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Abstract
To determine whether cellular miRNAs play a role in West Nile virus (WNV) neuropathogenesis,
we evaluated WNV-infected mice brain for the expression profile of miRNAs, their potential
functions and their correlation with genes involved in inflammatory pathways. A total of 528
miRNAs and 168 mRNA genes were examined. One hundred thirty-nine miRNAs were
significantly differentially expressed in WNV-infected mice brain. Ingenuity pathway analysis
demonstrated that these miRNAs and their target genes are involved in pathways related to
inflammatory response, immune-cell trafficking and cell death. Moreover, we demonstrate an
inverse correlation between WNV-modulated miRNAs and their target neuroinflammatory genes
in the same mice brain. We demonstrate that miR-196a, miR-202-3p, miR-449c, and miR-125a-3p
target multiple genes involving cytokines, chemokines, and apoptotic genes, which belong to
different signaling pathways that play critical role in WNV neuropathogenesis. Functional studies
targeting specific miRNA are warranted to develop therapeutics for the management of WNV
disease.
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Background
MicroRNAs (miRNAs) are endogenous, short, non-coding RNA molecules (≈22nts)
involved in post-transcriptional regulation of gene expression (Esteller, 2011). They
function by directly binding to the 3’ untranslated regions (3’UTRs) of specific target
mRNA, causing a block of translation or degradation of the target mRNA (Esteller, 2011;
Huang et al., 2011). miRNAs regulate gene expression in a wide range of physiological and
pathological conditions such as embryogenesis, differentiation, inflammation, viral
infections, diabetes and carcinogenesis (Esteller, 2011; Huang et al., 2011). miRNAs have
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been demonstrated to play a crucial regulatory role in neurodegenerative diseases such as
Alzheimer and Parkinson (Junn and Mouradian, 2012; Meza-Sosa et al., 2012). miRNAs
also play a critical role in the regulation of immune response, including the differentiation,
proliferation, cell fate determination, function of immune cells, and inflammatory mediator
release as well as the intracellular signaling pathways (Ha, 2011; Pauley and Chan, 2008).
miRNAs have been recently demonstrated to target proteins involved in regulating
inflammation, and have a significant impact on the magnitude of the inflammatory response
(O'Connell et al., 2012; Sonkoly et al., 2008).

In addition to their regulatory roles in diverse biological pathways, cellular miRNAs play
critical roles in virus-host interactions. Several viruses including hepatitis C virus (HCV),
human immunodeficiency virus type 1 (HIV-1), influenza viruses, human T-cell
lymphotropic virus type I (HTLV-I), and human cytomegalovirus (HCMV) have been
demonstrated to cause dramatic changes in cellular miRNAs expression (Huang et al., 2007;
Li et al., 2010; Wang et al., 2008a). miRNAs of infected cells can influence the ability of a
virus to replicate or spread, since many pathways including cell cycle, apoptosis, and
immune response are modulated by miRNAs. For example, miR-28, miR-125b, miR-150,
miR-223, miR-198 and miR-382 inhibit HIV replication in CD4+ T cells by directly
targeting HIV mRNA or by modulating cellular factors responsible for its replication
(Huang et al., 2007; Sung and Rice, 2009). Furthermore, miR-122 supports HCV replication
by enhancing colony formation efficiency of HCV (Jopling et al., 2005), whereas miR-196
and miR-296 substantially attenuate virus replication through type I interferon (IFN)-
associated pathways in liver cells (Pedersen et al., 2007). Similarly, HCMV and HTLV-1
regulate the expression of multiple cellular miRNAs to facilitate their replication (Bellon et
al., 2009; Wang et al., 2008a). Similarly, miRNA HS_154 contributes to West Nile virus
(WNV)-mediated apoptosis in vitro in human neuronal cell line, SK-N-MC (Smith et al.,
2012). However, in vivo role of miRNAs in WNV neuropathogenesis is largely unknown.

Since its introduction in 1999, WNV encephalitis (WNVE) has become the most common
mosquito-borne flavivirus neuroinvasive disease in the U.S., with the most recent outbreak
in 2012 claiming 243 lives among 5,387 confirmed cases (Beasley et al., 2013). No drugs or
vaccines against WNV are approved for human use. WNV infection is subclinical in most
humans. However ~20-30% patients develop symptoms of WNV disease ranging from fever
and mild headaches to severe encephalitis including cognitive dysfunction, seizures and
flaccid paralysis. The fatality rate is approximately 10% for hospitalized WNVE cases
(Murray et al., 2006). Following peripheral infection, WNV replication is first thought to
occur in skin Langerhans dendritic cells. These cells migrate to draining lymph nodes,
resulting in primary viremia. By the end of the first week, the virus is largely cleared from
the peripheral organs, but in a subset of patients WNV enters the brain and causes a
spectrum of neurological disorders (Samuel and Diamond, 2006). Neurons are the prime
target of WNV replication and virus-associated pathology is characterized by neuronal
death, activation of glial cells, blood-brain barrier (BBB) disruption, increased production of
pro-inflammatory mediators and infiltration of leukocytes in the perivascular space and
parenchyma (Diamond and Klein, 2004; Garcia-Tapia et al., 2007; Kelley et al., 2003).

Both anti-viral and pro-inflammatory responses to WNV infection play an important role in
the modulation of host defense and disease manifestation (Diamond et al., 2009; Diamond et
al., 2003). The response of WNV infection in the brain is associated with massive
inflammatory events including production of cytokines such as interleukin (IL)-1β, -6 and
tumor necrosis factor-α (TNF-α), and chemokines (Durrant et al., 2013; Klein et al., 2005;
Kumar et al., 2013). The role of the various chemokines and cytokines such as TNF-α and
CXCL10, have been established in recruitment of immune cells into the brain and virus
clearance (Klein et al., 2005; Shrestha et al., 2008). While, Infiltration of immune cells,
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specifically CD8+ T cells is essential for controlling WNV infection in the brain, it also
causes immunopathology (Shrestha and Diamond, 2004; Wang et al., 2003). WNV-induced
neuronal death is via apoptosis and involves induction of various apoptotic genes (Parquet et
al., 2001; Samuel et al., 2007; Shrestha et al., 2003). BBB disruption is associated with
disruption of tight junction proteins (TJP) and production of matrix metalloproteinases (Roe
et al., 2012; Wang et al., 2008b). Thus, modulation of genes involved in various signaling
pathways such as apoptosis, antigen presentation, BBB disruption and inflammation in the
brain following WNV infection play a role in overall disease pathogenesis. However, the
upstream regulatory pathways, which control the expression of these genes in WNV
infection, are poorly understood.

Since, miRNAs, by modulating networks of hundreds to thousands of mRNAs regulate
multiple signaling pathways involving inflammatory response, we analyzed the cellular
miRNA expression profiles in mice brain following WNV infection. We assessed the
potential functions of differentially expressed miRNAs by analyzing the predicted target
genes and associated signaling pathways. We also examined the mRNA gene expression
data from the same mice brain to assess functional associations of differentially expressed
cellular miRNAs with their differentially expressed targets and their role in WNV
neuropathogenesis. To our knowledge, this is the first study to evaluate modulation of
miRNAs in the mice brain following WNV infection.

Results and Discussions
WNV modulates cellular miRNAs expression in mice brain

Several studies have demonstrated changes in cellular miRNAs expression levels in
response to viral infection (Bhomia et al., 2010; Li et al., 2010; Zhou et al., 2012). To
identify differentially expressed miRNAs associated with WNV infection in the mice brain,
we evaluated cellular miRNA expression profiles in the brain of mock- and WNV-infected
mice at day 8 after infection. WNV is first detected in the brain between days 4 and 6 after
footpad inoculation and peak virus load is observed at day 8 after infection (Kumar et al.,
2012; Roe et al., 2012). Therefore, to understand the miRNA changes occurring at the time
of high WNV replication in brain, we examined miRNAs expression at day 8 after infection.
No virus was detected in the mock-infected brains. Virus titers were similar (6 × 103 ± 1,178
PFU/g of tissue, n=4) in the brains of all WNV-infected mice at day 8 after infection as
measured by plaque assay (Kumar et al., 2012).

We used quantitative RT-PCR array to evaluate the miRNA expression profiles in the brain
of mock- and WNV-infected mice. Among 528 miRNAs present on the array, 139 miRNAs
were significantly modulated. miRNAs that were altered at least 2-fold were considered
significant. Thirty-six miRNAs were significantly up-regulated, and 103 were down-
regulated in WNV-infected brains when compared to mock brains (Tables 1 and 2). The
number of down-regulated miRNAs was approximately three times more than the up-
regulated miRNAs. Since miRNA negatively regulate gene expression, this pattern
correlates with previously reported WNV data, where the number of inflammatory genes
was up-regulated in the brain at day 8 after infection (Glass et al., 2005; Klein et al., 2005;
Kumar et al., 2013). Ten miRNAs were up-regulated more than 10-fold. Among these,
let-7a was profoundly increased by more than 1,000-fold and miR-99a was up regulated
more than 100-fold in WNV-infected brain when compared to mock brain (Table 1).
Overall, significant increase in expression of let-7 family members (between 7 to 1,000-fold
change) was observed with the exception of let-7c, which was reduced by 2.1-fold in WNV-
infected brain. Let 7 family members are among the highly abundant regulators of gene
expression in the brain (Lehmann et al., 2012). Let-7 is observed to increase among patients
with Down syndrome, Parkinson's disease (PD) as well as Alzheimer's disease (AD) (Kuhn
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et al., 2008; Lehmann et al., 2012). It has been demonstrated that let-7 induces
neurodegeneration through activation of neuronal toll-like receptor 7 (Lehmann et al., 2012).
Among down-regulated miRNAs, miR-196a, miR-470, miR-21*, miR-208a, miR-683,
miR-184, miR-693-3p, miR-202-3p, miR-429, miR-878-3p, and miR-327 were down-
regulated more than 10-fold. miRNA-196a is associated with cell survival and protection in
neurodegenerative diseases such as Huntington's disease (HD) (Cheng et al., 2013). In our
study, miRNA-196a was down-regulated by more than 13,000-fold (Table 2), which
correlates with neuronal apoptosis observed in WNV-infected mice (Kumar et al., 2013).

WNV-modulated specific miRNAs are also involved in other neurological diseases
Specific miRNAs have been identified in various human brain disorders (Meza-Sosa et al.,
2012; Rege et al., 2013). Interestingly, several miRNAs differentially modulated following
WNV infection have been implicated to play important role in the pathogenesis of other
virus-mediated neurological diseases and classical neurodegenerative diseases such as HD,
AD, and PD. For example, up-regulation of miR-30e and down-regulation of miR-196,
miR-128, miR-29c, miR-132, miR-222, and miR-9* observed in WNV-infected mice brain
in our study, have been associated with HD, while reduced expression of miR-7 and up-
regulation of miR-101 are associated with PD and AD, respectively (Meza-Sosa et al., 2012;
Rege et al., 2013). Similarly, increased expression of miR-155 was observed in Down
syndrome (Kuhn et al., 2008). Moreover, increased expression of miR-155, miR-101a,
miR-449a, and miR-879, and reduced expression of miR-130b, miR-195, miR-381,
miR-322, miR-129-5p, and miR-126-5p observed in our study have been also demonstrated
in the brain of CD-1 mice infected with Venezuelan equine encephalitis virus (VEEV)
(Bhomia et al., 2010). Interestingly, down-regulation of let-7 family miRNAs, the most
abundant miRNAs in mouse brain, was observed in both classical neurodegenerative disease
such as HD and virus-induced encephalitis such as VEE in mice (Bhomia et al., 2010;
Lagos-Quintana et al., 2002; Rege et al., 2013). In contrast, we observed a significant
increase in the expression of let-7 family members in WNV-infected mice brain, suggesting
that up-regulation of let-7 family miRNAs is specific for WNV infection in the brain.

However, no studies have previously reported modulation of miRNAs in mice brain after
WNV infection. Recently Cho et. al. demonstrated high expression of miRNA-132 in naïve
cortical neurons compared to naïve granule cell neurons (Cho et al., 2013). They further
demonstrated that ectopic expression of miRNA-132 in naïve granule cell neurons decreased
the expression of interferon stimulating genes (ISGs). Moreover, they also observed
increased WNV replication in cortical neurons compared to granule cell neurons.
Collectively, based on these data, Cho et. al. concluded that high expression of miR-132 in
naïve cortical neurons might enhance WNV infection by negatively regulating IFN-β
signaling and anti-WNV immunity (Cho et al., 2013). However, this study has not examined
the change in the miRNA-132 expression in the neurons after WNV infection. Our data
demonstrate down-regulation of miR-132 after WNV infection in the brain (Table 2), which
correlates with previously published reports of increased production of ISGs and IFN-β in
the mice brain at day 8 after infection (Lazear et al., 2011; Suthar et al., 2010). Another
study by Smith el. al. has demonstrated that WNV infection modulates the expression of
several human cellular miRNAs in human embryonic kidney, HEK293, and human neuronal
epithelioma, SK-N-MC, cell lines (Smith et al., 2012). They also demonstrated that WNV-
induced cellular miRNA, Hs_154, contributes to virus-mediated apoptosis in SK-N-MC cell
line (Smith et al., 2012). Although, a hairpin structure homologous to that encoding Hs_154
in humans has been identified in mice but was not evaluated in this study (Berezikov et al.,
2006). Taken together, differential regulation of similar miRNAs in virus-mediated
neurological as well as HD, AD and PD suggests that viruses possibly modulate common
neurological pathways, which are also involved in classical neurodegenerative diseases.
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Functional analysis of WNV-modulated miRNAs and their predicted targets
To characterize the function of differentially expressed miRNAs, ingenuity pathways
analysis (IPA) was conducted using the predicted gene targets to analyze their potential
biological function. Biofunctional analysis of WNV-modulated miRNAs and their targets
revealed cell death and survival, immune-cell trafficking, cell-mediated immune response,
and inflammatory response as the top pathways in signaling pathways category (Fig. 1A).
Since WNV infection of the mice brain is associated with enhanced infiltration of immune
cells into the brain, increased production of pro-inflammatory cytokines and chemokines
and apoptosis of neurons, these miRNAs may play an important role in neuroinflammation
and neuronal death following WNV infection (Glass et al., 2005; Klein et al., 2005; Kumar
et al., 2013; Shrestha et al., 2003).

Our pathway-based analysis further demonstrated that WNV-modulated miRNAs and their
targets regulate important canonical signaling pathways such as integrin, NF-kB and ERK/
MAPK, CXCR4, TJP, and apoptosis signaling pathways (Fig. 1B). Integrins have been
demonstrated to enhance WNV replication in various cells including Vero, baby hamster
kidney, and mouse embryo fibroblast cells (Chu and Ng, 2004; Schmidt et al., 2013). WNV
infection is associated with activation of NF-kB and ERK/MAPK signaling pathways, which
regulates antigen presentation, production of pro-inflammatory cytokines and cell survival
after infection (Kesson and King, 2001; Scherbik and Brinton, 2010; Suthar et al., 2013).
WNV-induced expression of CXCR4 prevents T cell trafficking into the mice brain
(McCandless et al., 2008). Migration of T cells into the brain is essential for protection
against WNV infection by clearing virus in the brain (McCandless et al., 2008; Shrestha and
Diamond, 2004). We have previously demonstrated that WNV-induced disruption of TJP
leads to the opening of the BBB allowing unrestricted entry of virus and immune cells into
the mice brain (Roe et al., 2012). Apoptosis is a principal cause of neuronal death in WNV
infection and involves activation of various apoptotic-signaling molecules such as
caspase3/9 and Bcl2 family genes (Parquet et al., 2001; Samuel and Diamond, 2006;
Shrestha et al., 2003). Thus, by regulating these canonical pathways, these differentially
modulated miRNAs may play an important role in WNV disease pathogenesis of brain.

WNV modulates neuroinflammatory mRNA gene expression in mice brain
We further analyzed the mRNA expressions of key neuroinflammatory molecules in the
same mice brain to examine whether differentially expressed miRNAs could regulate their
target genes. Consistent with the earlier studies WNV infection in the brain significantly
induced the expression of pro-inflammatory cytokines, chemokines and their receptors,
genes involved in apoptosis signaling and antigen presentation pathways (Garcia-Tapia et
al., 2007; Glass et al., 2005; Kumar et al., 2013) (Table 3). Only mRNA genes that were
altered at least 2-fold were considered significant. To examine that this increase in mRNA
expression also lead to increased protein levels, we measured protein levels of key
chemokines and cytokines in the brain homogenates using Luminex assay. Similar to the
mRNA expression, protein levels of the key chemokines such as CXCL10, CCL2, CCL5,
CCL3, CXCL1 and cytokines such as IL10, IFNγ, TNF-α, and IL-1β were significantly
increased in the brain of WNV-infected mice as compared to mock-infected mice (Fig. 3).
Many of these genes are known to play a significant role in WNV neuropathogenesis
(Diamond et al., 2009; Diamond et al., 2003).

Network analysis of expression of miRNAs and mRNAs from WNV-infected mice brain
We next sought to determine whether mRNA gene expression changes might be influenced
by the differential expression of cellular miRNAs during WNV infection in the brain. To
analyze the direct and indirect miRNA-mRNA gene interactions, we conducted IPA
expression pairing analysis with mRNA expression data and significantly modulated
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miRNAs. Several miRNAs were found to directly or indirectly target multiple genes
analyzed in our study and demonstrated an inverse correlation with mRNA gene expression
of inflammatory molecules induced by WNV in the same brain sample and the same time
point after infection, day 8, suggesting their role in regulating inflammation following WNV
infection. We focused on four miRNAs, miR-196a, miR-202-3p, miR-449c, and
miR-125a-3p, which regulate multiple genes that play key role in WNV-induced
neuroinflammation (Fig. 3A-D).

miR-196a is the topmost down-regulated miRNA, which targets CCR2, NFKBIA, and
SMAD6 (Fig. 3A). While, CCR2 is a chemokine receptor critical for monocytes
accumulation in the mice brain and enhanced survival in WNVE, NFKBIA is a member of
NF-kB inhibitor family, which inhibits NF-kB function (Lim et al., 2011). NF-kB is a
transcription factor essential for antigen presentation and production of type I IFNs and pro-
inflammatory cytokines (Fredericksen, 2013; Kesson and King, 2001; Suthar et al., 2013).
Our data suggest that down-regulation of miR-196a led to increased expression of CCR2
and NFKBIA in WNV-infected mice brain. miR-196 has been previously demonstrated to
play diverse biological functions involving immune response, inflammation and virus
defense (Chen et al., 2011). Furthermore, miR-202-3p is down-regulated and its targets
TNFRSF1B, CCR7, BCL2L1, S100A8, THBS1, CCL7 and IL10 are up-regulated in WNV-
infected mice brain (Fig. 3B). Similarly, down-regulation of miR-449c led to up-regulation
of its targets CXCL10, CXCL11, NFKBIA, SERPINE1, IL2RB, CCR1, MYC, SNAI1, and
BCL6 (Fig. 3C). Along with mRNA, our data also demonstrated increase in the protein
levels of the target genes such as IL10 and CXCL10 (Fig. 2). These targets involve genes
belonging to immune-cell trafficking, inflammatory response and apoptosis signaling
pathways which mediates multiple effectors function such as trafficking of immune cells
into the brain, production of pro-inflammatory mediators and neuronal apoptosis after WNV
infection (Bai et al., 2009; Kesson and King, 2001; Klein et al., 2005; Parquet et al., 2001).
It is interesting to see correlation between WNV-modulated miRNAs and target genes at
both mRNA and protein level, which is consistent with the miRNA-mRNA-protein triad and
demonstrate functional importance of our results.

We further demonstrate that miR-125a-3p may play an important role in regulating anti-viral
cytokines in the brain following WNV infection. miR-125a-3p targets PTGS2, IL1R1, IL10
and CCL4, which play significant role in modulating host immune responses to WNV
infection in the brain (Fig. 3D). IL1R1 signaling is required to restrict WNV infection in the
mice brain by T cell reactivation and limiting inflammation (Durrant et al., 2013). In
contrast, IL10 signaling facilitates WNV infection in the mice by suppressing antiviral
cytokines production (Bai et al., 2009). We previously demonstrated that WNV-induced
PTGS2 or COX-2 is involved in modulating the expression of multiple neuroinflammatory
mediators in human brain astrocytes (Verma et al., 2011). While proinflammatory cytokines
response is important in anti-WNV immunity, increased production of these cytokines also
contributes to the overall disease pathogenesis (Bai et al., 2010; Diamond et al., 2009; Wang
et al., 2003). Therefore, down-regulation of miR-125a-3p after WNV infection in the brain
may be a protective host response to balance between an effective immune response and
immunopathology due to excessive inflammation. miR-125a has been previously
demonstrated to constitutively activate NF-κB pathway (Kim et al., 2012). WNV infection is
also associated with activation of NF-kB pathway, which regulates antigen presentation and
production of type I IFNs and pro-inflammatory mediators (Fredericksen, 2013; Kesson and
King, 2001; Suthar et al., 2013). Therefore, down-regulation of miR-125a-3p could control
WNV-induced inflammation in the brain by regulating activation of NF-kB pathway.
miR-125a-3p has also been demonstrated to interfere with hepatitis B virus translation and
down regulates the expression of the virus surface antigen (Potenza et al., 2011).
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Similar to the down-regulated miRNAs, several up-regulated miRNAs were found to
directly or indirectly target multiple genes analyzed in our study. Up-regulation of specific
miRNAs such as miR-155 and miR-32 was well correlated with neuroinflammatory
molecules (Fig. 4). miR-155 target genes were IL-13, BDNF, and CCR9 (Fig. 4A). One of
the target genes, IL13, is involved in cell survival and reduced levels of IL13 observed in
WNV-infected mice may promote apoptosis (Park et al., 2009). Also, miR-155 has been
previously demonstrated to regulate immune response to bacterial and viral Infections
(O'Connell et al., 2012). Recently, aberrant expression of miR-155 was observed in many
autoimmune conditions, including rheumatoid arthritis, multiple sclerosis, and systemic
lupus erythematosus (Leng et al., 2011; O'Connell et al., 2012). Furthermore, miR-32 targets
SMAD6, SOX4, IL36B, and CCR9 genes (Fig. 4B) and it has been demonstrated recently
that TGF-β1/Smad6–signaling pathway contributes to WNV pathogenesis (Sultana et al.,
2012). However, the role of other target genes, SOX4, IL36B, and CCR9 genes in WNV
neuroinflammation remains to be determined.

In conclusion, this study for the first time demonstrates that WNV infection causes
modulation of miRNAs expression in the mice brain. Biofunctional analysis demonstrates
that WNV-modulated miRNAs and their target genes regulate the pathways that are
important for WNV disease pathogenesis. These data demonstrate an inverse correlation
between WNV-modulated miRNAs and target neuroinflammatory genes induced by WNV
infection in the mice brain. Moreover, positive correlation of WNV-modulated miRNAs
with protein levels of neuroinflammatory genes, which are known to play a significant role
in WNV neuropathogenesis, further emphasize functional importance of these miRNAs in
WNV disease pathogenesis. Furthermore, our analysis also demonstrates that individual
miRNAs including miR-196a, miR-202-3p, miR-449c, and miR-125a-3p can modulate
multiple upstream regulatory genes and down-regulation of these miRNAs following WNV
infection triggers the pathways leading to neuroinflammation and neuronal death in the mice
brain. Collectively these data suggest that miRNAs regulate downstream gene expression,
important in WNV disease pathogenesis, and can be targeted in the future to develop
therapeutics for the management of WNV disease.

Materials and Methods
Animal experiments

Nine-week old C57BL/6J mice were purchased from The Jackson Laboratory. Animals were
housed four per cage and allowed to eat and drink ad libitum. The animal suite was
maintained at 72°F, 45% humidity and on 12/12-light/dark cycles. Sawdust bedding was
provided along with paper towel. This study was approved by the University of Hawaii
Institutional Animal Care and Use Committee (IACUC) (protocol number 10-948), and
conducted in strict accordance with guidelines established by the National Institutes of
Health and the University of Hawaii IACUC. All animal experiments were conducted in
consultation with veterinary and animal care staff at the University of Hawaii in the animal
biosafety level-3 laboratory.

Mice (four animals per group) were inoculated via the footpad route with 10 plaque forming
units (PFU) of WNV (NY99) or PBS (mock). A power calculation assuming a type I error of
0.05 gave a power of 92% using four mice per group. At day 8 after infection, mice were
anesthetized using isoflurane and perfused with cold PBS as described previously (Kumar et
al., 2012). Brains were harvested and flash frozen in 2-methylbutane (Sigma) and stored at
−80° C until further use.
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Plaque assay
One-half of the frozen brain of four mice was weighed and homogenized in a bullet blender
(Next Advance) using glass or zirconium beads, and plaque assay was conducted for four
brain homogenates using Vero cells for analysis of WNV titer as described previously
(Kumar et al., 2012; Kumar et al., 2013).

Luminex assay
Levels of cytokines and chemokines in the above mentioned four brain homogenates were
measured by Luminex assay using MILLIPLEX MAP Mouse Cytokine/Chemokine kit
(Millipore) as described previously (Kumar et al., 2013).

miRNA PCR array
One-half of the frozen brain of four mice was powdered over dry ice to obtain a
homogenous sampling. An aliquot of the frozen powder was used to isolate total miRNA
using miRNeasy Mini Kit (Qiagen, Cat # 217004) according to the manufacturer's protocol.
Genomic DNA contamination was eliminated by digesting the RNA with RNase-free DNase
(Ambion, Austin, TX). RNA was quantitated using Nanodrop (Thermo Scientific,
Wilmington, DE) and the 28S/18S RNA ratios of all RNA samples were between 1.8 and 2.
Total RNA (1.5 μg) was reverse-transcribed into cDNA using RT2 miRNA First Strand Kit
(Qiagen, Cat # 331401) as per manufacturer's protocol. cDNA from all four animals from
each group was pooled.

The expression profile of miRNAs was measured by quantitative real-time polymerase chain
reaction (qPCR) using the Mouse miRNome RT2 miRNA PCR Array (SABiosciences, Cat #
331213) as per manufacturer's protocol. Briefly, 100 μL (6 μg) of total cDNA was mixed
with 5 mL of RT2 SYBR Green Fluor qPCR mastermix (Qiagen, Cat # 330513) and 4.9 mL
of nuclease free water. Twenty five-μL of this mixture was loaded in each well of a 96-well
plate and qPCR was conducted using Bio-Rad iCycler real-time PCR machine as per
manufacturer's protocol (Kumar et al., 2013). The miRNA PCR array contains 528 unique
rodent miRNAs in six 96-well plates. Each plate also includes four housekeeping genes
(Snord85, Snord68, Snord66, and Rnu6), two positive PCR controls (PPC) and two reverse
transcription controls (RTC).

mRNA PCR array
As mentioned above, an aliquot of same frozen brain powder was used to extract total RNA,
reverse-transcribed into cDNA and expression profile of multiple cytokines, chemokines and
their receptors was analyzed using a commercial Profiler Inflammatory Cytokines and
Receptors PCR Array (SABiosciences, Cat # PAMM-011Z) and RT2 Profiler TGFβ
Signaling Targets PCR Array (SABiosciences, Cat # PAMM-235Z) as described previously
(Kumar et al., 2013). cDNA from four animals from each group was pooled.

Statistical Analysis
qPCR data obtained from the miRNA and mRNA PCR arrays was analyzed for the
modulation of statistically significant miRNAs and mRNAs using RT2 Profiler PCR Array
Data Analysis version 3.5 (SABiosciences) as described previously (Kumar et al., 2013).
Cycle threshold (Ct) values of >35 was considered to be non-specific and miRNAs and
mRNAs with raw Ct value of >35 were excluded from the analysis. The fold change in
WNV-infected mice brain as compared to mock-infected brain was calculated after
normalizing to the housekeeping genes. miRNAs and mRNAs with a fold change of ±2 were
considered significant.
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Target prediction and pathway analysis was conducted using IPA (Ingenuity Systems Inc.,
Redwood City, CA) as described previously (Shin et al., 2013). Fisher's exact test, using
IPA, was used to calculate cut-off point of significance. p < 0.05 is considered significant.
We also conducted correlation pairing with mRNA expression data and significantly
modulated miRNAs using IPA as described previously (Shin et al., 2013).

For Luminex analysis, unpaired student t-test using Graphpad was used to calculate p values
as described previously (Kumar et al., 2012). p < 0.05 is considered significant.
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Research Highlights (For Review)

• WNV infection causes modulation of miRNAs expression in the mice brain.

• miRNAs and their target genes regulate the pathways important for WNV
pathogenesis.

• We demonstrate inverse correlation between WNV-modulated miRNAs and
target genes.

• WNV-modulated miRNAs directly correlate with protein levels of inflammatory
genes.
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Fig. 1.
Core functional pathway analysis of WNV-modulated miRNAs using IPA. (A) Top
biological functions regulated by significantly modulated miRNAs. Threshold bar indicates
cut-off point of significance P < 0.05, using Fisher's exact test. (B) Top canonical signaling
pathways regulated by significantly modulated miRNAs. Threshold bar indicates cut-off
point of significance P < 0.05, using Fisher's exact test. Line indicates ratio of genes in
network to total number of genes in the canonical pathway.
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Fig. 2.
Enhanced production of cytokines and chemokines in WNV-infected mice brains. Brains
were harvested from mock and WNV-infected WT mice at day 8 after infection and
homogenized as described in materials and methods. Levels of chemokines and cytokines as
noted in the figure were measured using multiplex Luminex assay and are expressed as the
mean concentration (pg/g of tissue) ± SEM (n=4 per group). *p < 0.05, **p < 0.001, using
unpaired student t-test.
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Fig. 3.
Networks of the interactions of the miRNA target genes. IPA tool was used to generate the
miRNA-mRNA interaction network using (A) miR-196a, (B) miR-202-3p, (C) miR-449c,
and (D) miR-125a-3p and neuroinflammatory mRNAs genes analyzed in our study. Solid
lines represent direct interactions and dashed lines indirect interactions. Red (increased
expression) and green (decreased expression).
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Fig. 4.
Networks of the interactions of the miRNA target genes. IPA tool was used to generate the
miRNA-mRNA interaction network using (A) miR-155, (B) miR-32 and neuroinflammatory
mRNAs genes analyzed in our study. Solid lines represent direct interactions and dashed
lines indirect interactions. Red (increased expression) and green (decreased expression).
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Table 1

Up-regulated miRNAs
#

miRNA Fold-change miRNA Fold-change miRNA Fold-change

let-7a 1024 let-7i 7 miR-30a 2.8

miR-99a 128 miR-1187 4.8 miR-181c 2.8

miR-30e 91
miR-30c-1

* 4.4 miR-133b 2.5

let-7e 60 miR-201 4.2 miR-221 2.4

miR-142-5p 26 miR-503 4.0 miR-219 2.4

let-7g 24 miR-122 3.4 miR-1900 2.4

miR-142-3p 21 miR-193 3.4 miR-20a 2.3

miR-155 15 miR-500 3.2 miR-465a-3p 2.3

miR-27b 13 miR-449a 3.0 miR-770-3p 2.2

miR-19a 11
miR-133a

* 3.0 miR-18a 2.1

miR-101a 9
miR-196a

* 2.9 miR-374 2.1

miR-32 8 miR-879 2.9 miR-217 2.1

#
Change in the levels of each gene was first normalized to the housekeeping genes and then the fold-change in WNV-infected brain was calculated

in comparison to mock-infected brain.

*
miRNA strands that are the complementary strands of the functional single-stranded miRNAs.
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Table 2

Down-regulated miRNAs
#

miRNA Fold-change miRNA Fold-change miRNA Fold-change

miR-196a −13308 miR-672 −4.7 miR-98 −3.0

miR-470 −28 miR-423-5p −4.7 miR-100 −3.0

miR-21
* −28 miR-302b −4.7 miR-673-5p −3.0

miR-208a −20 miR-546 −4.5
miR-141

* −2.9

miR-683 −13
miR-200b

* −4.4 miR-466f-3p −2.9

miR-184 −12
miR-295

* −4.4 miR-877 −2.9

miR-693-3p −12 miR-106a −4.4 miR-380-5p −2.9

miR-202-3p −12 miR-141 −4.3 miR-324-5p −2.9

miR-429 −12
miR-200c

* −4.1 miR-30b −2.8

miR-878-3p −11 miR-130b −4.1 miR-708 −2.8

miR-327 −10
miR-145

* −3.9 miR-322 −2.8

miR-466d-5p −8.7 miR-574-3p −3.9 miR-132 −2.7

miR-654-5p −8.3 miR-671-3p −3.9 miR-149 −2.7

miR-125a-3p −7.6 miR-135a −3.8 miR-370 −2.7

miR-20b −7.6
miR-467a

* −3.8 miR-101b −2.7

miR-183 −7.5 miR-375 −3.8 miR-7a −2.7

miR-200c −7.4 miR-293 −3.6 miR-191 −2.6

miR-181a-2
* −7.3 miR-151-5p −3.5 miR-96 −2.6

miR-675-5p −7.2 miR-31 −3.5 miR-129-5p −2.5

miR-590-5p −7.2 miR-466g −3.4 miR-151-3p −2.5

miR-471 −7.1 miR-452 −3.4 miR-126-5p −2.5

miR-465a-5p −6.6 miR-188-5p −3.3 miR-1-2-as −2.4

miR-197 −5.9 miR-103 −3.3 miR-679 −2.4

miR-290-3p −5.8 miR-291a-5p −3.3 miR-153 −2.3

miR-296-3p −5.8
miR-183

* −3.2 miR-222 −2.3

miR-335-3p −5.5 miR-693-5p −3.2 miR-378 −2.3

miR-128 −5.4
miR-470

* −3.1 miR-300 −2.3

miR-292-3p −5.4
miR-183

* −3.1
miR-9

* −2.2

miR-298 −5.4 miR-212 −3.1 miR-106b −2.2

miR-574-5p −5.1 miR-195 −3.1 miR-449b −2.2

miR-678 −5.1 miR-29c −3.1 let-7c −2.1

miR-449c −4.9 miR-148a −3.1 miR-138 −2.1

miR-1938 −4.8 miR-152 −3.1 miR-425 −2.1
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miRNA Fold-change miRNA Fold-change miRNA Fold-change

miR-200a
* −4.8 miR-381 −3.1

miR-687 −4.8 miR-210 −3.0

#
Change in the levels of each gene was first normalized to the housekeeping genes and then the fold-change in WNV-infected brain was calculated

in comparison to mock-infected brain.

*
miRNA strands that are the complementary strands of the functional single-stranded miRNAs.
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Table 3

Significantly modulated mRNA genes
#

mRNA Fold-change mRNA Fold-change mRNA Fold-change

CXCL10 641.36 IL1R2 4.36 CCR8 −2.11

CXCL9 394.81 ITGB2 4.36 CCR4 −2.11

CCL2 279.17 CXCL1 4.07 CCL1 −2.11

CCL5 113.38 CCR7 3.80 CCL20 −2.11

CCL7 85.92 NFKBIA 3.36 CCL24 −2.11

CCL12 65.12 HMOX1 3.36 IL13 −2.11

CCR2 40.09 IL1β 3.31 IL1F6 −2.11

CCL8 21.48 FOS 3.14 IL1F8 −2.11

CCL4 20.04 RUNX1 2.93 IL20 −2.11

CCL3 17.45 S100A8 2.73 XCR1 −2.11

CXCL13 17.45 BCL2L1 2.56 LTA −2.21

IL10 12.34 TXNIP 2.55 IL3 −2.21

IL2RG 12.34 IL1R1 2.54 IL4 −2.21

IFNγ 10.02 CCR9 2.51 IL5RA −2.21

CXCL11 7.59 WFS1 2.38 BDNF −2.38

CCL9 6.61 CEBPB 2.38 IL16 −2.42

CCR1 6.17 TNFRSF1B 2.34 IL17B −2.42

TNF-α 6.17 CD40LG 2.34 PLG −2.55

IL2RB 5.76 PTGS2 2.22 MYOD1 −2.55

C3 5.37 THBS1 2.22 AIPL1 −2.55

TNFSF10 5.10 CCR5 2.18 SMAD6 −2.56

CXCR3 5.01 MYC 2.08 EPHB2 −2.68

CCR3 5.01 BCL6 2.04 MSX2 −2.73

LTB 5.01 SERPINE1 2.03 PF4 −2.98

RBL1 4.44 SNAI1 2.03 CCR6 −5.56

CASP1 4.36 CRP −2.11 ATF3 −6.73

CCL19 4.36 CXCL15 −2.11

#
Change in the levels of each gene was first normalized to the housekeeping genes and then the fold-change in WNV-infected brain was calculated

in comparison to mock-infected brain.
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