
Chen MX, Zhu XD, Zhang H et al. SMRI: A new method for siRNA design for COVID-19 therapy. JOURNAL OF

COMPUTER SCIENCE AND TECHNOLOGY 37(4): 991–1002 July 2022. DOI 10.1007/s11390-021-0826-x

SMRI: A New Method for siRNA Design for COVID-19 Therapy

Meng-Xin Chen1 (), Student Member, CCF, Xiao-Dong Zhu2 (), Hao Zhang3 ( )
Zhen Liu3,4 ( ), and Yuan-Ning Liu3,∗ (), Member, CCF

1College of Software, Jilin University, Changchun 130012, China
2Key Laboratory of Symbolic Computation and Knowledge Engineering of the Ministry of Education, Jilin University

Changchun 130012, China
3College of Computer Science and Technology, Jilin University, Changchun 130012, China
4Graduate School of Engineering, Nagasaki Institute of Applied Science, Nagasaki 851-0193, Japan

E-mail: chenmx19@mails.jlu.edu.cn; {zhuxd, zhangh}@jlu.edu.cn; liu zhen@nias.ac.jp; liuyn@jlu.edu.cn

Received July 23, 2020; accepted August 31, 2021.

Abstract First discovered in Wuhan, China, SARS-CoV-2 is a highly pathogenic novel coronavirus, which rapidly spread

globally and became a pandemic with no vaccine and limited distinctive clinical drugs available till March 13th, 2020.

Ribonucleic Acid interference (RNAi) technology, a gene-silencing technology that targets mRNA, can cause damage to

RNA viruses effectively. Here, we report a new efficient small interfering RNA (siRNA) design method named Simple

Multiple Rules Intelligent Method (SMRI) to propose a new solution of the treatment of COVID-19. To be specific, this

study proposes a new model named Base Preference and Thermodynamic Characteristic model (BPTC model) indicating

the siRNA silencing efficiency and a new index named siRNA Extended Rules index (SER index) based on the BPTC model

to screen high-efficiency siRNAs and filter out the siRNAs that are difficult to take effect or synthesize as a part of the

SMRI method, which is more robust and efficient than the traditional statistical indicators under the same circumstances.

Besides, to silence the spike protein of SARS-CoV-2 to invade cells, this study further puts forward the SMRI method to

search candidate high-efficiency siRNAs on SARS-CoV-2’s S gene. This study is one of the early studies applying RNAi

therapy to the COVID-19 treatment. According to the analysis, the average value of predicted interference efficiency of

the candidate siRNAs designed by the SMRI method is comparable to that of the mainstream siRNA design algorithms.

Moreover, the SMRI method ensures that the designed siRNAs have more than three base mismatches with human genes,

thus avoiding silencing normal human genes. This is not considered by other mainstream methods, thereby the five candidate

high-efficiency siRNAs which are easy to take effect or synthesize and much safer for human body are obtained by our SMRI

method, which provide a new safer, small dosage and long efficacy solution for the treatment of COVID-19.
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1 Introduction

Coronaviruses are the positive-stranded RNA

viruses with the largest RNA viral genomes ranging

from 27 kb to 32 kb [1, 2]. The word of coronavirus

is derived from its unique crown appearance, which

may be attributed to its envelope with long petaloid

spines [3]. Coronaviruses can infect various parts of the

body, particularly the upper respiratory tract and gas-

trointestinal tract tissues, liver and the central nervous

system (CNS) [2, 4]. For humans, coronaviruses mainly

cause respiratory diseases, such as severe acute respi-

ratory syndrome (SARS) and middle east respiratory

syndrome (MERS) [2, 5, 6].

In December 2019, a new type of pneumonia was

reported in Wuhan, Hubei Province, China [7–9]. Soon

after, these patients were found with a novel coron-

avirus that was subsequently named severe acute res-

piratory syndrome coronavirus 2 (SARS-CoV-2) by
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the World Health Organization (WHO). Additionally,

the new pneumonia was named as coronavirus disease

2019 (COVID-19). SARS-CoV-2 causes typical flu-like

symptoms. As reported by a recent study, most pa-

tients have fever or cough, a third of patients develop

shortness of breath, and other symptoms include di-

arrhoea, chest pain, confusion, headache, and muscle

ache [10]. On March 11th, 2020, the WHO declared

COVID-19 as a global pandemic. According to our

survey, no vaccine has been developed to successfully

prevent the COVID-19 virus infection till March 13th,

2020, and there are limited distinctive clinical drugs

available.

RNA interference (RNAi), an endogenous gene ex-

pression regulation mechanism, was first found in plants

to act as a natural immune mechanism to resist virus

infections [11–16]. RNAi is widely employed by many

creatures to resist virus infections, such as caenor-

habditis elegans, arabidopsis, chlamydomonas, dros-

ophila, filamentous fungi, plants and other organi-

sms [17]. RNAi is mediated by small RNAs, consist-

ing of small interfering RNAs (siRNAs) and microR-

NAs (miRNAs) [18]. siRNAs, the double-stranded RNA

(dsRNA) sequences about 21nt–23nt in length, can

down-regulate specific target genes with an accurate

complementary sequence and is formed by the cleav-

age of dsRNA by the Dicer enzyme [19–21]. siRNAs can

be used to resist all types of viral genomes, regardless

of whether they are double-stranded or single-stranded

DNA/RNA viruses. In addition, the use of multiple

siRNAs simultaneously can achieve an enhanced antivi-

ral effect [22]. RNAi has shown a potential application

prospect in antiviral therapy [23–26].

This study proposes a simple multiple-rule intel-

ligent method (referred to as the SMRI method) for

the design of high-efficiency siRNAs for SARS-CoV-

2. There are mainly two types of research at present:

based on statistical methods and based on machine

learning. Compared with the research based on sta-

tistical methods, the SMRI method enhances the abi-

lity of screening efficient siRNAs by incorporating ma-

chine learning methods. Compared with the research

based on machine learning, the SMRI method can ef-

fectively filter out candidate siRNAs which are difficult

to take effect or synthesize by integrating rules. At the

same time, compared with the complex neural network

model, the complexity of the SMRI method is lower.

Different from previous studies [27–35] that only used

statistical methods or machine learning methods, the

SMRI method integrates the advantages of statistical

methods and machine learning methods. Besides, the

SMRI method ensures that the candidate siRNAs have

a mismatch of over three bases in the Basic Local Align-

ment Search tool (BLAST) homology analysis of the

human genome, so as to avoid silencing the human gene.

This is not found in other mainstream methods, thereby

the siRNAs designed by the SMRI method are much

safer for human body. The advantage of the SMRI

method is that it is highly efficient, safe to human and

can effectively filter out the candidate siRNAs that are

difficult to take effect or synthesize. Moreover, we inno-

vatively propose a new index named siRNA Extended

Rules index (SER index) based on integration rules to

measure the silencing efficiency of candidate siRNAs.

Its advantage lies in that it has stronger and more ro-

bust ability to screen high-efficiency siRNA than a sin-

gle index. The main contributions of this study are as

follows.

• This study proposes a new model named Base

Preference And Thermodynamic Characteristic model

(BPTC model) regarding the siRNA silencing efficiency.

• Based on the BPTC model, this study proposes a

new efficient and robust index named SER index to ex-

tract the rules in methods summarizing the characteris-

tic properties of high-efficiency siRNAs and to measure

the silencing efficiency of candidate siRNAs.

• This study proposes a new efficient and safe siRNA

design method named the SMRI method for SARS-

CoV-2. The SER index is a part of the SMRI method.

And the SMRI method uses the SER index to effec-

tively filter out the candidate siRNAs that are difficult

to take effect or synthesize. And five potential high-

efficiency siRNAs for the treatment of COVID-19 are

obtained by the SMRI method.

The rest of this paper is organized as follows. Sec-

tion 2 summarizes the prediction algorithms of siRNA

interference efficiency. Section 3 introduces the spe-

cific mechanism of the RNAi therapy in mammals and

the factors related to the design of siRNAs with a high

silencing efficiency. Section 4 gives the precise defini-

tion of the BPTC model, a new model regarding the

siRNA silencing efficiency, the SER index, a new in-

dex to screen siRNAs with a high silencing efficiency,

and the SMRI method to design siRNAs against SARS-

CoV-2. Section 5 shows the data source, experimental

process and results. Section 6 analyzes the screening

ability of the SER index, the contribution of each step

in the SMRI method, and the screening ability of the

SMRI method, and describes the antiviral process and
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advantages of our proposed method. Section 7 con-

cludes the paper.

2 Related Work

The premise of the siRNA formation is to select

gene substrings of target genes. Nonetheless, not every

siRNA formed by an arbitrary substring of the target

gene can induce target gene silencing [36]. Many studies

have explored the related factors affecting the design of

siRNAs with a high silencing efficiency. These studies

are classified as follows.

2.1 Methods Summarizing the Characteristic

Properties of High-Efficiency siRNAs

Elbashir et al. [27] proposed a set of guidelines aim-

ing at designing the effective siRNAs. These principles

include some characteristic attributes of siRNAs with

a high silencing efficiency, like the selection of siRNAs

with the C and G contents between 30% and 70%.

Reynolds et al. [28] identified eight features related

to the siRNA silencing efficiency, such as the shortage

of reverse repeats. Based on the above-mentioned char-

acteristics, they proposed a principle that significantly

improved the predicted silencing efficiency of siRNAs,

commonly known as the Reynolds rule.

Amarzguioui and Prydz [29] identified various char-

acteristics of the double-stranded siRNAs with a silenc-

ing efficiency of over 70%, like the steadiness of the

siRNA ends. Combining these findings, they proposed

an effective selective algorithm to design siRNAs tar-

geting the new endogenous human genes.

Hsieh et al. [30] detected a significant nucleotide pref-

erence at specific positions in siRNAs with a silencing

efficiency of over 70%, especially G or C at the 11th

base position and C at the nineteenth base position.

Takasaki et al. [31] defined a priority score based on

single nucleotide’s position characteristics to measure

gene degradation and developed an effective method to

select the target sequence of siRNA.

Katoh and Suzuki [32] proposed that the RNAi ac-

tivity was dramatically affected by the precise base in

every three positions of its siRNAs. Specifically, when

the 3n+1 (4, 7, 10, 13, 16, 19) bases in siRNAs were the

corresponding optimized bases, their activities would

be enhanced. On account of the above-mentioned ob-

servations, they developed an algorithm (“siExplorer”)

to calculate the silencing efficiency of siRNAs targeting

the endogenous human genes.

Researches aiming to summarize the characteris-

tic properties of siRNAs with high silencing efficiency

have proposed numerous good siRNAs screening algo-

rithms, such as Elbashir et al. [27], Reynolds et al. [28],

Amarzguioui and Prydz [29], Hsieh et al. [30], Takasaki et

al. [31], and Katoh and Suzuki [32]. These algorithms are

effective on the siRNA design to some extent. However,

only limited shared properties of siRNAs with a high si-

lencing efficiency are concluded from a single study. As

a result, a large number of candidate siRNAs conform

to these rules. Moreover, some ineffective or low silenc-

ing efficiency siRNAs also comply with these rules, lim-

iting the accuracy of the siRNAs screening algorithm

developed by this research.

In this study, inspired by integrated learning, we

innovatively propose a new index SER to measure the

silencing efficiency of candidate siRNAs based on the

methods summarizing the characteristic properties of

high-efficiency siRNAs proposed by Reynolds et al. [28],

Amarzguioui and Prydz [29] and Hsieh et al. [30]. Ac-

cording to our analysis, the SER index performs better

than any of the above-mentioned three methods [28–30]

in screening siRNA. Moreover, the SMRI method fur-

ther enhances the ability to screen high-efficiency siR-

NAs by combining with machine learning methods.

2.2 Methods Adopting Machine Learning

Algorithms

Vert et al. [34] captured the essential factors re-

lated to siRNA silencing efficiency with Least Absolute

Shrinkage and Selection Operator (LASSO) regression

and proposed a linear model Designer of Small Inter-

fering RNA (DSIR) to predict the siRNA silencing effi-

ciency. Their analysis suggested that DSIR achieved a

comparable accuracy to other mainstream algorithms.

Besides, it had more advantages than other mainstream

algorithms in explaining the siRNA efficiency mecha-

nism.

Ichihara et al. [35] built a linear regression model on

a dataset containing 2 431 siRNAs, and proposed an

intuitive algorithm inhibitory-Score (i-Score) to pre-

dict siRNAs silencing efficiency. The algorithm only

considers the nucleotide preference of each position.

Moreover, based on a validation dataset containing 419

siRNAs, the i-Score attained a comparable prediction

accuracy compared with other mainstream algorithms

where more parameters were used.

Qureshi et al. [36] studied a new dataset contain-

ing 1 725 viral siRNAs with experimentally verified si-



994 J. Comput. Sci. & Technol., July 2022, Vol.37, No.4

lencing efficacy. A high-accuracy siRNAs silencing effi-

ciency prediction model was constructed by considering

various siRNA characteristic parameters, including bi-

nary pattern, thermodynamic properties and secondary

structure mono to pentanucleotide frequencies.

Compared with methods aiming to summarize the

characteristic properties of siRNAs with a high silenc-

ing efficiency, the prediction accuracy of researches

modeling by the machine learning methods has a great

improvement, such as Vert et al. [33], Ichihara et al. [34]

and Qureshi et al. [35]. However, some complex ma-

chine learning models are challenging to assist in clar-

ifying the mechanism of siRNA silencing efficiency. In

addition, the related factors affecting the siRNA silenc-

ing efficiency selected by each model have great influ-

ence on the silencing efficiency of siRNAs designed by

this model. Moreover, there are many candidate siR-

NAs that are difficult to take effect or synthesize in the

screening results.

In this study, the SMRI method can effectively fil-

ter out the candidate siRNAs that are difficult to take

effect or synthesize by using the SER index to screen

siRNAs. The SER index is proposed in this study to

extract the rules in methods summarizing the charac-

teristic properties of high-efficiency siRNAs.

3 Backgroud

3.1 Mechanism of RNAi Therapy in Mammals

The RNAi process in mammals consists of two

stages, including an initiation and an execution

phase [37]. In the initial phase, a long dsRNA is intro-

duced from an exogenous source or from a transgene

or a virus. Then, the long dsRNA is specifically recog-

nized and cleaved by the Dicer enzyme in an energy-

consuming process into a double-stranded siRNA. The

double-stranded siRNA contains a sense strand and an

antisense strand, having the length of 21nt–23nt. The 3’

ends of the above two strands contain two overhanging

bases [37–39]. In the execution phase, the RNA-induced

silencing complex (RISC), which is in charge of un-

winding the double-stranded siRNA to form a sense

strand and an antisense strand, is formed by the double-

stranded siRNA, helicase, and other required enzymes

in an energy-consuming way. Then, the RISC unwinds

the double strands of siRNA. Afterwards, an endoge-

nous mRNA with a complementary sequence contain-

ing the antisense strand is searched under the guidance

of the antisense strand. Later, the target mRNA which

is cleaved is broken down by the cellular exonucleases,

resulting in a post-transcriptional gene silencing [37–39].

3.2 Factors of High-Efficiency siRNAs

Many factors are involved in the success of RNAi.

3.2.1 Secondary Structure of Target Sequence

Schubert et al. [40] proposed that the complexity of

secondary structure in the target region is negatively

correlated with siRNA silencing efficiency. The RNA

region can be classified into the stem region, loop re-

gion, stem loop region and multi-branch loop region.

It is concluded that the siRNA silencing effect is good

in the stem region but poor in the multi-branch loop

region.

3.2.2 Thermodynamic Stability of siRNA

When siRNA duplexes assemble into RISC, they are

transformed into a single-stranded form [41]. The entry

of the antisense strand into RISC plays a crucial role

in the cleavage of target mRNA. Relatively, the un-

stable siRNAs antisense strands at 5’ end enter RISC

advantageously [36]. In addition, the G-C base pair is

thermodynamically more stable than the A-U base pair.

3.2.3 Selection of Target Sequence

The base matching degree between siRNA and

the target sequence based on the gene complementa-

tion principle is crucial to the gene silencing effect of

siRNA [42]. Overall, the gene silencing effect of siRNA

will be considerably reduced, even if there is only one

different base in its antisense strand from the comple-

mentary base sequence of the target mRNA sequence.

4 BPTC Model, SER Index and SMRI

Method

In this section, Subsection 4.1 introduces the BPTC

model regarding the siRNA silencing efficiency. In Sub-

section 4.2, the SER index for screening siRNAs with

high silencing efficiency is proposed based on the BPTC

model. Subsection 4.3 illustrates the SMRI method

to design siRNAs against SARS-CoV-2, which filters

roughly invalid siRNAs by the SER index.

4.1 BPTC Model

In this study, a mathematical model named BPTC

model is established to measure the silencing efficiency

of siRNA. The factors considered are as follows: the
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base preference of each base position in the sense strand

and the free energy of the secondary structure in the

sense strand. The specific model is as follows:

w =


Wa1 Wa2 · · · Wa19

Wu1 Wu2 · · · Wu19

Wc1 Wc2 · · · Wc19

Wg1 Wg2 · · · Wg19

 . (1)

Wai
,Wui

,Wci , and Wgi (i = 1, 2, 3, . . . , 19) repre-

sent the base position weight values at the first to the

19th base positions in the sense strand of siRNA, re-

spectively. Wai indicates the contribution to the whole

siRNA silencing efficiency when the A nucleotide ap-

pears at the i-th position. Similarly, Wui , Wci , and

Wgi can be deduced in the same way.

e =


Ea1 Eu1 Ec1 Eg1

Ea2 Eu2 Ec2 Eg2

...
...

...
...

Ea19 Eu19 Ec19 Eg19

 .

Eai
, Eui

, Eci , and Egi (i = 1, 2, 3, . . . , 19) represent

the existence status of a corresponding type of base at

the first to the 19th base positions in the sense strand

of siRNA, respectively. 0 indicates that the base at

the base position is not a corresponding type of bases,

while 1 suggests that the base at the base position is a

corresponding type of bases.

W = w · e.

w stands for the base position weight matrix and e

denotes the base existence status matrix.

SED =


4∑

i=1

Wi,i + 1, if F > t,

4∑
i=1

Wi,i, otherwise.

F (kcal/mol) is indicative of the free energy of the

secondary structure in the sense strand; t (kcal/mol)

represents the threshold of the F ’s value.

4.2 Model Parameters of the SER Index

After analyzing the different empirical rules for

the siRNA design, our present study finds that previ-

ous studies mainly summarized the properties of high-

efficiency siRNAs from different aspects. However,

there are many candidate siRNAs conforming to a sin-

gle empirical rule, which are often not limited to the

effective siRNAs [43].

Therefore, if different rules defined in previous stu-

dies are combined to form a new index, the selective ad-

vantages of different rules can be integrated to improve

the screening efficiency of high-efficiency siRNAs.

By integrating the rules of the three methods

proposed by Reynolds et al. [28], Amarzguioui and

Prydz [29] and Hsieh et al. [30] and removing some of

their common evaluation rules, a new index SER is pro-

posed to efficiently screen siRNAs based on the above-

mentioned ideas.

Here, based on our SER index implementation, the

parameters of the BPTC model established in Subsec-

tion 3.1 are shown below:

t = −0.9, w =


−1 −1 0 0 0 1 0 0 0 0 0 0 1 0 0 0 1 1 2

−2 −1 −1 0 0 0 0 0 0 1 0 0 0 0 0 0 1 1 2

1 0 0 0 0 −1 0 0 0 0 1 0 0 0 0 0 0 0 −1

1 0 0 0 0 0 0 0 0 0 1 0 −1 0 0 1 0 0 −2

 . (2)

As shown in (2) with reference to (1) in Subsec-

tion 4.1, lines 1–4 in (2) represent the position weight

values of A, U, C and G nucleotides. For example, the

number in the first row indicates that if the A nucleotide

appears at the 1st or 2nd position of the siRNA se-

quence, its contribution at this position to the silencing

efficiency score of the siRNA is all −1. If the nucleotide

at positions of the 6th, 13th, 17th or 18th of the siRNA

sequence is A, every A at the above base positions will

contribute 1 to the siRNA silencing efficiency score. If

the A nucleotide appears at the 6th or 13th or 17th or

18th position of the siRNA sequence, its contribution

at this position to the silencing efficiency of the siRNA

is all 1. If the A nucleotide appears at the 19th position

of the siRNA sequence, its contribution at this position

to the silencing efficiency score of the siRNA is 2.

4.3 SMRI Method

Also, we propose a new siRNA design method,

namely, the SMRI method. In the process of designing

siRNAs, we need to screen a large number of candidate
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siRNAs to get potential high-efficiency siRNAs. The

flow chart of the SMRI method is shown in Fig.1.

As a matter of routine, there are 21 bases in the

sense strand and the antisense strand of siRNAs de-

signed by us, including 19 paired and two unpaired

bases at the 3’ end of each strand. The SMRI method

is described in detail as follows.

Step 1. The BLAST analysis is performed on the

target gene fragment of all viral strains to obtain the

conservative sequences of the target gene fragment.

Step 2. According to the principle of gene comple-

mentation, 19 consecutive nucleotides are searched on

the target gene fragment, and the corresponding siR-

NAs double strands are obtained.

Step 3. The candidate siRNAs whose sense strand

with a G/C content is beyond the range of 36%–53%

are excluded.

Step 4. The candidate siRNAs whose 5′ end free en-

ergy is higher than the 3′ end free energy of the sense

strand are excluded.

Step 5. The values of SER proposed in Subsec-

tion 3.1 for all the candidate siRNAs are calculated.

According to the SER value, all candidate siRNAs are

sorted in descending order, and candidate siRNAs with

the SER index value less than 4 are excluded.

Step 6. Candidate siRNAs are scored according to

 

 Step 1: Obtaining Conservative Regions of the Target Gene Fragment 

 Step 2: Obtaining All the 19nt Sequences and siRNAs of the Target Gene Fragment   

Steps  3 & 4: Screening siRNAs by G, C Content, 5' and 3' End Free Energy 

 Step 5: Excluding siRNAs with SER Index Value Less than 4  

 

 Step 6: Excluding siRNAs with Reynolds Index Value  Less than 6  

 

Acquisition 

 of All siRNAs 

Multiple
 

Index Screening
 

Prediction
 

of siRNAs
 

Activity
 

 

Steps 7 & 8: siRNAs Ranked Top 50 in the Top 50% of i-Score Index Are Retained

Step 9: In BLAST Analysis, siRNAs with More than 3 Mismatched Bases Are Retained

Step 10: Excluding siRNAs Targeting Variation Regions and Adding UU Bases Pairs to siRNAs

Step 11(a): The Silencing Efficiency of siRNAs with UU Base Pairs Is Predicted

Step 11(b): siRNAs with Silencing Efficiency Not Less than 97% Were Taken as the Result

Fig.1. Flow chart of the SMRI method for screening siRNAs.
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Reynolds et al.’s rule [28], and candidate siRNAs with

Reynolds index value less than 6 are excluded.

Step 7. According to the i-Score method proposed

by Ichihara et al. [34], the candidate siRNAs are scored

and sorted in descending order according to the i-Score

value, and then the top 50% siRNAs are screened out.

Step 8. If more than 50 siRNAs are selected in the

above steps, we rank them in a descending order accord-

ing to the i-Score value, and retain the top 50 siRNAs;

otherwise, we retain all the candidate siRNAs.

Step 9. All the candidate siRNAs are confirmed to

have more than three base mismatches in BLAST ho-

mology analysis of human genome to avoid silencing

human genes.

Step 10. Candidate siRNAs whose target sequences

are not in the conserved region of the target gene frag-

ment are excluded. Meanwhile, overhanging UU base

pairs are added to the 3’ end of the sense strand and

the antisense strand.

Step 11. The silencing efficiency of candidate siR-

NAs is predicted, and the candidate siRNAs with the

predicted silencing efficiency equal to or greater than

97% are retained. In this study, 97% is used as the

threshold to screen an appropriate number of high-

efficiency siRNAs.

5 Experiment and Results

5.1 Data Sources

Altogether 98 samples 1○ are obtained by search-

ing the 2019 Novel Coronavirus Information Database

(2019nCoVR) of National Genomics Data Center [44]

to identify the whole-genome nucleotide sequences of

SARS-CoV-2 till February 2020.

5.2 Selection of the Target Sequences

According to the latest research, Hoffmann et al. [45]

proved that SARS-CoV-2 utilized the spike protein to

bind to angiotensin-converting enzyme2 (ACE2), the

SARS-CoV receptor [46], thus entering the host cells.

The S gene sequence is a sequence that encodes the

spike protein located near the 3’ end of the whole

genome of SARS-CoV-2. Considering that virus muta-

tion at the site on the target sequence can cause RNAi

failure, the target sequences are selected from the highly

conserved regions in the S gene sequence of the SARS-

CoV-2 genome.

5.3 Acquisition of Conserved Regions in S
Gene of SARS-CoV-2

The S gene sequence starts at 21563 of the SARS-

CoV-2 genome and ends at 25381 of the SARS-CoV-

2 genome. According to the variation annotation of

SARS-CoV-2 of 2019nCoVR from National Genomics

Data Center till February 15th, 2020, the variation re-

gions in the S gene of SARS-CoV-2’s cDNA are exhib-

ited in Table 1. The distribution of variation regions in

S gene can be seen in the full version of Table 1 2○.

Table 1. Variation Regions in the S Gene of SARS-CoV-2’s
cDNA

Position in Genome Original Bases of Variation Regions

21644 T

21656 T

21707 C

21949 A

22224 C

22303 T

22586 T

22622 A

22652 G

22661 G

23403 A

23569 T

23605 T

24034 C

24325 A

24947 G

24990 C

25060 A

25153 C

25347 A

5.4 Design of siRNAs

In this study, the target sequences of siRNAs are se-

lected from the conserved regions in the S gene sequence

of the SARS-CoV-2 genome, and the SMRI method

described in Section 3 is employed to design siRNAs

based on the SARS-CoV-2 sequence NC 045512.2 ob-

tained from Genbank. When step 10 in SMIR method

is finished, altogether 19 safe and potentially efficient

siRNAs are obtained, as shown in Table 2.

In this study, the siRNA scales are adopted to pre-

dict the prediction efficiency of the obtained siRNAs ac-

1○https://workdrive.zohopublic.com.cn/file/lk8pq67c30baa9b3b487f9e4e2f9616018633, June 2022.
2○https://workdrive.zoho.com.cn/file/lk8pqd1108f616c8a449b9fe04ddadb038eae, June 2022.
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Table 2. Candidate siRNAs Obtained After Step 10 in the SMRI Method

Number Position in Target Sequence Sense Antisense Predicted

Genome Silencing

Efficiency (%)

1 21785 GGTACTAAGAGGTTTGATA GGUACUAAGAGGUUUGAUAuu UAUCAAACCUCUUAGUACCuu 95

2 22103 GGAAAACAGGGTAATTTCA GGAAAACAGGGUAAUUUCAuu UGAAAUUACCCUGUUUUCCuu 90

3 22180 GCACACGCCTATTAATTTA GCACACGCCUAUUAAUUUAuu UAAAUUAAUAGGCGUGUGCuu 96

4 22454 GAAACAAAGTGTACGTTGA GAAACAAAGUGUACGUUGAuu UCAACGUACACUUUGUUUCuu 95

5 22844 GATTTTACAGGCTGCGTTA GAUUUUACAGGCUGCGUUAuu UAACGCAGCCUGUAAAAUCuu 97

6 23128 AACTGTTTGTGGACCTAAA AACUGUUUGUGGACCUAAAuu UUUAGGUCCACAAACAGUUuu 95

7 23138 GGACCTAAAAAGTCTACTA GGACCUAAAAAGUCUACUAuu UAGUAGACUUUUUAGGUCCuu 95

8 23438 GCAGATCAACTTACTCCTA GCAGAUCAACUUACUCCUAuu UAGGAGUAAGUUGAUCUGCuu 96

9 23517 GGGCTGAACATGTCAACAA GGGCUGAACAUGUCAACAAuu UUGUUGACAUGUUCAGCCCuu 95

10 24230 GCAGGTGCTGCATTACAAA GCAGGUGCUGCAUUACAAAuu UUUGUAAUGCAGCACCUGCuu 95

11 24421 CCAAAATGCACAAGCTTTA CCAAAAUGCACAAGCUUUAuu UAAAGCUUGUGCAUUUUGGuu 98

12 24577 GACATATGTGACTCAACAA GACAUAUGUGACUCAACAAuu UUGUUGAGUCACAUAUGUCuu 94

13 24655 GTGTGTACTTGGACAATCA GUGUGUACUUGGACAAUCAuu UGAUUGUCCAAGUACACACuu 89

14 24863 CACTGGTTTGTAACACAAA CACUGGUUUGUAACACAAAuu UUUGUGUUACAAACCAGUGuu 97

15 25124 GAGGTTGCCAAGAATTTAA GAGGUUGCCAAGAAUUUAAuu UUAAAUUCUUGGCAACCUCuu 98

16 25172 GGAAAGTATGAGCAGTATA GGAAAGUAUGAGCAGUAUAuu UAUACUGCUCAUACUUUCCuu 94

17 25229 GGCTTGATTGCCATAGTAA GGCUUGAUUGCCAUAGUAAuu UUACUAUGGCAAUCAAGCCuu 97

18 25230 GCTTGATTGCCATAGTAAT GCUUGAUUGCCAUAGUAAUuu AUUACUAUGGCAAUCAAGCuu 92

19 25239 CCATAGTAATGGTGACAAT CCAUAGUAAUGGUGACAAUuu AUUGUCACCAUUACUAUGGuu 94

cording to the method proposed by Matveeva et al. in

2007 [47]. The input parameters of the method include

partial duplex stability, nucleotide position dependence

preference and total G/C content of the siRNAs du-

plex. Besides, linear regression fitting is adopted to

achieve a faster calculation speed. It is found that

siRNA scales achieved the same performance in identi-

fying the efficient and inefficient siRNAs as that of the

best method identified at the moment [47]. Moreover,

the siRNA scales [47] are utilized to predict the silenc-

ing efficiency of 19 candidate siRNAs obtained from the

BLAST analysis, as presented in Table 2.

According to Table 2, the prediction silencing effi-

ciency of almost all the screened candidate siRNAs is

greater than 90%, indicating that our SMRI method

is quite effective. The candidate siRNAs with the pre-

dicted silencing efficiency greater than or equal to 97%

are finally selected as the designed siRNAs for SARS-

CoV-2, as shown in Table 3. In previous studies, it

is generally considered that siRNAs with silencing ef-

ficiency larger than 70% are high-efficiency siRNAs.

Therefore, these five siRNAs are mostly high-efficiency.

However, the actual silencing efficiency of these five siR-

NAs needs to be synthesized and tested experimentally.

6 Experimental Analysis

In this subsection, we analyze the performance of

the SER index to screen siRNAs with high silencing

efficiency in Subsection 6.1. And we explore the ra-

tionality and the performance to screen siRNAs with

high silencing efficiency of the SMRI method in Sub-

section 6.2 and Subsection 6.3 respectively. Last but

not least, we introduce the antiviral process and ad-

vantages of the SMRI method in Subsection 6.4.

6.1 SER Index Screening Performance

Analysis

As shown in Fig.2, we screen siRNAs with four diffe-

rent indexes based on 3 802 21nt siRNAs on the S gene

sequence of SARS-CoV-2, and then predict the silenc-

ing efficiency of the screened siRNAs with the siRNA

scales [47]. Thereafter, the average value of the pre-

dicted silencing efficiency of siRNAs is used as the stan-

dard to measure the screening effect of each index. In

the chart, the abscissa represents the sample capacity,

and the ordinate stands for the average value of the

predicted sample silencing efficiency.

Table 3. siRNAs Designed for SARS-CoV-2

Number Position in Sense Antisense Predicted Silencing

Genome Efficiency (%)

5 22844 GAUUUUACAGGCUGCGUUAuu UAACGCAGCCUGUAAAAUCuu 97

11 24421 CCAAAAUGCACAAGCUUUAuu UAAAGCUUGUGCAUUUUGGuu 98

14 24863 CACUGGUUUGUAACACAAAuu UUUGUGUUACAAACCAGUGuu 97

15 25124 GAGGUUGCCAAGAAUUUAAuu UUAAAUUCUUGGCAACCUCuu 98

17 25229 GGCUUGAUUGCCAUAGUAAuu UUACUAUGGCAAUCAAGCCuu 97
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Fig.2. Screening performance chart for different indicators.

To measure the ability of the proposed new in-

dex SER in screening the high-efficiency siRNAs, our

method is compared with those proposed by Reynolds

et al. [28], Amarzguioui and Prydz [29], and Hsieh et

al. [30] based on 3 802 21nt siRNAs on the S gene se-

quence of SARS-CoV-2. Four methods are used to sort

all the candidate siRNAs in the descending order, then

multiple samples were taken, and the siRNA scales [47]

are utilized to predict the sample silencing efficiency.

The comparison results of the screening abilities of the

four methods are displayed in Fig.2.

As shown in Fig.2, the prediction efficiency and the

silencing efficiency of siRNAs screened by our SER in-

dex decrease with the increase of the number of pre-

dicted siRNAs, indicating that the index attains effi-

cient screening performance. Therefore, the relatively

inefficient siRNAs with a lower ranking in the number

of predicted siRNAs reduces the overall average predic-

tion efficiency. In addition, compared with the siRNAs

screened by other indexes, the siRNAs screened by the

SER index have evident advantages in the prediction si-

lencing efficiency of the top 10 siRNAs. Moreover, the

siRNAs screened by our SER index exhibit the highest

prediction efficiency on the whole, which indicates that

our SER index outperforms the other three methods in

screening high-efficiency siRNAs.

6.2 Rationality Analysis of SMRI

The siRNA scales [47] are utilized to predict the si-

lencing efficiency of candidate siRNAs in the screening

process of the SMRI method. As shown in Fig.3, the

abscissa represents the number of execution steps in the

SMRI method. Steps 1 and 2 in the SMRI method do

not screen the candidate siRNAs. As a result, they are

not drawn in Fig.3.
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Fig.3. Trend chart of average prediction efficiency of candidate
siRNAs in the screening process using the SMRI method.

It is observed from Fig.3 that, after screening the

three indexes, the prediction efficiency of candidate siR-

NAs increases. Besides, the selection steps of our index

effectively utilize the screening ability of each index and

successfully screen out the high-efficiency siRNAs layer

by layer. Firstly, the SER index with more evaluation

features is used to preliminarily screen the candidate

siRNAs. Secondly, the Reynolds rule [28] is employed

to more rigorously and precisely screen the candidate

siRNAs. Thirdly, the i-Score method [34] with a high

screening capability is utilized to screen siRNAs with

high silencing efficiency. By adopting this order, our

proposed SMRI method achieves excellent performance

in screening siRNAs.

6.3 Screening Performance Analysis of SMRI

The whitehead siRNA selection web server [48] is an

siRNA design tool developed by the Whitehead In-

stitute at MIT, which has the characteristics of flex-

ible customization. As shown in Table 4, we sim-

ply record this method as Whitehead. In the present

study, this tool is adopted to retrieve the S genome

sequence of SARS-CoV-2 with a typical AA(N19)UU

format, in which N indicates any nucleotide [29]. Can-

didate siRNAs which have a mismatch of over three

bases in the BLAST homology analysis of the human

genome were retained. After the BLAST analysis,

nine candidate siRNAs are obtained. The remaining

settings are the same as the default settings of the

Whitehead [48]. Then, the siRNA scales [47] are utilized

to predict the siRNAs silencing efficiency and calcu-

late the average value to obtain the items presented

in Table 4. Additionally, Designer of Small Interfer-

ing RNA (DSIR) [33] and inhibitory-Score (i-Score) [34]
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are the precise second-generation siRNA design meth-

ods. This study uses these two methods to screen all

the candidate siRNAs with the same siRNA sequence

length as siRNAs obtained after step 10 in the SMRI

method on the S gene of SARS-CoV-2, respectively.

Then, as shown in Table 4, the average predicted silenc-

ing efficiency of siRNAs screened by DSIR and i-Score

with the same number of siRNAs obtained after step

10 using the SMRI method is calculated.

Table 4. Comparison of the Screening Ability for Effective siR-
NAs of Different siRNA Design Algorithms

Method Sample Size Average Value of Predicted

Interference Efficiency (%)

Whitehead 9 74.555 6

i-Score 19 93.947 3

DSIR 19 95.052 6

SMRI 19 94.842 1

It is obviously observed from Table 4 that, our

method outperforms the typical siRNA design method

Whitehead in searching for target sequences conforming

to the AA(N19)UU format [29], and the performance of

our method is comparable to that of the advanced high-

precision siRNA design methods, such as i-Score and

DSIR. Moreover, considering the off-target effect, siR-

NAs designed by the SMRI method do not target the

human genome, and are safe for human body, which

cannot be achieved by siRNAs designed by the other

three methods.

6.4 Antiviral Process and Advantages of SMRI

In this study, in order to maintain the reliability of

the efficacy of siRNAs in the case of virus mutation,

the target region of designed siRNAs selects the con-

served regions in the S gene of SARS-CoV-2. As men-

tioned in Section 2, if the designed siRNAs were ap-

plied to the patients, they cleaved the RNA sequences

of SARS-CoV-2, resulting in the functional silencing

of the SARS-CoV-2 S gene. This further blocks the

translation of the spike glycoprotein, which is utilized

by SARS-CoV-2 for cellular invasion, thereby signifi-

cantly reducing the threat and harm induced by the

virus to the human body. In addition, an enhanced

antiviral effect can be acquired by using multiple siR-

NAs simultaneously [22]. With the cooperation of both

the immune system and other drugs, patients will over-

come the residual SARS-CoV-2 and regain their health

hopefully. Compared with other therapies, RNAi is safe

and only specific to SARS-CoV-2. Through the BLAST

analysis on the target sequences of siRNAs, the siR-

NAs designed using our method have more than three

mismatched bases with the human genome. This mini-

mizes the miss target effect of siRNAs and ensures the

safety and reliability of siRNAs for the human body.

Most importantly, compared with other siRNA design

algorithms, siRNAs designed by our new method have

a high silencing efficiency, which will render them with

strong antiviral effect.

7 Conclusions

Compared with the existing research, this study

proposed a new mathematical model named BPTC

model regarding the siRNA silencing efficiency, a new

index SER to extract the rules in methods summarizing

the characteristic properties of high-efficiency siRNAs

and to efficiently screen high-efficiency siRNAs based

on the BPTC model. It also presented a new, efficient

method named SMRI to efficiently design siRNAs us-

ing the SER index to effectively filter out the candidate

siRNAs that are difficult to take effect or synthesize.

That is, the SER index is part of the SMRI method.

Moreover, this study successfully designed five poten-

tially efficient siRNAs using the SMRI method. Find-

ings in this study provided an effective support for the

subsequent research and development of RNAi for the

treatment of COVID-19.

Moreover, there are several interesting directions in

the research of RNAi we want to expand upon, such as

developing new siRNA interference efficiency prediction

algorithms using deep learning methods, and explain-

ing the related factors of effective RNAi using machine

learning methods.
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