular levels of JEV RNA using qRT-PCR at 36 hpi. (M) Co-inhibition
of JINRT and RBM10 significantly reduces JEV titer. Quantification of viral titer upon JINRT and RBM10 co-inhibition during JEV infection is shown in Fig. S7.
(N) Co-inhibition of JINRT and RBM10 promotes apoptosis in SH-SY5Y cells. SH-SY5Y cells were transfected with either ASO-JINRT or si-RBM10 or both ASO-JINR1
and si-RBM10. Caspase-3/7 activity was determined at 60 hpi. Error bars represent the mean + SEM from three independent experiments. Statistical comparison
was made using the Student’s t-test. (A, D, F, and J-L) RNA samples were analyzed by qRT-PCR. (A) *Significant change compared to MI. (C) *Significant change
compared to MI-IgG. #Significant change compared to MI-RBM10. (D) *Significant change compared to MI-ASO-NS, and #significant change compared to
JEV-ASO-NS. (F) *Significant change compared to JEV-si-NS/JEV-con-Vec. (G) *Significant change compared to JEV-si-NS. (H) *Significant change compared to
MiI-si-NS. #Significant change compared to JEV-si-NS. (B, E, and 1) A representative blot is shown from three independent experiments with similar results. Blots
were reprobed for B-actin to establish equal loading. (J and K) *Significant change compared to MI-si-NS, and #significant change compared to JEV-si-NS. (L and
M) *Significant change compared to JEV-NS, and #significant change compared to JEV-ASO-JINR1/2 or JEV-si-RBM10. (N) *Significant change compared to MI-NS,
**Significant change compared to JEV-NS, and #significant change compared to JEV-ASO-JINR1/2 or JEV-si-RBM10.

Next, we evaluated the impact of the double knockdown of JINRT and RBM10 on JEV
replication. Simultaneous inhibition of JINRT and RBM10 during JEV infection in SH-SY5Y
cells resulted in a significantly higher reduction in JEV RNA and viral titer levels compared
to cells transfected only with ASO-JINRT or si-RBM10 (Fig. 4L and M; Fig. S7). Co-inhibition
of JINRT and RBM10 significantly reduces JEV-induced caspase-3/7 activity compared to
individual inhibition of either JINRT or RBM10 (Fig. 4N). In line with the above results,
co-inhibition of JINRT and RBM10 significantly reduced ER stress and neuroinflammatory
gene expression more than their individual inhibition (Fig. S8 and S9).

JINR1 depletion attenuates DENV and WNV replication in SH-SY5Y cells

Next, we investigated the consequences of JINRT depletion on DENV and WNV replica-
tion in SH-SY5Y cells. JINRT knockdown during DENV or WNV infection significantly
reduced viral RNA and titer levels (Fig. 5A and B). Moreover, overexpression of JINRT
increases intracellular DENV and WNV viral RNA levels by ~1.7- and ~1.9-fold, respec-
tively, compared to infected cells transfected with an empty vector (Fig. 5A and B).
Plaque assay from the supernatant of SH-SY5Y cells transfected with ASOs against JINR1
and infected with DENV or WNV-infected for 48 h had lower viral titers than DENV- or
WNV-infected SH-SY5Y cells transfected with ASO-NS (Fig. 5C and D; Fig. S10A and D).
JINRT overexpressing cells also released significantly more DENV or WNV viral particles
than cells transfected with an empty vector (Fig. S10B, C, E, and F).

JINR1 regulates DENV/WNV-mediated neuronal apoptosis and expression of
genes involved in ER stress and neuroinflammation

DENV/WNYV infection of the CNS also results in neuronal cell death (11, 14, 57-61). Hence,
we evaluated the impact of JINRT depletion on DENV/WNV-induced neuronal cell death.
JINRT knockdown reduces DENV/WNV-mediated neuronal apoptosis, as indicated by a
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FIG 5 JINRT inhibition attenuates DENV and WNV replication, neuronal apoptosis, and the expression of genes involved in ER stress and neuroinflammation.

(A) JINRT promotes DENV replication in SH-SY5Y cells transfected with either ASO-NS, ASO-JINR1-1, ASO-JINR1-2, empty vector, or JINRT-OE, and viral replication
was determined by quantifying the intracellular levels of DENV RNA using qRT-PCR at 48 hpi. (B) JINRT promotes WNYV replication in SH-SY5Y cells transfected

with either ASO-NS, ASO-JINR1-1, ASO-JINR1-2, empty vector, or JINRT-OE, and viral replication was determined by quantifying the intracellular levels of WNV
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FIG 5 (Continued)

RNA using qRT-PCR at 48 hpi. (C) JINRT silencing reduces DENV titer. Quantification of viral titer upon JINRT depletion during DENV infection is shown in
Fig. S10A. (D) JINR1 silencing reduces WNV titer. Quantification of viral titer upon JINRT depletion during WNV infection is shown in Fig. S10D. (E) JINR1
promotes apoptosis in DENV-infected SH-SY5Y cells. SH-SY5Y cells were transfected with either ASO-NS, ASO-JINR1-1, or ASO-JINR1-2, and the caspase-3/7
activity was determined at 60 hpi. (F) JINRT promotes apoptosis in WNV-infected SH-SY5Y cells. SH-SY5Y cells were transfected with either ASO-NS, ASO-JINRT-1,
or ASO-JINRT-2, and the caspase-3/7 activity was determined at 60 hpi. (G) JINRT depletion reduces DENV-induced cleaved PARP protein expression. SH-SY5Y
cells were transfected with ASO-NS or ASO-JINRT-1, and protein lysates were collected at 60 hpi. Cleaved PARP protein levels were analyzed by western
blotting. A representative blot is shown from three independent experiments with similar results. Blots were reprobed for 3-actin to establish equal loading.
(H) JINRT depletion reduces WNV-induced cleaved PARP protein expression. SH-SY5Y cells were transfected with ASO-NS or ASO-JINR1-1, and protein lysates
were collected at 60 hpi. Cleaved PARP protein levels were analyzed by western blotting. A representative blot is shown from three independent experiments
with similar results. Blots were reprobed for B-actin to establish equal loading. (I) JINRT depletion attenuates DENV-induced ER stress genes. qRT-PCR analysis
of indicated ER stress genes upon JINRT depletion in SH-SY5Y cells at 48 hpi. (J) JINRT depletion reduces DENV-induced neuroinflammatory genes. qRT-PCR
analysis of indicated neuroinflammatory genes upon JINRT depletion in SH-SY5Y cells at 48 hpi. (K) JINRT depletion attenuates WNV-induced ER stress genes.
gRT-PCR analysis of indicated ER stress genes upon JINRT depletion in SH-SY5Y cells at 48 hpi. (L) JINRT depletion reduces WNV-induced neuroinflammatory
genes. qRT-PCR analysis of indicated neuroinflammatory genes upon JINRT depletion in SH-SY5Y cells at 48 hpi. Error bars represent the mean + SEM
from three independent experiments. (A, B, I-L) RNA samples were analyzed by qRT-PCR. (A and B) *Significant change compared to DENV-ASO-NS/WNV-ASO-
NS/ DENV-Con-Vec/WNV-Con-Vec. (C and D) *Significant change compared to DENV-ASO-NS/WNV-ASO-NS. (E, F, and I-L) *Significant change compared to
MI-ASO-NS. #Significant change compared to DENV-ASO-NS/WNV-ASO-NS. Statistical comparison was made using the Student’s t-test.

reduction in caspase-3/7 activity (Fig. 5E and F) and cleaved PARP protein levels in virus-
infected cells transfected with ASO against JINRT compared with virus-infected cells
transfected with ASO-NS (Fig. 5G and H; Fig. S11A and B).

Next, we evaluated the role of JINRT in regulating infection-mediated changes in gene
expression upon JINRT knockdown during DENV or WNV infection. JINRT knockdown
reduces the virus infection-mediated expression of genes involved in ER stress and
neuroinflammation (Fig. 51 through L; Fig. S12A through D). Moreover, JINRT overexpres-
sion during DENV or WNV infection markedly enhanced ER stress and neuroinflammatory
gene expression (Fig. S13 and 14). These findings suggest that JINRT promotes ER stress
and neuroinflammation during flavivirus infection.

RBM10 promotes virus replication, apoptosis, and gene expression during
DENV and WNYV infection

Next, we tested the role of RBM10 in DENV and WNV infection in SH-SY5Y cells. First, we
performed a time course of the RBM10 transcript and protein levels during DENV or WNV
infection in SH-SY5Y cells (Fig. S15A and B; Fig. 6A). DENV-induced RBM10 transcripts
peak at 24 hpi and then return to basal level at 48 hpi (Fig. S15A). WNV infection also
results in peak expression of RBM10 mRNA at 24 hpi and then taper to basal levels
at 48 hpi (Fig. S15B). DENV-infected SH-SY5Y cells have ~1.5-, ~2-, ~2.5-, and ~1.5-fold
higher RBM10 protein levels at 12, 24, 36, and 48 hpi, respectively, compared to MI cells
(Fig. 6A; Fig. S15C). WNV-infected SH-SY5Y cells have ~2.4-fold at 12 hpi, ~2.9-fold at 24
hpi, ~3.56-fold at 36 hpi, and ~2.06-fold at 48 hpi higher RBM10 protein levels compared
to Ml cells (Fig. 6A; Fig. S15D). Moreover, RIP analysis confirmed RBM10 binding to JINRT
during DENV or WNV infection in SH-SY5Y cells (Fig. 6B and C). Since JINR1 depletion
negatively regulates JEV-induced RBM10 expression (Fig. 4D and E), we evaluated the
impact of JINRT knockdown on RBM10 expression during DENV/WNV infection. JINR1
depletion attenuated DENV/WNV infection-mediated increase in RBM10 mRNA levels in
SH-SY5Y cells (Fig. 6D and E).

RBM10 depletion in SH-SY5Y cells during DENV infection results in ~62% reduction in
DENV RNA levels in si-RBM10 transfected cells compared to si-NS transfected cells (Fig.
6F). RBM10 inhibition during WNV infection results in ~67% reduction in WNV RNA levels
compared to si-NS transfected SH-SY5Y cells (Fig. 6G). Plaque assays also confirmed that
RBM10 silencing inhibits DENV and WNV replication (Fig. 6H and [; Fig. ST6A and B).
RBM10 overexpression analysis in SH-SY5Y cells during DENV or WNV infection also
indicated the positive role of RBM10 in promoting DENV and WNV replication (Fig. 6F
and G; Fig. S16C through F). There was a significant decrease in caspase-3/7 activity and
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FIG 6 JINR1 associates with RBM10 and also regulates its expression to regulate DENV and WNYV viral replication, cell death, and gene expression. (A) DENV
or WNV infection increases RBM10 protein levels. SH-SY5Y cells were infected with DENV or WNV (MOI 5) for the indicated time, and cell lysates were
subjected to Western blot analysis. (B) JINRT interacts with RBM10 during DENV infection. JINRT RNA levels in RBM10 immunoprecipitated from lysates of

(Continued on next page)
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formaldehyde-crosslinked DENV or MI SH-SY5Y cells were measured by qRT-PCR analysis, normalized to input, and represented as fold enrichment relative
to MI-IgG IP. Values represent mean + SEM from three independent experiments. *Significant change compared to MI-IgG IP (P < 0.05). *Significant change
compared to MI-RBM10 IP (P < 0.05). (C) JINRT interacts with RBM10 during WNV infection. JINRT RNA levels in RBM10 immunoprecipitated from the lysates
of formaldehyde-crosslinked WNV or MI SH-SY5Y cells were measured by qRT-PCR analysis, normalized to input, and represented as fold enrichment relative
to MI-IgG IP. Values represent mean + SEM from three independent experiments. *Significant change compared to MI-IgG IP (P < 0.05). *Significant change
compared to MI-RBM10 IP (P < 0.05). (D) JINRT depletion attenuates DENV-induced RBM10. gRT-PCR analysis of RBM10 upon JINRT depletion in SH-SY5Y cells at
36 hpi. (E) JINRT depletion attenuates WNV-induced RBM10. qRT-PCR analysis of RBM10 upon JINRT depletion in SH-SY5Y cells at 36 hpi. (F) RBM10 promotes
DENV replication. SH-SY5Y cells were transfected with si-NS, si-RBM10, empty vector, or RBM10-OE, and viral replication was determined by quantifying the
intracellular levels of DENV RNA using qRT-PCR at 36 hpi. (G) RBM10 promotes WNV replication. SH-SY5Y cells were transfected with si-NS, si-RBM10, empty
vector, or RBM10-OE, and viral replication was determined by quantifying the intracellular levels of WNV RNA using qRT-PCR at 36 hpi. (H) RBM10 silencing
reduces DENV titer. Quantification of viral titer upon RBM10 depletion during DENV infection is shown in Fig. S16A. () RBM10 silencing reduces WNV titer.
Quantification of viral titer upon RBM10 depletion during WNV infection is shown in Fig. S16C. (J) RBM10 promotes apoptosis in DENV-infected SH-SY5Y cells.
SH-SY5Y cells were transfected with si-NS or si-RBM10, and the caspase-3/7 activity was determined at 60 hpi. (K) RBM10 promotes apoptosis in WNV-infected
SH-SY5Y cells. SH-SY5Y cells were transfected with si-NS or si-RBM10, and the caspase-3/7 activity was determined at 60 hpi. (L) RBM10 promotes cleaved PARP
protein expression in DENV or WNV-infected SH-SY5Y cells. SH-SY5Y cells were transfected with si-NS or si-RBM10, and protein lysates were collected at 60 hpi.
Cleaved PARP protein levels were analyzed by western blotting. (M) RBM10 depletion attenuates DENV-induced ER stress genes. qRT-PCR analysis of indicated
ER stress genes upon RBM10 depletion in SH-SY5Y cells at 36 hpi. (N) RBM10 depletion reduces DENV-induced neuroinflammatory genes. qRT-PCR analysis of
indicated neuroinflammatory genes upon RBM10 depletion in SH-SY5Y cells at 36 hpi. (O) RBM10 depletion attenuates WNV-induced ER stress genes. qRT-PCR
analysis of indicated ER stress genes upon RBM10 depletion in SH-SY5Y cells at 36 hpi. (P) RBM10 depletion reduces WNV-induced neuroinflammatory genes.
gRT-PCR analysis of indicated neuroinflammatory genes upon RBM10 depletion in SH-SY5Y cells at 36 hpi. Error bars represent the mean + SEM from three
independent experiments. Statistical comparison was made using the Student’s t-test. (B, D-G, and M-P) RNA samples were analyzed by qRT-PCR. (B and C)
*Significant change compared to MI-IgG. *Significant change compared to MI-RBM10. (D and E) *Significant change compared to MI-ASO-NS. #Significant change
compared to DENV-ASO-NS/WNV-ASO-NS. (F and G) *Significant change compared to DENV-si-NS/WNV-si-NS/DENV-Con-Vec/WNV-Con-Vec. (H and I) *Significant
change compared to DENV-si-NS/WNV-si-NS. (J and K) *Significant change compared to MI-si-NS. #Significant change compared to DENV-si-NS/WNV-si-NS. (A
and L) A representative blot is shown from three independent experiments with similar results. Blots were reprobed for B-actin to establish equal loading. (M-P)
*Significant change compared to MI-si-NS. #Significant change compared to DENV-si-NS/WNV-si-NS.

cleaved PARP protein levels during DENV or WNV infection in si-RBM10 transfected cells
compared to si-NS transfected cells (Fig. 6J through L; Fig. S17). As in the case of JEV
infection, RBM10 silencing during DENV or WNV infection significantly reduced the
expression of ER stress and neuroinflammatory genes (Fig. 6M through P; Fig. S18), and
the overexpression of RBM10 enhanced the expression of these genes during DENV (Fig.
S19) or WNV (Fig. S20) infection in SH-SY5Y cells. Our results suggest that RBM10 and
JINRT promote flavivirus replication, cell death, and expression of genes involved in ER
stress and neuroinflammation.

JINR1 and RBM10 promote flavivirus replication in human astrocytoma cells

Apart from SH-SY5Y cells, JINRT expression is also induced in human astrocytoma cells
(T98G) upon JEV infection (Fig. S1E). Hence, we evaluated the impact of JINRT and RBM10
depletion on flavivirus replication in T98G cells. Assessment of flavivirus replication
by measuring intracellular flavivirus RNA levels during JINR1 depletion in flavivirus-infec-
ted T98G cells indicated a significant reduction in flavivirus RNA levels in ASO-JINR1-1/
ASO-JINR1-2 transfected cells in comparison to flavivirus-infected ASO-NS transfected
T98G cells (Fig. 7A through Q). Plaque assays also confirmed that JINRT silencing inhibits
JEV, DENV, and WNV replication (Fig. 7D through F; Fig. S21). RBM10 depletion during
flavivirus infection of T98G cells results in significantly lower flavivirus RNA levels in
comparison to flavivirus infected si-NS-transfected cells (Fig. 7G through ). Plaque assay
from the supernatant of T98G cells transfected with siRNA against RBM10 and infected
with flavivirus for 36 h had lower viral titers than flavivirus-infected T98G cells transfected
with si-NS (Fig. 7J through L; Fig. $22). These results suggest that JINR1 and RBM10
promote flavivirus replication in cells of astrocytic lineage.
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FIG 7 JINRT and RBM10 promote flavivirus replication in human astrocytoma cells. (A) JINRT promotes JEV replication in T98G cells. Cells were transfected
with either ASO-NS, ASO-JINR1-1, or ASO-JINR1-2, and viral replication was determined by quantifying the intracellular levels of JEV RNA at 48 hpi. (B) JINRT
promotes DENV replication in T98G cells. Cells were transfected with either ASO-NS, ASO-JINR1-1, or ASO-JINR1-2, and viral replication was determined by
quantifying the intracellular levels of DENV RNA at 48 hpi. (C) JINRT promotes WNV replication in T98G cells. Cells were transfected with either ASO-NS,
ASO-JINR1-1, or ASO-JINR1-2, and viral replication was determined by quantifying the intracellular levels of WNV RNA at 48 hpi. (D) JINRT silencing reduces
(Continued on next page)
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FIG 7 (Continued)

JEV titer. Quantification of viral titer upon JINRT depletion during JEV infection in T98G cells is shown in Fig. S21A. (E) JINRT silencing reduces DENV titer.
Quantification of viral titer upon JINRT depletion during DENV infection in T98G cells is shown in Fig. S21B. (F) JINRT silencing reduces WNV titer. Quantification of
viral titer upon JINRT depletion during WNV infection in T98G cells is shown in Fig. S21C. (G) RBM10 promotes JEV replication in T98G cells. Cells were transfected
with either si-NS or si-RBM10, and viral replication was determined by quantifying the intracellular levels of JEV RNA at 36 hpi. (H) RBM10 promotes DENV
replication. T98G cells were transfected with si-NS or si-RBM10, and viral replication was determined by quantifying the intracellular levels of DENV RNA at 36
hpi. (I) RBM10 promotes WNV replication. T98G cells were transfected with either si-NS or si-RBM10, and viral replication was determined by quantifying the
intracellular levels of WNV RNA at 36 hpi. (J) RBM10 silencing reduces JEV titer. Quantification of viral titer upon RBM10 depletion during JEV infection in T98G
cells is shown in Fig. S22A. (K) RBM10 silencing reduces DENV titer. Quantification of viral titer upon RBM10 depletion during DENV infection in T98G cells is
shown in Fig. S22B. (L) RBM10 silencing reduces WNYV titer. Quantification of viral titer upon RBM10 depletion during WNV infection in T98G cells is shown in Fig.
S22C. Error bars represent the mean + SEM from three independent experiments. Statistical comparison was made using the Student’s t-test. (A-C and G-I) RNA
samples were analyzed by qRT-PCR. (A and D) *Significant change compared to JEV-ASO-NS. (B and E) *Significant change compared to DENV-ASO-NS. (C and F)
*Significant change compared to WNV-ASO-NS. (G and J) *Significant change compared to JEV-si-NS. (H and K) *Significant change compared to DENV-si-NS. (I
and L) *Significant change compared to WNV-si-NS.

Increase in flavivirus replication mediated by JINRT and RBM10 is regulated
by GRP78 in SH-SY5Y cells

Next, we wanted to explore the mechanism behind JINR1/RBM10-mediated increase in
flavivirus replication. Since JINRT and RBM10 promote GRP78 mRNA expression during
flavivirus infection (Fig. S3B, S6B, S12A, C, S18A, and C) and because GRP78 is involved
in promoting flavivirus replication and entry in host cells (62-64), we hypothesized
that JINR1/RBM10 mediated increase in GRP78 expression during flavivirus infection
promotes viral replication in SH-SY5Y cells. To test this, we evaluated the impact of
GRP78 overexpression on flavivirus replication in SH-SY5Y cells during JINRT/RBM10
depletion. Interestingly, GRP78 overexpression completely prevents the decrease in
intracellular flavivirus RNA levels due to JINRT depletion (Fig. 8A through C). Plaque assay
also confirmed that GRP78 overexpression significantly rescues the decrease in infectious
viral particle release in the culture supernatant of flavivirus-infected SH-SY5Y cells due
to JINRT knockdown (Fig. 8D through F; Fig. S23). GRP78 overexpression also prevents
the decrease in flavivirus replication due to RBM10 knockdown (Fig. 8G through L; Fig.
S24). These results suggest that JINRT/RBM10-mediated increase in GRP78 expression
promotes flavivirus replication.

JINR1T and RBM10 regulate the transcription of ER stress and inflammatory
genes during JEV infection

Since IncRNA and protein complexes are involved in the regulation of gene transcription
(65, 66), we checked if JINRT and RBM10 regulate ER stress and inflammatory gene
expression at the transcription level. For this, we carried out ChIP-gRT-PCR analysis to
assess the recruitment of RNA Pol Il and H3K4me3 at target gene promoter upon RBM10
and JINR1 depletion during JEV infection in SH-SY5Y cells. JEV infection significantly
enhanced the recruitment of RNA Pol Il and H3K4me3 at the promoters of the ER stress
and inflammatory genes in SH-SY5Y cells (Fig. S25 to S27). RBM10 knockdown in JEV-
infected cells reduced RNA Pol Il and H3K4me3 binding at the promoters of ER stress (Fig.
S25) and neuroinflammatory genes (Fig. S26) compared to JEV-infected cells transfected
with si-NS. As with RBM10 depletion, JINRT silencing also reduced the recruitment of RNA
Pol Il and H3K4me3 at target gene promoters during JEV infection compared to JEV-ASO-
NS transfected cells (Fig. S27). Our results suggest that JINRT and RBM10 regulate the
transcription of ER stress and inflammatory genes during JEV infection.
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FIG 8 GRP78 overexpression prevents the decrease in flavivirus infection due to JINRT/RBM10 knockdown. (A) GRP78 overexpression prevents the reduction
Issue 12

in JEV RNA levels due to JINRT depletion in SH-SY5Y cells. JEV-infected SH-SY5Y cells were co-transfected with either ASO-NS and Con-Vec or ASO-JINRT and

Con-Vec or ASO-JINRT and GRP78-OE or ASO-NS and GRP78 OE, and viral replication was determined by quantifying the intracellular levels of JEV RNA at 48 hpi.

(Continued on next page)
December 2023 Volume 97


https://doi.org/10.1128/jvi.01183-23

Full-Length Text Journal of Virology

FIG 8 (Continued)

(B) GRP78 overexpression prevents the reduction in DENV RNA levels due to JINRT depletion in SH-SY5Y cells. DENV-infected SH-SY5Y cells were co-transfected
with either ASO-NS and Con-Vec or ASO-JINRT and Con-Vec or ASO-JINRT and GRP78-OE or ASO-NS and GRP78 OE, and viral replication was determined by
quantifying the intracellular levels of DENV RNA at 48 hpi. (C) GRP78 overexpression prevents the reduction in WNV RNA levels due to JINRT depletion in SH-SY5Y
cells. WNV-infected SH-SY5Y cells were co-transfected with either ASO-NS and Con-Vec or ASO-JINRT and Con-Vec or ASO-JINRT and GRP78-OE or ASO-NS and
GRP78 OFE, and viral replication was determined by quantifying the intracellular levels of WNV RNA at 48 hpi. (D) GRP78 overexpression prevents the reduction in
JEV titer due to JINRT depletion in SH-SY5Y cells. Quantification of viral titer from JEV-infected SH-SY5Y cells co-transfected with either ASO-NS and Con-Vec or
ASO-JINRT and Con-Vec or ASO-JINRT and GRP78-OE or ASO-NS and GRP78 OE is shown in Fig. S23A. (E) GRP78 overexpression prevents the reduction in DENV
titer due to JINRT depletion in SH-SY5Y cells. Quantification of viral titer from DENV-infected SH-SY5Y cells co-transfected with either ASO-NS and Con-Vec or
ASO-JINR1 and Con-Vec or ASO-JINRT and GRP78-OE or ASO-NS and GRP78 OE is shown in Fig. S23B. (F) GRP78 overexpression prevents the reduction in WNV
titer due to JINRT depletion in SH-SY5Y cells. Quantification of viral titer from WNV-infected SH-SY5Y cells co-transfected with either ASO-NS and Con-Vec or
ASO-JINRT and Con-Vec or ASO-JINRT and GRP78-OE or ASO-NS and GRP78 OE is shown in Fig. S23C. (G) GRP78 overexpression prevents the reduction in JEV
RNA levels due to RBM10 depletion in SH-SY5Y cells. JEV-infected SH-SY5Y cells were co-transfected with either si-NS and Con-Vec or si-RBM10 and Con-Vec
or si-RBM10 and GRP78-OE or si-NS and GRP78 OE, and viral replication was determined by quantifying the intracellular levels of JEV RNA at 36 hpi. (H) GRP78
overexpression prevents the reduction in DENV RNA levels due to RBM10 depletion in SH-SY5Y cells. DENV-infected SH-SY5Y cells were co-transfected with
either si-NS and Con-Vec or si-RBM10 and Con-Vec or si-RBM10 and GRP78-OE or si-NS and GRP78 OE, and viral replication was determined by quantifying
the intracellular levels of DENV RNA at 36 hpi. (I) GRP78 overexpression prevents reduction in WNV RNA levels due to RBM10 depletion in SH-SY5Y cells.
WNV-infected SH-SY5Y cells were co-transfected with either si-NS and Con-Vec or si-RBM10 and Con-Vec or si-RBM10 and GRP78-OE or si-NS and GRP78 OFE,
and viral replication was determined by quantifying the intracellular levels of WNV RNA at 36 hpi. (J) GRP78 overexpression prevents the reduction in JEV titer
due to RBM10 depletion in SH-SY5Y cells. Quantification of viral titer from JEV-infected SH-SY5Y cells co-transfected with either si-NS and Con-Vec or si-RBM10
and Con-Vec or si-RBM10 and GRP78-OE or si-NS and GRP78 OE is shown in Fig. S24A. (K) GRP78 overexpression prevents the reduction in DENV titer due to
RBM10 depletion in SH-SY5Y cells. Quantification of viral titer from DENV-infected SH-SY5Y cells co-transfected with either si-NS and Con-Vec or si-RBM10 and
Con-Vec or si-RBM10 and GRP78-OE or si-NS and GRP78 OE is shown in Fig. S24B. (L) GRP78 overexpression prevents the reduction in WNV titer due to RBM10
depletion in SH-SY5Y cells. Quantification of viral titer from WNV-infected SH-SY5Y cells co-transfected with either si-NS and Con-Vec or si-RBM10 and Con-Vec
or si-RBM10 and GRP78-OE or si-NS and GRP78 OE is shown in Fig. S24C. Error bars represent the mean + SEM from three independent experiments. Statistical
comparison was made using the Student’s t-test. (A-C and G-1) RNA samples were analyzed by qRT-PCR. (A and D) *Significant change compared to JEV-ASO-NS
+ Con-Vec. #Significant change compared to JEV-ASO-JINRT + Con-Vec. (B and E) *Significant change compared to DENV-ASO-NS + Con-Vec. #Significant change
compared to DENV-ASO-JINRT + Con-Vec. (C and F) *Significant change compared to WNV-ASO-NS + Con-Vec. #Significant change compared to WNV-ASO-JINR1
+ Con-Vec. (G and J) *Significant change compared to JEV-si-NS + Con-Vec. #Significant change compared to JEV-si-RBM10 + Con-Vec. (H and K) *Significant
change compared to DENV-si-NS + Con-Vec. #Significant change compared to DENV-si-RBM10 + Con-Vec. (I and L) *Significant change compared to WNV-si-NS +
Con-Vec. #Significant change compared to WNV-si-RBM10 + Con-Vec.

JINR1 interacts with the p65 subunit of NF-kB and regulates its recruitment to
the promoter of genes involved in ER stress and neuroinflammation

We further explored the mechanism of gene transcription by RBM10 and JINRT
during flavivirus infection. Since RBM10 regulates gene expression by regulating NF-«kB
transcriptional activity (54), we hypothesized that NF-kB might regulate JINRT and
RBM10-mediated changes in gene expression during flavivirus infection. Consistent with
this, in silico analysis using Alibaba2 (45) revealed multiple NF-kB binding sites in the
promoters of genes regulated by JINRT and RBM10 during JEV infection. Hence, we
evaluated the role of RBM10 and JINRT in regulating the recruitment of the p65 subunit
of NF-kB to the promoter of genes involved in ER stress and neuroinflammation during
JEV infection. ChIP gRT-PCR analysis revealed enhanced binding of the p65 subunit of
NF-kB on the promoter of JEV-induced ER and inflammatory genes in SH-SY5Y cells (Fig.
9A through 9D; Fig. S28 and S29). RBM10 depletion during JEV infection significantly
reduced the binding of p65 on the promoter of these genes (Fig. 9A and B; Fig. S28A and
B).

RBM10 overexpression enhanced the recruitment of p65 to the promoters of NF-kB
genes in both mock-infected and JEV-infected SH-SY5Y cells (Fig. S29). These results
suggest that RBM10 promotes ER stress and neuroinflammatory gene expression by
modulating the recruitment of p65 to the promoters of ER stress and neuroinflammatory
genes (Fig. 9). We next evaluated the impact of JINRT depletion on the binding of p65 at
the promoters of JEV-induced genes. JINR1 silencing also reduced p65 binding at the
promoters of NF-kB-responsive genes involved in ER stress and neuroinflammation
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FIG9 RBM10 and JINRT regulate the recruitment of the p65 subunit of NF-kB to the promoters of ER stress and neuroinflammation genes. (A) RBM10 promotes
the p65 recruitment at the promoter of ER stress genes. Relative enrichment of p65 at the promoter of indicated genes in MI or JEV-infected SH-SY5Y cells
transfected with si-NS or si-RBM10 was determined by ChIP-gRT-PCR at 36 hpi. Enrichment values are relative to MI-si-NS IgG IP. (B) RBM10 promotes the
p65 recruitment at the promoter of inflammatory genes. Relative enrichment of p65 at the promoter of indicated genes in MI or JEV-infected SH-SY5Y cells
transfected with si-NS or si-RBM10 was determined by ChIP-qRT-PCR at 36 hpi. Enrichment values are relative to MI-si-NS IgG IP. (C) JINRT promotes the
p65 recruitment at the promoter of ER stress genes during JEV infection. Relative enrichment of p65 at the promoter of indicated ER stress genes in Ml or

(Continued on next page)
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FIG 9 (Continued)

JEV-infected SH-SY5Y cells transfected with ASO-NS or ASO-JINRT was determined by ChIP-qRT-PCR at 36 hpi. Enrichment values are relative to MI-ASO-NS-IgG
IP. (D) JINRT promotes the p65 recruitment at the promoter of inflammatory genes during JEV infection. Relative enrichment of p65 at the promoter of indicated
neuroinflammatory genes in Ml or JEV-infected SH-SY5Y cells transfected with ASO-NS or ASO-JINRT was determined by ChIP-qRT-PCR at 36 hpi. Enrichment
values are relative to MI-ASO-NS-IgG IP. (E) RBM10 promotes the p65 recruitment at the promoter of ER stress genes during DENV infection. Relative enrichment
of p65 at the promoter of indicated genes in Ml or DENV-infected SH-SY5Y cells transfected with si-NS or si-RBM10 was determined by ChIP-qRT-PCR at 36
hpi. Enrichment values are relative to MI-si-NS IgG IP. (F) RBM10 promotes the p65 recruitment at the promoter of inflammatory genes during DENV infection.
Relative enrichment of p65 at the promoter of indicated genes in MI or DENV-infected SH-SY5Y cells transfected with si-NS or si-RBM10 was determined by
ChIP-qRT-PCR at 36 hpi. Enrichment values are relative to MI-si-NS IgG IP. (G) JINRT promotes the p65 recruitment at the promoter of ER stress genes during
DENV infection. Relative enrichment of p65 at the promoter of indicated genes in Ml or DENV-infected SH-SY5Y cells transfected with ASO-NS or ASO-JINR1
was determined by ChIP-qRT-PCR at 36 hpi. Enrichment values are relative to MI-ASO-NS-IgG IP. (H) JINRT promotes the p65 recruitment at the promoter of
inflammatory genes during DENV infection. Relative enrichment of p65 at the promoter of indicated genes in Ml or DENV-infected SH-SY5Y cells transfected with
ASO-NS or ASO-JINRT was determined by ChIP-qRT-PCR 36 hpi. Enrichment values are relative to MI-ASO-NS-IgG IP. Error bars represent the mean + SEM from
three independent experiments. Statistical comparison was made using the Student’s t-test. (A and B) *Significant change compared to MI-si-NS, and #significant
change compared to JEV-si-NS. (C and D) *Significant change compared to MI-ASO-NS, and #significant change compared to JEV-ASO-NS. (E and F) *Significant
change compared to MI-si-NS, and #significant change compared to DENV-si-NS. (G and H) *Significant change compared to MI-ASO-NS, and #significant change
compared to DENV-ASO-NS.

during JEV infection (Fig. 9C and D; Fig. S30). Next, we checked if this reduction in
binding of p65 to the promoters of ER stress and neuroinflammatory genes upon JINR1/
RBM10 depletion during JEV infection is due to a reduction in the p65 expression.
However, we did not see any significant change in p65 protein expression upon JINRT or
RBM10 depletion during JEV infection (Fig. S31).

RBM10/JINR1 silencing during DENV or WNV infection also negatively impacts p65
recruitment to the promoters of NF-kB target genes (Fig. 9E through H; Fig. S32).
Our results suggest that the JINRT and RBM10 complex regulates the transcription of
ER stress and neuroinflammatory genes during flavivirus infection by controlling p65
recruitment to their promoters.

Since RBM10 regulates p65 binding to the promoter of target genes, we next
examined whether RBM10 interacts with p65. Hence, we performed RBM10/p65
co-immunoprecipitation (Co-IP) assays with or without JEV infection in SH-SY5Y cells.
Surprisingly, p65 was not pulled down together with RBM10 using anti-RBM10 antibod-
ies in SH-SY5Y cells (Fig. 10A). Reciprocal Co-IP assays with anti-65 antibodies also
confirmed that RBM10 does not directly interact with p65 (Fig. 10A). Consistent with
our Co-IP assays, we did not identify any direct interaction between p65 and RBM10
using the Search Tool for the Retrieval of Interacting Genes (STRING) database (67) (Fig.
S33).

Since IncRNAs are known to interact with NF-kB to regulate its transcriptional
activity (68, 69), we hypothesized that JINRT directly interacts with p65 and regulate
its recruitment to the promoters of the ER stress and neuroinflammatory genes. To
investigate whether JINRT interacts with p65, we used bioinformatic analysis using
RPISeq to predict the binding affinity between p65 and JINR1. The RPI Seq suggested
a strong (>80%) interaction probability between JINRT and NF-kB. We next used RIP
assay to check the direct interaction between JINRT and p65. RIP analysis indicated
p65 binding to JINRT in MI SH-SY5Y cells (~1.8-fold enrichment compared to MI IgG
IP), and this association was further enhanced by approximately fivefold in JEV-infected
SH-SY5Y cells (Fig. 10B). Collectively, our findings indicate that JINRT and RBM10 regulate
p65 recruitment to the promoter of genes involved in ER stress and neuroinflammation
during JEV infection (Fig. 11).

JINRT and RBM10 reciprocally regulate each other’s expression through
NF-kB

NF-kB activates JINRT expression (Fig. 2F), and since RBM10 regulates p65 binding to
the promoters of its target genes, we tested the role of RBM10 in regulating JINRT
expression. As anticipated, RBM10 silencing attenuates JEV-induced JINRT expression
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FIG 10 JINRT interacts with the p65 subunit of NF-kB, JINRT and RBM10 reciprocally regulate each other’s expression through NF-kB. (A) Upper panel: cell lysates
from SH-SY5Y cells were immunoprecipitated with anti-RBM10 or IgG antibody. The immune complexes and the input were analyzed by immunoblotting with
antibodies specific to p65, and the same membrane was stripped and reprobed to detect RBM10. Lower panel: protein prepared from SH-SY5Y cells was also
immunoprecipitated with anti-p65 or IgG antibodies. The immune complexes and the input were analyzed by immunoblotting with an antibody specific to
RBM10; the same membrane was stripped and reprobed to detect p65. A representative blot is shown from two independent experiments with similar results.
(B) JINRT interacts with the p65 subunit of NF-kB. JINRT RNA levels in p65 immunoprecipitated from the lysates of formaldehyde-crosslinked Ml or JEV-infected
SH-SY5Y cells were measured by qRT-PCR analysis, normalized to input, and represented as fold enrichment relative to MI-IgG IP. Values

(Continued on next page)
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FIG 10 (Continued)

represent mean + SD from three independent experiments. *Significant change compared to MI-IgG IP (P < 0.05). #Significant change compared to MI-p65 IP
(P < 0.05). (C) RBM10 depletion attenuates JEV-induced JINRT. qRT-PCR analysis of JINRT upon RBM10 depletion in SH-SY5Y cells at 36 hpi. (D) RBM10 depletion
attenuates DENV-induced JINRT. qRT-PCR analysis of JINRT upon RBM10 depletion in SH-SY5Y cells at 36 hpi. (E) RBM10 depletion attenuates WNV-induced
JINR1. qRT-PCR analysis of JINRT upon RBM10 depletion in SH-SY5Y cells at 36 hpi. (F) RBM10 promotes the p65 recruitment at the promoter of JINRT during JEV
infection. Relative enrichment of p65 at the JINRT promoter in Ml or JEV-infected SH-SY5Y cells transfected with si-NS or si-RBM10 determined by ChIP-qRT-PCR
at 36 hpi. Enrichment values are relative to MI-si-NS-IgG. (G) RBM10 promotes the p65 recruitment at the promoter of JINRT during DENV infection. Relative
enrichment of p65 at the JINRT promoter in Ml or DENV-infected SH-SY5Y cells transfected with si-NS or si-RBM10 determined by ChIP-qRT-PCR at 36 hpi.
Enrichment values are relative to MI-si-NS-IgG. (H) RBM10 promotes the p65 recruitment at the promoter of JINRT during WNV infection. Relative enrichment
of p65 at the JINRT promoter in MI or WNV-infected SH-SY5Y cells transfected with si-NS or si-RBM10 determined by ChIP-qRT-PCR at 36 hpi. Enrichment
values are relative to MI-si-NS-IgG. (I) JINRT promotes the p65 recruitment at the promoter of RBM10 during JEV infection. Relative enrichment of p65 at
the RBM10 promoter in Ml or JEV-infected SH-SY5Y cells transfected with ASO-NS or ASO-JINRT determined by ChIP-qRT-PCR at 36 hpi. Enrichment values
are relative to MI-ASO-NS-IgG. (J) JINRT promotes the p65 recruitment at the promoter of RBM10 during DENV infection. Relative enrichment of p65 at the
RBM10 promoter in Ml or DENV-infected SH-SY5Y cells transfected with ASO-NS or ASO-JINRT determined by ChIP-gRT-PCR at 36 hpi. Enrichment values are
relative to MI-ASO-NS-IgG. (K) JINRT promotes the p65 recruitment at the promoter of RBM10 during WNV infection. Relative enrichment of p65 at the RBM10
promoter in Ml or WNV-infected SH-SY5Y cells transfected with ASO-NS or ASO-JINRT determined by ChIP-qRT-PCR at 36 hpi. Enrichment values are relative to
MI-ASO-NS-IgG. Error bars represent the mean + SEM from three independent experiments. Statistical comparison was made using the Student’s t-test. (C and F)
*Significant change compared to MI-si-NS, and #significant change compared to JEV-si-NS. (D and G) *Significant change compared to MI-si-NS, and #significant
change compared to DENV-si-NS. (E and H) *Significant change compared to MI-si-NS, and #significant change compared to WNV-si-NS. (I) *Significant change
compared to MI-ASO-NS, and #significant change compared to JEV-ASO-NS. (J) *Significant change compared to MI-ASO-NS, and #significant change compared
to DENV-ASO-NS. (K) *Significant change compared to MI-ASO-NS, and #significant change compared to WNV-ASO-NS.

(Fig. 10C). RBM10 depletion during DENV or WNV infection also reduces JINRT expression
(Fig. 8D and E). Since JINRT depletion attenuates the flavivirus-mediated increase in
RBM10 expression (Fig. 4D and E Fig. 6D and E) and because JINRT regulates target gene
expression by regulating p65 binding, we tested if it regulates RBM10 expression via
NF-kB. We first analyzed the promoter of RBM10 for the presence of NF-kB binding sites.
Interestingly, in silico analysis using Alibaba2 revealed multiple NF-kB binding sites in
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FIG 11 Flavivirus infection results in NF-kB mediated increase in JINR1 expression. It promotes JEV/DENV/WNV replication and neuronal cell death by promoting
the expression of GRP78 and other NF-kB target genes. JINRT interacts with RBM10 and p65 to promote p65 binding to its target genes.
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the RBM10 promoter region ~1.1 kb upstream of the TSS. Hence, we evaluated RBM10
expression upon NF-kB inhibition during JEV infection. Treatment of SH-SY5Y cells with
the NF-kB inhibitor BAY11-7085 before JEV infection strongly suppressed JEV-induced
RBM10 expression (Fig. S34A). Next, we assessed the recruitment of p65 at the promot-
ers of JINRT and RBM10 during flavivirus infection upon RBM10/JINRT depletion. Cells
transfected with siRNA against RBM10 during flavivirus infection had significantly less
p65 binding at the JINRT promoter than flavivirus-infected cells transfected with si-NS
(Fig. 10F through H). JINRT silencing also reduced the flavivirus-mediated recruitment of
p65 at the RBM10 promoter (Fig. 10l through K). These results indicate that JINRT and
RBM10 reciprocally regulate each other’s induction during flavivirus infection via NF-kB.
Moreover, depletion of either JINRT or RBM10 during infection reduces p65 binding
at their own promoters (Fig. S34B through G). These findings suggest that apart from
co-regulating each other, JINRT and RBM10 also promote self-expression during JEV
infection via NF-«B (Fig. 11).

DISCUSSION

Flavivirus infection results in a complex signaling cascade leading to ER stress and
neuronal apoptosis (14, 48, 58, 61, 70). It also leads to a robust immune response
and expression of inflammatory cytokines and chemokines (12, 19, 49). However, an
exacerbated inflammatory response is often detrimental as it induces neuronal cell death
(49, 50, 71, 72). The role of miRNAs in gene regulation during JEV-induced neuroinflam-
mation, apoptosis, and viral replication is well-studied (8, 73, 74). However, knowledge
about the functions and mechanisms of action of IncRNAs in JEV pathogenesis is in
its infancy (8). Moreover, there are no studies about the role of IncRNAs in regulating
JEV-induced human neuronal cell death. Our study provides the first evidence of the role
of primate-specific host IncRNA JINRT in flavivirus replication and neuronal cell death.
JEV infection in SH-SY5Y cells elicits NF-kB-mediated expression of JINR1. NF-kB also
induces the expression of RBM10 during JEV infection. RBM10 is a nuclear RNA-binding
protein that regulates pre - mRNA splicing, mRNA stabilization, and transcription (75,
76). RBM10 inhibits cell proliferation and promotes apoptosis (54, 76, 77). PAR-CLIP
studies have shown that RBM10 interacts with JINRT in HEK-293T cells (56). We observed
the interaction of JINRT with RBM10 in SH-SY5Y cells during flavivirus infection. JINRT
or RBM10 depletion results in (i) inhibition of flavivirus replication, (ii) reduction in
flavivirus-induced neuronal cell death, and (iii) attenuated expression of NF-kB target
genes. Interestingly, RBM10 overexpression in A549 cells inhibits DENV replication, and
DENV infection decreases RBM10 protein levels (55). The anti-viral activity of RBM10
observed by Pozzi et al. in the case of DENV and the pro-viral action of RBM10 observed
by us in the case of JEV, WNV, and DENV infection are likely due to the contrasting impact
of RBM10 depletion on cell proliferation on the different cell types used to study viral
infection. Pozzi et al. used A549 cells for studying DENV replication, in which RBM10
depletion reduces cell proliferation of A549 cells (78), and we used SH-SY5Y and T98G
cells in which RBM10 depletion promotes cell proliferation (Fig. S4E and F). The differing
impact of RBM10 depletion on DENV replication in different cell types may also depend
on the differential ability of cells (neuronal-SHSY5Y) versus (lung-A549) to clear virus
infection. We also show that JINRT and RBM10-mediated increase in GRP78 expression
promotes flavivirus replication in SH-SY5Y cells. Host factors also regulate viral replication
by interaction with viral proteins. Interestingly, Zika virus-NS5 and DENV-NS5 proteins
interact with RBM10 (55, 79). Moreover, Pozzi et al. have shown that DENV NS5 binds to
RBM10 and mediates its proteasomal degradation in A549 cells. Considering the pro-viral
activity of RBM10 and JINRT complex in neuronal cells, further studies are required to
prove if RBM10 and JINRT interact with flaviviral proteins in neuronal cells and decipher
the consequence of this interaction, if any, on the stability of viral proteins and vice versa.
JINRT and RBM10 promote the expression of NF-kB target genes involved in ER
stress and neuroinflammation during flavivirus infection. RBM10 is known to regulate
NF-kB transcriptional activity (54, 77). RBM10 depletion studies during flavivirus infection
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suggest that it promotes NF-kB target gene expression by enhancing p65 binding to
its target gene promoters (Fig. 11). JINRT knockdown also reduces p65 binding to its
target genes during flavivirus infection. Interestingly, RBM10-mediated changes in NF-kB
transcription are indirect via the regulation of alternative splicing of DNA (cytosine-5)-
methyltransferase 3b (DNMT3B) (54). RBM10 depletion promotes the splicing of active
DNMT3B2 isoform, which increases DNA methylation at the promoters of NF-kB-target
genes, inhibiting NF-kB-mediated transcriptional activity (54). Further investigations are
required to understand whether RBM10 and JINRT play any role in regulating DNMT3B
splicing during flavivirus infection. Interestingly, we observed that apart from interacting
with RBM10, JINRT interacts with the p65 subunit of NF-kB and regulates its recruitment
to its target genes.

JINRT and RBM10 are NF-kB target genes that enhance their own expression and
also reciprocally regulate each other’s expression by promoting the recruitment of
p65 at their promoters. These findings indicate the existence of an NF-kB-mediated
autocrine loop promoting JINRT and RBM10 expression during JEV infection. Even
though JINRT and RBM10 regulate each other’s expression, considering that they interact
with each other, we speculate that JINRT and RBM10 are part of an RNA-protein complex
that regulates the recruitment of the NF-kB to the promoters of JEV-regulated genes.
However, further studies are required to decipher if DNA methylation plays any role in
JINRT-mediated recruitment of NF-kB to its target genes during flavivirus infection.

We also observed that JINRT is induced upon poly (I:C) treatment (RNA virus mimic)
in SH-SY5Y cells. This suggests that other neurotropic RNA viruses might also induce
JINR1, which may be part of a general host response. Hence, further studies are needed
to understand the role of JINRT in the pathogenesis of other RNA viruses. As such,
JINRT represents a novel component of the host response that regulates flavivirus
replication, ER stress, inflammation, and neuronal cell death. Further characterization
of its regulatory networks and studies in primary human neurons and the JEV primate
model will likely reveal better opportunities for therapeutic intervention during flavivirus
infection.

MATERIALS AND METHODS
Cell culture

SH-SY5Y, Vero cells, PS, and C6/36 cells were purchased from the National Centre for
Cell Science, Pune, India. HMC3 and T98G were purchased from the American Type
Culture Collection (Manassas, VA, USA). The SH-SY5Y cells were maintained in DMEM-
F12, while other cells were maintained in Dulbecco's modified Eagle medium (DMEM)
supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2 mM of glutamine,
and penicillin/streptomycin (Gibco) at 37°C and 5% CO,. C6/36 cells were grown in
complete Eagle’s minimum essential medium (EMEM) with 10% heat-inactivated FBS,
2 mM of glutamine, and penicillin/streptomycin (Gibco) at 28°C and 5% CO,. All cell
lines used in this study have been tested for potential mycoplasma contamination. Cells
post-infection with JEV multiplicity of infection (MOI 5) were cultured in media with 5%
FBS.

Virus propagation

GP78 strain of JEV was propagated in Vero cells. Briefly, Vero cell monolayers were
inoculated with JEV at 0.1 MOI and incubated at 37°C and 5% CO2 for 72 hpi until the
infected monolayers showed the cytopathic effect. Subsequently, the culture superna-
tant was harvested by centrifugation at 2,000 rpm for 20 min at 4°C followed by
filtration using syringe filters with 0.8/0.2 um (Cat. No. 4658, Acrodisc Syringe Filters) and
aliquoted to generate a virus stock. JEV titer was determined by plaque assay in PS cells.
Dengue virus serotype 2 (DENV2) strain IND/P23085/1960 was a kind gift from Dr. Arup
Banerjee, Regional Centre for Biotechnology, Faridabad, India. DENV2 was propagated
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by infecting Aedes albopictus C6/36 cell monolayers at 0.2 MOI, and after that the cells
were incubated with 2% FBS-containing media at 28°C and 5% CO, for 5 days until
the infected monolayers showed the cytopathic effect. Subsequently, the supernatant
was harvested and concentrated by passing through a 100 kDa Amicon filter (Millipore;
UFC9100) by centrifugation at 5,000 rpm for 5 min at 4°C and aliquoted to generate a
virus stock (80). DENV2 titer was determined by performing the plaque assay on PS cells
(81). Eg101 strain of West Nile Virus was propagated by infecting C6/36 cell monolayers
at 0.2 MOI, and after that the cells were incubated with 2% FBS-containing media at
28°C and 5% CO,, for 5 days until the infected monolayers showed the cytopathic effect.
Subsequently, the supernatant was harvested by centrifugation at 5,000 rpm for 5 min at
4°C to generate a virus stock (82). All virus stocks were aliquoted and stored at —80°C.

Plaque assay analysis of virion production

A total of 2 x 10° PS or Vero cells were seeded in 6-well tissue culture plates, and
the next day the cells were infected for 2 h with serially diluted cell culture-grown
JEV (GP78), DENV-2, and WNV viruses. PS cells were rinsed twice with PBS to remove
the excess virus and were topped with a 2% low-melting agarose/growth media
mixture (1:1). After growing for 4 days at 37°C with 5% CO,, cells were fixed with
4% formaldehyde at 37°C for 1 h. Cells were stained for 5 min at 37°C by adding
0.5% crystal violet solution and washed thrice with RO water, and then plaques were
counted to calculate the concentration of virus in plaque-forming units (PFU) per
mL (83). Similarly, to determine WNV, the protocol mentioned above was followed in
Vero cells. [PFU = N x DF/V (N, number of plaques; DF, virus dilution factor; and
V, the volume of the inoculum)].

RNA sequencing

Total RNA from GP78 strain JEV (MOI 5) infected or Ml SH-SY5Y cells was isolated
at 48 hpi using an MN Nucleo Spin RNA Plus isolation kit (Cat. No. 740984.5). RNA
samples were treated with recombinant DNAsel (Invitrogen Thermo Scientific—Cat. No.
EN0521) as per the manufacturer’s instructions. The RNA samples were then column
purified using the MN Nucleo Spin column purification kit. Library preparation and RNA
sequencing analyses were done at Clevergene Biocorp Private Limited, Bangalore, as
described below. The DNAsel-treated RNA was treated with Invitrogen’s RiboMinusTM
Eukaryote kit according to the manufacturer’s instructions to remove ribosomal RNAs.
RNA-seq libraries were made using NEBNext UltraTM Il Directional RNA Library prep kit
for lllumina according to the manufacturer’s instructions. One hundred base pair-long
strand-specific sequencing was performed on an Illumina HiSeq 2500 instrument at a
depth of ~100 million paired-end reads per sample. The sequence data quality was
checked using FastQC and MultiQC software, and raw sequence reads were processed
to remove adapter sequences and low-quality bases using fastp. The QC passed reads
were mapped onto the indexed Human reference genome (GRCh38.p7) using the HISAT2
aligner. Transcript-level expression values were obtained as read counts using feature
counts software. Differential expression analysis was done using the edgeR package after
normalizing the data based on trimmed mean of M values. DEGs were selected based on
log base 2 (fold > 0.6) and log base 2 (fold < —0.6) with a statistical significance of P-value
<0.05.

Gene ontology and pathway analysis

Gene ontology (GO) enrichment analysis for biological process, molecular function,
cellular component, and Kyoto Encyclopedia of Genes and Genomes Pathway was
performed using the ClusterProfiler R package. GO and pathway terms with multiple
tests adjusted P-value < 0.05 are considered significant. To visualize the GO enrichment
results and calculate the z-score, GOplot R package was used. The pathways were
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visualized using the Pathview package to check the differential expression level of the
genes.

RNA isolation and real-time PCR

RNA isolation and real-time PCR were performed as described previously (84, 85). Briefly,
total RNA was extracted from cells using the MN NucleoSpin RNA plus isolation kit (Cat.
No. 740984.5). One microgram of RNA was converted into cDNA using the PrimeScript
first-strand cDNA kit from Takara (#6110A). qRT-PCR was performed with the SYBR Green
PCR Kit (#RR820A, Takara) in the LightCycler 480 Real-Time PCR system. All reactions
were performed in triplicates and normalized with GAPDH as an internal control. The
relative gene expression of each sample was calculated using the 2-ddct formula. The
gene primer sequences are listed in (Table S3).

Virus and inhibitor treatment

One-day post-seeding, SH-SY5Y and T98G cells were incubated with a virus at an MOI
of 5 in an incomplete DMEM-F12 at 37°C for 2 h. After virus adsorption, the inoculum
was removed, and the cells were washed with PBS. The time of virus removal was taken
as 0 hpi for all experiments. After removing the virus-containing medium, the cells were
grown in growth media with reduced serum (5%) for the duration indicated in the figures
and legends. For poly (I:C) (Cat. No. P9582, Sigma-Aldrich) transfection, 5 x 10° SH-SY5Y
cells were seeded in six wells and transfected with poly (I:C) using RNAimax (Invitrogen)
according to the manufacturer’s protocol for 24 h. Cells were pre-treated with Bay
11-7085 (Tocris #1743), an inhibitor of NF-kB, before JEV infection at a concentration
of 1 uM.

Viral RNA isolation from culture supernatant

Takara MiniBEST Viral RNA/DNA Extraction Kit (Cat. No. # 9766) was used to isolate JEV
viral RNA from cell culture supernatants as per the manufacturer’s protocol. An equal
amount of RNA from each transfected sample was used for cDNA synthesis, followed
by gRT-PCR of viral RNA to get Ct values. gRT-PCR products were also analyzed on the
agarose gel.

Antisense oligos/siRNA transfection

SH-SY5Y cells were reverse transfected with 40 nM antisense oligos (ASOs) targeting
JINRT using Lipofectamine RNAIMAX (Life Technologies-Invitrogen, Cat. No.: 13778-075)
as per the manufacturer’s instructions. The following ASOs from Qiagen were used in this
study: ASO-JINR1-1: 5-TACAGCGCCTTTGGTA-3’ (Cat. No: LG00781145-DDA), ASO-JINR1-2:
5-GAGGGAGAACAACGTT-3’ (Cat. No: LG00781146-DDA), ASO-JINR1-3: 5'-GTAGAGGGCT
TTGAAT-3’ (Cat. No: LG00781147-DDA), and non-specific ASO-NS: 5-AACACGTCTATACGC
-3’ (Cat. No: LG0O0000002-DDA). The sequence of siRNA duplexes against RBM10 (Applied
biosystem) is sense 5-CCGCUGUGCUCAAAUCUGATT-3" and antisense 5-UCAGAUUU-
GAGCACAGCGGGT-3". Non-specific siRNA that does not target any known mammalian
gene was purchased from (Dharmacon, Cat. No.: D-001810-10-20. siRNAs were reverse
transfected at a final concentration of 40 nM with lipofectamine RNAIMAX (Invitrogen).
ASOs/siRNA co-transfection with plasmids was done using lipofectamine 3000 (Cat. No:
L3000008) following the manufacturer’s instructions.

Plasmid construction

The full-length human JINRT (1,856 bp) ¢cDNA was amplified by RT-PCR from total
RNA isolated from SH-SY5Y cells using the primers listed in Table S3. Amplified JINRT
was cloned into the pcDNA3.1 plasmid at the Nhel and BamHI sites. Empty plasmid
(pcDNA3.1) was used as a control. The full-length RBM10 construct (pDest26-RBM10)
was a kind gift from Prof. Juan Valcércel, Center for Genomic Regulation, Pompeu
Fabra University, Spain (86). The pcDNA3.1(+)-GRP78/BiP construct was purchased from
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addgene (Cat. No. 32701). All constructs were verified by sequencing. Plasmids were
transfected in SH-SY5Y cells using jetOPTIMUS Polyplus transfection reagent (Cat. No.
101000051) according to the manufacturer’s instructions.

Western blot analysis

Protein isolation and western blotting were done as described previously (84). The
following primary antibodies were used: Cleaved PARP (1: 2,000, CST #5625), RBM10
(1:1,500, Abcam #ab72423), NF-kB p65 (1:2,000) (CST #8242), secondary antibodies
(1:20,000)—HRP conjugated anti-rabbit (Vector Laboratories Cat. No.. Pl 2000) or
anti-mouse IgG (Invitrogen, Cat. No.: A16072). The blot signals were quantified using
Image) software for Microsoft Windows (National Institutes of Health, Bethesda, MD,
USA).

Cell proliferation assay

Cell proliferation assay was done using the WST-1 reagent (Cat. No. 05015944001, Roche)
at the indicated times according to the manufacturer’s instructions. Briefly, SH-SY5Y or
T98G cells were seeded in 96-well plates and reverse transfected with ASO-NS, ASO-
JINR1-1, ASO-JINR1-2, si-NS and si-RBM10 at 40 nM, and cell proliferation was estimated
by taking an OD at 450 nm.

Caspase-3/7 Assay

A luminometric assay kit for caspase-3/7 (Promega, Cat. No. G8090) was used to
determine the enzymatic activity of caspase-3/7 in SH-SY5Y cells transfected with
ASO-JINR1-1, ASO-JINR1-2, ASO-NS, si-NS and si-RBM10, as per the manufacturer’s
instructions.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChlP) was performed as described previously (84, 85).
Briefly, MI or JEV-infected cells were fixed with 1% formaldehyde for 8 min at room
temperature, followed by quenching with 0.125 M glycine for 5 min. Cells were washed
twice with ice-cold phosphate-buffered saline, harvested by scraping, pelleted, and
resuspended in 250 pL of ChIP lysis buffer [50 mM Tris—-HCI (pH 8.1), 0.9% SDS, 10 mM
EDTA, protease inhibitor], and samples were incubated on ice for 1 h. Samples were
sonicated using Bioruptor Plus (Diagenode) with sonication conditions: 30 s on and
30 s off for 25 cycles. After sonication, samples were centrifuged at 14,000 rpm at 4°C
for 20 min. Supernatants were diluted fivefold in ChIP dilution buffer (167 mM NadCl,
16.7 mM Tris—HCl pH 8.1, 1.2 mM EDTA, 1.1% Triton X-100, and protease inhibitors), 25 ug
chromatin samples were used for IP, and 5% of the sample was taken as input. Samples
were incubated at 4°C overnight with NF-kB p65 (1:200) (CST #8242), RNA Polymerase
I1 (1:100) (RNA Pol II; CST #2629), Histone H3 trimethylated at Lysine 4 (H3K4me3; CST
#9751), or anti-rabbit 1gG (CST #2729S) antibody and anti-mouse IgG (CST #5415). The
following day, Dynabeads Protein G (Invitrogen #10004D) 50 uL per sample was added
to the IP tubes and incubated for 2 h at 4°C. The beads were then washed once each
with low-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris—-HCl pH 8.1, and
150 mM Nadl), high-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris HCI
pH 8.1, and 500 mM Nacl), LiCl buffer (0.25 M LiCl, 1% NP-40, 1% deoxycholate, T mM
EDTA, and 10 mM Tris—HCl pH 8.1), and TE buffer (pH 8.0). Following this, samples were
reverse crosslinked using decrosslinking buffer (222 mM NacCl, 50 mM Tris, 10 mM EDTA,
and 0.025% SDS), containing 5 pL proteinase K (NEB #P8107S, 800 U/mL) per sample
with an overnight incubation at 65°C. Genomic DNA was then extracted with a DNA
purification kit (Zymo Cat. No.: D3020), and the DNA in immunoprecipitated samples was
measured using qRT-PCR. Primers for ChlIP are listed in Table S3.
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Formaldehyde-cross-linked RNA immunoprecipitation

RIP was performed as described (45), with minor modifications. Briefly, 15 x 10° SH-SY5Y
cells infected with or without JEV (MOI 5) for 24 h were fixed with 1% formaldehyde to
crosslink protein-bound RNA/DNA complexes, and formaldehyde was quenched by the
addition of glycine to a concentration of 0.125 M. Cells were then washed with PBS and
incubated in 1 mL collection buffer [100 mM Tris—-HCl (pH 9.4) and 100 mM DTT, protease
inhibitor, RNaseOUT] on ice for 15 min. Nuclei were isolated by resuspension in 1 mL
buffer A [10 mM EDTA, 0.5 mM ethyleneglycol- bis (B-aminoethyl)-N,N,N’,N'-tetraacetic
acid (EGTA), 10 mM HEPES, and 0.25% Triton X-100, protease inhibitor, RNaseOUT] and
centrifugation at 3,000 g at 4°C. Nuclear pellets were then sonicated using bioruptor
(Diagenode) with sonication conditions: 30 s on and 30 s off for 25 cycles in 900 pL
Shearing buffer AM2 (Active motif 53024) to produce DNA/RNA fragments of about 500
nucleotides. The sonicated extract was split into equal aliquots, made up to a total of
1.5 mL with IP buffer (1% Triton X-100, 0.1% DOC, 1x TE, RNaseOUT), 50 pL of the
Dynabeads Protein G, RBM10 (1:40) (ab72423; Abcam), NF-kB p65 (1:200) (CST #8242), or
rabbit IgG (CST #2729S) antibodies, and incubated overnight at 4°C. The beads-bound
RNA/DNA complexes were washed six times with RIPA buffer (50 mM HEPES pH 8, 1 mM
EDTA, 1% NP-40, 0.7% DOC, 0.5 M LiCl, and protease inhibitor mix, RNaseOUT) and once
with TE buffer (protease inhibitor mix, RNaseOUT). The DNA/RNA was extracted from
the beads by adding 100 uL of elution buffer (10 mM Tris pH 8, 1T mM EDTA, 1% SDS,
RNaseOUT) and incubated at 65°C with gentle shaking for 15 min. For reversing the
crosslinking, elution buffer containing RNA/DNA was supplemented with 2 pL of 5 M
NaCl and 2 pL proteinase K (NEB) and made up to a total volume of 170 uL and incubated
for 5 h at 70°C. After reverse crosslinking, 750 pL of TRIzol was added per sample.
RNA was extracted using the Direct zol RNA kit (Zymo R2050) per the manufacturer’s
instructions. cDNA synthesis was carried out using the PrimeScript first-strand ¢cDNA kit
from Takara (#6110A). qRT-PCR was performed in triplicates with 0.5 uL cDNA using SYBR
Green PCR Kit (#RR820A, Takara) on a LightCycler 480 Real-Time PCR System. The primers
used for JINRT are provided in Table S3. The results are expressed as fold enrichment over
input and normalized to Ml IgG.

Construction of protein-protein interaction network

The Search Tool for the Retrieval of Interacting Genes (STRING) is an online tool that
assesses protein-protein interaction (PPI) network information (67). STRING (version 11.5)
was used to evaluate the potential PPI relationships for the p65 (RelA) and RBM10. Then,
the primary PPl network was constructed using predicted and experimentally validated
interacting proteins with a confidence score > 0.7, and the network was grouped into
four clusters using k-means.

Co-immunoprecipitation

5 x 10° SH-SY5Y cells were infected with or without JEV (MOI 5). Thirty-six-hour post-
infection cells were washed with PBS and scraped using 250 ul of ice-cold IP lysis
buffer [25 mM Tris—HCI (pH 7.4), 150 mM NaCl, 0.5% NP-40, 1 mM EDTA, 0.5% sodium
deoxycholate, 0.05% SDS, and protease and phosphatase inhibitors] on ice, transferred
to 1.5 mL microcentrifuge tubes and rotated for 30 min at 4°C. Lysates were then
passed through the 26-gauge needle and incubated on ice for 5 min. The supernatant
was collected by centrifuging the lysates 14,000 g for 15 min at 4°C, and the protein
concentration was determined by BCA assay. Cell lysates were pre-cleared by mixing
with 30 yL Dynabeads Protein G (Invitrogen #10004D) and incubating at 4°C for 2 h with
gentle agitation. One hundred fifty micrograms of pre-cleared protein was incubated
with RBM10 (1:100) (ab72423; Abcam), NF-kB p65 (1:100) (CST #8242), or rabbit IgG (CST
#2729S) antibodies overnight at 4°C. The following day lysates with antibodies were
incubated with Dynabeads Protein G (Invitrogen #10004D) for 2 h at 4°C with gentle
shaking. The beads-bound protein complexes were washed three times with IP wash
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buffer [25 mM Tris—HCI (pH 7.5), 0.1% (vol/vol) NP-40, 1 mM EDTA, 125 mM NaCl] and
resuspended in 2x Laemmli buffer and boiled for 5 min to release the bound protein. The
samples were then analyzed by Western blot with a specific antibody. A fifteen pg aliquot
of cell lysate was used as input control. The same membrane was stripped by incubating
at 50°C for half an hour in stripping buffer and reprobed with the corresponding IP
antibody.

Statistical analysis

The results are presented as mean = SEM unless otherwise stated. We used paired
Student’s t-test for comparisons between two experimental groups. Additional statistical
test information is described in the Figure legends. P < 0.05 was considered statistically
significant.
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