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Abstract

Small interfering RNA (siRNA) has revolutionised biomedical research and drug devel-
opment through precise post-transcriptional gene silencing technology. Despite its
immense potential, sSiRNA therapy still faces technical challenges, such as delivery effi-
ciency, targeting specificity, and molecular stability. To address these challenges and
facilitate siRNA drug development, we have developed siRNAEfficacyDB, a compre-
hensive database that integrates experimentally validated siRNA efficacy data. This
database contains 3544 siRNA records, covering 42 target genes and 5 cell lines. It
provides detailed information on siRNA sequences, target genes, inhibition efficiencies,
experimental techniques, cell lines, siRNA concentrations, and incubation times. siR-
NAEfficacyDB offers a user-friendly web interface that makes it easy to query, browse
and analyse data, enabling efficient access to siRNA-related information. In summary,
siRNAEfficacyDB provides a useful data foundation for siRNA drug design and opti-
misation, serving as a valuable resource for advancing computer-aided siRNA design
research and nucleic acid drug development. siRNAEfficacyDB is freely available at
https://cellknowledge.com.cn/siRNAEfficacy for non-commercial use.

KEYWORDS

big data, drugs, RNA

delivery efficiency, targeting specificity, molecular stability, and
potential off-target effects (Figure 1b) [4-7].

Small interfering RNA (siRNA) has emerged as a crucial post-
transcriptional gene silencing tool in biomedical research and
drug development [1]. Since Andrew Fire and Craig Mello
elucidated the mechanism of double-stranded RNA-mediated
gene silencing in 1998 [2], siRNA technology has been
widely recognised as a revolutionary therapeutic approach with
significant potential [3]. Compated to traditional drug thera-
pies, siRNA offers several advantages, including shorter
development cycles, lower costs, broad target range, and well-
defined mechanisms, enabling targeted regulation of protein
targets that are insensitive to conventional small molecule
drugs (Figure 1a) [1, 3]. However, despite its theoretical
promise, the clinical efficacy of siRNA remains constrained by
numerous biological and technical challenges, including drug

Ensuring the efficient and precise silencing of target genes
is critical in siRNA drug development, as it not only de-
termines therapeutic efficacy but also impacts drug safety. The
design and optimisation of siRNA molecules involve a com-
plex process with numerous variables [8—10]. From selecting
the appropriate target sequence to designing suitable delivery
systems, each step requires meticulous control of biochemical
parameters. For instance, the clinical application of first-
generation siRNA drugs is limited by inadequate delivery ef-
ficiency and potential immune activation issues [11]. Addi-
tionally, to minimise off-target effects, ideal siRNA design
must ensure high specificity for the target gene, thereby
avoiding unintended interference with non-target genes [12].
These technical challenges increase the complexity and cost of
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FIGURE 1
Challenges in siRNA Drug Development.

the development process, necessitating continuous innovation
and technological improvements [13].

In the process of siRNA design and optimisation, studies
have demonstrated that targeting different sequences within the
same mRNA can lead to significant variations in knockdown
efficiency [14, 15]. For instance, Khvorova et al. [16] highlighted
that functional siRNAs exhibit a pronounced strand bias,
meaning that the antisense strand preferentially guides the RNA-
induced silencing complex, and this bias is closely linked to the
overall efficacy of the siRNA. Similarly, Reynolds et al. [17]
proposed a set of rational siRNA design rules, underlining the
importance of specific sequence features in predicting siRNA
activity. Additionally, Ui-Tei et al. [18] provided comprehensive
guidelines for selecting highly effective siRNA sequences in
mammalian and avian systems, further refining the standards for
siRNA design. In the same year, Amarzguioui and Prydz [19]
introduced an algorithm for functional siRNA selection that
combined sequence characteristics with positional effects,
significantly improving the success rate of siRNA design. This

Principles and Challenges of Small interfering RNA (siRNA) Molecular Therapy. (a) Molecular Mechanism of siRNA Therapy. (b) Three

collective body of work has established a strong foundation for
understanding how sequence and positional factors critically
influence siRNA efficacy, laying the groundwork for more so-
phisticated design approaches in RNA interference research.
With the explosive growth of machine learning technol-
ogies, particularly deep learning-based artificial intelligence,
using machine learning methods to predict siRNA activity
and assist in siRNA drug design has become an emerging
strategy in nucleic acid drug development [20-22]. Compared
to traditional research methods, machine learning offers ad-
vantages, such as accurate prediction and optimisation,
reduced experimental costs, automation, increased efficiency,
and personalised customisation [22]. In the era of traditional
machine learning, Huesken et al. [23] first established a
dataset containing 2431 siRNA activity records and developed
the BIOPREDsi algorithm using the Stuttgart neural network
simulator. Ichihara et al. [24] developed a simple linear
regression model called i-Score, focussing on predicting active
siRNAs by considering nucleotide preferences at each
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position within the siRNA sequence. Lu et al. [25, 26] con-
structed a support vector machine model combining ther-
modynamic and sequence features specifically for selecting
functional siRNAs.

In recent years, researchers have started applying deep
learning models to predict siRNA activity. For example, Han
et al. [27] used convolution kernels as motif detectors to extract
features from siRNA sequences, combined with thermody-
namic properties and pooling layers, and introduced deep
neural networks to predict siRNA activity. Massimo et al. [28]
proposed a graph neural network method to model siRNA—
mRNA interactions and predict siRNA activity. Additionally,
Bai et al. [29] further optimised siRNA efficiency prediction by
integrating thermodynamic calculations, RNA-FM modules
(the first foundation model for the community to accommo-
date all non-coding RNA sequences), and Oligo encoders
representing siRNA.

In the field of siRNA research, several databases have
provided researchers with valuable resources on siRNA effi-
cacy, supporting the design and optimisation of siRNA. For
instance, siRNAdb has compiled extensive experimental vali-
dation data on functional siRNAs, including detailed infor-
mation on sequences, target genes, and experimental
conditions, making it a critical reference for siRNA function
and design [30]. Similarly, siRecords offers a broad collection
of siRNA experimental records, covering multiple biological
systems and documenting gene knockdown efficiencies, along
with multi-level evaluations of siRNA efficacy, which assist
researchers in screening and analysing siRNA biological activity
[31]. VIRsiRNAdDb, on the other hand, focuses on virus-related
siRNA data, containing siRNA sequences targeting viral ge-
nomes and their inhibitory efficiencies, advancing the devel-
opment of antiviral siRNA therapies [32]. However, these
databases are no longer accessible online, forcing researchers
to rely on diverse and dispersed sources for training data,
lacking unified management and curation [33]. This signifi-
cantly increased the difficulty of training machine learning al-
gorithms and hindered their generalisation capabilities. To
address this issue, our study leveraged literature mining tech-
niques to construct siRNAEfficacyDB, a database containing
3544 experimentally validated siRNA efficiency records. We
also developed a user-friendly online platform, enabling re-
searchers and developers to easily access and study detailed
information on siRNA efficacy. The establishment of this
database not only provides robust data support for siRNA
drug design and optimisation but also holds significant scien-
tific and practical value in advancing nucleic acid drug
development.

2 | MATERIALS AND METHODS
2.1 | Data collection

All data in siRNAEfficacyDB were sourced from seven pub-
lications (Figure 2). Specifically, 2431 entries were obtained

from Huesken et al. [23], 44 entries from Harborth et al. [34],
10 entries from Khovorova et al. [16], 244 entries from Rey-
nolds et al. [17], 702 entries from Takayuki Katoh et al. [35], 37
entries from Ui-Tei et al. [18], and 76 entries from Vickers et al.
[36]. We collected information on the sense and antisense se-
quences of all siRNAs, target genes, inhibition efficiencies,
experimental techniques, cell lines, siRNA concentrations, and
incubation times.

To ensure data reliability, only siRNA records meeting the
following criteria were included in the database: Experimental
Validation: All siRNAs must have been experimentally tested,
with reported measurable inhibition Data
Completeness: Each record must include both sense and

efficiencies.

antisense siRNA sequences, along with associated experimental
conditions (e.g cell type, siRNA concentration, and incubation
times). Relevance to siRNA Design: Only studies contributing
to the understanding of siRNA design, mechanism of action,
or gene silencing optimisation were considered. By adhering to
these criteria, siRNAEfficacyDB offers a high-quality, stand-
ardised dataset that supports siRNA drug design and optimi-
sation, providing a solid foundation for training models that
predict siRNA efficacy.

2.2 | Small interfering RNA sequence
feature analysis

In this study, we further analysed six fundamental features of
all siRNA sequences using the i-Score [24] platform (Figure 2):

Sec. dG: The AG value of the most stable secondary
structure of the siRNNA strand;

5'AG: The AG value of the dinucleotide at the 5 end;
3'AG: The AG value of the dinucleotide at the 3’ end;
Whole AG: The AG value of the double-stranded siRNA;
GC stretch: The maximum length of the GC segment;
%GC: The percentage of GC content.

2.3 | Prediction of small interfering RNA
inhibition efficiency

In addition to providing experimentally obtained siRNA inhi-
bition efficiencies, we also predicted the efficiencies of all
siRNAs in the database using seven siRNA efficiency predic-
tion algorithms (Figure 2): Hsieh et al. [23], Amarzguioui et al.
[19], Katoh et al. [35], Takasaki et al. [37], Reynolds et al. [17],
Ui-Tei et al. [18], and i-score [24].

2.4 | Website architecture

The system adopts a three-tier architecture comprising the
presentation layer, logic layer, and data layer (Figure 3). The
presentation layer, developed using HTML, CSS, and JavaScript,
offers a user-friendly interface and interactive experience. The
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FIGURE 2 Small interfering RNA (siRNA) data collection, Sequence Feature Analysis and Efficiency Prediction in siRNAEfficacyDB.
logic layer, implemented in PHP, handles user requests, invokes engine separates the front end from the back end, facilitating
data, and implements system functionalities, with AJAX tech- maintenance and updates. The website features a responsive
nology used for real-time data retrieval. The data layer utilises design, adapting to different screen sizes and devices to enhance

MySQL for data management and storage. The Smarty template the user browsing experience.
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FIGURE 3 Architecture of siRNAEfficacyDB.

3 | RESULTS

3.1 | Statistics

The current version of siRNAEfficacyDB includes 3544
siRNA entries sourced from seven publications, involving 42
target genes and 5 cell lines (Figure 4a). Over 90% of the data
are derived from experiments conducted on the Hela cell line
(Figure 4b). Among the 42 target genes, a significant propor-
tion are various fluorescent proteins and enzyme genes, such as
Enhanced Green Fluorescent Protein, Ubiquitin Conjugating
Enzyme E2 E3, and matrix metallopeptidase 7 (Figure 4c).
Further analysis of the inhibition efficiencies of all siRNAs
reveals that their efficiencies predominantly range between

30% and 90% (Figure 4d).

3.2 | Data querying and result presentation

siRNAEfficacyDB provides a user-friendly web interface that
allows users to easily query information related to siRNAs and
their inhibition efficiencies. The website's navigation bar offers
quick access to various pages, including “Search,” “Browse,”
“Submit,” “Download,” and “Statistics.” The “Search” page
offers three search options: “ID Search,” where users can enter
gene ID/Accession/symbol; “Sequence Search,” where users
can input siRNA sequences in bulk; and “Basic Local Align-
ment Search Tool Search,” where users can input specific se-
quences to retrieve similar target gene information. Search
results are summarised in a table on the “Results” page

atabase serven

Server environment architecture

My50OL
C55
HTML
JOUERY
Bootstrap

Smarty

(Figure 5). By clicking “More,” users can access detailed in-
formation about specific siRNA entries on the “Details” page.
The “Details” page provides comprehensive information
related to the siRNA, including basic information (such as
“Antisense Strand,” “Sense Strand,” “Sequence Alignment,”
“Target Gene,” “Technology,” “Cell Line,” “Concentration,” "
Incubation Time,” and " Inhibition Efficacy”), characteristics
(including 5" end AG," 73 end AG," “Sec. AG,” “Whole
AG,” “GC Stretch,” and "%GC”), prediction methods
(including “Hsich et al.” “Amarzguioui et al.” “Katoh et al.”
“Takasaki et al.” “Reynolds et al.” “Ui-Tei,” and “i-score”), and
references associated with the entry (including “PMIDs,”
“Title,” “Journal,” and publication year). Overall, siRNAEffi-
cacyDB offers a comprehensive and user-friendly platform for
users to efficiently access information related to siRNA
efficiency.

3.3 | Other interfaces

siRNAEfficacyDB features a “Browse” page that helps users
quickly navigate siRNA data by selecting specific target genes,
cell lines and experimental techniques (Figure 6). Users can
then click on each entry in the “Results” table to view detailed
information. The “Download” page allows users to easily
download siRNA, target gene information, siRNA sequence
features, and efficiency prediction results. The “Statistics” page
uses various statistical charts to display detailed information
about the latest version of siRNAEfficacyDB. The “Help”
page provides step-by-step tutorials guiding users on how to
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FIGURE 4 Data statistics of siRNAEfficacyDB. (a) Overall statistics for siRNAEfficacyDB database. (b) Distribution of cell lines. () Distribution of target

genes. (d) Distribution of Small interfering RNA (siRNA) efficacy.

operate, query, and browse the siRNAEfficacyDB database.
Since siRNAEfficacyDB may not cover all reported siRNA
efficacy data, a “Submit” interface is provided, allowing re-
searchers to submit new siRNA efficacy information not
recorded in the database. When users submit new siRNA ef-
ficacy data, they are required to provide detailed information
about the data's soutce (e.g. specific references to published
literature or patents). Our research team will periodically re-
view all submissions to verify the reliability of the data sources
and the accuracy of the submitted information. This review
process includes cross-checking the data against the provided
references and ensuring that the methodology aligns with
established standards in siRNA research. Only after this
thorough validation process will the submitted data be added
to the database in the next scheduled update, ensuring that the
data remain of high quality and useable for the broader sci-
entific community.

4 | DISCUSSION

siRNAEfficacyDB provides a valuable platform for storing,
integrating, and analysing siRNA efficacy and related infor-
mation to accelerate the siRNA drug development process.
However, it still has some limitations. Currently, the collected
siRNA efficacy data cover only 42 target genes, which is very
limited compared to the vast genome. This limitation means
that when training related artificial intelligence models, we will
still face the problem of insufficient generalisation ability.
Secondly, all siRNA inhibition efficiency data are derived from
cell experiments, lacking in vivo experimental results. There-
fore, the data cannot be used to predict siRNA efficiency in
living organisms. Additionally, chemical modifications on
siRNA sequences significantly impact their efficiency, and the
current database lacks data collection and organisation related
to various chemically modified siRNAs.
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To enhance the scientific value of siRNAEfficacyDB, we
plan the following improvements: Expand target gene
coverage: By collecting more siRNA efficacy data across a
wider range of target genes, we aim to improve the gen-
eralisability of predictive models and cover a broader portion
of the genome. Incorporate in vivo data: Adding in vivo
experimental data will enhance the translational relevance of
the database, helping predict siRNA performance in clinical
settings. Integrate with other databases: Merging with other
siRNA-related databases will create a more comprehensive
resource, offering researchers better support for designing
and optimising siRNA therapeutics. Support chemically
modified siRNAs: Including data on chemically modified
siRNAs will help researchers understand the effects of
modifications on efficacy, stability, and safety, improving drug
development. Develop predictive tools: Using the expanded
dataset, we will create deep learning-based models to predict
siRNA efficacy, boosting efficiency in drug development and
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PMID;
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Journal: N
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The Search page, Result page and Detail page of siRNAEfficacyDB.

personalised medicine. We believe that these efforts will po-
sition siRNAEfficacyDB as a key resource for advancing both
basic research and therapeutic development in the siRNA

field.

5 | CONCLUSION

In this study, we collected 3544 experimentally validated
siRNA activity data entries by mining and organising a large
number of literature sources and successfully established the
siRNAEfficacyDB. These data encompass key information
such as siRNA sequence characteristics, target gene informa-
tion, experimental conditions, and activity indicators. This
provides a rich data foundation for siRNA drug design and
optimisation, creating a valuable resource-sharing bridge for
small nucleic acid drug development and advancing the
research of computer-aided siRNA design.
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