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Abstract: MicroRNAs (miRNAs) are small non-coding RNA molecules that play a fundamental role
in the regulation of gene expression in humans. There has been a growing interest in investigating the
interactions between human miRNAs and viruses to better understand the underlying mechanisms
of the immune response and viral pathogenesis. The Ilheus virus, an arbovirus transmitted by
mosquitoes, is known to cause disease in humans, with symptoms ranging from mild fever to severe
neurological complications. This scientific article aims to explore the potential role of human miRNAs
in their association with the genome of the Ilheus virus. Previous research has indicated that miRNAs
can affect viral replication and the host’s immune response, playing a critical role in modulating the
virus–host interaction. Here, we will investigate the possible interactions between specific human
miRNAs and regions of the Ilheus virus genome, focusing on identifying miRNAs that may impact
viral replication or the host’s immune response. A search for potential human miRNAs associated
with the viral genome of ILHV was conducted through database searches such as miRBase. For the
elucidation of targets regulated by these miRNAs, the TargetScan program was adopted. Functional
enrichment analysis, inferring the function of genes regulated by miRNAs, was provided by the
DAVID software. To elucidate the secondary structure, tools hosted in the RNAFold repositories
were employed. In summary, our research has identified miRNAs linked to crucial sections of the
Ilheus virus genome. These miRNAs can potentially regulate genes associated with neurological and
immune functions. This highlights the intricate interplay between human miRNAs and the Ilheus
virus genome, suggesting a pivotal role for these molecules in the host’s response to viral infections.
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1. Introduction

Within the expansive domain of the Flaviviridae family, a distinguished assemblage
of arthropod-borne viruses, the Ilheus virus (ILHV) emerges as a prominent member
of the Flavivirus genus. ILHV’s transmission primarily hinges upon mosquitoes of the
Aedes genus, which share vectors with other globally consequential flaviviruses such
as Aedes aegypti, the vector responsible for propagating formidable viruses including
dengue, Zika, and yellow fever. A comprehensive exploration into the intricate web of
molecular interactions between the Ilheus virus and its host organism occupies a paramount
position. It is driven by its potential to unveil the fundamental mechanisms governing
viral pathogenesis, delineate potential transmission routes, and facilitate the formulation of
efficacious therapeutic strategies [1].

The Ilheus virus, classified within the Flavivirus genus, is a positive-sense, single-
stranded RNA virus. It was initially isolated in the 1940s in the Brazilian city of Ilhéus, after
which it was named. The virus is primarily maintained in a sylvatic cycle involving non-
human primates and forest-dwelling mosquitoes, while human infections are considered
incidental. Despite this, sporadic human cases have been reported across tropical and
subtropical regions, indicating the potential for zoonotic transmission [2].
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Central to this intricate dynamic is a promising avenue for unraveling the nuanced
dialogues between ILHV and the human host: the probing of microRNAs (miRNAs) and
their hypothesized influence upon the Ilheus virus genome. MiRNAs, diminutive non-
coding RNA molecules, orchestrate a pivotal role in post-transcriptional gene expression
regulation. Their intrinsic versatility in modulating a spectrum of cellular processes posi-
tions them pivotally within the regulatory framework governing fundamental phenomena,
encompassing cell proliferation, differentiation, and immune responses [3,4].

In the context of viral infections, the pivotal role of miRNAs assumes multifaceted
dimensions. Extensive evidence substantiates miRNAs’ pivotal function in orchestrating
cellular and immune responses during viral infections. These multifarious molecules wield
the potential to impact viral replication, temper the host’s inflammatory response, fine-tune
the expression of signaling molecules, and even shape the presentation of viral antigens.
This discernment unveils an additional stratum of complexity within the molecular appara-
tus that underpins the intricate interplay between viruses and their hosts [5].

MiRNAs also play a fundamental role in plants, regulating various crucial biological
processes for their development and adaptation to the environment. These small RNA
molecules are involved in the regulation of gene expression, affecting protein translation [6].
MiRNAs in plants can influence growth, cell differentiation, response to environmental
stress, flowering, and resistance to pathogens [7]. By modulating the expression of target
genes, miRNAs allow plants to adjust their physiology and morphology according to
environmental conditions, making them essential elements in plant adaptation and survival
in different ecosystems [8].

Notwithstanding the substantial headway achieved in apprehending the intersections
of miRNAs and flaviviruses, glaring lacunae endure, especially concerning the interplay be-
tween human miRNAs and the Ilheus virus. The need for more data on miRNAs’ influence
on ILHV-mediated responses curtails our comprehension of the associated pathogenesis
and the ensuing immune reactions. Against this backdrop, the foremost objective of this
study crystallizes: to meticulously investigate and discern human miRNAs that conceivably
interface with the Ilheus virus genome. Embracing this pioneering and trenchant approach,
our ambition transcends mere scientific inquiry, aspiring instead to scaffold an enriched and
robust framework for comprehending the intricate molecular pas de deux characterizing
the interplay between the virus and its host [4,9].

A convergence of compelling factors underpins the rationale for this investigation.
First, the novel approach of scrutinizing the potential interaction between human microR-
NAs and the Ilheus virus genome introduces an uncharted dimension to our understanding
of viral infections. Unveiling such interactions could reveal novel therapeutic targets and
develop innovative strategies against Ilheus virus infections.

Moreover, the convergence of vectors between the Ilheus virus and other flaviviruses
of significant medical importance and their shared geographical distribution suggests
that insights gained from this study could transcend our understanding of ILHV alone.
The implications span broader implications for managing mosquito-borne viral diseases,
contributing to a holistic strategy for public health preparedness.

In a broader context, the emerging precision medicine paradigm underscores the
potential utility of specific microRNAs as diagnostic biomarkers or personalized therapeutic
targets. By unraveling the intricate interactions between human microRNAs and the Ilheus
virus, this research could offer a pivotal step toward personalized antiviral interventions,
setting a precedent for tailored treatment strategies.

2. Results
2.1. Human miRNAs Interact with Key Regions of the ILHV Genome

The binding sites of miRNAs in viral genomes often correspond to non-coding regions
such as the 5′ and 3′ untranslated regions (NTRs), although miRNA binding sites have
been elucidated in the coding regions of viral proteins as well. Table 1 presents the specific
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regions found in the viral genome under study, the miRNAs associated with each of these
regions, and their respective sequences (Table 1).

Table 1. Human miRNAs associated with viral genome regions and their respective sequences.

Region miRNA Sequence

5′ cap
hsa-mir-139

UCUGACUAAUUGUUCUAGUGGAGAUGUCUCCUG
UUUGACUU

hsa-mir-6076
hsa-mir-4693

prM hsa-mir-1285-5p ACCUUUUCCCAGUGCCUUCUUCUGCUUAUGUC

The 5′ cap region of the viral genome is responsible for encoding the polyprotein
that will give rise to the viral capsid. In turn, the viral genome’s precursor membrane
(prM) region is associated with viral pathogenesis [3]. Through genomic annotation of the
genome regions, four human miRNAs with their respective sequences were obtained.

2.2. Human miRNAs Regulate Cellular Pathways Associated with Viral Replication, Cell Cycle
Control, and Immune Signaling

After functional enrichment analysis using the DAVID tool, we identified the targets
regulated by the miRNAs previously associated with the ILHV genome, as listed in Table A1.
This analysis revealed significant associations between miRNAs and their respective targets,
highlighting the biological functions and cellular pathways in which these miRNAs exhibit
regulatory activity. In addition to the predicted functions in the functional enrichment
analysis, the literature reports that the genes ATL2, CKB, SOCKS7, SCP2, and SH2D1A are
associated with viral infection and replication, with the miRNAs regulating these pathways
having binding sites associated with the 5′ cap region in the ILHV genome [10].

Furthermore, five other genes have been linked to functions related to cell cycle control,
such as CDH20, FZD3, SMG9, KCNIP1, and MARKS. The miRNAs associated with these
targets have binding sites present in both the 5′ cap and prM regions of the ILHV viral
genome [11].

There are also targets related to important neuronal functions through pathways
involved in neuronal dendrite maintenance and elongation, such as the target MAP2.
Differential expression of the SNAP25 gene has been associated with excitotoxicity events
in critical regions of the central nervous system. Both of these genes are regulated by
miRNAs whose binding sites are inferred in the 5′ cap and prM regions of the ILHV
genome [12].

Moreover, the 5′ cap and prM regions also contain binding sites for miRNAs that regu-
late pathways associated with immune signaling and viral immune evasion mechanisms.
The genes related to these pathways are TCF3, ARRB2, and EBI3 [13].

2.3. Secondary Structure of miRNAs

The results of the secondary structures of the miRNAs identified in the genome
were generated using the RNAfold software, elucidating the conformation of these RNA
molecules. The secondary structures infer the base-pairing regions, loops, and stem struc-
tures of the miRNAs (Figure 1).

The minimum free energy (MFE) results of the secondary structures of the studied
miRNAs, obtained through the RNAfold software, provided crucial information about the
stability of these RNA molecule conformations. MFE is a measure that reflects the energy
required to maintain the most stable RNA secondary structure, and the lower the MFE
value, the greater the stability of the structure (Figure 2).
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Figure 2. Minimum free energy (MFE) graphs revealing the stability of miRNA secondary structures.

The analysis of minimum free energy (MFE) in the secondary structures of miRNAs
allows us to assess the probability of these structures forming stably within cells, which is
essential for the proper functioning of these molecules in gene expression regulation.

For hsa-mir-139, the ensemble’s thermodynamic free energy is −6.63 kcal/mol, in-
dicating considerable stability of the structure. Additionally, the frequency of the MFE
structure in the ensemble is 26.19%, suggesting that this conformation is highly prevalent.
The ensemble diversity, which is 6.88, highlights the variability of secondary structures
present. The centroid, representing a typical secondary structure, has a minimum free
energy of −4.90 kcal/mol, a significant value indicating the importance of the stability of
this conformation.
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The hsa-mir-6076 exhibits an impressive thermodynamic ensemble’s free energy of
18.37 kcal/mol, indicating considerable stability in the observed conformations. However,
it is important to note that the frequency of the minimum free energy (MFE) structure
in the ensemble is relatively low, representing only 2.13% of conformations, suggesting
considerable diversity in secondary structures. The high ensemble diversity, with a value
of 28.33, highlights the variety of conformations the miRNA can adopt.

For the miRNA associated with the prM region in the viral genome, hsa-mir-1285-5p, the
thermodynamic ensemble’s free energy is extremely low, with a value of −82.31 kcal/mol,
indicating exceptional stability in the observed conformations. The ensemble’s diversity
is very high, with a value of 69.62, emphasizing the variety and complexity of different
secondary conformations of the miRNA that have been observed.

This information is crucial for understanding how miRNAs interact with their mRNA
targets and how they exert their regulatory function in gene expression. Additionally,
the analysis of secondary structures can help identify functional features, such as protein
binding sites or conserved regions.

3. Discussion

The regulation of targets by miRNAs is an important feature in various viruses,
including ILHV [14]. Through comparative analyses, it has been observed that some
miRNAs previously associated with the ILHV viral genome may also have homologs or
similar targets in other viruses. This suggests a potential conservation of gene regulation
mechanisms mediated by miRNAs across different viruses [15]. This interaction between
viral miRNAs and their targets can play a significant role in viral pathogenesis and the
host’s immune response.

It has been observed that the miRNAs hsa-mir-139, hsa-mir-6076, and hsa-mir-4693
have potential binding sites in the 5′ cap region of the ILHV genome. This region is
responsible for protecting the viral genome against degradation and for the translation
of viral proteins, such as the protein (C), which forms the viral capsid. The viral capsid
protein (C) is a small helical protein with surfaces that bind to viral nucleic acids or host
lipids, directing the incorporation of the viral genome into the cell. It is an essential protein
in viral replication [16].

The target gene ATL2, regulated by hsa-mir-139, one of the miRNAs associated with
the 5′ cap region, has been elucidated as a facilitator of Zika virus (ZIKAV) replication
through the fusion of the virus with the cellular endoplasmic reticulum (ER) membrane [17].
Additionally, miRNA hsa-mir-139 also regulates the targets CKB, SOCS7, and MAP2. These
targets have been associated with the replication of the hepatitis C virus (HCV) through
interaction with the viral non-structural 4A protein (NS4A), induction of immune signaling
suppression, enabling ZIKV replication, and important neurological functions such as
dendrite maintenance and elongation, respectively [10,18,19].

It has been observed that miRNA hsa-mir-6076 also has a binding site in the 5′ cap
region of the ILHV genome. TargetScan identified the gene SMG9 as a target regulated
by this miRNA. The SMG9 gene is part of a group of genes that function in the Nonsense-
Mediated mRNA Decay (NMD) pathway, which is a mRNA quality control mechanism
aimed at maintaining the quality of gene expression [20]. It has been reported that the
human T-cell lymphotropic virus 1 (HTLV-1) has the capacity for negative modulation of
the SMG1 gene associated with this pathway [21].

Also associated with the 5′ cap region in the ILHV genome, miRNA hsa-mir-4693,
according to functional enrichment analysis, has been linked as a regulator of the targets
KCNIP1 and ARRB2. Both of these targets are associated with the regulation of regulatory
subunits of type A cellular potassium channels, which modulate the excitability of neuronal
membranes, agonist-mediated desensitization of G protein-coupled receptors, and mediate
the processes of desensitization and resensitization of cellular receptors to hormones,
neurotransmitters, and immune signaling, respectively [22,23].
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In a study conducted by [24], it was observed that the human immunodeficiency virus
(HIV) modulated cellular membrane channels regulated by the KCNIP1 gene through the
integral viral protein, thereby permeabilizing the membrane. This contributed to the virus’s
entry into the cellular model and disrupted cellular homeostasis. Additionally, [25] identi-
fied in an in vitro assay that RNA viruses, through the degradation of ARRB2, hindered
cellular immune signaling and promoted viral immune evasion.

The hsa-mir-1285-5p has been inferred to have the potential to interact with the prM
region in the ILHV genome. According to analyses through TargetScan, hsa-mir-1285-5p
regulates genes associated with neurological functions and immune system signaling [26].
It is interesting to observe interactions between miRNAs that regulate neuronal functions
and the genomes of neuropathogenic viruses. When a neuropathogenic virus infects the
nervous system, it can interfere with these delicate regulation mechanisms by modulating
host miRNAs or expressing its own viral miRNAs [27].

This complex interaction can indeed result in significant neurological dysfunctions,
contributing to the development of neurological disorders associated with viral infection.
Studying this interaction between miRNAs and neuropathogenic viruses is crucial for un-
derstanding the molecular basis of viral neuropathologies and can guide the development
of targeted therapeutic strategies.

4. Materials and Methods
4.1. Database and Alignment

First, the 12 genome sequences of the Ilhéus virus from NCBI [28] were collected and
prepared in FASTA format. Then, the Ugene software [29] was installed and configured,
taking into account the preferences and parameters necessary for the analysis, as illustrated
in Figure 3. The sequences were imported into a new project within Ugene, and the decision
was made to use the MUSCLE global alignment algorithm [30]. Alignment parameters were
properly configured, considering the substitution matrix and appropriate spacing options.
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Figure 3. Scheme of materials and methods used to generate results from ILHV sequences.

We considered the Virxicon [31] database to search for viral miRNAs with potential
interaction with the human genome; however, according to the pre-established criteria in
the study, we did not obtain data.

In this section, the miRbase database is not mentioned because it was not the database
used to obtain sequences of the Ihéus virus; it was explored later (Section 4.2) in the
search for human miRNAs with potential association with the viral genome. The selected
databases yielded the largest amount of data for analysis among the adopted tools.

4.2. miRNA Search

To identify human miRNAs potentially associated with regions of the ILHV genome,
bioinformatics tools such as the DAVID tool and miRBase were used [32,33]. Based on
genomic annotations of each region of the ILHV genome, the tools obtained 147 and
123 pre-miRNAs, respectively, of which 35 were human, and 9 of them had elucidated
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targets. The coding regions of the capsid (5′ cap) and viral membrane precursor proteins
(prM) were the regions that showed potential binding sites for human miRNAs.

4.3. Determination of miRNA Targets and Functions

To understand the functions of miRNAs associated with the ILHV genome, a search
for biological targets was conducted using the TargetScan tool [34], followed by subsequent
functional enrichment analysis using the DAVID tool [32]. This analysis revealed important
cellular pathways associated with viral replication, cell cycle control, signaling, immune
evasion, and neurological functions.

Initially, a total of 270 miRNAs with potential association with the ILHV viral genome
were obtained through bioinformatics tools hosted in the DIANAtools repository [35].
Genomic annotation of viral genome regions was used to search for corresponding miRNAs
on the platform. By searching for sequence homology in the miRBase tool, among the
270 miRNA sequences, 35 were human sequences, and 9 of them were associated with the
regulation of important cellular pathways.

4.4. Secondary Structure

In the methodology for elucidating the secondary structure of the miRNAs under
study using the web service software RNAfold [36], the miRNA sequences were first input
into the program. RNAfold uses thermodynamics-based algorithms to predict the most
stable secondary structure of RNA molecules. The software evaluated the different possible
conformations, considering interactions between complementary bases, loops, and stem
structures, as well as the minimum free energy (MFE). The results obtained provided a
graphical representation of the predicted secondary structures, allowing visualization of
base-pairing regions and conformation stability.

To validate the results, in addition to the aforementioned prediction, we utilized the
miRDB, TargetScan, and miRTarBase databases, ensuring a higher reliability of the obtained
data. Furthermore, we employed the RNA2Vec program [37] to investigate the miRNA–
genome interactions of the Ilheus virus. This method enabled us to assess the similarity
between different miRNAs and their functions, enhancing the comprehensiveness and
accuracy of our analysis.

5. Conclusions

In summary, our investigations have revealed the presence of miRNAs associated
with critical regions of the Ilhéus viral genome. These identified miRNAs demonstrate
significant potential for regulating targets related to neurological functions and immune
system signaling. These findings underscore the complex interaction between human
miRNAs and the Ilheus virus genome, suggesting a fundamental role for these molecules in
the host’s response to viral infection. These discoveries not only deepen our understanding
of the molecular biology of arboviruses but also may open new perspectives for the devel-
opment of therapeutic approaches and control strategies for arbovirus-caused infections,
with a special focus on neurological complications and immune responses triggered by
these viruses.
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Appendix A

Table A1. Target genes of miRNAs associated with the ILHV viral genome and their respective
functions.

miRNA Target Gene Function

hsa-mir-139

ATL2

Allows identical protein-binding activity. Involved in
Golgi organization and organization of the tubular
network membrane of the endoplasmic reticulum.
Located in the tubular network membrane of the

endoplasmic reticulum. It is an integral component of
the membrane.

CKB Cytoplasmic enzyme involved in energy homeostasis

SOCKS7
Predicted to act upstream or within various processes,

including brain development, adipocyte differentiation,
and the insulin receptor signaling pathway.

MAP2 Involved in microtubule assembly, which is an essential
step in neurogenesis.

CDH20
Calcium-dependent cell adhesion proteins; cadherins can

thus contribute to the classification of heterogeneous
cell types.

FZD3
Promotes neurogenesis by maintaining sympathetic

neuroblasts in the cell cycle in a beta-catenin-dependent
manner (by similarity).

KLC2 Microtubule-associated force-producing protein that plays
a role in organelle transport.

MGA

Functions as a dual-specificity transcription factor,
regulating the expression of target genes of the MAX
network and T-box family. Functions as a repressor

or activator.

TCF3
Transcriptional regulator involved in early neuronal

differentiation and mesenchymal-to-epithelial transition
(by similarity).

hsa-mir-4693
KCNIP1 Regulatory subunit of type A potassium channels.

ARRB2 Associated with agonist-mediated desensitization of G
protein-coupled receptors.

hsa-mir-6076 SMG9
Encodes a regulatory subunit of the SMG1 complex,

which plays a critical role in nonsense-mediated mRNA
decay (NMD).

hsa-mir-1285-5p

SCP2 Plays a crucial role in peroxisomal oxidation of
branched-chain fatty acids.

SNAP25 Involved in the molecular regulation of
neurotransmitter release.

MARCKS Involved in cell motility, phagocytosis, membrane
trafficking, and mitogenesis.

EBI3

This gene was identified for its induced expression in B
lymphocytes in response to Epstein–Barr virus infection.

Associates with IL27 to form interleukin IL-27, which acts
in innate immunity.

SH2D1A Encodes a protein that plays an important role in
bidirectional stimulation of T and B cells.
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