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Dengue virus (DENV) is a zoonotic disease transmitted to humans viamosquito bites.
Viral infection is systemic in humans andcan lead toorgan failure including in the liver.
Since there are many molecular changes that precede liver failure, identification of
progress at the molecular level is informative. As an RNA virus, DENV perturbs non-
codingRNAs includingmicroRNAs.HereweexaminemicroRNAprofiles in hepatoma
cells using small molecule–mediated annotation of miRNA targets. It was previously
shown that treatment with the broadly antiviral oxysterol 25-hydroxycholesterol
(25HC) induces the expression of antiviral microRNAs in the liver. Herein, we
show that 25HC is potently antiviral against Dengue virus and identify miR-4488
as a microRNA which is overexpressed during infection and downregulated with
oxysterol treatment. We also show that miR-4488 is downregulated when the viral
levels are lowered using siRNA, suggesting that this microRNA is involved in the host-
response to infection. SincemiR-4488 levels closely correlatewithDENV levels in the
liver, it serves as a biomarker for virus infection in the liver and may contribute the
overall effects of DENV in this organ.
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Introduction

microRNAs are small non-coding RNAs which endogenously regulate gene expression
at the post-transcriptional level (Mohr and Mott, 2015; Nelson et al., 2003) with diverse
roles in cellular pathways (Inui et al., 2010), metabolism (Rottiers and Näär, 2012; Rotllan
et al., 2016), and disease (Calin and Croce, 2006; Croce, 2009). The role of these RNAs in
host-pathogen interactions has become increasingly important as several microRNAs
promote viral replication or participate in the immune response to infection (Scaria
et al., 2006; Zhu et al., 2013). For instance, we have recently shown that microRNA-185
is an important immunomodulatory microRNA upregulated by 25-hydroxycholesterol
(25HC) in the liver (Singaravelu et al., 2015). This oxysterol is produced through interferon
stimulation of the cholesterol-25-hydroxylase gene as a response to viral infection (Liu et al.,
2013), including Hepatitis C virus (HCV) infection. Furthermore, small-molecule
inhibition of miR-185 targets was shown to be antiviral against HCV, demonstrating
the utility of probing microRNA pathways in host-pathogen interactions (Filip et al., 2021).

The Dengue virus (DENV) is a positive-strand enveloped RNA virus belonging to the same
family as HCV, the Flaviviridae. The virus is spread by mosquitos and is most prevalent in
tropical regions, causing over 20,000 deaths per year (Roy and Bhattacharjee, 2021). Four
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serotypes of DENV exist and although primary infection is mild, re-
infection with a heterologous serotype increases the risk of Dengue
hemorrhagic fever (Diamond and Pierson, 2015). The viral genome of
the DENV encodes for a polyprotein which is subsequently cleaved into
three structural proteins and seven non-structural proteins including the
essential protease (NS3) and an RNA-dependent RNA polymerase
(NS5) (Acosta et al., 2014). DENV has been shown to exploit several
host factors to facilitate its viral life cycle including inducing glycolysis
(Fontaine et al., 2015), altering lipid metabolism (Tongluan et al., 2017;
Randall, 2018) and modifying membrane composition (León-Juárez
et al., 2016). The virus is also known for causing changes to cellular
microRNA expression and both direct and indirect anti-viral
microRNAs have been identified (Wong et al., 2020); however, the
complete extent of altered microRNA expression during Dengue host-
virus interactions remains unclear.

Herein, we use a microRNA screening strategy referred to as small
molecule–mediated annotation of miRNA targets (SMART)
(Singaravelu et al., 2015) to identify microRNAs which may
participate in the immunometabolic response to DENV infection.
We identified microRNA-4488 as a microRNA which is upregulated
during infection and downregulated by antiviral treatment with 25HC
or with an NS5-directed siRNA. This suggests miR-4488 may act as a
biomarker for liver infection. When miR-4488 is overexpressed we
observe a decrease in DENV by about 25%, suggesting that it may
contribute to the cellular immune response. Overall, miR-4488may be a
novel microRNA involved in the immune response to DENV and may
serve as a biomarker for infection.

Results and discussion

The immunoregulatory sterol 25HC is
antiviral against DENV2

The oxysterol 25-hydroxycholesterol (Figure 1B) is the product
of the broadly antiviral interferon-stimulated gene (ISG) cholesterol
25-hydroxylase which has been shown to have antiviral effects
against various enveloped viruses by inhibiting viral entry. It is

also known to act upon sterol-responsive element binding proteins
(SREBPs) and other nuclear receptors (Liu et al., 2013). We sought
to validate the antiviral effect of 25HC on the genotype 2 of the
Dengue virus. Pre-treatment of Huh7 cells with 25HC 24 h before
infection significantly reduced the levels of intracellular virus by
approximately 75% after 48 h of infection (Figure 1A). Treating with
the oxysterol following infection did not result in a significant
reduction of viral RNA (data not shown), suggesting that the
effects of 25HC put the cells in a preparatory anti-viral state.

miR-4488 is upregulated during
DENV2 infection and downregulated with
25HC treatment

It is well-established that microRNAs play a crucial role in the
immune response to infections (O’connell et al., 2010). To identify
microRNAs which may participate in the host-response to DENV
infection, we performed a screen on cells infected with the
DENV2 virus in addition to cells pre-treated with 25HC. The cells
were either infected with the virus, treated with the oxysterol or both,
after which theywere lysed and thewhole RNAwas extracted. The RNA
was then processed and analyzed using the nanoString nCounter system
miRNA assay. The resulting hits were normalized over housekeeping
gene levels, resulting in five microRNAs significantly differentially
expressed with DENV, eleven with 25HC treatment and two with
both infection and 25HC treatment (Table 1).

The results obtained from the microRNA screen show two
microRNAs which are represented in the DENV2 infected and in
the infected, 25HC treated group: miR-548ar-5p and miR-4488.
Interestingly, these microRNAs are upregulated with infection but
downregulated with oxysterol treatment. We sought to validate
these results using RT-qPCR. While expression levels for miR-
548ar-5p were quite low, we were able to confirm a trending
increase in miR-4488 levels with DENV2 infection and a
pronounced, significant decrease in the miR-4488 expression with
25HC treatment (Figures 2A,B).

miR-4488 is upregulated during
DENV2 infection and downregulated when
the virus is inhibited with siRNA

Since miR-4488 did not change significantly with 25HC
treatment alone, we considered whether the microRNA was
indeed modulated by the oxysterol, but only in the context of
infection, or whether its decrease with 25HC treatment was due
to the reduction in DENV levels. For that purpose, we used an
siRNA designed by Villegas et al. (2018) targeting the NS5 region of
the DENV2 genome to inhibit DENV2 replication and measured
levels of miR-4488. First, we tested the siRNA in our infectious
system and saw a robust downregulation of DENV levels similar to
the 25HC treatment (Figure 3A). Interestingly, the levels of miR-
4488 followed a similar trend with a strong increase during DENV
infection with control siRNA and a significant downregulation in
the samples transfected with the NS5 siRNA (Figures 3B,C). This
suggests that miR-4488 is not a 25HC downregulated miRNA, but is
upregulated during infection with DENV2 and downregulated when

FIGURE 1
25-hydroxycholestrol is antiviral against DENV2. (A) Treatment of
Dengue infected Huh7 cells with 25HC reduces the levels of DENV
glycoprotein E RNA. Cells were pre-treated for 24 h with 5 μM25HC in
2% serum media before infection with Dengue at an MOI of
0.1 for 48 h. Levels of DENV2 glycoprotein E RNA were quantified via
RT-qPCR and normalized to a non-treated control. n = 3 biologically
independent replicates, error bars represent standard deviation.
Significance was assessed by two-tailed, unpaired student’s t-test,
***p < 0.001. (B) Structure of 25-hydroxycholesterol.
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the infection is resolved. Thus, it is a biomarker that can track
progression of DENV2 expression in the liver.

miR-4488 transfection reduces the levels of
DENV RNA

Following evidence that miR-4488 is modulated by the levels of
DENV2 virus, we sought to determine whether this microRNA
influences DENV2 replication. We transfected Huh7 cells with a

miR-4488 mimic or inhibitor 24, 48 or 72 h prior to infection with
DENV2. The cells were then infected for 48 h, after which they were
lysed and the RNA was extracted for RT-qPCR. We observed a
statistically significant decrease of approximately 25% in the levels of
DENV glycoprotein E in the samples transfected with the miR-
4488 mimic for 24 or 48 h before infection (Figure 4A). However,
transfection with the miR-4488 inhibitor did not show a significant
increase in DENV2 levels (Figure 4B). This suggests that miR-4488
may be a microRNA involved in innate immunity with a modest
antiviral effect.

TABLE 1 microRNAs differentially regulated by DENV2 infection, 25HC treatment, or both.

microRNA Fold change P-value

Mock infected vs. DENV2 infected

hsa-miR-548ar-5p 3.4 0.003

hsa-miR-4488 4.1 0.007

hsa-miR-3144-3p 2.8 0.013

hsa-miR-302d-3p 3.5 0.018

hsa-miR-612 2.8 0.022

Vehicle treated vs. 25HC treated

hsa-miR-1246 3.5 0.003

hsa-miR-1180-3p −2.4 0.019

hsa-miR-29b-3p 2.6 0.024

hsa-miR-126-3p 1.8 0.024

hsa-miR-25-5p 1.8 0.029

hsa-miR-448 1.4 0.034

hsa-miR-520c-3p 1.4 0.034

hsa-miR-585-3p 1.4 0.034

hsa-miR-183-5p 1.4 0.038

hsa-miR-7-5p 1.4 0.039

hsa-miR-574-3p 1.5 0.049

DENV2 infected, vehicle treated vs. DENV2 infected, 25HC treated

hsa-miR-548ar-5p −2.0 0.015

hsa-miR-4488 −2.5 0.030

Huh7s were pre-treated with 5 μM 25HC, or EtOH, vehicle for 24 h prior to infection (or mock infection) with DENV2 (MOI, 0.1) for 48 h. RNA, was extracted and then quantified by

nanoString nCounter system. miRNA values upregulated during infection but downregulated during infection with 25HC are bolded. The average fold change of n = 3 biologically independent

replicates is indicated.

FIGURE 2
Huh7 cells infected with Dengue virus have higher levels of miR-4488 while cells pre-treated with 25HC pre-infection show reduced levels of miR-
4488. Cells were pre-treated for 24 h with 5 μM25HC ormock (ethanol) in 2% serummedia before infection with Dengue at anMOI of 0.1 for 48 h. Levels
of miR-4488 were quantified via Taqman RT-qPCR and normalized to non-infected mock (A) or to an infected and vehicle treated control (B). n =
3 biologically independent replicates, error bars represent standard deviation. Significance was assessed by two-tailed, unpaired student’s t-test,
*p < 0.05.
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Transcriptomics and bioinformatic profiling
reveals potential targets of miR-4488

To better understand how the microRNA elicits its modest
antiviral effect, we transfected Huh7 cells with the miR-4488
mimic for 48 h, lysed the cells, extracted the RNA and
performed transcriptomic analysis. Based on the finding that
48 h of microRNA-4488 transfection resulted in the largest
DENV viral RNA downregulation, we chose this time point for
our transcriptomic analysis. Transcriptional profiling yielded a
diverse list of genes with decreased or increased RNA expression
after transfection with miR-4488 (Supplementary Table S1).

Interestingly, a differential regulation of the immune system was
observed during miR-4488 transfection with a notable 4.2-fold
decrease in the interferon alpha 1 (IFNA1) gene, as well as
decreases in defensin alpha 6 (DEFA6) and the immunoglobulin
domains, IGHV3-72, IGKV1-27/IGKC and IGHV3-38. Interferons
are potent regulators of the innate immune system, activated during
viral infections to induce expression of antiviral genes (Taniguchi

and Takaoka, 2001), defensins are anti-microbial peptides secreted
by innate immune cells (Jarczak et al., 2013) and immunoglobulins
are key contributors in the humoral immune response (Sun et al.,
2020). Conversely, miR-4488 led to a modest increase in ubiquitin D
which is regulated by tumor necrosis factor α (TNF-α) in the innate
immune response (Kawamoto et al., 2018). Interestingly, interferon
alpha 5 (IFN5) was also seen to decrease in transcript abundance by
1.7-fold. Given these findings, and that miR-4488 increases with
DENV2, it would suggest that miR-4488 may act to reduce or limit
induction of immune response during infection.

To determine if miR-4488 may directly regulate these genes,
target prediction was performed with bioinformatic software
miRDB (Chen and Wang, 2019). Interestingly, the immune
system targets identified in transcriptomic analysis were not
predicted targets, suggesting these are likely indirectly regulated
or result from larger pathway consequences of direct miR-4488
effectors. To provide a better understanding of these direct effects,
PANTHER Gene Ontology (GO) (Mi and Thomas, 2009; Thomas
et al., 2022) of pathways (Figure 5A) and biological processes

FIGURE 3
An NS5-targetting siRNA reduces levels of DENV2 virus and miR-4488. (A) An NS5-targeting siRNA is antiviral against DENV2. Cells were pre-
transfectedwith 100 nM siRNA for 6 h before infection with Dengue at anMOI of 0.01 for 72 h (B)Huh7 cells infected with Dengue virus have higher levels
of miR-4488 while cells pre-transfected with an NS5-targeting siRNA pre-infection show reduced levels of miR-4488. Levels of miR-4488 were
quantified via Taqman RT-qPCR and normalized to non-infected mock (B) or vehicle treated controls (C). n = 3 biologically independent replicates,
error bars represent standard deviation. Significance was assessed by two-tailed, unpaired student’s t-test, *p < 0.05, ***p < 0.001.

FIGURE 4
miR-4488 transfection reduces the levels of DENV RNA but inhibition does not significantly increase DENV RNA levels. Cells were transfected with
either miR-4488 mimic (A) or inhibitor (B) for 24, 48 or 72 h before infection with DENV2 at an MOI of 0.1 for 48 h. Levels of DENV2 glycoprotein E RNA
were quantified via RT-qPCR and normalized to a non-treated control. n = 3 biologically independent replicates. Significancewas assessed by two-tailed,
unpaired student’s t-test, *p < 0.05.
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(Figure 5B) was performed. Interestingly, pathways of inflammation
mediated by cytokines and chemokines were identified, mirroring
the involvement of the immune system observed in the microarray
data supporting an impact of miR-4488 on the immune system. The
most common pathway regulated by miR-4488 was angiogenesis,
consistent with previous findings that exovesicular miR-4488
regulates angiogenesis (Zheng et al., 2020). In addition, several
metabolic intensive pathways such as Wnt and VEGF signaling
were identified, complementing the top hits for biological processes
GO: metabolic processes, biological regulation and cellular
processes. Viruses like DENV heavily modulate the metabolome
(Ahmed et al., 2022), supporting that miR-4488 is also a biomarker
for DENV infection, coinciding with viral proliferation and the
metabolic demands. These findings support the previous notion that
miR-4488 serves as a biomarker for DENV infection and that miR-
4488 may exert its modest antiviral effects through immune
modulation.

We have shown that miR-4488 is significantly overexpressed
during DENV2 infection and that a resolution of the infection
downregulates the microRNA’s expression. This was the case
with both 25HC treatment and with an DENV NS5-targeting
siRNA. Transfecting the microRNA prior to DENV2 infection
reduced viral RNA by approximately 25% and the preliminary
transcriptomics analysis identified various immune related genes

as potential genes of interest. These findings were then supported by
bioinformatic analysis of predicted targets from high throughput
crosslinking data and gene ontology. The data is also consistent with
work that has recently shown miR-4488 to regulate macrophages in
the immune response (Lu et al., 2024). This group specifically looked
at the liver, which is impacted by severe DENV infection (Diamond
and Pierson, 2015), and parallels other findings that miR-4488 is a
biomarker for non-alcoholic fatty liver disease (Shen et al., 2023).
Considering this information with our results suggests that miR-
4488 may have focused utility as a biomarker for DENV progression
and damage to the liver. Specific miRNAs for DENV-related liver
damage have been explored in far less detail than differentially
regulated genes, suggesting this could fill a beneficial clinical role.
Future work characterizing liver tissue during in vivo DENV
infection in the liver could offer deeper insight on the use of
miR-4488 as a biomarker for viral progression and clearance.

Interestingly, the broader context of miR-4488-virus
interactions is poorly understood. This microRNA has previously
been identified as down-regulated in adeno-associated virus (AAV)
infected cells, and transfection with the microRNA in Huh7 cells
increased viral transduction (Arumugam et al., 2020). This supports
the association between miR-4488 immunity involvement and host-
pathogen interactions, but suggests there may be differential
function depending on the pathogen. Future work exploring the

FIGURE 5
Gene Ontology (GO) analysis of miR-4488 predicted targets reveals several regulated pathways. miRDB was used to predict miR-4488 targets,
yielding 208 genes. Panther GO was then performed on these predicted targets for biological processes (A) and pathways (B). Unspecified hits were
removed. For pathway analysis, only pathways with regulated by >1 gene were included for clarity.
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effect of miR-4488 in the context of different viral infections, in
addition to different pathogens, could enable deeper understanding
into its role.

Taken together, this work establishes miR-4488 as a biomarker
for DENV2 infection in the liver and has potential interesting
mechanistic links to the management of DENV infection in this
organ. The information has potential to aid in diagnosing disease
severity and may offer insight into how to better therapeutically
target this increasingly relevant virus.

Materials and methods

Cell culture

Human hepatoma cells (Huh7) were grown at 37°C in DMEM
(Gibco, Thermo Fisher) supplemented with 10% fetal bovine serum
(FBS) (Gibco, Thermo Fisher) and 10 mM non-essential amino
acids (Thermo Fisher).

Virus infections and 25HC cell treatments

For the initial 25HC assays and miRNA panels, cells were seeded
in six well plates in full media. The next day, select wells were treated
with 5 μM 25HC or EtOH vehicle in DMEM with 2% FBS. The cells
were incubated for 24 h, after which the media was replaced with
DMEM containing infectious DENV particles at an MOI of 0.1, or
just DMEM, and incubated for 2 h. Afterwards, the media was
replaced with full DMEM, 10% FBS and incubated for 48 h. The cells
were then lysed in RL buffer for RNA extraction. The total RNA
isolation kit (Norgen) was used to perform RNA isolation as per
manufacturer’s protocol.

MicroRNA profiling

Huh7 cells were cultured and treated as described above. The
total RNA isolation kit (Norgen) was used to perform RNA isolation
as per manufacturer’s protocol with on-column DNA digestion. The
RNA samples were prepared for miRNA assay using the nanoString
nCounter system as per manufacturer’s protocol. Briefly, the RNA
was annealed to the nCounter miRNA tags, ligated and purified. The
samples were then subjected to hybridisation with capture and
reporter probes and post-hybridisation processing as well as data
collection was performed using the nCounter Analysis system
(nanostring). The resulting raw data was analysed using the
nSolver (nanostring) software. The microRNA values were
normalised over all housekeeping genes and fold changes were
calculated relative to non-infected and/or vehicle treated samples.

NS5 siRNA transfections and infection

The NS5-targetting siRNA (5′-AGAGAAAGTGGACACGAG
A-3′) was described by Villegas et al. (2018). The siRNA
oligonucleotide was custom ordered (Sigma), reconstituted and
annealed in annealing buffer (100 mM potassium acetate, 30 mM

Hepes, and 2 mM magnesium acetate, ph7.5) by heating the sample
to 95°C for 2 min and allowing it to gradually cool down at a rate of
1°C/min. Huh7 cells were seeded in six-well plates and incubated for
24 h. The next day, 100 nM of NS5 siRNA or non-targeting control
was transfected using lipofectamine RNAimax (ThermoFisher
Scientific) in Optimem (Gibco, Life Technologies) as per
manufacturer’s protocol and the cells were incubated for 6 h.
Afterwards, the siRNA mixture was removed and replaced with
DMEM containing infectious DENV particles at an MOI of 0.01, or
just DMEM, and incubated for 2 h. Following infection, the media
was replaced with full DMEM, 10% FBS and incubated for 72 h after
which the cells were lysed in RL buffer for RNA extraction using the
total RNA isolation kit (Norgen) as per manufacturer’s protocol.

miR-4488 transfections and infection

Huh7 cells were seeded in six-well plates and incubated for 24 h.
The next day, hsa-miRNA-4488 miRNAmimic, inhibitor or control
miRNA (miRVana, ThermoFisher Scientific) were combined with
Lipofectamine RNAiMAX transfection reagent (ThermoFisher
Scientific) in Optimem (Gibco, Life Technologies) medium as per
manufacturer’s protocol. The mixtures were added to the growth
media of cells for a final concentration of 100 nM of miRNA. The
cells were incubated for 24, 48 or 72 h after which the media was
removed and replaced with DMEM containing infectious DENV
particles at an MOI of 0.1, or just DMEM, and incubated for 2 h.
Following infection, the media was replaced with full DMEM, 10%
FBS and incubated for 48 h after which the cells were lysed in RL
buffer for RNA extraction using the total RNA isolation kit (Norgen)
as per manufacturer’s protocol.

Quantitative PCR

Reverse transcription was performed using the iScript cDNA
Synthesis Kit (Bio-Rad) using 500 ng of RNA as per manufacturer’s
protocol. Quantitative PCR (qPCR) for the DENV2 glycoprotein E
was performed using SYBR Green Supermix (Bio-Rad) as per
manufacturer’s protocol on the CFX Real-Time PCR Detection
System (Bio-Rad). The primer sequences are as follows: fwrd 5′-
TTGAGTAAACTGTGCAGCCTGTAGCTC-3′, rev 5′-GGGTCT
CCTCTAACCTCTAGTCCT-3′. 18S rRNA was used for
normalisation and expression fold changes relative to mock
treatments were calculated using the 2−ΔΔCT method. For
quantitative PCR of microRNA-4488, reverse transcription and
qPCR was performed using the TaqMan MicroRNA assay
(ThermoFisher) as per manufacturer’s protocol and the RNU6B
target was used for normalisation.

Transcriptomics profiling

Huh7 cells were seeded in six-well plates and incubated for 24 h.
The next day, hsa-miRNA-4488 miRNA mimic or control miRNA
(miRVana, ThermoFisher Scientific) were combined with
Lipofectamine RNAiMAX transfection reagent (ThermoFisher
Scientific) in Optimem (Gibco, Life Technologies) medium as per
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manufacturer’s protocol. The mixtures were added to the growth
media of cells for a final concentration of 100 nM of miRNA. The
cells were incubated for 48 h after which they were lysed and the
RNAwas extracted using the total RNA isolation kit (Norgen) as per
manufacturer’s protocol. RNA microarray profiling was performed
by The Centre for Applied Genomics (TCAG), The Hospital for Sick
Children, Toronto, Ontario, Canada. Analysis was performed using
the transcriptome analysis console (Thermofisher).

miRNA target prediction and Panther GO

Bioinformatic miRNA prediction tool, miRDB (Chen and
Wang, 2019) was used to generate a list of predicted miR-4488
targets. miRDB employs a machine learning model trained on
experimental crosslinking immunoprecipitation (CLIP) and
RNA-sequencing data to predict mRNA targets (Chen and
Wang, 2019). A total of 208 genes met the software minimum
threshold (scored >50) and all of these genes were included in
subsequent analysis using Panther Gene Ontology (Mi and Thomas,
2009; Thomas et al., 2022). The two types of analysis performed
using Panther Gene Ontology were Panther Biological Processes-
SlimGO and Panther Pathway analysis. For Pathway analysis, due to
the number of pathways identified, only those with >1 gene
identified were included.
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