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A B S T R A C T

The increasing emergence and re-emergence of RNA virus outbreaks underlines the urgent need to develop
effective antivirals. RNA interference (RNAi) is a sequence-specific gene silencing mechanism that is triggered by
small interfering RNAs (siRNAs) or short hairpin RNAs (shRNAs), which exhibits significant promise for antiviral
therapy. AGO2-dependent shRNA (agshRNA) generates a single-stranded guide RNA and presents significant
advantages over traditional siRNA and shRNA. In this study, we applied a logistic regression algorithm to a
previously published chemically siRNA efficacy dataset and built a machine learning-based model with high
predictive power. Using this model, we designed siRNA sequences targeting diverse RNA viruses, including
human enterovirus A71 (EV71), Zika virus (ZIKV), dengue virus 2 (DENV2), mouse hepatitis virus (MHV) and
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), and transformed them into agshRNAs. We
validated the performance of our agshRNA design by evaluating antiviral efficacies of agshRNAs in cells infected
with different viruses. Using the agshRNA targeting EV71 as an example, we showed that the anti-EV71 effect of
agshRNA was more potent compared with the corresponding siRNA and shRNA. Moreover, the antiviral effect of
agshRNA is dependent on AGO2-processed guide RNA, which can load into the RNA-induced silencing complex
(RISC). We also confirmed the antiviral effect of agshRNA in vivo. Together, this work develops a novel antiviral
strategy that combines machine learning-based algorithm with agshRNA design to custom design antiviral
agshRNAs with high efficiency.
1. Introduction

RNA interference (RNAi) is a conserved eukaryotic mechanism for
post-transcriptional gene silencing, and is mediated by small non-coding
RNAs, such as microRNAs (miRNAs) and small interfering RNAs (siR-
NAs). siRNAs are double-stranded (ds)RNAs with 2-nucleotide (nt) 30

overhangs in the length of 19–24 nt, which are processed by host
endoribonuclease Dicer from endogenous or exogenous long dsRNAs or
short hairpin RNAs (shRNAs). miRNA are transcribed as primary miRNAs
(pri-miRNAs) in the nucleus by RNA polymerase and are subsequently
cleaved into ~70 nt pre-miRNAs by Drosha and DGCR8. The pre-miRNAs
are then transferred to the cytoplasm and further processed by Dicer into
mature miRNA duplexes. The siRNAs and miRNAs are integrated into
Argonaute (AGO) proteins and form the RNA-induced silencing complex
(RISC) (Ghildiyal and Zamore, 2009). Mammals possess four AGO pro-
teins and only the AGO2 contains catalytic activity that cleaves the target
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RNA. siRNAs and miRNAs exhibit asymmetry with a preference for
loading one strand (guide) RNA into RISC. The thermodynamic charac-
teristics play a significant role in determining which strand of the duplex
will be selected as the guide for incorporation into RISC (Ha and Kim,
2014). The other strand of the duplex (passenger) is subsequently cleaved
and degraded. The mature RISC is composed of a single-stranded guide
RNA that is annealed to a complementary target, directing degradation
(complete complementary, siRNA) or translational (partial complemen-
tary, miRNA) repression (Bartel, 2018). Importantly, siRNAs or shRNAs
can be delivered directly into the cell as chemically synthesized mole-
cules and trigger the gene silencing, highlighting that RNAi is a powerful
tool for gene knockdown and a promising therapeutic candidate. Besides,
RNAi also functions as an intrinsic antiviral immunity in diverse eu-
karyotes (Schierhorn et al., 2022; Anobile and Poirier, 2023).

However, several risks obstructing RNAi applications still remain. A
major concern is that few mismatches are tolerated by the RISC, which
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Table 1
Principle of siRNA features.

Criterion Feature value

I. 30%–52% G/C content 1/0
II. ‘A/U’ bases at positions 15–19 1/0 per position
III. Absence of internal repeats 1/0
IV. An “A” base at position 19 (sense strand) 1/0
V. An “A” base at position 3 (sense strand) 1/0
VI. An “U” base at position 10 (sense strand) 1/0
VII. A base other than “G” or “C” at 19 (sense strand) 1/0
VIII. A base other than “G” at position 13 (sense strand) 1/0
IX. Relative stability of the 50 end of the siRNA duplex 1/0
X. The Gibbs free energy (ΔG) of siRNAs normalized ΔG
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may lead to off-target effects via partial base pairing of siRNAs with
mRNAs and the downregulation of unintended targets (Jackson et al.,
2003; Birmingham et al., 2006; Wu and Belasco, 2008; Huntzinger and
Izaurralde, 2011). In addition, the RISC-loaded passenger strand of
siRNA may also knockdown other irrelevant genes (Hu et al., 2020).
Furthermore, shRNAs may disrupt endogenous miRNA biogenesis by
competing for protein factors (e.g., Dicer). Besides, high-level accumu-
lation of siRNAs/shRNAs may lead to the activation of endogenous RNA
sensors, such as Toll-like receptor 3 (TLR3) (Grimm et al., 2006, 2010).
Based on these, designing highly efficient siRNAs/shRNAs is crucial for
the success of RNAi-based therapies.

While Dicer processes the majority of miRNAs, some of them are
Dicer-independent. Particularly, pre-miR-451, characterized by a short
17-nt stem and 4-nt loop, evades Dicer processing and is instead cleaved
by AGO2, which cleaves the 30arm of pre-miR-451 and produces only a
30-nt guide strand intermediate (Cheloufi et al., 2010; Cifuentes et al.,
2010; Yang et al., 2010). The 3ʹ end of the intermediate is then processed
by poly(A)-specific ribonuclease (PARN), generating the 23–26 nt mature
miR-451 (Yoda et al., 2013). Multiple evidence have shown that
AGO2-dependent shRNAs (agshRNAs), based on the structure of
pre-miR-451, present significant advantages over traditional shRNAs and
siRNA (Liu et al., 2013, 2015; Herrera-Carrillo et al., 2015, 2017a, 2019;
Shang et al., 2015; Herrera-Carrillo and Berkhout, 2017; Gao et al., 2019;
Alsing et al., 2022). The lack of a passenger-strand of agshRNA is
anticipated to decrease the likelihood of off-target effects resulting from
the RISC-loaded passenger strand. Moreover, agshRNAs are preferen-
tially incorporated into AGO2, leaving the loading of endogenous miR-
NAs into other AGOs unaffected.

The treatment of viral infections continues to pose a significant
challenge, due to the constant emergence of new-onset viruses and the
variation among strains of known virus species. Since RNAi enables gene
silencing of a selected target gene through complementary base pairing
between siRNAs and the target mRNAs, it offers a promising approach for
developing flexible antiviral therapies that can be rapidly applied to new
viral sequences. For example, siRNAs targeted for different human vi-
ruses like respiratory syncytial virus (RSV), human immunodeficiency
virus (HIV), hepatitis C virus (HCV), hepatitis B virus (HBV) and Ebola
virus (EBOV) have been appearing in clinical trials (DeVincenzo et al.,
2010; Davidson and McCray, 2011; Gish et al., 2011; Choi and Croyle,
2013; Gebert et al., 2014). So far, a large number of design and prediction
algorithms for utilizing siRNAs or shRNAs to knockdown host genes are
available (Huesken et al., 2005; Shabalina et al., 2006; Vert et al., 2006;
Ichihara et al., 2007; Knott et al., 2014; Pelossof et al., 2017). However,
very few bioinformatics resources have been developed regarding siR-
NAs targeting viruses. In this study, we utilized a logistic regression al-
gorithm on a chemically siRNA efficacy dataset that had been previously
published, and developed an algorithm that has a strong predictive
capability. Moreover, we combined this machine learning-based siRNA
prediction model with agshRNA design, developing a novel antiviral
strategy to custom design antiviral agshRNAs. Using this strategy, we
designed agshRNAs against a range of RNA viruses, including human
enterovirus A71 (EV71), Zika virus (ZIKV), dengue virus 2 (DENV2),
mouse hepatitis virus (MHV) and severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). Mechanistically, we identified that the
antiviral effect of agshRNA is dependent on the production of
single-stranded guide RNA processed by AGO2. We also evaluated the in
vivo antiviral effect of agshRNA.

2. Material and methods

2.1. Machine learning model training

The siRNA features associated with high silencing efficiency that have
been previously identified (Reynolds et al., 2004; Ichihara et al., 2007;
Lisowiec-Wąchnicka et al., 2019) were summarized and combined as
being the principle in this study to improve the representation of siRNA
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sequences (Table 1). The dataset containing 2431 siRNA sequences and
the corresponding efficiency data were obtained from a publicly avail-
able dataset (Huesken et al., 2005). This dataset was randomly divided
into training set (1999 siRNAs) and testing set (432 siRNAs). For each
siRNA sequence, the passenger strand (sense strand for mRNA) was used
to generate feature vector according to the principle mentioned above,
and the feature matrix of total siRNA sequences was generated (Sup-
plementary Table S1). The siRNAs with silencing efficiency higher than
0.7 were labeled as high, while others as low. We employed logistic
regression to train the model with L2 regularization and the ‘liblinear’
solver. The parameters were further adjusted by five-fold cross-
validation. The model was assessed by using the ROC curve and confu-
sion matrix. Python library scikit-learn was used for this part.
2.2. Design of antiviral agshRNAs

Viral genome sequences were scanned using a 19-nt window to
generate all potential siRNA sequences. These siRNA sequences were
then aligned to human RefSeq database (download from NCBI) using
Blastþ (v 2.12.0) with default strategy. siRNAs with a complete match at
positions 3–7 in the nucleotide sequence and a total matching length
more than 15 nt were considered to have off-target effects and were
consequently excluded. The remaining sequences were evaluated using
the machine learning-based model as noted above. Supplementary
Table S2 summarizes all the siRNA sequences (passenger strand) tar-
geting different viruses and the scores of sequences are ranked. To design
agshRNA, the selected siRNA sequences were then extended from its 50

end by two bases of viral genome sequences. The resulting 21-nt siRNA
sequences were transformed to agshRNAs with 17-nt stem, 4-nt loop, and
2-nt U overhang at 30 end according to the rule of agshRNA design
(Herrera-Carrillo and Berkhout, 2017). A pipeline was generated to
perform this process automatically. All the agshRNAs, shRNAs and siR-
NAs used in this study were synthesized by GenScript (Nanjing, China).
The sequences of agshRNAs used here are listed in Supplementary
Table S3.
2.3. Cell culture and transfection

HEK293T, rhabdomyosarcoma (RD), lung cancer A549, rat lung
epithelial L2 and Vero E6 cells were maintained in Dulbecco's modified
Eagle's medium (DMEM; Gibco, C11995500BT) supplemented with 10%
FBS (Gibco, 10099-141C), 100 U/mL penicillin, and 100 μg/mL strep-
tomycin at 37 �C in a humidified atmosphere with 5% CO2. A. albopictus
C6/36 cells were cultured in RPMI 1640 (Gibco, C11875500BT) medium
containing 10% FBS at 27.5 �C. All cells mentioned above were
commercially obtained from American Type Culture Collection (ATCC).
The 293T NoDice cell line was kindly provided by B. R. Cullen (Durham,
NC, USA) (Bogerd et al., 2014). The AGO2-KO 293T cell line was con-
structed via CRISPR/Cas9 system as previously described (Kong et al.,
2023). Transfection was performed using Lipofectamine 2000 Reagent
(Invitrogen, 11668019) according to the manufacturer's instructions.
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2.4. Viruses and plaque assay

EV71 strain H (VR-1432) was amplified in RD cells (Fang et al.,
2021). ZIKV strain GZ01 and DENV2 strain TSV01 were amplified in
C6/36 cells (Lyu et al., 2022). MHV strain A59 was amplified in L2 cells
(Wang et al., 2021). SARS-CoV-2 strain 2019-nCoV-WIV04was amplified
in Vero E6 cells (Xie et al., 2021). For plaque assay, vero cells in 12-well
plates were infected with a 10-fold serial dilution of viruses. The cells
were cultured at 37 �C for 1 h for viral adsorption. The supernatant 1%
low-melting-point agarose (Sigma-Aldrich) in 2% FBS DMEM. After in-
cubation at 37 �C for 2–3 days, cells were fixed with 4% formaldehyde
and stained with 0.5% crystal violet to visualize the plaques.

2.5. RNA extraction and quantitative RT-PCR (qRT-PCR)

Total RNAs were extracted using Total RNA kit (Foregene, RE-03113)
according to the manufacturer's instructions. The cDNA was obtained
using Hifair AdvanceFast 1st Strand cDNA Synthesis Kit (Yeason,
11141ES60). The qRT-PCR was performed with the primers specific for
the viral genomes of EV71, ZIKV, MHV, DENV2 and SARS-CoV-2. The
qRT-PCR was performed using Hieff qPCR SYBR Green Master Mix
(Yeasen, 11202ES08). All the primers used in this study are listed in
Supplementary Table S6.

2.6. Northern blotting

For northern blotting, total RNAs were extracted using Trizol reagent
(Takara, 9109) according to the manufacturer's instructions. Briefly, 10
μg of total RNAswas resolved on 7M urea-18% PAGE and transferred to a
Hybond-A nylon membrane (GE Healthcare, RPN303B). The membrane
was cross-linked using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) (Sigma-Aldrich, E7750). The membrane was then hybridized with
digoxin (DIG)-labeled probes at 40 �C overnight. After washing, the
membrane was incubated with anti-DIG antibody conjugated with
alkaline phosphatase and exposed to a luminescent image analyzer
LAS4,000 (Fuji Film). The synthetic 21- and 25-nt RNAs were used as size
markers. The small RNA markers and DIG-labeled oligo RNA probes
targeting agshEV71-h1-5p, agshEV71-h1-3p, and U6were synthesized by
Takara. All the RNA probes used in this study are listed in Supplementary
Table S6.

2.7. Western blotting

Cell were harvested in lysis buffer [20 mmol/L Tris-HCl (pH 7.4), 150
mmol/L NaCl, 1% NP-40, 0.25% deoxycholate, and a protease inhibitor
cocktail (MCE, HY-K0010)]. Lysates were then subjected to 10% SDS-
PAGE and Western blotting according to our standard procedures
(Fang et al., 2021; Kong et al., 2023). The antibodies used are as follows:
anti-FLAG (MBL, M185-7, 1:2000), anti-AGO2 (Abcam, EPR10410,
1:1000), and anti-Tubulin (Protein Tech Group, HRP-66031, 1:2000),
HRP-conjugated Goat Anti-Mouse IgG (Jackson ImmunoResearch,
115-035-003, 1:5000).

2.8. RNA-immunoprecipitation (RNA-IP)

Cells were lysed in a lysis buffer [20 mmol/L Tris–HCl (pH 7.4), 200
mmol/L NaCl, 2.5 mmol/L MgCl2, 0.5% Triton X-100, 0.5 U/mL RNase
inhibitor (Promega, N2515) and a protease inhibitor cocktail (MCE, HY-
K0010)] at 4 �C for 1 h. Lysates were centrifuged at 12,000�g for 10 min
at 4 �C and the post-nuclear lysates were split into two equal fractions,
followed by incubation with 1:100 anti-AGO2 antibody (Abcam,
EPR10410) or anti-mouse IgG (CST, #5946S) together with protein-A/G
agarose beads (Beyotime, P2055) at 4 �C for 12 h, respectively. The
antibody-bound complexes were washed and RNAs or proteins were
extracted from the complexes and subjected to further analyses.
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2.9. Small RNA sequencing and data analysis

Libraries of small RNAs were constructed using TruSeq Small RNA
Library Preparation Kits (Illumina) according to manufacturer's pro-
tocols, and then sequenced by Illumina HiSeq 2000 at Bioacme (Wuhan,
China). Quality control and adapter trimming process were performed
using Trim Galore (v0.6.4) with default parameters (Kong et al., 2023),
and reads length between 17 and 70 were used for subsequent analyses.
The sequenced reads were aligned to the human genome (GRCh38) by
using Bowtie2 (v2.3.5.1). Reads that cannot be aligned to the human
genome (GRCh38) were then aligned to agshRNAs. The sequences and
lengths of reads aligned to agshRNA were then determined using an
in-house script. Reads mapped to the genome were further categorized as
miRNA, tRNA, snoRNA etc. by using htseq-count (v0.11.2). Annotation
file was downloaded from DASHR 2.0 (https://dashr2.lisanwanglab.or
g/).

2.10. RNA-seq and data analysis

Libraries of total RNAs were constructed using MGIEasy RNA Library
Preparation Kits (BGI) according to manufacturer's protocols, and then
sequenced by MGISEQ2000 (BGI) at Wuhan Institute of Virology, CAS.
Quality control and adapter trimming were performed using Trim Galore
(v0.6.4) with default parameter. All reads were mapped to the human
genome (GRCh38) using Hisat2 (v2.1.0) and then annotated using htseq-
count (v0.11.2). Annotation file was downloaded from NCBI. Annotated
reads numbers were transformed into count per million reads (CPM).
Statistical significance was evaluated via using the unpaired t-test and
adjusted using Bonferroni correction. Different expression genes (DEGs)
were defined by |log2FC| > 1 and P.adj < 0.05.

2.11. Mouse experiments

Four-week-old C57BL/6 mice were purchased from the Beijing Vital
River Laboratory Animal Technology Co (Beijing, China). Mice were tail
vein injected with LNP-agshMHV-h1 (n ¼ 6) or LNP-CT (n ¼ 6) at 2 mg/
kg of body weight. After 24 h, mice were intraperitoneally (i.p.) infected
with 1 � 106 PFU of MHV. The mortalities and weights of infected mice
were monitored daily for 8 days. Survival curves were plotted and
analyzed via log-rank analysis with Mantel Cox method. In addition, two
groups of mice were administrated with the same methods as noted
above except that these mice were euthanized at day 4 post infection
(dpi), and the liver tissues were harvested for subsequent analysis. All
mice were maintained in individually ventilated cages in an animal
biosafety level 2 (ABSL-2) facility and received care in compliance with
Institutional Animal Care and Use Committee of Wuhan Institute of
Virology.

2.12. Quantification and statistical analysis

Statistical analyses were conducted via GraphPad Prism (8.3.0.). Data
are means� SEM, and statistical significance was evaluated via using the
unpaired t-test. P value <0.05 was considered statistically significant.

3. Results

3.1. Prediction of siRNAs with a logistic regression algorithm

To develop an algorithm for siRNA efficacy prediction, we chose a set
of features to represent siRNA sequences. Reynolds et al. characterized
the features of high silencing siRNAs, including 30%–52% G/C content,
at least 3 ‘A/U’ bases at positions 15–19, absence of internal repeats, an
“A” base at position 19 (sense strand), an “A” base at position 3 (sense
strand), an “U” base at position 10 (sense strand), a base other than “G” or
“C” at 19 (sense strand) and a base other than “G” at position 13 (sense
strand) (Reynolds et al., 2004). Moreover, the differences in the stability
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of the 50 end of the siRNA duplex can influence the selection of the siRNA
guide strand (Ichihara et al., 2007). In addition, the Gibbs free energy
(ΔG) of siRNAs are also highly correlated with the silencing efficiency
(Lisowiec-Wąchnicka et al., 2019). We combined these features as being
the principle (Table 1) to improve the representation of siRNA sequences.

We used the 2431 tested siRNAs in the (Huesken et al., 2005) dataset
for siRNA silencing efficiency modelling. These experimentally tested
siRNAs were normalized to obtain true silencing efficiencies. The siRNAs
with silencing efficiency higher than 0.7 were considered as high
silencing efficiency RNAs and the others as low silencing efficiency
RNAs. These siRNAs were randomly divided into two parts, the training
set containing 1999 siRNAs and the testing set containing 432 siRNAs. A
widely-used machine learning algorithm, logistic regression (Sommer
and Gerlich, 2013) was used for model training (Fig. 1A). We extracted
sequence features of siRNAs in the dataset according to the principle
summarized in Table 1 and transformed them into a feature matrix
(Supplementary Table S1), which were then trained by this logistic
Fig. 1. Prediction of high efficiency antiviral siRNAs by using a machine-learning
algorithm. Set of siRNAs with known efficiency are collected from Huesken et al.'s w
are considered as high efficiency (1) while others low efficiency (0). Dataset are ra
features of siRNAs in the dataset are extracted to build a feature matrix (Supplem
cross-validation was performed to adjust model's parameter. Final model was teste
and confusion matrix (lower). C Strategy to predict virus-targeting siRNAs with hig
generate all possible siRNAs, which were then aligned to host genome to remove p
using our model and the score of each sequence was ranked (Supplementary Table

648
regression model with the parameters of being adjusted by five-fold
cross-validation. As a result, the AUC value of this model was 0.817
(Fig. 1B). The confusion matrix also showed that our model has a high
accuracy (Fig. 1B). These results indicate that this machine
learning-based model built by us is capable of predicting the silencing
efficiency of siRNAs.

We sought to apply this model to predict siRNAs targeting viruses.
EV71 that belongs to the genus Enterovirus of the family Picornaviridae
and is the major causative pathogen for hand-foot-and-mouth disease
(HFMD) was used for the initial investigation. We identified viral
sequences by systematically scanning the EV71 genome sequences to
generate a comprehensive list of potential siRNA sequences (Fig. 1C).
These sequences were then used to align with the host genome and
remove all possible off-target siRNA sequences. The remaining se-
quences were evaluated and scored using the machine learning model
and ranked according to high-to-low scores (Supplementary
Table S2).
model. A Schematic for training the model to develop an efficacy predication
ork (Huesken et al., 2005). The siRNAs with silencing efficiency higher than 0.7
ndomly split into training set (1999 siRNAs) and testing set (432 siRNAs). The
entary Table S1). Logistic regression was used to train the model and 5-fold
d using testing set. B Model performance evaluation using ROC curve (upper)
h efficiency. EV71 was used here as an example. Viral genome was scanned to
otential off-target siRNAs. The remaining non-off-target siRNAs were evaluated
S2).
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3.2. The antiviral strategy that combines machine learning-based siRNA
prediction with agshRNA design

We sought to determine whether the predicted siRNAs could be
developed into agshRNAs with potent antiviral activity. Thus, we
selected the EV71-targeting siRNA sequence with the highest score in our
model (Supplementary Table S2) as an example. This siRNA was named
as siEV71-h1. The agshRNAs display the optimal AGO2-mediated pro-
cessing activity with a stem length of 17/18-nt and a small loop of less
than 5 nt (Herrera-Carrillo and Berkhout, 2017), while regular shRNAs
processed by Dicer require a hairpin of at least 19 nt and a loop of more
than 5 nt (Knott et al., 2014; Pelossof et al., 2017). The agshRNAs are
more potent when U or A at the 50-terminus and a short 30-overhang of
1/3-nt (usually UU or UUU) at the 30-terminus, the rule of which is also
applied to shRNA design. Following it, we transformed siEV71-h1 to an
agshRNA form (agshEV71-h1) with a 17-nt stem and a 4-nt loop (Fig. 2A,
B). As a control, the shRNA form of siEV71-h1 (shEV71-h1) with a 22-nt
stem and a 6-nt loop as well as the 30 arm-located guide strand was also
designed (Fig. 2B). It is noted that shRNAs with guide strands located in
the 30 arms of stems process strong silencing activity.

We examined the antiviral activities of these RNA molecules. RD cells
were transfected with increasing concentrations of chemically synthe-
sized agshEV71-h1, shEV71-h1 and siEV71-h1, respectively, and then
infected with EV71 at a multiplicity of infection (MOI) of 0.1. At 24 hour
post infection (hpi), the antiviral effects of different small RNAmolecules
were determined via measuring viral RNA accumulation with qRT-PCR.
The siEV71-h1 displayed potent anti-EV71 activity in a dose-dependent
manner with a 50% inhibitory concentration (IC50) value of 0.37 nM
(Fig. 2C), indicating that siEV71-h1 designed by our model has
a high efficiency against EV71. Moreover, the shRNA form of siEV71-h1
(shEV71-1) showed more potent anti-EV71 activity (IC50 ¼ 0.14 nmol/L,
Fig. 2D) compared to that of siEV71-h1. Of note, the agshRNA form of
siEV71-h1 (agshEV71-h1) exhibited the strongest antiviral activity with
IC50 value of 0.011 nmol/L (Fig. 2E), showing that agshEV71-h1 presents
significant advantages over siEV71-h1 and shEV71-h1. These results
indicate that our siRNA prediction model can be combinedwith agshRNA
design, leading to the development of agshRNAs with high antiviral
efficiency.

We further evaluated the efficiency of this antiviral strategy that
combines siRNA prediction model with agshRNA design. Thus, according
to the siRNA sequences selected with different ranking scores (Supple-
mentary Table S2), a series of agshEV71s (Supplementary Table S3) were
designed and chemically synthesized. The agshEV71s contained siRNA
sequences with top 3 highest, median 3 and lowest 3 scored were named
as agshEV71-h1, -h2 and -h3, agshEV71-m1, -m2 and -m3, agshEV71-l1,
-l2 and -l3, respectively. These agshEV71s were transfected into EV71-
infected RD cells and the viral RNA accumulation was determined. We
showed that anti-EV71 efficiencies of agshEV71s were consistent with
the scoring results (Fig. 2F). Moreover, to investigate the potential off-
target effects on endogenous genes, we performed RNA-sequencing
using cells transfected with an equal amount of a control agshNC and
agshEV71-h1. Transcriptomic analysis showed very few changes for the
genes in the agshEV71-h1 group [agshEV71-h1 vs. agshNC |log2(FC)| >
1, adjusted P < 0.05], including 4 up-regulation and 17 down-regulation
genes (Supplementary Fig. S1 and Supplementary Table S4).

Furthermore, we applied this antiviral strategy into other viruses,
including ZIKV and MHV. ZIKV belongs to mosquito-borne flavivirus
responsible for neonatal microcephaly. MHV belongs to the coronavirus
and can cause hepatitis in murine. The siRNA sequences targeting ZIKV
and MHV with different ranking scores were predicted based on the
machine learning-based algorithm, respectively (Supplementary
Table S2). Subsequently, agshRNAs according to siRNA sequences with
top 3 highest, median 3 and lowest 3 scores were designed and chemi-
cally synthesized (Supplementary Table S3). A549 and L2 cells were
transfected with agshZIKVs and agshMHVs, and then infected with ZIKV
and MHV at 0.1 MOI, respectively. The viral RNA accumulation was
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determined via qRT-PCR at 24 hpi. As shown in Fig. 2G, H, high-scoring
agshZIKVs and agshMHVs exhibited potent antiviral activity against
ZIKV and MHV, respectively. Moreover, antiviral efficiencies of agsh-
ZIKVs and agshMHVs displayed the consistent trend with the score
ranking of siRNA sequences (Fig. 2G, H and Supplementary Table S2),
similar to the data with agshEV71s.

In addition, we further designed agshRNAs targeting DENV2 and
SARS-CoV-2 based on top 3 highest scored siRNA sequences (Supple-
mentary Table S2) using the same strategy. DENV2 is a mosquito-borne
flavivirus responsible for hemorrhagic fever, and SARS-CoV-2, belonging
to coronavirus, cause the COVID-19 pandemic. A549 and Vero E6 cells
were transfected with agshDENV2s and agshSARS-CoV-2s, and then
infected with DENV2 and SARS-CoV-2 at 0.1 MOI, respectively. At 24
hpi, the viral RNA accumulation was determined via qRT-PCR. The
agshDENV2s and agshSARS-CoV-2s also exhibited potent antiviral ac-
tivities against ZIKV and MHV, respectively (Fig. 2I, J).

Together, our findings indicate that the antiviral strategy that com-
bines machine learning-based siRNA prediction with agshRNA design
can be effectively applied to different RNA viruses.

3.3. Antiviral effect of agshRNA is dependent on AGO2-processed guide
RNA

We sought to determine whether agshRNAs confer antiviral activity
via the RNAi pathway. Thus, normal 293T, Dicer-deficient 293T
(NoDice) and AGO2-deficient (AGO2-KO) 293T cells were transfected
with agshEV71-h1 and agshEV71-h2, respectively, and then infected
with EV71 at an MOI of 0.1. We examined viral RNA replication at 24 hpi
via qRT-PCR. The anti-EV71 activity of agshEV71-h1 or agshEV71-h2
was completely lost in AGO2-KO cells, but not affected in NoDice cells
(Fig. 3A), showing the antiviral effect of agshRNAs are dependent on
AGO2.

Moreover, we examined the production of agshEV71-derived guide
RNA in normal, NoDice and AGO2-KO 293T cells by northern blotting via
an RNA oligo probe complementary to the 50arm (guide RNA) of
agshEV71-h1 (agshEV71-5p). A RNA oligo probe targeting the 30arm was
used as the control (agshEV71-3p). As shown in Fig. 3B, the strand at the
50arm but not at the 30arm was detected in 293T cells, confirming that
agshRNA only produces the single-stranded guide RNA. Furthermore, we
found that AGO2 deficiency resulted in the complete absence of the guide
RNA, while Dicer deficiency showed no effect on its production (Fig. 3B).
These results are consistent with the findings that agshEV71s failed to
inhibit EV71 replication in AGO2-KO cells (Fig. 3A), indicating that the
antiviral effect of agshEV71s is dependent on AGO2-processed guide
RNAs.

We noticed that the AGO2-processed guide RNA of agshEV71-h1 is
~25 nt in length with no trimmed form. For pre-miR-451, AGO2 cleaves
the 30arm and generates a 30-nt intermediate RNA, the 30 end of which is
then trimmed by PARN to generate ~23–26 nt mature miR-451 (Yoda
et al., 2013). Thus, we examined whether the ~25-nt product of
agshEV71-h1 can be trimmed by PARN. As a result, agshEV71-h1 cannot
be further trimmed in cells overexpressing PARN (Fig. 3C). These results
suggest that the antiviral activity of agshEV71-h1 is directed by the
~25-nt guide RNA, the length of which does not correspond to the
normal mature miRNAs or siRNAs (~22-nt), which is consistent with the
previous findings that the trimming is not an essential process for miRNA
to function and the RISC can be functional with miRNAs longer than
22-nt (Yoda et al., 2013; Shang et al., 2015).

3.4. The guide RNAs derived from agshRNAs can effectively load into the
RISC

To further examine the production of guide RNAs derived from
agshRNAs, human 293T cells were transfected with agshEV71-h1,
agMHV-h1 and agshZIKV-h1 for 24 h, and total RNAs were extracted
and subjected to small RNA sequencing, respectively. As shown in



Fig. 2. The antiviral strategy that combines machine learning-based siRNA prediction with agshRNA design. A Schematic for transformation of siRNA sequences into
agshRNA. B Design of agshEV71-h1, shEV71-h1, siEV71-h1 based on the same siRNA sequences with the highest score. Guide strands were shown in red and passenger
strands in blue. C–E RD cells were transfected with siEV71-h1, shEV71-h1 and agshEV71-h1 with different concentrations indicated for 2 h, and then infected with
EV71 (MOI ¼ 0.1). At 24 hpi, total RNAs were extracted and subjected to qRT-PCR to detect the levels of EV71 genomic RNA. The IC50 value of each RNA molecule
was determined. Data were means � SEM from triplicate samples. F–H RD, A549 and L2 cells were transfected with the corresponding agshRNAs with top 3 highest,
median 3 and lowest 3 scored siRNA sequences (agshEV71-h1, -h2 and -h3, agshEV71-m1, -m2 and -m3, agshEV71-l1, -l2 and -l3, 10 nmol/L for each) for 2 h, and
then infected with EV71, ZIKV and MHV (MOI ¼ 0.1 for each), respectively. AgshNC was used as the control in each group. At 24 hpi, total RNAs were extracted and
subjected to qRT-PCR to detect the levels of viral genomic RNA, and the level of viral RNAs in cells with agshNC treatment was defined as 100%. Data were means �
SEM from triplicate samples. I–J A549 and Vero E6 cell were transfected with the corresponding agshRNAs with top 3 highest scored siRNA sequences (agshDENV2-
h1, -h2 and -h3, agshSARS-CoV-2-h1, -h2 and -h3, 10 nmol/L for each) for 2 h, and then infected with DENV2 and SARS-CoV-2 (MOI ¼ 0.1 for each), respectively.
AgshNC was used as the control in each group. At 24 hpi, total RNAs were extracted and subjected to qRT-PCR to detect the levels of viral genomic RNA, and the level
of viral RNAs in cells with agshNC treatment was defined as 100%. Data were means � SEM from triplicate samples. *P < 0.1; **P < 0.01; ***P < 0.001; n.s.,
no significant.
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Fig. 3. Antiviral effect of agshRNA is dependent on AGO2-processed guide RNA. A Normal, NoDice and AGO2-KO 293T cell were transfected with agshEV71-h1,
agshEV71-h2 and agshNC (10 nmol/L for each), respectively, and then infected with EV71 at an MOI of 0.1. At 24 hpi, total RNAs were extracted and subjected
to qRT-PCR to detect the levels of EV71 genomic RNA, and the level of viral RNAs in infected cells with agshNC treatment was defined as 100%. Data were means �
SEM from triplicate samples.***P < 0.001; n.s., no significant. B Normal, NoDice and AGO2-KO 293T cell were transfected with agshEV71-1 (10 nmol/L). At 24 h post
transfection, total RNAs were extracted and northern blot was performed to detect the 50arm (5p) and the 30arm (3p) of agshEV71-h1. The synthetic 21- and 25-nt
RNAs were used as size markers. C 293T cell were transfected with increasing amounts of the plasmid encoding Flag-tagged PARN (0.18, 0.37, 0.75, 1.5 μg) together
with agshEV71-h1 (10 nmol/L) for 24 h. Northern and western blottings were performed to detect the indicated RNAs and proteins, respectively.

Fig. 4. The guide RNAs derived from agshRNAs load into the RISC. Human 293T cells were transfected with agshEV71-h1, agshMHV-h1, agshZIKV-h1 respectively
(10 nmol/L for each). At 24 h post-transfection, cell lysates were subjected to RNA immunoprecipitation with an anti-AGO antibody or mouse IgG. Input and AGO-
bound RNAs were prepared and subjected to deep sequencing. A The size distribution of agshRNAs-derived small RNAs in indicated input samples. B Processing of
agshRNAs determined by deep-sequencing. Guide strands are shown in red. Dash lines show the 30 end of guide strands, and the relative abundance is indicated next to
the lines. C Relative abundance of endogenous small non-coding RNAs in input and IP samples. The relative abundances of small RNAs are shown in plat plot. This
sequencing experiment was repeated twice independently, and the representative data was graphed (Supplementary Table S5, “agshEV71-h1#1-Input” and
“agshEV71-h1#1-IP”, “agshMHV-h1#1-Input” and “agshMHV-h1#1-IP”, “agshZIKVh1#1-Input” and “agshZIKV-h1#1-IP”). D Northern and Western blottings were
performed to detect input and precipitated small RNAs or proteins.
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Fig. 4A, small RNA reads of AGO2-processed agshRNAs presented an
overwhelming bias for the 50arm strand (guide strand). For each
agshRNA, the guide RNA possessed a homogenous 50 end, while the 30

end displayed some variation, resulting in guide strands of different
lengths (Fig. 4B). Specifically, the vast majority (84.47% of total
agshEV71-h1-derived small RNAs) of guide RNAs was 25-nt in length,
consistent with the northern blotting results. In addition, agshMHV-h1
and agshZIKV-h1 produced two main guide RNAs with the lengths of
651
23-nt (47.02%) and 24-nt (47.99%), and 24-nt (37.05%) and 26-nt
(37.05%), respectively, suggesting that these two agshRNAs underwent
trimming.

To determine whether agshRNAs-derived RNA strands can load into
the AGO-RISC, we sequenced small RNAs in the immunoprecipitates
from agshRNAs-transfected cells by an anti-AGO antibody. We showed
that agshRNAs-derived guide RNAs indeed loaded into AGO (Fig. 4C).
Moreover, the abundance of AGO-bound guide RNAs were enriched in
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RISCs compared with that of total guide RNAs without immunoprecipi-
tation (Fig. 4C and Supplementary Table S5). Northern blot using
agshEV71-h1 sample further confirmed the enrichment of guide RNAs
into AGO (Fig. 4D). Together, our findings confirm that agshRNAs pro-
duce single-stranded guide RNAs that can load into the AGO-RISC.

3.5. AgshRNAs protect mice from lethal viral challenge

We sought to evaluate the antiviral effects of agshRNAs in vivo. MHV
(strain A59) can cause lethal damage to liver after i.p. inoculation of 4–6-
week-old C57BL/6 mice (Zhang et al., 2021). Thus, we utilized the
MHV-infected mouse model to evaluate the antiviral effect of agshRNA.
Lipid nanoparticles (LNPs) were used to prophylactically deliver
agshMHV-h1. Four-week-old C57BL/6 mice were treated with
LNP-agshMHV-h1 at a dose of 2 mg/kg or with LNP-agshNC via tail vein
infection. After 24 h, mice were i.p. infected with 1 � 106 PFU of MHV,
following monitored the mortalities and weights of infected mice for 8
days. The mice in the control group began to succumb to MHV infection
from 6 dpi, and reached 66.7% mortality at 8 dpi. In contrast, 100% of
the mice in the LNP-agshMHV-h1 group survived the viral challenge
(Fig. 5A). Consistently, we observed significant differences of body
weights between the LNP-agshMHV-h1 and control groups (Fig. 5B). In
addition, the viral RNA accumulations of MHV in liver tissues were
significantly reduced in the LNP-agshMHV-h1 group compared with
those in the control group (Fig. 5C). Together, our findings showed that
agshMHV-h1 had an effective in vivo antiviral effect on MHV infection.

4. Discussion

The utilization of RNAi-based therapeutics, such as siRNAs and
shRNAs, exhibits significant promise for antiviral therapy. AGO2-
dependent agshRNA displays significant advantages over traditional
shRNA and siRNA (Herrera-Carrillo and Berkhout, 2017). In this study,
we established an antiviral strategy that combines machine
learning-based siRNA prediction and agshRNA design. Using this strat-
egy, we developed a series of agshRNAs against a wide range of RNA
viruses, including many important human pathogens. These agshRNAs
displayed potent antiviral effects, which depended on the
AGO2-processed single guide RNAs that can load into the RISC. The
antiviral effect of agshRNA was also confirmed in vivo.

The design of siRNAs is challenging because a number of factors affect
the efficacy of siRNAs, such as their GC content, nucleotides at siRNA
termini, and thermodynamic properties. A number of siRNA prediction
algorithms have been developed with the validated siRNAs. BIOPREDsi,
Fig. 5. AgshMHV protects mice from lethal MHV infection. A Four-week-old C57BL
agshNC (n ¼ 6) at 2 mg/kg of body weight. After 24 h, mice were challenged with
recorded daily until 8 dpi. Statistical significance was evaluated via using Log-rank te
C57BL/6 mice treated with LNP-agshMHV-h1 or LNP-agshNC were detected via qRT-
Two-way ANOVA was employed to analyze the overall differences in body weight c
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a neural network approach, was trained onmore than 2431 tested siRNAs
and set as a fundamental performance standard (Huesken et al., 2005).
Moreover, using the same dataset, many siRNA activity prediction al-
gorithms based on machine learning models were built, including DSIR
(Vert et al., 2006), ThermoComposition (Shabalina et al., 2006), and
i-score (Ichihara et al., 2007). In addition, two algorithms, shERWOOD
(Knott et al., 2014) and SplashRNA (Pelossof et al., 2017), were recently
developed, which could predict shRNA that effectively and potently
silence target genes. For siRNAs targeting viruses, however, very few
bioinformatics resources have been developed. In this study, we estab-
lished a machine learning-based algorithm based on the 2431 tested
siRNAs, and combined this algorithm with agshRNA design to develop a
novel antiviral strategy. Previous studies have suggested that siRNA
design algorithms may not be applicable to the design of shRNA andmost
likely also agshRNA (Herrera-Carrillo et al., 2017b). Here we have shown
that RNA viruses-targeting agshRNAs designed based on our strategy
have potent antiviral efficiencies in vitro and in vivo. Moreover, this
strategy improves the silencing efficiency of agshRNA to a level compa-
rable or better than that of the corresponding shRNA and siRNA. Thus,
the combination of machine learning-based siRNA prediction model and
agshRNA design has the potential to achieve a promising antiviral
strategy that can be effectively applied to different RNA viruses.

RNAi-based technology has innate advantages over small molecule
therapeutics because siRNA executes its function by complete base
pairing with mRNA, whereas small molecule drugs need to recognize the
complicated spatial conformation of certain proteins. This feature confers
the siRNA therapy with a shorter research and development span and a
wider therapeutic area than small molecule drugs (Hu et al., 2020),
which can quickly apply to any new RNA viruses. Moreover, the field of
antiviral therapies utilizing gene editing such as CRISPR-Cas9 system is
rapidly developing, but the application is also limited due to the low
efficiency of targeted gene editing, off-target effects and safety (Marino
et al., 2020).

The specific processing of agshRNA by AGO2 has several advantages
over shRNA and siRNA. For shRNA or siRNA, the possibility of off-
targeting effects is a major challenge, due to that a considerable
portion of the passenger strand can still be incorporated into the RISC,
even though the guide strand has thermodynamically less stable base
pairing at its 50 end a preference for loading into RISC (Jackson et al.,
2003; Birmingham et al., 2006; Wu and Belasco, 2008; Huntzinger and
Izaurralde, 2011). In terms of agshRNA, the single-stranded guide RNA
cleavage by AGO2 completely eliminates the production of passenger
strand (Liu et al., 2015). Moreover, AGO1/3/4 are unable to process
agshRNA due to their lack of endonucleolytic activity. Thus,
/6 female mice were tail vein injected with LNP-agshMHV-h1 (n ¼ 6) or LNP-
1 � 106 PFU of MHV-A59 via i.p. injection. Mouse survival was observed and
st. B Body weight changes of the different groups of mice in (A). C MHV-infected
PCR. The level of MHV RNAs in LNP-agshNC-treated mice was defined as 100%.
hange between the two groups of mice. *P < 0.1; ***P < 0.001.
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agshRNA-derived guide RNAs were exclusively associated with AGO2,
reducing off-target effects (Shang et al., 2015). Our data showed that
agshRNAs were processed by AGO2 into single-stranded guide RNAs.
Consistent with this, antiviral effects of agshRNAs were found to be
dependent on AGO2. Interestingly, agshRNAs produce guide RNAs of
23–26 nt in length, but no further trimmed shorter guide RNAs. These
guide RNAs can effectively load into the RISC, although their lengths are
higher than those of conventional mature miRNA. Our findings are
consistent with previous observations that the 30 trimming of miRNAs is
not essential for target silencing and the RISC is functional with miRNAs
longer than ~22 nt (Yoda et al., 2013; Shang et al., 2015).

Despite the promising prospects of agshRNA, its clinical applica-
tion still needs to be investigated. The off-target effects of agshRNAs
cannot be completely excluded because guide RNAs of agshRNAs
within the RISC may also target unwanted genes via partial base
pairing of guide RNAs with mRNAs. Besides, when intravenously
injected, small RNAs including agshRNAs or siRNAs are rapidly
cleared without being taken up by target cells due to the potent
anionic charge of their phosphate backbone, which leads to electro-
static repulsion from the anionic surface of membranes (Wittrup and
Lieberman, 2015). Multiple chemically modified geometries and de-
livery systems, such as nanoparticles and conjugates, have been
developed to facilitate the small RNA delivery (Caillaud et al., 2020).
Although these delivery systems still have certain limitations,
including burst release, toxicity of cationic materials and fast uptake
by mononuclear phagocyte system cells (Caillaud et al., 2020), much
progress has been achieved for RNA-based drugs in preventing infec-
tious disease (Skowronski and De Serres, 2021). In this study, based
on the LNP system, we successfully protected mice from lethal MHV
challenge by using agshMHV, which highlights the potent delivery
efficacy of LNP-agshRNAs. These results suggest that our agshRNA
design strategy together with LNP systems has promising clinical
application potential in treating viral infections.

5. Conclusion

In summary, this work develops an antiviral strategy that combines
machine learning-based siRNA prediction model with agshRNA design.
Our findings provide a novel approach to custom design antiviral
agshRNAs with high efficiency, which will shed light on the development
of RNA drugs suitable for the emergence of any new RNA viruses.
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