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Abstract Some viruses have been reported to transcribe
microRNAs, implying complex relationships between the
host and the pathogen at the post-transcriptional level
through microRNAs in virus-infected cells. Although many
computational algorithms have been developed for
microRNA target prediction, few have been designed
exclusively to find cellular or viral mRNA targets of viral
microRNAs in a user-friendly manner. To address this, we
introduce the viral microRNA host target (vHoT) database
for predicting interspecies interactions between viral
microRNA and host genomes. vHoT supports target
prediction of 271 viral microRNAs from human, mouse,
rat, rhesus monkey, cow, and virus genomes. vHoT is
freely available at http://dna.korea.ac.kr/vhot.

MicroRNAs (miRNAs) are small (19–24 nt in length)
noncoding RNAs that down-regulate gene expression by
binding to the 30 untranslated region (30 -UTR) of the target
mRNA bearing complementary target sequences [1].
MiRNAs have been reported to control a wide range of
biological processes such as hematopoiesis [2],
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neurogenesis [3], cell cycle control [4], and oncogenesis
[5], indicating that miRNAs are core elements of the
complete gene regulatory network, together with
transcription factors.
Since the fundamental role of miRNA is gene regulation,
the final goal of functional research on miRNA is often to
find cognate targets of the miRNA, to elucidate the
regulatory mechanism mediated by the miRNA, and to
characterize its interactions with the target mRNA. To this
end, many target prediction methods [6–11] have been
developed and have provided valuable tools for predicting
the candidate targets of the miRNA of interest before
wet-lab experiments are initiated for mechanism studies.
However, those informatics tools are limited to predicting
intra-species interactions between miRNA and mRNA
targets in vertebrates and some lower animals such as flies
and worms. Little has been done to predict interspecies
interactions and especially to find the interactions between
host targets and miRNAs of parasites such as viruses.
A number of viruses (mostly DNA viruses) have been
shown to encode miRNAs [4, 12–14], and it is intriguing
to see the effects of viral miRNAs on viral pathogenesis.
Viral miRNAs have some distinct features compared to
conventional miRNAs. Although most animal miRNAs
down-regulate gene expression through incomplete binding
to target sequences that is not accompanied by target cleavage,
some virus-encoded miRNAs such as miR-BART2 from
Epstein-Barr virus (EBV) have been shown to act in an
siRNA-like manner [13]. In addition, in contrast to
common cellular miRNA-mRNA interactions, there exist
complex relationships between miRNAs and mRNA
targets in virus-infected host cells, because infected cells
possess two different (i.e., host and viral) genomes.
Cellular miRNAs may affect the expression of viral mRNA
targets as well as cellular targets, and similarly, viral
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miRNA sequences from release 15 of miRBase [22–25]. For
human and mouse, we downloaded approximately 89,530
mRNA 30 UTR sequences from the TargetScan web site
(release 5.1). We also utilized 20 viral genes available in the
2006 release of the ViTa database [7]. As the prediction
engine of vHoT, we customized five widely used miRNA
target prediction tools: TargetScan, miRanda, RNAhybrid,
DIANAmicroT and PITA. When making a decision on
which tools to use, we considered various aspects of the tool,
such as its quality of prediction, how well it is maintained,
the ease of data extraction and customization, and its
popularity and acceptance in the community.
The target prediction algorithms and their prediction
principles are depicted in Fig. 2. TargetScan is software to
predict miRNA targets by searching for conserved sites
that match the miRNA seed region. As of June 2011, the
TargetScan database lists 3,088 miRNAs and 410,320
mRNA 30 UTR sequences for 10 species. miRanda utilizes
three key principles, namely sequence complementarity,
the free energy of an RNA-RNA duplex, and conservation
of target sites in related genomes. As of October 2011,
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miRNAs may inhibit the expression of host mRNAs and
virus mRNAs. In other words, two additional interspecies
interactions, namely the interaction between viral miRNA
and host mRNA, and the interaction between host miRNA
and viral mRNA, are present in virus-infected host cells.
These interspecies interactions are critical for understanding
the life cycle of a virus and its pathogenesis. Additionally,
given that there are examples of viral miRNAs whose
target regions are present not in the 30 UTR but in the
coding region [4], the 50 UTR and coding sequences as well
as the 30 UTR need to be considered when putative mRNA
targets are computationally predicted.
Although many computational algorithms have been
developed to predict candidate miRNA targets, few have
been designed exclusively to find cellular or viral mRNA
targets of viral miRNAs. Recently, two computational
methods, Reptar [15] and miRiam [16], have been developed
to predict host mRNA targets of viral miRNAs, but there are
limitations to using those tools in a viral miRNA study.
miRiam is not based on a user-friendly web application but
instead requires the Python interpreter to run the program,
and thus, users who are unfamiliar with Python may not have
easy access to this method. RepTar has been reported to
predict putative cellular targets of viral miRNAs, but queries
are limited to viral miRNAs derived from Epstein-Barr virus
(EBV), human cytomegalovirus (HCMV), Kaposi’s
sarcoma virus (KSHV), mouse cytomegalovirus (MCMV),
and mouse gammaherpesvirus (MGHV).
To address these limitations of the existing approaches,
we introduce the viral miRNA host target (vHoT) database,
a web-based tool that can search for mRNA targets of viral
miRNAs. The vHoT database allows interspecies analysis
and can thus be used to predict both cellular mRNA targets
and viral mRNA targets of virus-derived miRNAs. The
current version of vHoT can predict the targets of 271 viral
miRNAs within the human, mouse, rat, rhesus monkey,
cow, and virus genomes. Either a user-specified set of
genes or the whole genome of an organism can be used for
prediction. Five widely used algorithms that are known to
be relatively accurate for target prediction, TargetScan [9,
10], miRanda [17, 18], RNAhybrid [19], DIANA-microT
[8, 20] and PITA [21], were customized and used as the
search engines of vHoT, and the user can specify the key
parameters of these algorithms to fine-tune search results.
Several aspects of the internal database and the user
interface of vHoT were optimized to maximize the
operational efficiency as well as the quality of the user
experience.
Figure 1 shows the overall architecture of the proposed
vHoT database. It takes three types of sequences as input:
viral miRNA sequences; human, mouse, rat, rhesus monkey,
and cow 30 UTR sequences; and viral gene sequences. For
the current release of vHoT, we obtained a total of 271 viral
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Fig. 1 Overall system architecture of the proposed vHoT database.
There are two phases depicted in the figure: the pre-computation and
the on-demand phases. The pre-computation phase occurs during the
initial development of the database or whenever updates for
prediction algorithms become available. The activities in the
on-demand phase occur when the database is up and running
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Fig. 2 Target-prediction algorithms and their prediction principles.
(A) TargetScan predicts miRNA targets by searching for conserved
sites that match the miRNA seed region (nucleotides 2–7). Shown are
miRNA has-miR-18b and its LIN28 target. (B) miRanda relies on
three key prediction principles, namely sequence complementarity,
the free energy of an RNA-RNA duplex and conservation of target

sites in related genomes. Shown are conserved miRNAs has-miR-194
and mus-miR-194 and their targets Hs FMR1 and Mm Fmr1.
(C) RNAhybrid predicts miRNA targets by finding the minimum free
energy (MFE) of hybridization of miRNA-mRNA duplexes. Shown
are miRNA cel-let-7 and its target lin-14, which form a duplex with
an MFE of -29.0 kcal/mol

miRanda provides 851 human, 793 mouse and 698 rat
miRNAs and many more miRNAs derived from 19 species
other than viruses. RNAhybrid predicts miRNA targets by
finding the minimum free energy (MFE) of hybridization
of miRNA-mRNA duplexes. RNAhybrid was originally
developed as an extension of an RNA secondary structure
prediction algorithm called BiBiServ RNA Studio [26].
DIANA-microT uses a 38-nt window for progressively
scanning 30 UTRs of candidate targets and calculates the
minimum binding energy of miRNA-target duplexes by
dynamic programming. DIANA-microT has been reported
to have high precision levels greater than 66% [27]. PITA
employs a parameter-free interaction model that computes
the difference between the free energy of a miRNA-target
duplex and the energetic cost of unpairing the target for
making it accessible to the miRNA. PITA demonstrates
that target accessibility is key in miRNA function.
For implementation, there are two phases in vHoT, as
depicted in Fig. 1: the pre-computation and on-demand
phases. The pre-computation phase occurs during the initial

development of the database, or whenever updates
for prediction algorithms become available. We first
appropriately preprocess the three types of input sequences
mentioned above so that the five prediction tools used can take
them as input. Using the preprocessed sequence information,
we then execute the five miRNA target prediction tools. To
provide the user of vHoT with near-real-time response we
compute a vast number of search results for each prediction
software in advance and insert them into the MySQL database
management system [28]. For efficient insertion, we can use
the low-level IO functionality of MySQL and/or the database
interface (DBI) module of the PERL language [29]. As a
database engine, we employ the MyISAM storage engine,
which is optimized for read-dominant applications such as
vHoT, over the InnoDB engine [30].
The activities in the on-demand phase occur when the
database is up and running. The user can issue a query after
customizing it with various search options and conditions
that vHoT supports. For instance, the user can adjust the
parameters of individual prediction tools and decide
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whether to use the union or intersection operation to
combine the results from individual tools.
According to the user-specified filtering conditions and
parameters, vHoT then creates a set of intermediate tables
from the pre-computed results and processes these tables to
generate the search result. To highlight the most important
findings for the user, vHoT supports various options to rank
the search result. Further details on vHoT can be found on
the website (http://dna.korea.ac.kr/vhot/) or in the user
manual provided as Supplementary Data.
The identification of miRNAs from viruses brought in a
new layer of gene regulation affecting virus-host interactions.
Many reports have shown that viruses use miRNAs to regulate
their life cycles and evade host immune surveillance [31], but
studies on viral miRNAs still lag behind those on human
miRNAs or mouse miRNAs. With the development of vHoT,
we expect that researchers investigating viral miRNAs will
find it much easier to search for putative cellular and viral
targets of their viral miRNAs of interest. We further anticipate
that vHoT will contribute to elucidating the mechanism of
viral pathogenesis by revealing interactions between miRNAs
and cellular mRNAs. One limitation of the current version of
vHoT is the number of species supported: vHoT considers
humans, mice, rats, rhesus monkeys, cows and viruses as
target species. The next release of vHoT will include more
species, enabling the analysis of host-specific interspecies
interactions of viruses with more types of host genomes.
For user convenience, it would also be possible to highlight
among the search results the experimentally validated targets
of viral miRNAs by utilizing the information available in the
TarBase 5.0 [32] and miRecords [33] databases.
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