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Abstract 
Introduction. Influenza is an acute respiratory viral infectious disease caused by the influenza viruses. Current 
preventive and therapeutic approaches are of great anti-epidemic importance, but there are a number of problems, 
such as the rapid emergence of resistant strains, the lack of cross-immunity and the effectiveness of vaccines. One 
of the approaches to the development of anti-influenza agents is the use of RNA interference and small interfering 
RNAs complementary to the mRNA target of viral and cellular genes.
Aim ‒ to evaluate the prophylactic anti-influenza effect of siRNAs directed to the cellular genes NXF1, PRPS1 and 
NAA10 in an in vitro model.
Materials and methods. Antigenic variants of influenza A virus: A/California/7/09 (H1N1), A/WSN/33 (H1N1) 
and A/Brisbane/59/07 (H1N1); cell cultures A549 and MDCK. The study was performed using molecular genetic 
(transfection, NC isolation, RT-PCR-RV) and virological (cell culture infection, titration by visual CPE, viral titer 
assessment using the Ramakrishnan method) methods.
Results. It was shown that siRNAs targeting the cellular genes NXF1, PRPS1 and NAA10, when used 
prophylactically in cell culture at a concentration of 0.25 μg per well, during infection with influenza virus strains 
A/California/7/09 (H1N1), A/WSN/33 (H1N1) and A/Brisbane/59/07 (H1N1) at a multiplicity of infection of 0.01, 
reduced viral replication to a level of 220 TCID50 per 1 ml of cell medium, whereas in control untreated cells the 
viral yield was ~106 TCID50 per 1 ml of medium.
Conclusions. Reproduction of influenza A viruses directly depends on the protein products of the NXF1, PRPS1, and 
NAA10 genes. Reduced expression of these genes disrupts the life cycle and activity of influenza viruses. Such an 
approach can potentially be studied and used for closely and distantly related representatives of other virus families.
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Резюме
Введение. Грипп – острое респираторное вирусное инфекционное заболевание, индуцируемое одно-
именными вирусами. Существующие на сегодняшний день профилактические и терапевтические подходы 
имеют важное противоэпидемическое значение, однако имеется ряд проблем, таких как быстрое возник-
новение резистентных штаммов, отсутствие формирования перекрестного иммунитета и эффективность 
вакцин. Одним из подходов в создании противогриппозных средств является использование механизма 
РНК-интерференции и малых интерферирующих РНК (миРНК), комплементарных к матричной РНК мише-
ни вирусных и клеточных генов.
Цель – оценка профилактического противогриппозного эффекта миРНК, направленных к клеточным генам 
NXF1, PRPS1 и NAA10, на модели in vitro.
Материалы и методы. Исследовали антигенные варианты вируса гриппа типа А: A/California/7/09 (H1N1), 
А/WSN/33 (H1N1) и A/Brisbane/59/07 (H1N1); клеточные культуры A549 и MDCK. Исследование выполня-
ли посредством молекулярно-генетических (трансфекции, выделение нуклеиновых кислот, полимеразная 
цепная реакция с обратной транскрипцией в реальном времени) и вирусологических методов (заражение 
клеточных культур, титрование по визуальному цитопатическому действию, оценка вирусного титра по-
средством метода Рамакришнана). 
Результаты. Показано, что миРНК, таргетированные к клеточным генам NXF1, PRPS1 и NAA10 при про-
филактическом применении в клеточной культуре в концентрации 0,25 мкг на лунку, при инфицировании 
штаммами вируса гриппа A/California/7/09 (H1N1), А/WSN/33 (H1N1) и A/Brisbane/59/07 (H1N1) при множе-
ственности инфекции 0,01, снижают вирусную репликацию до уровня 220 ТЦД50 на 1 мл клеточной среды, 
тогда как в контрольных необработанных клетках вирусный урожай составил ~106 ТЦД50 на 1 мл среды.
Выводы. Снижение экспрессии указанных генов NXF1, PRPS1 и NAA10 приводит к нарушению жизненного 
цикла и активности вирусов гриппа. Подобный подход может быть потенциально исследован и использован 
для близко- и дальнородственных представителей иных семейств вирусов. 

Ключевые слова: РНК-интерференция; экспрессия генов; миРНК; вирусная РНК; вирусная репродукция; 
NXF1; PRPS1; NAA10
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Introduction
Influenza is an acute respiratory viral infectious dis-

ease induced by influenza viruses belonging to the Ortho-
myxoviridae family. According to the CDC (Centers for 
Disease Control and Prevention, USA) information bulle-
tin, a steady increase in the number of cases of influenza 
infection has been registered in the world from 2020 and 

up to the present time1. The annual increase in infections 
with influenza type A virus in the human population rais-

1Centers for Disease Control and Prevention. Past reported global 
human cases with highly pathogenic avian influenza A(H5N1) (HPAI 
H5N1) by country, 1997–2024. https://www.cdc.gov/bird-flu/php/
avian-flu-summary/chart-epi-curve-ah5n1.html
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es concerns about the possibility of a new pandemic of 
influenza [1]. 

The course of influenza varies from acute transient fe-
ver to severe illness, with complications that can cause 
dysfunction of the cardiovascular, respiratory, immune, 
genitourinary and central nervous systems, as well as 
secondary fungal or bacterial infections [2‒8]. Current 
prophylactic and therapeutic approaches are anti-epi-
demic measures of high importance, but there are also 
a number of problems, such as the rapid emergence of 
resistant strains, lack of cross-immunity and vaccine ef-
ficacy ranging from 70 to 90% in patients under 65 years 
of age and 30 to 40% in patients 65 years of age or old-
er [9]. Along with this, the composition of influenza 
vaccines should be updated annually according to the 
predicted circulation of certain antigenic viral variants 
[10, 11]. 

To date, four drugs are recommended by the FDA (U.S. 
Food and Drug Administration, USA) for the therapy 
of influenza infection: Xofluza (Baloxavir marboxil), 
Rapivab (Peramivir), Relenza (Zanamivir) and Tamiflu 
(Oseltamivir), classified according to the mechanism that 
inhibits influenza reproduction [12, 13]. The mechanism 
of action of Xofluza is to inhibit viral RNA polymerase 
activity, while the others inhibit influenza virus neuramin-
idase [13]. The rise of emergent drug-resistant strains ne-
cessitates the development of innovative approaches to 
create new anti-influenza drugs with a pronounced an-
tiviral effect, improved tolerability and reduced toxicity 
before the onset of the pandemic. 

Summarizing the above, it can be emphasized that the 
development of cheap, effective and safe anti-influenza 
prophylaxis and therapy is of high relevance to ensure 
public safety.

RNA interference is an evolutionary mechanism of 
gene expression regulation and maintenance of immune 
homeostasis in eukaryotes. The regulation of gene expres-
sion in this case manifests itself as a temporary silencing 
of the activity of the target gene. The essence of RNA 
interference is to suppress the expression of a target mR-
NA or gene using a molecule of miRNA. The mechanism 
of RNA interference is that foreign exogenous dsRNA is 
cleaved by the protein endonuclease Dicer into short frag-
ments of 21 to 25 nucleotide pairs (miRNA), which bind 
to the RISC protein complex (RNA-induced silencing 
complex) in the cytoplasm, after which the target mRNA 
is degraded and translation is blocked [14, 15]. Therapeu-
tic agents that exhibit antiviral activity against viral hep-
atitis C (SPC3649), viral hepatitis B (NucB1000), Ebola 
hemorrhagic fever (TKM-Ebola), as well as a number of 
other viral infections are currently undergoing laborato-
ry and clinical trials [16, 17]. There is a proven antiviral 
effect of small interfering RNA (siRNA) against animal 
viral pathogens such as Marek’s virus disease, foot and 
mouth disease, transmissible swine gastroenteritis and 
o’nyong-nyong viral fever [18‒21]. The development and 
use of new antiviral siRNA compositions, along with the 
existing ones, will make it possible to more effectively 
limit the spread of viral pathogens in the human popula-
tion [22]. 

One of the approaches in the development of anti-in-
fluenza agents is the use of specific siRNA comple-
mentary to the messenger RNA (mRNA) of the target 
cellular genes. This method is mediated by the fact that 
influenza virus has a propensity for high mutational 
variability [23]. On this basis, it is more appropriate in 
this case to influence the expression of cellular genes 
whose protein products contribute to the reproduction 
of influenza virus in the cell, due to the fact that the risk 
of forming an alternative viral reproductive pathway 
is low [24]. We selected the following cellular target 
genes for such an evaluation: NXF1, PRPS1 and NAA10.  
The NAA10 gene encodes the expression of NαA protein 
(N-terminal acetyltransferase), which is required for 
post-translational modification of proteins, including 
viral proteins. Acetylation of influenza virus proteins 
leads to increased viral virulence [22]. The PRPS1 gene 
encodes the expression of the PRPS1 protein, which cat-
alyzes the phosphoribosylation of ribose-5-phosphate 
to 5-phosphoribosyl-1-pyrophosphate. This is essential 
for the biosynthesis of purine bases, particularly ade-
nine, which is a component of viral RNA (vRNA) [25]. 
The NXF1 gene also encodes the expression of the pro-
tein of the same name and is involved in the process of 
exporting molecules from the nucleoplasm to the cyto-
plasm. The NS1 viral protein is able to bind to the TAP/
NXF1 axis, which will promote the export of viral mR-
NA from the nucleus [26].

Approaches aimed at preventing viral inoculation and 
associated with the suppression of cellular genes express-
ing proteins critical for viral reproduction are of particular 
interest. Based on the above, the aim of the present study 
was to induce siRNA-mediated suppression of NXF1, 
PRPS1 and NAA10 gene activity to evaluate the subse-
quent prophylactic and viral inhibitory effect of siRNA.

Materials and methods
Small interfering RNA. Nucleotide sequence analysis 

for subsequent siRNA selection was performed using 
Geneious (Geneious, USA) and siDirect 2.1 (University 
of Tokyo, Japan) programs. Geneious was used to align  
mRNA transcripts of target genes and then siRNA selec-
tion was carried out using siDirect 2.1 program. Synthesis 
of siRNA was carried out at Syntol (Moscow, Russia). 

Viruses. Antigenic variants of influenza A virus:  
A/California/7/09 (H1N1), A/WSN/33 (H1N1) and A/
Brisbane/59/07 (H1N1) were obtained from the virus col-
lection of the I.I. Mechnikov Research Institute of Vac-
cines and Sera. The multiplicity of infection used in the 
study (MOI) was 0.01.

Determination of viral titer. Viral activity was assessed 
by the maximum dilution of virus-containing fluid at 
which the endpoint of visual manifestation of cytopathic 
effect (CPE) in A549 cell culture was determined [27]. 
Viral titer values are given in TCD50/mL (tissue cytotoxic 
doses/mL).

Cell lines. The MDCK cell line representing canine re-
nal tubule epithelium (Institut Pasteur, France) and the 
A549 cell line, human carcinoma alveolar-basal epithe-
lial cells (ATCC-CCL-185 collection, USA), were used. 
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Detailed culture conditions for the cell lines used are pre-
sented in our earlier study [28].

Methyl tetrazolium test (MTT test). The cytotoxic effect 
of siRNA was evaluated using the colorimetric MTT test. 
Detailed conditions for the MTT test are also presented in 
our earlier study [28]. Similar to the study by M. Estrin et 
al., the survival threshold of transfected cells was 70% of 
the survival of negative controls [29].

Transfection of siRNA into cell culture. siRNA transfec-
tion was performed in cell line A549 when 70% of the cell 
monolayer was reached (S wells – 2 cm2, seeding concen-
tration of cells per well 2.5 × 105. The amount of miRNA 
substance was 0.25 μg per well2). At the initial stage, Gene-
ject40 reagent (Molecta, Russia)2 and Opti-MEM (Thermo 
Fisher Scientific, USA) were mixed and then added to the 
siRNA and Opti-MEM mixture. The resulting complex 
was incubated for 15 min at 25 °C. During the incubation 
time, cells were washed with Hanks’ solution (PanEco, 
Russia) and serum-free Opti-MEM medium. As a non-spe-
cific control, siRNA L2, directed to the firefly luciferase 
gene, was used. It was developed and tested earlier by PhD 
Faizuloev E.B. to exclude the non-specific effect of other 
siRNAs, as well as to assess their effectiveness [30]. 

Inoculation of cells transfected with influenza virus. 
After 4 h from the moment of transfection we removed 
the supporting medium from the wells with transfected 
cells and inoculated 0.5 mL of virus-containing liquid 
with 0.01 MOI each, after which we put the cells back 
into the CO2-incubator. 

Nucleic acid extraction. Total RNA was isolated from 
cell lysate using the Ribosorb kit (Amplisens, Russia) ac-
cording to the service protocol. The obtained RNA was 
stored at −70 °C.

Reverse transcription reaction. Reverse transcription 
(RT) was performed using an RT-1 commercial reagent 
kit (Syntol, Russia) according to the manufacturer’s pro-
tocol. The reaction RT mixture with the isolated RNA 
was incubated in the Thermit thermostat (DNA-Technol-
ogy, Russia) at the temperature and time regime of 37 °C 
for 60 min and 95 °C for 5 min.

Polymerase chain reaction (PCR). The dynamics of 
vRNA concentration was assessed by real-time PCR 
(qPCR) with a set of primers specific for the M gene 
[31]. A set of reagents for PCR in the presence of EVA 
Green dye and ROX reference dye (Syntol) was used. 
The qPCR reaction was performed in the DT-96 thermal 
cycler (DNA-Technology, Russia) at the following set-
tings: 95 °C – 5 min (1 cycle); 62 °C – 40 s, 95 °C – 15 s 
(40 cycles). 

Evaluation of gene expression changes. The Pfaffl 
method was used to analyze the data obtained during 
qPCR and to assess the change in expression of target 
genes [32]. 

Ethical Approval. The study was approved by the 
Ethical Committee of the I.M. Sechenov First Moscow 
State Medical University of the Russian Ministry of 
Health (Sechenov University) (protocol No. 04-21 
of 18.02.2021).

Statistical processing of data. The reliability of 
the final results was assessed using the statistical 
nonparametric Wilcoxon rank sum criterion and 
Microsoft Excel 2013 software (Microsoft, USA) [33]. 
The difference was considered reliable at the level of 
statistical significance p ≤ 0.05.

Results

Determination of the values of cytotoxic action  
of siRNAs

On the 1st day from the moment of infection an 
acceptable level of survival was observed with all siRNAs, 
but on the 2nd day the survival rate was higher in cells 
treated with siRNAs: NXF1.1, PRPS1.2 and NAA10.1, 
and amounted to 77.0 ± 3.0, 86.0 ± 1.5 and 72.0 ± 4.0%, 
respectively. It should be noted that by the 3rd day from the 
moment of transfection of the mentioned complexes there 
was a pronounced increase in cell viability, exceeding this 
index in relation to other siRNAs. The obtained results 
are presented in Table 1.

Determination of the targeting effect of the siRNAs used 
NXF1.1, PRPS1.2 and NAA10.1 were the siRNAs 

selected for further study. Their targeted action was 
evaluated for 3 days on A549 cell culture. It was found 
that transfection of NXF1.1 siRNA caused a significant 
decrease in the amount of transcription products of the 
same gene to the level of 6.0, 16.0 and 21.0% on days 1, 2 
and 3, respectively, compared to the values obtained when 
analyzing cells transfected with nonspecific siL2 siRNA. 
A similar result was obtained with NAA10.1 siRNA, 
where the significant level of target gene transcription 
products within 2 days of transcription was 2.0 and 5.0% 
on the 1st and 2nd days, respectively, relative to the 
values of the nonspecific control group. On the 3rd day 
from the moment of transfection the percentage level of 
NAA10 gene transcripts reached similar values to the cells 
treated with siL2. PRPS1.2 siRNA induced a significant 
decrease in the percentage level of target gene expression 
on the 2nd and 3rd day to 12.0 and 1.3%, respectively.  
In addition to the low toxic effect, the inherent 
requirement of siRNA application is the suppression of 
target gene expression within the required time interval. 
At the present stage of the study, it was found that the use 
of the indicated siRNA resulted in a stable decrease in the 
level of transcripts of the indicated genes. The results are 
presented in Fig. 1.

The assessment of cell survival and the level of 
dynamics of target gene transcripts makes it clear that 
the used siRNAs do not cause excessive cytopathic 
effect on the tested cell line. The results obtained allow 
using NXF1.1, PRPS1.2 and NAA10.1 siRNA to further 
evaluate the prophylactic effect against different genetic 
variants of influenza A virus. 

Evaluation of the antiviral effect of the siRNAs used 
When evaluating the antiviral effect of the used siRNAs 

at day 1 from the time of transfection, it was found that 
lipofection of NXF1.1 siRNA leads to a decrease in the 
viral titer of A/California/7/09 (H1N1), A/Brisbane/59/07 2http://molecta.ru/wordpress/transfection
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(H1N1), and A/WSN/1933 (H1N1) strains by 3.5, 2.3, 
and 1.6 log10 TCID50/mL, respectively, relative to the 
viral titer level in cells treated with nonspecific siRNA. 
The amount of vRNA was decreased by 1088.0, 11.2 
and 33.4-fold with this siRNA, respectively, compared to 
the nonspecific control group. On the 2nd day of using 
NXF1.1 siRNA, the index of viral activity for the indicated 
siRNA decreased by 3.2, 3.2 and 3.0 log10 TCID50/mL, 
and the amount of vRNA decreased by 633.4, 6.4 and 25.2 
times, respectively, for the indicated strains relative to the 
nonspecific control group. Further, on the 3rd day, viral 

titer decreased by 2.2 and 2.0 log10 TCID50/mL in cells 
infected with strains A/Brisbane/59/07 and A/WSN/1933 
(H1N1), and vRNA decreased by 8.3- and 30.2-fold, 
respectively.

PRPS1.2 siRNA transfection reduced viral replication 
of A/California/7/09 (H1N1), A/Brisbane/59/07 (H1N1), 
and A/WSN/1933 (H1N1) strains by 2.3, 2.1, and 2.1 
log10 TCID50/mL on day 1, and vRNA by 2917.0, 10.8 
and 33.4-fold, respectively. On the 2nd day from the time of 
transfection, the viral titer level decreased by 3.2, 0.7 and 1.2 
log10 TCID50/mL, and vRNA decreased by 5059.4, 25.2 

Table 1. Percent of viable cells relative to control after siRNA transfection
Таблица 1. Процент жизнеспособных клеток по отношению к контролю после трансфекции миРНК

siRNA
миРНК

1st day
1-е сутки

2nd day
2-е сутки

3rd day
3-и сутки

NXF1.1 77.0  ±  3.0 67.0 ± 1.0 71.0 ± 2.0

NXF1.2 73.0  ±  2.0 60.0 ± 4.0 67.0 ± 7.0

PRPS1.1 101.0 65.0 ± 8.0 71.0 ± 6.0

PRPS1.2 86.0 ± 1.5 67.0 ± 2.0 79.0 ± 3.0

NAA10.1 72.0 ± 4.0 70.0 ± 3.0 83.0 ± 4.0

NAA10.2 116.0 ± 8.0 65.0 ± 3.0 81.0 ± 1.0

siL2 83.0 ± 2.0 86.0 ± 4.0 92.0 ± 3.0

K− (non-transfected)
K− (нетрансф.) 100 100 100

Note. The survival rate of untreated cells (negative control) was taken as 100%. The threshold value of survival was set at 70%. Names of complexes 
and the least toxic values based on cell viability reduction are marked in bold font.
Примечание. За 100% принята оценка выживаемости необработанных клеток (отриц. контроль). Пороговое значение выживаемости установ-
лено на уровне 70%. Жирным шрифтом выделены наименования комплексов и наименее токсичные значения снижения жизнеспособности 
клеток.

Fig. 1. Dynamic changes in NXF1, PRPS1 and NAA10 gene transcripts.
siRNA and their target cellular genes of the same name are shown on the X-axis; % change in transcript level is shown on the Y-axis. Pfaffl test data are presented 

in %. * ‒ p ≤ 0.05.
Рис. 1. Изменение транскриптов генов NXF1, PRPS1 и NAA10 в динамике.

На оси абсцисс представлены миРНК и их одноименные целевые клеточные гены; на оси ординат ‒ процент изменения уровня транскрипта. Данные 
критерия Пфаффля представлены в процентах. * ‒ р ≤ 0,05. 
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and 17.4-fold, respectively. After 72 h from the time of 
transfection, the viral levels were reduced by 2.2, 1.4 
and 2.0 log10 TCID50/mL, respectively. 

The use of NAA10.1 siRNA on the 1st day after transfection 
induced a decrease in the viral titer of A/California/7/09 
(H1N1), A/Brisbane/59/07 (H1N1) and A/WSN/1933 
(H1N1) strains by 1.6, 2.1 and 2.3 log10 TCID50/mL, 
respectively, relative to the nonspecific control group. The 
level of vRNA in this case decreased 141.3, 12.1, 16.6-fold, 
respectively. On the 2nd day after transfection, the viral titer 
decreased by 1.2 and 2.3 log10 TCID50/mL, respectively, 
in cell cultures, A/Brisbane/59/07 (H1N1) and A/
WSN/1933 (H1N1) strains, and the amount of vRNA 
decreased 455.1-fold, 18.6-fold and 29.2-fold for A/
California/7/09 (H1N1), A/Brisbane/59/07 (H1N1) and 
A/WSN/1933 (H1N1) strains, respectively. On 
day 3 after NAA10.1 lipofection, vRNA levels 
decreased 141.3-fold, 6.1-fold and 27.0-fold, respectively. 
The obtained data are presented in Fig. 2 and Table 2.

Discussion
From the moment of its discovery, the RNA interference 

mechanism was immediately used as one of the tools to 
regulate viral reproduction in in vitro and in vivo models. 
Moreover, the classical approach to designing agents 
based on the RNA interference mechanism was the use 
of viral genome regions as targets, which is reflected in 

one of the earliest studies by Q. Ge et al. In this study, the 
authors infected mice with influenza A/PR/8/34 (H1N1) 
virus and intranasally inoculated siRNA to the viral NP 
gene, which caused a 60-fold decrease in reproduction 
[34]. The results of the study by H.Y. Sui et al. show 
that using siRNAs directed to the conserved sequence 
of the gene expressing the M2 viral protein, inhibition 
of reproduction of highly virulent A/Hong Kong/486/97 
(H5N1) by 3 times was observed [35]. A study conducted 
by J. Piasecka et al. examined the antiviral effect of 
siRNA-mediated inhibition of NP protein formation 
of influenza viruses A/California/04/2009 (H1N1) and 
A/PR/8/34 (H1N1), during which a decrease in viral 
reproduction up to 85% compared to the control group 
was observed [36].

At the same time, influenza A viruses are highly prone 
to mutational variability as a result of substitutions, 
deletions, insertions of nucleotide sequence regions, 
or reassortment, which leads to drug resistance [23].  
On this basis, the development of new prophylactic and 
therapeutic approaches using siRNA targeted to cellular 
targets has a number of advantages: such agents can have 
both prophylactic and therapeutic potential; it is possible 
to design and synthesize a siRNA-based drug within a few 
hours; siRNA-based drugs can be used in combination 
with other antiviral drugs to synergize their effect; siRNA 
targeted to cellular genes transcribing protein products 

Table 2. Antiviral effect of siRNAs directed to the NXF1, PRPS1 and NAA10 genes on the dynamics of the amount of vRNA of the influenza virus  
A/California/7/09 (H1N1), A/Brisbane/59/07 and A/WSN/1933 (H1N1) 
Таблица 2. Влияние противовирусного эффекта миРНК, направленных к генам NXF1, PRPS1 и NAA10, на динамику количества вРНК  
вируса гриппа A/California/7/09 (H1N1), A/Brisbane/59/07 и A/WSN/1933 (H1N1) 

Gene
Ген

siRNA
миРНК

Influenza A virus vRNA reduction rate (multiplicity relative to siL2) at 0.01 MOI
Показатель снижения вРНК вируса гриппа А (кратность по отношению к siL2) при мн.з. 0,01

1st day
1-е сутки

2nd day
2-е сутки

3rd day
3-и сутки

A/California/7/09 (H1N1)

NXF1 NXF1.1 1088.0 633.4 423.9

PRPS1 PRPS1.2 2917.1 5059.4 1771.1

NAA10 NAA10.1 8.6 455.1 141.3

siL2 21 012 866 19 581 834 721 24 581 834 721

A/Brisbane/59/07

NXF1 NXF1.1 11.2 6.4 8.3

PRPS1 PRPS1.2 10.8 25.2 15.5

NAA10 NAA10.1 12.1 18.6 6.1

siL2 195 184 1 837 130 23 156 335

A/WSN/1933 (H1N1)

NXF1 NXF1.1 33.4 33.6 30.2

PRPS1 PRPS1.2 10.4 17.4 40.3

NAA10 NAA10.1 16.6 29.2 27.0

siL2 371 038 2 647 184 41 839 472

Note. The results were calculated relative to cells with nonspecific siRNA L2. Data for the nonspecific siL2 control are given as the number of vRNA 
units/mL. Values for which p < 0.05 are shown in bold.
Примечание. Расчет результатов проводился относительно клеток с неспецифической миРНК L2. Данные для неспецифического контроля 
siL2 даны в значении количество единиц вРНК/мл. Жирным шрифтом выделены значения, для которых р < 0,05.
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key for the development of antiviral drugs can be used 
in combination with other antiviral drugs; siRNA can be 
used in combination with other antiviral drugs to synergize 
their effect; siRNA targeted to cellular genes transcribing 

protein products key for the development of therapeutic 
approaches. Based on these criteria, it is important to 
search for cellular target genes whose knockdown will 
inhibit the reproduction of viruses of closely or distantly 

a / a

b / б

с / в

Fig. 2. Antiviral effect of siRNAs specific  
to the NXF1, PRPS1 and NAA10 cell genes. 

а ‒ A/California/7/09 (H1N1); b ‒ A/Brisbane/59/07 
(H1N1); c ‒ A/WSN/1933 (H1N1); on the X-axis ‒ siR-
NA and their target cellular genes of the same name; on 
the Y-axis ‒ the viral titer log10 TCID50/mL relative to the 
viral and nonspecific control). * ‒ p < 0.05 relative to the 

nonspecific control siL2.
Рис. 2. Противовирусный эффект миРНК, 
специфичных к клеточным генам NXF1,  

PRPS1 и NAA10. 
а ‒ A/California/7/09 (H1N1); б ‒ A/Brisbane/59/07  
(H1N1); в ‒ A/WSN/1933 (H1N1). По оси абсцисс ‒ 
миРНК и их одноименные целевые клеточные гены; 
по оси ординат ‒ показатель вирусного титра lg ТЦД50/
мл относительно вирусного и неспецифического кон-
троля. * ‒ р < 0,05 относительно неспецифического 

контроля siL2.
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related taxonomic groups. In the present study, the 
antiviral effect of prophylactic transfection of siRNAs 
targeting the cellular genes NXF1, PRPS1 and NAA10 
was assessed. The results suggest that nuclear import 
and export processes, phosphoribosylation of ribose-
5-phosphate to 5-phosphoribosyl-1-pyrophosphate, 
and posttranslational modification of proteins may play 
important roles in influenza virus reproduction [37‒39]. 
Inhibition of translation of the genes under consideration 
leads to a decrease in viral reproduction according to the 
results of such methods as CPE titration and qPCR. It 
was shown that along with the decrease of the viral titer 
index, starting from the moment of lipofection of the 
studied siRNA, there was also a decrease in the amount 
of viral RNA within 3 days. The most effective decrease 
of viral reproduction was observed at suppression of 
the NXF1 gene in the 1st day from the moment of 
transfection of all specifically inhibitory siRNA: decrease 
of viral titer by 2.0‒3.2 log10 TCID50/mL and decrease 
of vRNA amount by 11.2‒1088.0 times. Temporary 
disruption of influenza virus reproduction as a result 
of siRNA-mediated blockage of nuclear import and 
export as a result of NXF1 gene silencing resulted in a 
more pronounced antiviral effect compared with other 
cellular genes investigated in this study. This result may 
be mediated by the fact that during their reproduction, 
influenza viruses carry out part of the replicative cycle in 
the nucleoplasm, translocating through the nuclear pore 
complex in the nucleus membrane, while ribosylation and 
posttranslational modification of proteins may be carried 
out by other pathways [40‒42]. 

In parallel, a number of studies have noted the impor-
tance of the NXF1 gene/protein in the reproductive cycle 
of other viruses. Thus, the study by M. Mei et al. noted 
the key importance of NXF1 in nuclear export of mRNA 
for SARS-CoV-2; however, structure-guided mutagen-
esis of the acidic site (D33, E36, E37 and E41) on the 
surface of the N-terminal domain of Nsp1, which medi-
ates interaction with NXF1, resulted in blockage of nu-
clear export [43]. A similar defect in the binding of NS1 
of influenza A virus to the NXF1•NXT1 axis leads to the 
release of mRNAs encoding a number of immune factors 
from the nucleus and, as a consequence, to a decrease in 
viral activity, as presented in the study by K. Zhang et 
al. [44]. No less important is the role of NXF1 in the life 
cycle of Ebola virus shown in a study by L. Wendt et al. 
where the authors carried out co-immunoprecipitation re-
action and double immunofluorescence analysis to char-
acterize the interaction of NXF1 with viral proteins and 
vRNA. The NP viral protein was found to interact with 
the RNA-binding domain of NXF1 and to compete with 
RNA for this interaction. A minigenomic system was also 
used in this study, where NXF1 gene knockdown was ob-
served. Against the background that mRNA levels in cells 
with NXF1 dysfunction were comparable to control cells, 
the authors suggested that NXF1 is important for nuclear 
export of mRNA to ribosomes for efficient mRNA trans-
lation [45]. Unspliced HIV-1 RNA is used for the subse-
quent translation of viral proteins, but before that it must 
be translocated from the nucleoplasm into the cytoplasm. 

In a study by J. Chen et al. which utilized in situ hybrid-
ization, it was found that NXF1 is involved for nuclear 
export used by HIV-1 [46]. 

Along with transcription and translation, mRNA trans-
location through the nuclear pore complex (NPC), of 
which NXF1 is a structural component, appears to be an 
important regulatory step in gene expression of a number 
of viral families [47]. Based on the results obtained in the 
study, as well as the literature sources reviewed above, 
it can be concluded that the protein product of NXF1 
gene expression plays an important role in the reproduc-
tion of viruses belonging to different taxonomic groups.  
In addition to the NXF1 gene, other genes that form NPCs 
are also targets whose silencing can lead to decreased vi-
ral reproduction. For example, our earlier study showed 
a correlation between reduced influenza A viral activity 
and inhibition of expression of the Nup98 and Nup205 
genes, which also encode the formation of NPC nucleo-
porin proteins [48]. Therefore, siRNA-mediated disrup-
tion of the functional activity of certain NPC components 
can be considered as one of the promising options for the 
development of antiviral drugs targeting a wide range of 
viral infections.

The results obtained in the study clearly demonstrate 
that the prophylactic regimen of siRNA use reduces sub-
sequent viral replication. The available data are consis-
tent with the concept that prophylactic blockade of host 
cell factors important for viral replication by siRNA is 
able to disrupt the infectious process [49]. At the same 
time, it is important to understand that such an adminis-
tration regimen requires precise timing of administration 
of the prophylactic drug. In view of this, it is also neces-
sary to conduct studies aimed at optimizing and selecting 
the optimal conditions and timing for administration of 
the prophylactic drug.

Conclusion 
The obtained data confirm that the genes encoding 

proteins forming the nuclear pore complex are promis-
ing targets for antiviral siRNAs. The knockdown of the 
expression of these proteins leads to a decrease in the 
reproduction of influenza viruses. Thus, the creation of 
antiviral drugs based on RNA interference is a promising 
vector for the development of anti-influenza drugs. 
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