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Abstract: The Zika virus (ZIKV) epidemic is an ongoing public health concern. ZIKV is a flavivirus
reported to be associated with microcephaly, and recent work in animal models demonstrates
the ability of the virus to cross the placenta and affect fetal brain development. Recent findings
suggest that the virus preferentially infects neural stem cells and thereby deregulates gene expression,
cell cycle progression, and increases cell death. However, neuronal stem cells are not the only
brain cells that are susceptible to ZIKV and infection of other brain cells may contribute to disease
progression. Herein, we characterized ZIKV replication in astrocytes, and profiled temporal changes
in host microRNAs (miRNAs) and transcriptomes during infection. We observed the deregulation
of numerous processes known to be involved in flavivirus infection, including genes involved
in the unfolded protein response pathway. Moreover, a number of miRNAs were upregulated,
including miR-30e-3p, miR-30e-5p, and, miR-17-5p, which have been associated with other flavivirus
infections. This study highlights potential miRNAs that may be of importance in ZIKV pathogenesis.
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1. Introduction

Zika virus (ZIKV) is a mosquito-borne flavivirus that was initially discovered in Uganda in 1947,
and subsequently spread throughout Africa and Asia [1,2]. Although historically understudied, due
to its dramatic spread to Latin America, following outbreaks on Yap Island and in French Polynesia,
it is increasingly recognized as a virus of public health concern with significant epidemic and
pathogenic potential [3,4]. Recently, ZIKV has been linked with severe infectious complications,
including congenital Zika virus syndrome (characterized by craniofacial disproportion, spasticity,
seizures, brainstem dysfunction, and microcephaly), and Guillain–Barré syndrome (GBS) in
Latin America and the Caribbean [5–9]. ZIKV is highly neurotropic, and has been demonstrated
to impact the developing fetal brain in mouse infection models [10]. Although pathogenic mechanisms
behind this are still being characterized, there seems to be a significant impact on cell cycle progression
and differentiation of neurons.

It has been shown that ZIKV can infect numerous cell types, including dendritic cells, placental
macrophages, and neural progenitor cells [11–14]. Additionally, ZIKV infection of organoid cultures
has revealed the presence of the virus in glial cells [15]. Interestingly astrocytes are some of the first
responders to viral infections, and have been shown to be susceptible to infection by both African
and Asian strains of the virus [16]. ZIKV interaction with AXL receptor on human astrocytes and
subsequent subversion of the host innate immune response has been suggested as an important
contributing factor for pathogenesis [17]. Moreover, in vivo mouse studies indicate astrocytes are
early targets of the virus, potentially due to their interaction with the vascular system, with ZIKV
being detected in multiple brain regions as early as 4 days post-infection (DPI) [18]. Infection of
these cells may play a role in the spread of the virus, as release of new progeny virus may promote
subsequent neuronal infection [19]. Astrocytes are an important component of the central nervous
system (CNS). Their functions are multifaceted, including mediation of blood–brain barrier integrity,
repair of tissue damage, production of growth factors, support of neuronal function, interaction with
microglia, and moderation of the innate and adaptive responses to pathogens [20]. Recent human
cases of ZIKV infection have revealed the presence of diffuse astrogliosis, suggesting their involvement
in the infectious process [6]. However, to date the effect of ZIKV infection on astrocyte microRNA
(miRNA) expression has not been examined.

Flaviviruses moderate gene expression as a means of counteracting antiviral responses or
maintaining a favorable environment for replication [21], a process that can involve altering the
host miRNA profile. MiRNAs are a class of small non-coding RNAs that regulate gene expression
at the post-transcriptional level [22,23]. They have been implicated in the regulation of numerous
cellular pathways, including those associated with pathogenesis. Furthermore, deregulation of miRNA
expression has been found in numerous vector-borne flaviviruses [24]. For example, miR-532-5p has
been shown to act on host genes SESTD1 and TAB3 in HEK293T cells in order to promote an antiviral
effect against the West Nile virus (WNV) [25]. Conversely, upregulation of both miR-30e and miR-146a
during dengue virus (DENV) infection reportedly generates an inflammatory response that is favorable
for the virus [26]. In vivo infection models have also suggested important roles of miRNA in regulating
infection and brain development. The presence of Japanese encephalitis virus (JEV) increases the
expression of miR-19b-3p in mouse microglial and human astrocyte cells, while inhibitors against
this miRNA decrease cytokine production and increased survival in infected mice [27]. Additionally,
borna disease virus infection modulated miRNA expression in neonatal rats, altering hippocampus
development, cell differentiation, proliferation, and apoptosis [28]. However, no study to date
has examined how ZIKV modulates cellular miRNA expression, despite the fact that miRNAs are
involved in numerous viral infections including those caused by flaviviruses [23,29,30]. That being
said, several groups have elucidated changes in gene expression profiles following ZIKV infection
in human and mouse neuronal cells [11,12,15]. As such, understanding the interplay between
miRNA expression and ZIKV infection is essential to further our understanding of the host pathways
involved in pathogenesis. The present study demonstrates that a human astrocyte cell line, derived
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from human fetal glial cells, is susceptible to ZIKV infection, and that viral infection deregulates
host transcriptomic profiles. Of particular interest is the identification of numerous miRNAs that
had been associated previously with other flavivirus infections, including miR-30e-5p, miR-296-5p,
and miR-431-5p [24]. Our study also shows that miR-17-5p is one of the most upregulated miRNAs,
and it is a well-characterized miRNA in regulation of the unfolded protein response, a pathway
important for flavivirus replication [31].

2. Methods

2.1. Virus and Cells

An SVG-derived cell line (SVG-A) was generously provided by Dr. Eugene O. Major and
Dr. Michael W. Ferenczy at the Laboratory of Molecular Medicine and Neuroscience, National Institute
of Neurological Disorders and Stroke, National Institutes of Health, Bethesda, Maryland. Cells
were maintained in Dulbecco’s Modified Eagle Medium (Life Technologies, Burlington, ON, Canada),
supplemented with 10% fetal bovine serum (Life Technologies), 2 mM L-glutamine, and 100 IU/mL
penicillin/100 µg/mL streptomycin (Life Technologies). Vero cells were maintained in Dulbecco’s
Modified Eagle Medium with 10% fetal bovine serum, 2 mM L-glutamine, and 100 IU/mL
penicillin/100 µg/mL streptomycin. All infection studies used Zika virus (ZIKV) strain PRVABC59
(Genbank accession number KU501215.1) which was isolated from a patient in Puerto Rico in
December 2015 [32]. To assess viral replication, cells were seeded into 6-well plates, and infected at a
multiplicity of infection (MOI) of 1 for 1 h at 37 ◦C. Following this, the inoculum containing the virus
was removed, cells were washed with phosphate-buffered saline (PBS), and fresh media was added.
At predetermined time points the supernatant was removed and viral titer determined. The number of
infectious viruses was determined by tissue culture infectious dose 50 (TCID50) according to established
protocols [33]. Survival of cells after viral infection was determined by PrestoBlueTM Cell Viability
Reagent (Life Technologies), a resazurin dye-based metabolic assay. Cells were plated at concentrations
of 1 × 104 viable cells/well and allowed to adhere overnight. Cells were either uninfected or infected
and at subsequent time points after viral infection PrestoBlueTM Cell Viability Reagent was added
according to the manufacturer’s protocol. Cell viability was determined by comparing fluorescence
readings of infected cells to uninfected controls. All experiments were run in triplicate.

2.2. Immunofluorescence

Cells were infected with ZIKV and fixed with 4% paraformaldehyde (PFA)/sucrose for 10 min at
room temperature at 48 and 82 h post-infection (hpi), and were processed as previously described [34].
Briefly, samples were permeabilized with 0.5% Triton X-100 (Sigma, Oakville, ON, Canada) in PBS
for 10 min. Samples were then incubated with primary antibodies for 1 h at room temperature,
washed once with 0.1% Triton X-100 and twice with PBS, and were then incubated with secondary
antibodies for 1 h at room temperature. Samples were washed once with 0.1% Triton X-100 and twice
with PBS, and mounted using ProLong Gold (Life Technologies). The following antibodies were
used: anti-flavivirus group antigen antibody (mouse; 1:1000; gift from Rocky Mountain Laboratories),
anti-glial fibrillary acidic protein (GFAP) antibody (rabbit; 1:500; Dako, Burlington, ON, Canada),
anti-mouse secondary conjugated to Alexa-Fluor 647 (goat; 1:200; Life Technologies), and anti-rabbit
secondary conjugated to Alexa-Fluor 488 (goat; 1:200; Abcam, Toronto, ON, Canada). Images were
acquired using a Zeiss LSM 700 confocal microscope, visualized using Imaris (Bitplane, version 5,
Concord, MA, USA) and panels were generated using Adobe Photoshop.
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2.3. Electron Microscopy

Seventy-two hours post-infection, SVG cells were harvested in PBS and pelleted. Cell
pellets were fixed with 2% paraformaldehyde/2.5% glutaraldehyde (Electron Microscopy Sciences,
Hadfield, PA, USA) for 1 h at room temperature. Following fixation, excess fixative was removed,
and pellets were mixed with liquid 3% Ultra-pure Low Melting Point Agarose (Life Technologies).
Once solidified, cell/agarose pellets were cut into 1-mm pieces and added to tissue processing baskets.
Cells were stained with 1% osmium tetraoxide, followed by a step-wise dehydration in acetone
and then infiltration with Epon 812 resin (Electron Microscopy Sciences), completed in a Leica EM
AMW automatic microwave tissue processor (Leica, Solms, Germany). Thin sectioning of cells was
performed using the Leica Ultracut UCT microtome (Leica, Solms, Germany). Resin sections were then
put onto 400 mesh copper grids and stained with 2% uranyl acetate, and 0.5% lead citrate. Sections
were carbon-coated for stability in an Agar turbo carbon coater (Agar Scientific, Stansted, Essex, UK).
Specimens were imaged in a FEI Tecnai F20 transmission electron microscope (TEM) operating at
200 kV, and at nominal instrument magnifications of 29,000× and 50,000×. Digital images of the
specimens were acquired by an AMT Advantage XR 12 CCD camera (AMT, Danvers, MA, USA).

2.4. MicroRNA Next Generation Sequencing and Analysis

For miRNA and host transcriptome analysis, SVG-A cells were infected at an MOI = 0.1
plaque forming unit (PFU) and total RNA was harvested at various time points. Total RNA
was isolated from cells using the Qiagen RNeasy kit according to manufacturer’s instructions
(Qiagen, Toronto, ON, Canada). Next-generation sequencing (NGS) library preparation was done from
100–300 ng of total RNA using NEXTflex Small RNA-Seq kit v3 (BIOO Scientific, Austin, TX, USA)
as per the manufacturer’s recommendations. Libraries were size selected via the Blue Pippin system
(Sage Science, Beverly, MA, USA) by running the samples on a 3% agarose gel and isolating the
125–150 bp range followed by cleaning samples using PCRClean DX beads (Aline Biosciences, Woburn,
MA, USA). Libraries were verified on a High Sensitivity DNA chip using the 2100 Bioanalyzer (Agilent,
Santa Clara, California, USA). For analysis of miRNAs, libraries were size selected to enrich for
constructs containing mature miRNAs. Sequencing was performed with the MiSeq v3 150 cycle
kit (Illumina, San Diego, CA, USA) and 65 single-read cycles were used. Raw sequences were
analyzed using the exceRpt small RNA-seq Pipeline v.4.3.3 by Genboree [35,36], using default settings
(allowing for 1 mismatch) and removing the four random bases from both the -5p and -3p ends.
All miRNAs containing less than 20 reads per million (RPM) in all control and at 24 and 48 hpi,
were removed from subsequent analyses.

Bioinformatic prediction of possible biological processes regulated by miRNAs that were induced
during ZIKV infection was performed using DIANA-miRPath v3.0 [37]. MiRNA gene targets
previously experimentally validated were identified from the DIANA-TarBase v7.0 (p-value threshold
of 0.05) database for each upregulated miRNA [38]. These targets were then filtered using the gene
expression data identified for that time point and only genes that were downregulated by more than or
equal to 2-fold were included in the final analysis. The final list of downregulated miRNA targets was
then merged using the gene union analysis option with a false discovery rate correction (Benjamini
and Hochberg) and a p-value threshold of 0.05. The Gene Ontology analysis was performed to identify
biological processes that were potentially regulated by these miRNAs. Complete data sets are available
through NCBI (reference number GSE89915).

2.5. Microarray Gene Expression Profiling and Analysis

Global gene expression profiling was determined as previously described [39] using whole human
genome 4 × 44 k arrays (Agilent Technologies). Between 30 and 100 ng of pooled total RNA was used
for two rounds of amplification. Feature Extraction version 11.5.1.1 was used to process the data files.
Gene Ontology analyses were performed using QIAGEN’s Ingenuity Pathway Analysis (IPA, QIAGEN
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Redwood City, www.qiagen.com/ingenuity) where the log ratio cutoff was set to 0.3 and p-value
was set to 1 × 106. Raw data was deposited in Gene Expression Omnibus (GSE89915). We used
DIANA-miRPath v3.0 to perform this analysis and identify the gene ontology biological processes that
are enriched by the target genes at each time point post-infection. Gene targets for each upregulated
miRNA (>2-fold) were identified using TarBase v7.0, a database that contains experimentally tested
miRNA targets. We further filtered this list of genes with genes we identified to be downregulated by
more than 2-fold in ZIKV infected astrocytes. This allowed us to obtain a more specific list of targets
that were potentially regulated by miRNAs during ZIKV infection. We combined targets for each
miRNA that were upregulated at each time post-infection and DIANA-miRPath v3.0 was used to
identify the Gene Ontology networks that were significantly enriched by those genes.

2.6. Quantitative RT-PCR

Select miRNAs were further validated using individual miRCURY LNA Universal RT microRNA
PCR (Exiqon, Vedbaek, Denmark). Briefly, cDNA was generated following manufacturer’s
recommendations with 200 ng total RNA as input. Real-time PCR was performed as recommended by
the manufacturer using the ExiLENT SYBR Green master mix (Exiqon). Data was normalized to the
CT values of U6 and analyzed as described below.

Select mRNAs were further validated using individual TaqMan Gene Expression Assays
(ThermoFisher Scientific, Burlington, ON, Canada). Briefly, total RNA was reverse transcribed
using the High Capacity cDNA Reverse Transcription kit (ThermoFisher Scientific), purified via
the ChargeSwitch PCR Clean-Up Kit (ThermoFisher Scientific) and 50 ng of cDNA was used for each
individual real-time PCR reaction as per the manufacturer’s recommendation. We used TaqMan
Fast Universal PCR Master Mix (2×), No AmpErase UNG (ThermoFisher Scientific). Data was
normalized to the CT values of GAPDH and analyzed using the 2-∆∆CT method. Data is represented
as mean ± standard deviation calculated from three biological replicates.

2.7. Statistical Analysis

Figures were generated using GraphPad Prism 6.0 software (La Jolla, CA, USA). Statistical
analyses for qRT-PCR were also performed using this software where a 2-tailed, paired Student’s t-test
was used and a p-value of <0.05 defined significance.

3. Results

3.1. Astrocytes Support ZIKV Replication

Astrocytes are an early target of ZIKV infection, and astrogliosis has been reported in human
cases of microcephaly following ZIKV infection [6]; this suggests that astrocytes might play a role in
ZIKV pathogenesis. To evaluate this, we examined viral replication in the human fetal astrocyte cell
line, SVG-A [40]. Cells were infected with a contemporary ZIKV strain, isolated from a clinical case in
Puerto Rico at a MOI of 1 PFU. Immunofluorescent staining of these cells with an antibody against
flaviviruses indicated the presence of ZIKV within the cells, confirming active infection, and viral
proteins were detected in both the cytoplasm and in the perinuclear space. Subsequent analysis by
electron microscopy identified intracellular viral particles with the morphological characteristics of
flaviviruses (Figure 1).

www.qiagen.com/ingenuity
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cells infected with ZIKV after 48 and 82 h post-infection (hpi) for the ZIKV envelope protein (ZIKV: 

Figure 1. Zika virus (ZIKV) detected in a human astrocyte cell line. (A) Confocal images of SVG-A
cells infected with ZIKV after 48 and 82 h post-infection (hpi) for the ZIKV envelope protein (ZIKV:
purple), 4’, 6-Diamidine-2’-phenylindole dihydrochloride (DAPI: red) and glial fibrillary acidic protein
(GFAP: green). Infection was performed in triplicate and one representative image is shown. Scale
bar = 20 µm; (B) A representative electron micrograph of the negative stained viral particles within
intracellular vesicles at 48 hpi (multiplicity of infection, MOI = 1 PFU). Scale bar = 100 nm.

Replication of ZIKV in SVG-A cells was evaluated through a single step growth curve (Figure 2A).
Productive infection in these cells yielded titers of 105 TCID50/mL by 72 hpi. Analysis of cell viability
was performed using a resazurin-based dye that demonstrated an increase in cell death as the infection
progressed (Figure 2B). Collectively, this data confirmed that SVG-A cells are susceptible to ZIKV
infection and can support viral propagation.
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Figure 2. Viral replication in SVG-A cells. (A) Cells were infected at a multiplicity of infection (MOI) of
1 PFU and at various time points the titers were determined by TCID50 in order to establish a one-step
growth curve; (B) Cell viability was determined using a resazurin-based assay in cells infected at an
MOI = 1 PFU. All experiments were performed in triplicate. Error bars represent standard deviation.

3.2. ZIKV Infection Alters Cellular miRNA Expression

MicroRNAs are key regulators in cellular processes, and are disrupted following flavivirus
infection [41]. In order to investigate the effect of ZIKV on miRNA expression we performed deep
sequencing of small RNAs isolated from infected SVG-A cells at several time points following infection,
and compared this to uninfected cells. Both infected and uninfected cell libraries yielded in excess of
2.2 million sequence reads. These sequence reads were mapped to the human genome, resulting in
1.3–2.2 million unique mappable sequences per condition. At 24 hpi, 11 miRNAs were upregulated by
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more than 2-fold. At 48 hpi, only miR-411-3p, miR-323a-5p, and miR-194-5p were upregulated by more
than 2-fold and at 72 hpi, miR-9-5p was induced over 7-fold. The miRNAs with the highest induction
during the course of infection were miRNA-9-5p (7.2-fold), miR-17-5p (6-fold), miR-146b-5p (3.8-fold),
and miR-30e-3p (3.3-fold) (Tables 1 and S1). In order to validate the regulated miRNAs, a subset was
selected, and the changes in expression level for miR-17-5p, miR-30e-3p, miR-30e-5p, and miR-744 were
validated using qRT-PCR (Figure S1). Together, this data indicates that ZIKV changes the abundance
of specific miRNAs during the infection (Table 1). Overall, our findings suggest that there was a global
trend towards a decrease in miRNA expression in ZIKA-infected cells over the course of the infection
compared to uninfected controls (Figure 3). However, the subset of miRNAs increased in abundance
by ≥2.0-fold coincident with infection, and was the focus of further analysis.

Table 1. List of upregulated microRNAs (miRNAs).

Hours Post-Infection miRNA ID Fold Change

24 hsa-miR-17-5p 6.0
hsa-miR-146b-5p 3.8
hsa-miR-30e-3p 3.3
hsa-miR-296-5p 2.6
hsa-miR-1303 2.6
hsa-miR-4521 2.5

hsa-miR-30e-5p 2.4
hsa-miR-107 2.2

hsa-miR-431-5p 2.1
hsa-miR-7-5p 2.1

hsa-miR-361-3p 2.0
48 hsa-miR-411-3p 2.7

hsa-miR-323a-5p 2.6
hsa-miR-194-5p 2.0

72 hsa-miR-9-5p 7.2
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3.3. Cellular Gene Expression Is Altered by ZIKV Infection

Next we investigated the transcriptional response to ZIKV with the aim of identifying potential
miRNA regulated gene expression networks at 24, 48, and 72 hpi via whole genome microarrays. Gene
expression changes were identified using the criteria of greater than 2-fold and a p-value of <0.001
(Figure 4A). Validation of select gene expression was also performed using qPCR (Figure S2). In silico
analysis, using Ingenuity pathway analysis (IPA) identified differentially expressed genes that are
enriched in particular cellular pathways following ZIKV infection. The pathways that were identified
at 24, 48, and 72 hpi are shown in Table 2. Interestingly, while the gene expression profiles throughout
the time course of infection differed between time points, genes within the unfolded protein response
pathway showed upregulation at both 48 and 72 hpi (Figure 5).
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Figure 4. Changes in cellular gene expression during ZIKV infection. (A) List of deregulated
genes identified at each time point in astrocytes infected with ZIKV at an MOI = 0.1 PFU. Genes
deregulated by more than 2-fold (p-value < 0.001) are listed. Number of genes found to be commonly
deregulated between the various time points when only (B) upregulated or (C) downregulated genes
were compared.

Table 2. Top pathways enriched in upregulated genes identified at 24, 48, and 72 hpi.

Hours Post-Infection Biological Process/Pathway p-Value Genes

24 p53 signaling 5.31 × 10−3 3
Ephrin B signaling 6.34 × 10−3 3

48 Unfolded protein response 3.08 × 10−10 18
Hypoxia signaling in the cardiovascular system 5.81 × 10−8 17

Huntington’s disease signaling 1.73 × 10−7 35
ILK signaling 4.13 × 10−7 30

Role of IL-17A in arthritis 5.5 × 10−7 11
NRF2-mediated oxidative stress response 4.26 × 10−6 27

Neurotrophin/TRK signaling 4.45 × 10−5 15
Glucocorticoid receptor signaling 5.63 × 10−5 34

Activation of IRF by cytosolic pattern recognition receptors 5.72 × 10−5 13
Dendritic cell maturation 7.78 × 10−5 25

72 Unfolded protein response 8.7 × 10−9 13
ILK signaling 1.43 × 10−5 19

Ephrin receptor signaling 4.05 × 10−4 15
Aldosterone signaling in epithelial cells 7.75 × 10−4 14

ERK/MAPK signaling 1.61 × 10−3 15
Huntington’s disease signaling 1.7 × 10−3 17

eNOS signaling 1.84 × 10−3 12
Hypoxia signaling in the cardiovascular system 1.87 × 10−3 18

Glucocorticoid receptor signaling 1.89 ×10−3 8
JAK/Stat signaling 1.89 × 10−3 8
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Figure 5. Deregulation of biological process during ZIka virus (ZIKV) infection. (A) 48 hpi and
(B) 72 hpi of the top canonical pathways that were deregulated during ZIKV infection of SVG cells.
The color of the bars indicates predicted pathway activation based on z-score (orange = activation;
blue = inhibition; gray = no prediction can be made; white = z-score close to 0). Orange line represents
the ratio = # genes in dataset/total # of genes that compose that pathway. The horizontal yellow line
indicates the p-value threshold. Fisher’s exact test, right-tailed, was used to calculate negative log
of p-value.
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3.4. ZIKV Induces Modest Antiviral Response in Astrocytes

Previous groups have shown that ZIKV infection of human neuroprogenitor cells (hNPs) causes
modest immune response [42]. Our data demonstrated similar findings whereby the increased
expression of genes involved in the host protective response to viral infection was transient.
Although there was activation of the genes encoding IFIT2 and OASL, both of which have been
shown to play a role in restricting replication of flaviviruses [43,44], as well as the pattern recognition
receptor gene DHX58, there were also many antiviral genes that were downregulated. Notably, similar
to what has been reported in ZIKV infection of microglial cells, IL1B was downregulated at 48 hpi [45].
Additionally, there was no change in expression of other RIG-I like receptors, such as DDX58 (RIG-I) or
IFIH1. Interestingly, TLR3, was downregulated at 48 hpi, which is in contrast to the findings of Dang
and colleagues, who noted increased expression levels in cerebral organoids [46]. Biological processes
that are perturbed following infection are illustrated in Figure 5, which shows the deregulation of
genes involved in the activation of the interferon regulatory factors (IRFs) by cytosolic pattern receptors
at 48 and 72 hpi. Overall, the expression profiles of these cells during ZIKV infection suggest a modest
and transient antiviral response in astrocytes.

3.5. Predicted Genes Involved in ZIKV Cell Metabolism

IPA identified the unfolded protein response (UPR) pathway as being the most consistently
altered over the time course of infection. In SVG-A cells, ZIKV infection stimulates the expression of
BiP and XBP1 that activate major arms of the UPR (Figure 6).

In addition, significant induction of expression of the genes coding for apoptosis effectors CHOP
and GADD34, whose association with the phosphatase PP1 leads to the dephosphorylation of eIF2α,
was apparent at 48 hpi. This corresponded with the decrease in cell viability in ZIKV-infected cells
noted earlier (Figure 2). Numerous genes involved in RNA metabolism were also deregulated
at 48 and/or 72 hpi. These included DICER1, the gene that codes a ribonuclease essential for
the RNA interference pathway to produce the active small RNA component that represses gene
expression, which was downregulated at 72 hpi, corresponding to the overall downregulation of
miRNA expression. This a mechanism which has recently been described during DENV infection
of A549 cells [47]. Of the genes that were highly induced, we observed an increase in expression of
the glial cell line-derived neurotrophic factor (GDNF), which promotes the growth of neurons and
neurites. Expression of neuronal growth factor (NGF) is also increased after 48 hpi. In addition to
supporting neuronal growth, NGF has also been linked to the growth and differentiation of human
B-lymphocytes and the differentiation of CD34+ hematopoietic progenitor cells, potentially serving as
a link between the nervous and immune systems [48]. This suggests that genes involved in the cell
cycle and innate immune response may be regulated by cellular miRNAs.
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Figure 6. Predicted pathways deregulated during ZIKV infection. The unfolded protein response
pathway is shown at (A) 48 hpi and at (B) 72 hpi. The pathway generated using the Ingenuity
software package. The color indicates deregulation of that gene in infected as compared to control
samples (red = upregulated; green = downregulated; grey = unchanged). White arrows = translocation;
black arrows = direct interaction resulting in activation/expression/modification/transcription; dotted
lines = indirect interaction.
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3.6. miRNA Deregulation Potentially Affects Cellular Gene Expression

We identified numerous targets for the upregulated miRNAs noted previously (Table 1),
and performed a bioinformatic analysis to correlate biological processes that are potentially regulated
by miRNAs during ZIKV infection of astrocytes (Table S2). Our analysis was limited to experimentally
validated gene targets in order to maximize detection of biologically relevant functions. From this,
genes involved in viral process, viral life cycle, and viral transcription were in the top processes
identified at 24 hpi (Figure 7A), and nine miRNAs that were upregulated at this time point,
including miR-17-5p, targeted 14 genes within these processes. Genes within these pathways were
downregulated at that time point in infection (Tables 3 and S2). At 48 hpi, we found that the putative
targets of these miRNA are predicted to be involved in the cell cycle, innate immune response, and
DNA damage and response to stress (Figure 7B). Only miR-9-5p was upregulated at 72 hpi, and we
found that this miRNA could potentially downregulate genes involved in mRNA processing, gene
expression, and viral processes (Figure 7C and Table 3). Collectively, this data could provide evidence
that specific miRNAs may regulate genes involved in several biological processes throughout infection
including viral production, innate immune response and cell cycle, all of which are likely involved in
ZIKV pathogenesis.
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Figure 7. MiRNAs may regulate host genes involved in ZIKV infection. Biological gene ontology
processes potentially regulated by at least one upregulated miRNA at (A) 24, (B) 48, and (C) 72 hpi.

Table 3. MicroRNA targets identified for each gene ontology annotation.

Hours Post-Infection Gene Ontology miRNA ID # Gene Targets Gene ID

24 Viral Process hsa-miR-17-5p 8 B2M, RPSA, RPL21, RPS11, SUPT16H, RPL19, CHMP3, CBX5
hsa-miR-30e-3p 5 B2M, YWHAE, RPL23, SUPT16H, CBX5

hsa-miR-107 6 B2M, RPSA, RPS25, CREBBP, CHMP3, CBX5
hsa-miR-7-5p 5 B2M, YWHAE, RPL23, PSMB7, CBX5

hsa-miR-361-3p 1 B2M
hsa-miR-30e-5p 3 RPL38, CHMP3, CBX5
hsa-miR-4521 1 RPL23

hsa-miR-146b-5p 1 SUPT16H
hsa-miR-1303 2 SUPT16H, CBX5

Viral Life Cycle hsa-miR-107 3 RPS25, RPSA, CHMP3
hsa-miR-17-5p 5 RPSA, RPL21, RPS11, RPL19, CHMP3
hsa-miR-30e-5p 2 RPL38, CHMP3
hsa-miR-30e-3p 1 RPL23
hsa-miR-4521 1 RPL23
hsa-miR-7-5p 1 RPL23

Viral Transcription hsa-miR-107 2 RPS25, RPSA
hsa-miR-17-5p 4 RPSA, RPL21, RPS11, RPL19
hsa-miR-30e-5p 1 RPL38
hsa-miR-30e-3p 1 RPL23
hsa-miR-4521 1 RPL23
hsa-miR-7-5p 1 RPL23

48 Cell Cycle hsa-miR-411-3p 1 PPP1CC
hsa-miR-194-5p 6 NUP107, PSME3, RRM2, ARPP19, CENPF, DYNC1H1
hsa-miR-323a-5p 1 DYNC1H1

Immune System Response hsa-miR-411-3p 5 NCKAP1, PRKAR1A, TAB3, CD59, GSK3B
hsa-miR-194-5p 7 PSME3, PTX3, RAB35, TNRC6A, ACTG1, CAV1, DYNC1H1
hsa-miR-323a-5p 2 DYNC1H1, CD44

Innate Immune Response hsa-miR-411-3p 5 NCKAP1, PRKAR1A, TAB3, CD59, GSK3B
hsa-miR-194-5p 3 ACTG1, TNRC6A, PTX3

72 Viral Process hsa-miR-9-5p 6 NUP214, RPL6, AP1G1, AP2M1, KLC1, KPNB1
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4. Discussion

In this study we used next-generation sequencing to identify miRNAs that are dysregulated
in astrocytes during the course of ZIKV infection. Our findings suggest that ZIKV induces global
downregulation of miRNAs with only a small subset being upregulated. Using bioinformatic analysis
coupled with gene expression profiling, we correlated the highly expressed miRNAs with various
host pathways involved in ZIKV infection and suggest these miRNAs may be playing a role in their
regulation. Several groups have elucidated the gene expression profiles following ZIKV infection in
human and mouse neuronal cells, however, changes in miRNA expression in cells of the astrocyte
lineage have not been described [11,12,15]. Our findings suggest that the unfolded protein response
pathway is a major target for modification by the virus. We also noted a decrease in cell viability
in our resazurin-dye assay, further supporting this hypothesis. In addition, significant induction of
expression of the genes coding for the autophagy associated factors CHOP and GADD34 was apparent
at 48 hpi.

The unfolded protein response pathway is a cellular quality control mechanism that ensures that
only properly folded proteins exit from the endoplasmic reticulum (ER) and accumulation of misfolded
proteins trigger ER stress and autophagy, a target of many flaviviruses to facilitate viral replication
and persistence. An example of this is seen with JEV, where upregulation of this pathway has been
shown to benefit viral replication by degrading host RNA transcripts without affecting viral RNA [49].
Additionally, a recent report by Liang and colleagues demonstrates that ZIKV usurps components of
the unfolded protein response and autophagy pathways through the NS4A-NS4B protein to potentially
create membrane structures that serve as a replication site [50]. Furthermore, a screen of FDA approved
compounds identified sorafenib, which targets the ER, as having anti-ZIKV activity [51]. Interestingly,
one miRNA with a high level of expression was miR-17-5p, which has been linked to regulation of the
unfolded protein response [52].

Many of the miRNAs that were upregulated during ZIKV infection of astrocytes were also
previously identified to play a role in the pathogenesis of other flaviviruses. MiR-431-5p has been
suggested to play a role in restricting HCV replication [21]. The miRNA species miR-30e-5p is
upregulated by infection with influenza, DENV, and in some cases chronic HCV [26,53,54]. In the
case of DENV, over-expression of both miR-431-5p and miR-30e-3p results in interferon (IFN)-β
upregulation and activation of interferon-stimulated genes [26]. This suggests that both miR-431-5p
and miR-30e-3p are possibly important for both neurological development and innate immunity.
Using in silico methods, we predict that at 48 hpi, induced miRNAs may modulate genes involved
in the cell cycle and innate immune response. Previous studies have found that ZIKV infection
results in downregulation of genes involved in the cell cycle [12], a process that may be regulated by
miRNAs such as miR-411-3p, miR-194-5p, and miR-323a-5p. One of these cell cycle-related genes,
CENPF, is a kinetochore protein that is important for proper alignment of chromosomes during
mitosis, and recruits additional genes that together are important for spindle-pore formation. Genes
involved in centrosome maturation and spindle-pore formation have been implicated in microcephaly
phenotypes [55]. In fact, previous studies identified that depletion of CENPF resulted in mitotic delay
and mutations within the gene have been linked to microcephaly [56,57]. Perhaps, miR-194-5p could
contribute to mitotic delay during ZIKV infection by inhibiting the expression of CENPF. In addition,
innate immune response genes CD59 and PTX3 were both downregulated and potentially inhibited
by miRNAs miR-194-5p and miR-411-3p. Both genes are involved in complement activation and
function and may result in decreasing immune activation during infection. Furthermore, we found
that DICER1 transcripts were downregulated at 72 hpi, which could have contributed to the overall
global downregulation of miRNAs, although further experiments would be required to demonstrate
this. A decrease in expression of DICER has also been observed after infection of cells with DENV [47]
and resulted in enhanced viral replication. It is possible Zika virus infection of SVG cells also uses a
similar mechanism to downregulate DICER, which in turn globally shuts down miRNA expression
and aids viral replication. Collectively, this data could suggest that the miRNA profile modulated
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by ZIKV involves both miRNA species related to neurological development and the innate immune
response to flaviviruses.

The induction of expression of relatively few pro-inflammatory genes may reflect a requirement
for the activation of astrocytes by cytokines produced from other immune cells during infection,
possibly brain microglia. A recent reported case of microcephaly described only mild focal
inflammation in the brain, suggesting ZIKV does not necessarily induce a robust pro-inflammatory
response [6]. In our study, DHX58, which encodes LGP2, was consistently upregulated in response
to ZIKV and overexpression of LGP2 has also been linked to inhibition of interferon induction [58].
The production of IFN within astrocytes was postulated to be due to the varied stimuli that differ
between viruses. These include cytoplasmic detection of viral RNA via RIG-I like receptors, TLR
signaling triggered by viral proteins, or by cell damage associated nucleic acids that are released
by cells damaged during infection [59–62]. In the case of ZIKV infection, any or all of these
scenarios are possible avenues for induction. Another gene linked to flavivirus infection that
has a role in inflammation and pathological processes is the enzyme prostaglandin-endoperoxide
synthase 2 (PTGS2), otherwise known as COX-2, which was significantly induced throughout the
time-course of infection. PTGS2 is able to induce chemotactic cytokines, mediators of blood–brain
barrier disruption such as plasminogen activator proteins, apoptotic death, and activation of
microglia [63,64].

At present, 70% of currently identified miRNAs are expressed in the brain [65]
Therefore, the exploitation of these by a neurotropic virus, such as ZIKV, to facilitate replication
and pathogenesis is not surprising. That being said, we acknowledge that one major limitation of
our study is the further need for a comprehensive understanding of the interplay between miRNA,
host gene expression, and viral pathogenesis. Therefore, additional studies, including those comparing
the response in other neuronal cells such as microglia, are required to determine what role they may
play and how they influence phenotypic changes in ZIKV-infected individuals.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1999-4915/9/10/297/s1.
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