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Abstract: The World Health Organization has estimated an annual occurrence of approximately 392
million dengue virus (DENV) infections in more than 100 countries where the virus is endemic, and
this represents a serious threat to humanity. DENV is a serologic group with four distinct serotypes
(DENV1, DENV2, DENV3, and DENV4) belonging to the genus Flavivirus, family Flaviviridae.
Dengue is the most widespread mosquito-borne disease in the world. The ~10.7 kb DENV genome
encodes three structural proteins (capsid [C], pre-membrane [prM], and envelope [E]) and seven
non-structural (NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5). The NS1 protein is
found both as a membrane-associated dimer and as a secreted, lipid-associated hexamer. Dimeric
NS1 is found on membranes both in cellular compartments and on the cell surface. Secreted NS1
(sNS1) is often present in patient serum at very high levels, which correlates with severe dengue
symptoms. This study was carried out to find out how the NS1 protein, miRNAs 15 and 16, and
apoptosis are related to each other during DENV4 infection in human liver cell line culture. The
Huh 7.5 and HepG2 strains were infected with DENV4, and after different times of infection,
miRNA-15 and miRNA-16, viral load, NS1 protein, and caspases 3 and 7 were quantified. This study
demonstrated that miRNAs 15 and 16 are overexpressed during infection of HepG2 and HuH7.5
cells by DENV4 and have a relationship with NS1 protein expression, VDEN4 viral load, and
caspase pathways 3 and 7, thus making these miRNAs interesting targets for markers of injuries
during VDEN infection in human hepatocyte cells.
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1. Introduction

The World Health Organization (WHO) states that about 392 million dengue virus
(DENV) infections happen every year in more than 100 countries where the virus is com-
mon, being a severe threat to public health. DENV causes the most common mosquito-
borne disease in the world. It consists in a group of four different serotypes (DENV-1,
DENV-2, DENV-3, and DENV-4) that belong to the genus Flavivirus, Flaviviridae. Den-
gue fever (DF) and dengue hemorrhagic fever/dengue shock syndrome (DHF/DSS, now
called severe dengue) are major causes of illness in tropical and subtropical areas (1-3).

The DENV is spread by the Aedes aegypti mosquito, which must feed on a person
with the virus during the first 5 days of high viremia, when the person is just starting to
feel sick. Asymptomatic individuals can still infect mosquitoes, and infected mosquitoes
incubate the virus. The virus remains in the mosquitoes for 8-12 extra days (extrinsic in-
cubation period) before it can be passed on to a susceptible human. The mosquito is in-
fected for its whole life and, more importantly, can spread DENV to humans more than
once. There is lack of evidence that the virus can be passed on in unusual ways, like
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through organ transplants, blood transfusions, or from an infected pregnant woman to
her unborn child (4).

The DENV genome (~10.7 kb) encodes three structural proteins (capsid [C], pre-
membrane [prM], and envelope [E]) and seven non-structural (NS) proteins (NS1, NS2A,
NS2B, NS3, NS4A, NS4B, and NS5). They are 50-nm, icosahedral, lipid-wrapped particles
that have the same structure and pathogenic properties, but different genetic and serolog-
ical properties (5).

The NS1 protein can be found both as a membrane-associated dimer and a secreted,
lipid-associated hexamer (sNS1). Dimeric NS1 is found on membranes both in cellular
compartments and on the cell surfaces of virus-infected cells. It has been shown that the
serum from patients contains secreted NS1, and the levels of this protein are often very
high, which is linked to the start of DHF. NS1 also has effects on the innate immune re-
sponse, and has been seen in multiple interactions with the complement system through
factor H (6,7).

Identifying regulatory ~22 nucleotides (nt) non-coding RN As has been one of the sig-
nificant molecular biology tasks. MicroRNAs (miRNAs) are produced from transcripts
that form a fold-back hairpin structure, which is cropped by the RNase IIl enzyme Drosha
to a ~70 nt long pre-miRNA (7,8).

This structure is exported to the cytoplasm and further processed by a second RNase
III enzyme, Dicer, into the mature ~22 nt miRNA and its complementary star sequence.
Mature miRNAs control gene expression by directing effector complexes made up of Ar-
gonauts (Ago) proteins to their cognate targets, which stops translation or speeds up
mRNA degradation (9). Regulation depends on base pairing between the miRNA and tar-
get sites on the mRNA. The seed sequence, nucleotides 2-7 at the 5' end of the miRNA, is
significant for this interaction (10).

Here, we show a correlation between the expression profile of the NS1 protein and
the expression of miRNAs 15 and 16 during infection by DENV4 in cell culture, specifi-
cally HepG2 and Huh 7.5 cells of hepatic origin.

2. Materials and Methods
2.1. Cell Culture

HepG2 and Huh 7.5 hepatic human cell lines were cultured at 37 °C in a nutrient
DMEM (Sigma-Aldrich) medium containing L-glutamine, HEPES buffer, and 10% fetal
bovine serum (FBS, Gibco).

2.2. Viral Samples

At first, the DENV4 (Be H778494) isolate was grown in C6/36 cells with 5% FBS in L-
15 medium at 28 °C. On the seventh day after infection, the culture supernatant was har-
vested and stored at -80 °C before infections of Huh 7.5 and HepG2 cell types.

2.3. Infection of Hepatic Human Cells

The HepG2 and Huh 7.5 cells were infected with DENV4 using the adsorption
method for one hour at 37 °C (MOI 1). Subsequently, the cell cultures were washed with
phosphate-buffered saline (PBS), put in a new medium, and grown again for the experi-
ment. The extracted RNAs were kept at -80 °C until needed. The supernatants of the virus-
infected cells were collected daily up to 120 hours post-infection (hpi).

2.4. RNA Extraction

The commercial Maxwell 16 LEV Simply RNA Cells kit (Promega, Madison, WI,
USA) was used to extract the RNA from the experimental samples, as suggested by the
manufacturer. The samples were then quantified using the commercial Qubit RNA High
Sensitivity (HS) kit (Thermofisher, USA) on the Qubit 3.0 platform (Thermofisher, USA).
The extracted RNAs were kept at -80 °C until needed.
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2.5. Quantification of Viral Load by Real-Time RT-gPCR

The primers and method described by Johnson et al. (11) were used to measure the
viral load, along with the standard curve method and the plasmid pGEM Easy (Promega)
to measure the exact amount.

2.6. Quantification of miRNA Levels by Real-Time RT-qPCR

The commercial kit TagMan MicroRNA Cells-to-CT (Ambion, California, USA) was
used to measure the levels of mir-15 and mir-16, according to the manufacturer’s instruc-
tions. Endogenous controls were made from the targets of RNU48 (SNORD48) and
RNU58a (the gene for ribosomal protein L17). The quantitative PCR was performed on
the platform ViiA 7 (Life Technologies, California, USA).

The relative amounts of miRNAs in the samples were figured out and compared to
the amounts in RNU48 and RNU58a, which were used as internal controls (12). We had
previously written about how the comparative CT method was used to measure the ex-
pression.

2.7. NS1 Quantification

The amount of NS1 protein was measured with the commercial kit Platelia Dengue
NS1 Ag (Bio-Rad, Hercules, California, USA) and a protein curve built with a synthetic
protein made from an expressing plasmid, which uses NS1 protein standard curve. This
quantification was performed using supernatants from cells infected with DENV4.

2.8. Analysis and Quantification of Apoptosis

Following the manufacturer's instructions, the commercial kit Caspase-Glo 3/7 Assay
(Promega) was used on the Glomax-Multi+ (Promega) platform to analyze and measure
the caspase 3 and 7 pathways. This test is based on the labeling of caspase pathways 3 and
7 with luciferin in order to measure how they function during a VDEN infection. For these
tests, the MOCK caspase values were compared with the infection times.

2.9. NS1 fluorescent Imaging

Up to 120 hours after DENV4 infected Huh?7.5 cells, they were moved to a microscope
slide and fixed with 3.7% formaldehyde. After the cells were fixed, 3% bovine serum al-
bumin (Sigma-Aldrich) was used to block nonspecific antibody binding sites for 1 hour.
The cells were then put in a solution of 1:20 of FITC-conjugated DENV NS1 polyclonal
antibody (Biorbyt) at 4 °C for 16 hours. After putting the coverslip on, samples were seen
on an LSM 510 META laser-scanning confocal fluorescence microscope (Carl Zeiss, Col-
ony, Germany) with excitation at 488 nm and emission collected from 500 to 550 nm. Im-
ages were processed using the software Image] v1.48 (National Institutes of Health, Be-
thesda, USA).

2.10. Statistical Analysis

Expression Suite v1.0 (Applied Biosystems, California, USA) and the project's
qPCR.Ct package were used to do the statistical analysis of the data. Analysis of variance
(ANOVA) and Pearson correlation were carried out using the Jamovi Project 2.3 platform
(jamovi.org). P values of less than 0.05 were considered statistically significant.

3. Results
3.1. Viral Load Profile During Infection

At first, we looked at the amount of virus in VDEN4-infected cell lines 120 hours post
infection (hpi), then it was possible to find out when the number of viruses was increasing
the most (Figure 01).
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Figure 1. - Viral load as a function of time after DENV4 infection of Huh7.5 (A) and HepG2 (B) cells.

After analyzing these results, it is clear that 72 hpi is the time when both strains have
the highest viral load, and that HepG2 strain has the lowest viral load at 72 hpi.

3.2. Expression levels of the miRNAs 15 and 16 During Infection

As stated above, DENV4 was used to infect Huh7.5 and HepG2 cells. At different
times after infection, qRT-PCR was used to look at the levels of miRNA-15 and miRNA-
16 in culture supernatants.

During the infection, the level of miRNA-15 slowly went up until it reached 120 hpi
in both cell types. At 72 hpi, it reached a significant level in both cell lines (Figures 2A and
2B). After this time, the level of expression was stabilized and remained high for the rest
of our experiment.

By analyzing the miRNA-16 expression values, we can see that the expression values
in both cell types are significantly higher after 48 hpi (Figures 2C and 2D).
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Figure 2. — Quantification of miRNA-15 levels as a function of time after infection by DENV4 into
Huh7.5 (A) and HepG2 (B) cells. Quantification of miRNA-16 levels as a function of time after in-
fection by DENV4 into Huh7.5 (C) and HepG2 (D) cells.

Between 96 and 120 hpi, the amount of miRNA-16 intensely drops, which is interest-
ing. Even though the Huh7.5 strain showed negative expression values at 24 hpi, there
was no statistically significant difference between these values and the ones at the time
before infection, which we call time "0" hpi.
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3.3. Activation of Caspases3 and 7 During Infection

Next, we looked at how the apoptosis pathway was turned on by DENV4 infection
by measuring the activity of caspase-3 and 7 (Figure 3).

A Huh 7.5 B HepG2
xx %k
31
% % «17
o ** o
Q — (=] Wk
= = e
~ ~
=l °
= c
m m
™ ™
R ; — 2 4 _
£ — = =
‘(e s |
] 24 48 T2 5 120 24 48 T2 56 120
Hours post infection Hours post infection
*pe.05, *pe 00, **op<.001 *pe 05, **p< 01, ***p 007

Figure 3. — Quantification of caspase-3/7 activity as a function of time after infection by DENV4 into
Huh7.5 (A) and HepG2 (B) cells.

The results showed that caspase-3/7 activity was very high at 72 hpi in both cell types.
This activity then went down at 96 and 120 hpi.

3.4. NS1 Expression During Infection
Then, we evaluated the expression of NS1 protein during VDEN4 infection (Figure

05).
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Figure 4. - Quantification of NS1 levels in Huh7.5 (A and C) and HepG2 (B) cells following DENV4
infection.
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It is possible to notice that the quantification of NS1 was similar for both cell lines
(HepG2 and Huh?.5) in this experiment. At 48 hpi, it becomes clear that NS1 is going up,
and it continues to increase for the rest of the infection.

3.5. Correlation Viral Load, NS1 and Cellular Components

Then, a correlation analysis was performed between the data generated for this work.
We correlated the time of infection with the viral load, the amount of NS1, and the expres-
sion of targets such as miRNA-15 and miRNA-16 (Figure 05).
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Figure 5. — Pearson correlation analysis between viral load, NS1 protein, cellular components,
miRNA 15, and miRNA 16 during VDEN4 infection.

It was clear that the two cell lines behaved in the same way, and when we looked at
the targets considering the amount of virus, this became even more evident. It is worth
noticing the positive relationship between miRNA-15 and both NS1 and viral load, and
also the lower relationship between caspases 3 and 7 and miRNA-16.

4. Discussion

Dengue virus is a Flavivirus with a vast worldwide dispersion. Even with the ad-
vances in this area, they remain. Along with the role of miRNA in dengue infections, one
of them is the fact that viral proteins can act as signaling factors.

Studies such as the one by Casseb et al. (13) show that DENV infection changes how
key miRNA-related proteins are controlled, and it is even possible to see the expression
of these proteins go down. Other studies by Holanda et al. (14) and Castillo and Urcuqui-
Inchim (15) support these results, both for DENV and for another flavivirus called Yellow
Fever Virus (YFV).

It is important to notice that viral proteins may be related to miRNA. One of these
proteins is NS1, which is released and can be taken up by hepatocytes and stored there.
This makes it more likely that hepatocytes will get infected and makes it easier for them
to take in NS1. As there is evidence that dengue affects liver function, especially in severe
cases, and as NS1 interacts with hepatocytes, these cells are suitable for studying and test
how NS1 causes immunopathology. In addition, there is evidence that NS1 can alter cell
signaling pathways to help produce more viruses and bypass defenses (16-18).

This study analyzed how the expression of miRNAs 15 and 16 and the NS1 protein
change over time when Huh?7.5 and HepG2 cells are infected with DENV4. When DENV4
replicated in these human hepatocyte cell types, we observed viral load profiles similar to
those described by Alhoot et al. (19). Furthermore, we demonstrated that the cellular ef-
fects are similar to those suffered by other flaviviruses, mainly related to the expression
of key proteins.
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It has been said that miRNA-15 is a key regulator of apoptosis in cells, and low ex-
pression of this miRNA has been linked to cancer (20,21). Papillomavirus infections have
also been shown to alter the levels of these miRNAs in cells, having important effects on
the p53 signaling pathway (22-24). Even though studies have shown that DENV is harm-
ful (25,26), the molecular basis of apoptosis is not well understood.

miRNA-15 is a lot like miRNA-16, which is also involved in apoptotic pathways and
cell growth during oncogenic processes (25,27). The miRNA-16 levels have also been in-
vestigated in viral infections. In fact, a recent study by El-Abd et al. (28) showed that reg-
ulatory function is diminished when the hepatitis C virus causes a long-term infection,
which can lead to hepatocellular carcinoma. In this study, however, we showed that the
expression of both miRNAs goes up during an acute viral infection by DENV4, along with
an increase in the expression of NS1 protein and the activity of the apoptosis markers
caspases-3 and 7. This suggests that NS1 can initiate this apoptosis pathway.

In a recent study, the expression of miRNAs 15 and 16 was found to be opposite to
the expression of Bcl-2, family of proteins that prevent cell death (Yu et al., 2014). Accord-
ing to (29), the downregulation of Bcl-2 protein levels by these miRNAs could be caused
by a direct (miRNA-mRNA complementarity) or indirect interaction, which would lead
to a change in the cell cycle and then apoptosis. In our study, DENV4 NS1 was made while
the activity of caspases-3/7 was going up (Figure 3), suggesting that DENV4 infection of
liver cells plays a role in apoptosis. This finding may be clinically important and may help
explain why apoptosis was observed in the liver cells of people who died from dengue
and yellow fever (21,30)..

Antibodies against NS1 are capable of a protective immune response and induce
complement-fixing activity. However, the NS1 protein can prevent the immune system
from functioning when a virus is present. When released into the extracellular medium,
NS1 acts as a pathogen-associated molecular pattern (PAMP), which directly activates
macrophages and peripheral blood mononuclear cells (PBMCs) via Toll-like receptor 4
(TLR4), causing them to produce and release cytokines, pro-inflammatory drugs and
chemokines (17,31).

It was previously shown that during DENV1 infection of HepG2 cells, the NS1 pro-
tein can be found in lipid raft domains on the host cell surface, suggesting an involvement
in signal transduction events (32). In fact, the authors of these studies found that the NF-
kB p65 protein moves to the nucleus when NS1 is expressed in HepG2 cells. More DENV
infections have recently been linked to NF-kB activation, which leads to endothelial cell
death by apoptosis and bleeding symptoms (23,33).

5. Conclusions

This study showed that when DENV4 infects human hepatocyte cells, miRNAs 15
and 16 are overexpressed. NS1 protein production, viral load and apoptosis are linked to
it, demonstrating an intense linkage between cellular expression components and NS1
expression during DENV4 replication. Thus, we can consider that miRNAs 15 and 16 have
an important potential for use as markers of diseases during DENV infection in human
hepatocytes.
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