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or permanent loss of vision), and a multitude of clinical 
manifestations define the medical and social signifi-
cance of adenoviral eye diseases. Adenovirus infections 
present a serious health risk for immunocompromised 
individuals [6]. Obesity in children and nonalcoholic 
fatty liver disease in adults are known to be caused by 
human spicies D adenovirus type 36 (HAdV D36) [7].

Currently, the limited efficacy of therapies for the 
adenovirus infection [8] dictates the need for develop-
ing drugs with selective activity against adenovirus 
pathogens.

Human adenovirus early genes, such as the DNA 
polymerase E2B gene and E1A gene, which are in-
volved in viral DNA replication, seem to be potential 
targets for antiviral therapy [9–11].

E1A gene products promote the G
0
 to S phase cell 

cycle transition. Interaction between E1A gene prod-
ucts and the retinoblastoma protein (pRb) activates the 
E2F1 transcription factor, triggering expression of the 
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INTRODUCTION
Adenoviral ocular infections are of great current con-
cern in biomedicine due to the wide prevalence and 
high rate of adenovirus infection episodes. Adenovirus-
es commonly cause human respiratory and gastrointes-
tinal infections, adenoviral conjunctivitis (inflammation 
of the conjunctiva) and epidemic keratoconjunctivitis 
(combined inflammation of the cornea and conjunctiva) 
[1]. In Russia, more than 300,000 people are annually 
diagnosed with epidemic keratoconjunctivitis [2]. The 
most serious eye infections are caused by human spe-
cies D adenoviruses (HAdVs) types D8, D19, and D37 
[3]. HAdV infection affects people of all age groups [4]. 
In Russia, about 18 million people visit the ophthalmol-
ogist for inflammatory eye diseases annually, which ac-
counts for up to 80% of temporary disability due to eye 
diseases and 10–30% of visual acuity loss and blindness 
[5]. An epidemic spread, large loss due to temporary 
disability, a high likelihood of complications (temporary 
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genes necessary for progression through the S phase. 
This enables the adenovirus to replicate in the infected 
cell using the host’s replication machinery. One of the 
functions of the E2F1 transcription factor is transacti-
vation of the p14/ARF protein that is accompanied by 
induction of p53-dependent apoptosis. During viral in-
fection, the 55 kDa E1B protein inactivates p53, there-
by preventing induction of apoptosis in the cell until 
the adenovirus replication cycle is completed [12, 13].

Small interfering RNAs (siRNAs), which are short 
21–23 bp duplexes with 2–3 overhanging nucleotides 
at 3’-ends capable of suppressing gene expression at 
the post-transcriptional level, are commonly used in 
gene function studies [14, 15]. Interfering RNAs were 
shown to be capable of suppressing the expression of 
various target genes, including viral genes [16–18]. In-
terfering RNAs could be effectively delivered to cells 
by recombinant lentiviral vectors encoding small hair-
pin RNAs (shRNAs), which are precursors of small in-
terfering RNAs [19–21].

We believe that this approach can be used for down-
regulation of the E1A and E2B expression [10, 11] of 
HAdVs causing ocular and respiratory tract infections.

This paper presents the results of E1A gene expres-
sion downregulation in human species D adenoviruses 
types D8, D19, D36, and D37 using siRNAs and shR-
NAs, as well as inhibition of HAdVs D8 and D37 repli-
cation upon simultaneous downregulation of E1A and 
E2B expression using shRNAs.

MATERIALS AND METHODS

Cell culture
Human embryonic kidney cells HEK293 [22], human 
lung adenocarcinoma epithelial cells A549 (DSMZ 
ACC107; Brauschweig, Germany), human nonsmall 
cell lung cancer cells Н1299, A549 E1A and H1299 E1A 
model cells were grown in a DMEM medium (Life Tech-
nologies, UK) containing 10% fetal bovine serum (Life 
Technologies), 4 mML-glutamine, 1 mM sodium pyru-
vate, and streptomycin/penicillin at a concentration of 
100 µg/mL and 100 U/mL, respectively, at 37°C under 
5% CO2

 atmosphere. Primary human limbal cells [24, 
25] were cultured on a DMEM/F12 medium (Life Tech-
nologies) containing 10% fetal bovine serum (Life Tech-
nologies), 4 mML-glutamine, 1 mM sodium pyruvate, 10 
mM HEPES, 0.4 µM insulin, 10 nM dexamethasone, and 
streptomycin/penicillin at a concentration of 100 µg/
mL and 100 U/mL, respectively, at 37°C under 5% CO

2
.

Lentiviral vectors
Recombinant lentiviral vectors were constructed us-
ing standard genetic engineering techniques [26, 27]. 
Recombinant lentiviral virions were generated in the 

HEK293 cells by calcium phosphate co-transfection of 
lentiviral vector DNA and plasmids directing the syn-
thesis of all the lentiviral proteins required to produce 
infectious lentiviral particles. Infectious pseudoviral 
particles were collected during 2 days with 12-h inter-
vals. A549 and H1299 cells were used for lentivirus titer 
estimation. Viral stocks with titers of 5 × 105 to 5 × 106 
were further used.

Model cell lines
Model cells expressing the E1A gene of the human ad-
enovirus type 36 (E1A-D36) were produced by trans-
duction of A549 and H1299 cells with LeGO-iGT-Puro-
opt-based pseudolentiviral particles E1A-LeGO-iGT 
containing an expression cassette “promoter–E1A gene 
of HAdV D36–IRES–dTomato marker gene –puromy-
cin resistance gene.”

In order to generate a H1299 shE1A model cell line, 
the initial H1299 cells were transduced with lentiviral 
particles containing a sequence encoding shE1A, the 
Cerulean fluorescent protein gene, and the blasticidin 
(BSD) resistance gene. 48 h post transduction, the cells 
were placed into a selective medium with 5 µg/mL 
blasticidin. Selection was conducted for 10 days. H1299 
shE1A cells were then analyzed by flow cytometry.

Limb shE2B, Limb shE1A, and LimbshE2B/shE1A 
model cell lines were prepared by transduction of pri-
mary human limbal cells with pseudolentiviral parti-
cles encoding shE2B [10, 11] or shE1A.

siRNAs
We designed siRNAs complementary to different re-
gions of the E1A mRNA sequences of HAdVs types 8, 
19, 36, and 37. xpression. To suppress the target gene ex-
pression the following 21 bp siRNAs were synthesized 
(Sintol, Russia): siE1A-1 (sense strand 5’-GGAGGAC-
UUUGUGAAUACAUU-3’, antisense strand 5’-UGU-
AUUCACAAAGUCCUCCUU-3’);siE1A-2(sense strand 
5’-GAGGCUGUGAAUUUAAUAUUU-3’, antisense 
strand 5’-AUAUUAAAUUCACAGCCUCUU-3’), and 
siE1A-3 (sense strand 5’-GCUCUGUGUUACAUGAAA-
UUU-3’, antisense strand 5’-AUUUCAUGUAACACA-
GAGCUU-3’). siScr having no homology with known 
viral mRNAs as well as human, mouse, and rat mRNAs 
(sense strand 5’-CAAGUCUCGUAUGUAGUGGUU-3’, 
antisense strand 5’-CCACUACAUACGAGACUU-
GUU-3’) were used as a control. The siRNAs were de-
signed using the Whitehead Institute siRNA Selection 
Program [28].

siRNA transfection
Cells in the exponential growth phase were seeded 
into 24-well plates, 3 × 104 cells per well, 1 day prior 
to the experiment and transfected with siRNAs at a 
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concentration of 200 nM using a Lipofectamine® 2000 
Transfection Reagent (Life Technologies) according to 
the manufacturer’s protocol.

shRNAs
We constructed shE1A-LeGO-Cer/BSD and shScr-
LeGO-Cer/BSD lentiviral vectors encoding shR-
NAs: shE1A, which corresponds to siE1A-1 (sense 
strand 5’-p-aacgATATTAAATTCACAGCCTCct-
tcctgcaaGAGGCTGTGAATTTAATATtttttc-3’, 
antisense strand 5’-p-tcgagaaaaaATATTAAAT-
TCACAGCCTCttgcaggaagGAGGCTGTGAAT-
TTAATATcgtt-3’) and a control shScr (sense strand 
5’-p-gatccgCCACTACATACGAGACTTcttcctgt-
caCAAGTCTCGTATGTAGTGGtttttg-3’, anti-
sense strand 5’-p-aattcaaaaaCCACTACATACGA-
GACTTGtgacaggaagCAAGTCTCGTATGTAGTGG-
cg-3’). In this work, we also used lentiviral vectors 
shE2B-LeGO-G (encoding shRNA targeting the DNA 
polymerase mRNA of HAdVs D8, D19, D36, and D37) 
and shScr-LeGO-G, which were described previously 
in [10, 11].

Flow cytometry
The cell fluorescence intensity was measured by an Ep-
ics 4XL flow cytometer (Beckman Coulter, USA). Ob-
tained results were analyzed with WinMDI software, 
version 2.8

Real-time PCR
Total RNA was isolated from cell cultures using a 
TRIzol® reagent (Life Technologies) according to the 
manufacturer’s protocol. Reverse transcription was 
carried out using ImProm-II™ Reverse Transcriptase 
(Promega, USA). E1A-D36 mRNA levels were as-
sessed in real-time PCR using specific primers : sense 
sequence 5’-GCATCCAGAGCCATTTGAGC-3’; anti-
sense sequence 5’-TTAGGGTCGTCATCATGGGC-3’. 
Resulting values for each sample were normalized to 
the β-actin housekeeping gene expression. The β-actin 
expression level was quantified using the following 
primers: sense sequence 5’-ATGGATGATGATATC-
GCCGC-3’and antisense sequence 5’-CTTCT-
GACCCATGCCCAC-3’. Real-time PCR was performed 
in 96-well plates using a MiniOpticon system (Bio-Rad, 
USA) and an iQ SYBR Green Supermix reagent (Bio-
Rad) in accordance with the manufacturer’s recom-
mendations. PCR products were analyzed using the 
MiniOpticon system software (Bio-Rad).

Quantification of the human adenovirus 
genome copy number
HAdV D8 (ATCC® VR-1085AS/RB™ ATCC® VR-
1085AS/RB™) and HAdV D37 (ATCC® VR-929™) were 

purchased from the American-Type-Culture-Collec-
tion (ATCC). Replication of species D human adeno-
viruses was evaluated 6 days post infection. For this, 
HAdV D8 and D37 infected cells were harvested, and 
total DNA was isolated using a QIAamp DNA Mini Kit 
(QIAGEN, Germany) according to the manufacturer’s 
recommendations. Quantitative PCR was performed as 
described in [29] on a Rotor Gene Q cycler (QIAGEN) 
using a TaqMan® Universal PCR Master Mix reagent 
(Life Technologies). PCR products were analyzed using 
the Rotor Gene Q cycler software (QIAGEN).

Statistical data processing
All data are presented as a mean ± standard deviation 
(SD). The statistical significance was determined using 
the unpaired two sample t-test and GraphPad Prism 
software 6 (GraphPad Software, USA). The value of 
p<0.05 was considered statistically significant.

RESULTS AND DISCUSSION

Derivation of model cell lines expressing the HAdV 
D36 E1A gene
Model cell lines A549 E1A and Н1299 E1A expressing 
the E1A gene of human species D adenovirus type 36 
(E1A-D36) were obtained in order to analyze the func-
tional activity of synthetic siRNAs and lentiviral vec-
tors directing the synthesis of shRNAs in transduced 
cells.

The E1A expression in cells is known to induce p53-
dependent apoptosis [30]. E1A expression products 
promote the G0

 to S phase transition and disturbance 
of the mechanisms controlling DNA synthesis. This in-
creases the likelihood of DNA damage during replica-
tion. In response to heavy DNA damage, the p53 pro-
tein triggers a cascade of reactions leading to apoptosis. 
Therefore, A549 and H1299 cells were first transfected 
with siRNAs complementary to various fragments of 
the E1A mRNA and with control siScr. After 24 h, the 
cells were transduced by pseudolentiviral particles 
(Fig. 1A) containing the expression cassette “promot-
er– target E1A-D36 gene–IRES–dTomato fluorescent 
protein gene–puromycin resistance gene.” The marker 
gene encoding the dTomato fluorescent protein and the 
target E1A gene are separated by the IRES sequence 
(internal ribosome entry site). IRES allows for the syn-
thesis of several proteins from a single mRNA in eu-
karyotic cells. Thus, the target and marker genes are 
expressed with a comparable efficiency [31]. This en-
ables indirect estimation of the E1A expression level via 
measuring dTomato fluorescence by flow cytometry.

The efficiency of the introduced genes, expression 
was evaluated by flow cytometry detection of dTomato 
fluorescence and real-time PCR. The flow cytometry 
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data for evaluation of the transduction and subsequent 
transgene expression efficiency are shown in Figs. 1B 
and C.

The number of cells of the A549 E1A and H1299 E1A 
model lines in which dTomato protein fluorescence 
was registered amounted to 44 and 85% of the total cell 
population, respectively, compared to a control (non-
transduced A549 and H1299 line cells).

These findings indicate that the produced A549 E1A 
and H1299 E1A transgenic model cells express the in-
troduced target gene and dTomato marker gene with a 
high efficiency.

According to the obtained results, the number of 
fluorescent cells in A549 E1A and H1299 E1A model 
lines is significantly different. The heterogeneity of 
A549 E1A and H1299 E1A cells in the dTomato expres-
sion level may be caused by individual properties of the 
cells. The different number of lentiviral provirus mol-
ecules is integrated in the genome of transgenic cells. 
The viral DNA integrates into different regions of the 
genome, which may provide varying transgene ex-
pression levels. Despite the similarity of the morphol-
ogy and origin of A549 and H1299 cells, differences 
between these two lines may be one of the causes. The 
E1A gene expression is known to result in p53-depen-
dent apoptosis. H1299 cells are p53-deficient. Hence, 
the likelihood of apoptosis in H1299 E1A cells is signifi-
cantly lower than in A549 E1A cells. It may be assumed 
that A549 cells are transduced with the same efficiency 
as H1299 cells, but p53-dependent apoptosis occurs in 

most of the transduced A549 E1A cells, enabling detec-
tion of dTomato fluorescence in a smaller number of 
A549 E1A cells compared to H1299E1A model cells.

siRNA-mediated downregulation 
of E1A-D36 gene expression
The structure of the expression cassette “promoter–
E1A-D36 gene–IRES–dTomato marker gene –puro-
mycin resistance gene” enables rapid assessment of the 
silencing activity of siRNAs and the lentiviral vectors di-
recting the synthesis of shRNAs (precursors of siRNAs). 

Because of degradation of a mRNA common to both 
genes due to the inhibitory activity of interfering RNAs 
targeting E1A-D36 mRNA, the cell stops producing 
both the E1A-D36 gene products and the dTomato 
fluorescent protein, which can be quantified by flow 
cytometry.

Since the E1A gene expression results in induction 
of apoptosis, the experiment was performed as fol-
lows: siRNAs complementary to various regions of the 
E1A-D36 mRNA were transfected into A549 and H1299 
cells; after 24 h, the cells were transduced with pseu-
dolentiviral particles containing an expression cassette 
“promoter SFFV–E1A-D36 gene–IRES–dTomato fluo-
rescent protein gene–puromycin resistance gene.” The 
efficiency of siRNAs was evaluated by flow cytometry 
and real-time PCR 48 and 96 h post transduction.

The activity of siRNAs complementary to the E1A-
D36 mRNA caused a significant decrease in the dTo-
mato expression level (Fig. 2). In the population of 

Fig. 1. Model cell lines. A – Lentiviral vector containing the E1A-D36 gene of HAdV D36 and the dTomato/puromy-
cin-resistance fusion gene separated by an IRES sequence. The vector is based on the LeGO-iGT-Puro-opt vector. 
SIN-LTR– self-inactivating-long-terminal repeat ; ψ – packaging signal; RRE– rev-responsive element; cPPT– central 
polypurine tract; SFFV– spleen focus-forming virus U3 promoter; E1A-D36– E1A gene of HAdV D36; IRES– internal 
ribosome entry site; dTomato – dTomato fluorescent protein; 2A– self-cleaving peptide of the porcine teschovirus-1; 
PuroR_opt– codon optimized cDNA of puromycin resistance; wPRE– Woodchuck hepatitis virus post-transcriptional 
regulatory element. B – Flow cytometry assay of A549 E1A cells expressing the dTomato fluorescent protein. C – The 
number of H1299 E1A cells expressing the dTomato fluorescent protein measured by flow cytometry

A
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A549 E1A cells transfected with siE1A-1, siE1A-2, and 
siE1A-3, the mean fluorescence intensity (MFI) of dTo-
mato was decreased by 25, 49, and 53% after 48 h and 
by 55, 61, and 58% after 96 h, respectively, compared to 
control A549 E1A cells transfected with siScr. A siRNA 
biological activity assay showed that MFI of the dTo-
mato fluorescent protein in the H1299 E1A model cell 
population was decreased by 18, 60, and 17% under the 
action of siE1A-1, siE1A-2, and siE1A-3 as early as af-
ter 48 h and by 18, 44, and 56% after 96 h, respectively, 
compared to control H1299 E1A cells transfected with 
siScr. All the presented data were obtained in three in-
dependent experiments (p<0.05).

Results obtained by flow cytometry are consistent 
with the real-time PCR data. The effect of siRNAs on 
the E1A-D36 mRNA expression level in model cells was 
assessed 48 and 96 h post transduction with pseudolen-
tiviral particles encoding the target gene (Fig. 3). The 
E1A-D36 mRNA expression level in A549 E1A cells 
transfected with siE1A-1, siE1A-2, and siE1A-3 was 
reduced by 58, 83, and 63% and 69, 88, and 72% 48 h 
and 96 h post transduction, respectively, compared to 
control cells. The E1A-D36 mRNA level in H1299 E1A 
model cells transfected with siE1A-1, siE1A-2, and 
siE1A-3 was reduced by 28, 71, and 46% and 50, 69, and 
47% 48 h and 96 h post transduction, respectively, com-
pared to control cells.

A reduction in the mean fluorescence intensity of the 
dTomato marker protein occurs more slowly and less 
effectively than suppression of target gene expression 
at the mRNA level. These data may be explained by the 
fact that the fluorescent protein is quite stable, and its 
half-life is about 72 h.

According to the flow cytometry and real-time PCR 
data, the E1A-D36 gene expression was mostly affected 
by siE1A-2. The siRNA silencing activity depends on 
several factors. These include the secondary structure 
of a target mRNA, siRNA sequence uniqueness, and 
stability and the thermodynamic asymmetry of siRNA 
duplexes. The secondary structure of a target mRNA 
or the proteins bound to it are known to be capable of 
hindering access for siRNAs [15, 32].

Downregulation of E1A-D36 gene expression 
by a lentiviral vector encoding shRNA
We constructed lentiviral vectors encoding shRNAs 
corresponding to siE1A-2 (with the highest suppres-
sion of E1A-D36 expression) and control siScr. Lenti-
viral vectors ensure integration of a sequence encod-
ing shRNA into the cell genome, providing long-term 
suppression of the target gene expression. These 
lentiviral vectors were constructed based on the Le-
GO-Cerulean/BSD (Fig. 4A) carrying the Cerulean flu-
orescent protein gene and blasticidin resistance gene. 

Fig. 2. Silencing activity of siRNAs complementary to 
the E1A-D36 mRNA sequence. The silencing activity of 
siRNAs targeted against the E1A-D36 mRNA resulted in 
a reduction in the dTomato MFI in A549 E1A and H1299 
E1A cells. 1 corresponds to the dTomato MFI value in cells 
transfected with siScr. All reported values are a mean ± 
standard deviation of three independent experiments. 
The differences between siScr and targeting siRNAs were 
statistically significant in all cases (*p<0.05, **p<0.01, 
***p<0.001)

Fig. 3. siRNA-induced downregulation of E1A-D36 
expression. Levels of E1A-D36 mRNA in A549 E1A and 
H1299 E1A model cells were analyzed by RT-qPCR. 1 
corresponds to values for the cells transfected with siScr. 
Results were normalized to the endogenous b-actin mRNA 
level. All reported values are a mean ± standard devia-
tion of three independent experiments. The differences 
between siScr and targeting siRNAs were statistically 
significant in all cases (*p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001)
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The shScr-LeGO-Cerulean/BSD vector encoding a 
hairpin structure having no homology with known vi-
ral mRNAs as well as rat, mouse, and human mRNAs 
was used as a control to demonstrate the absence of a 
nonspecific activity of shRNAs.

These lentiviral vectors were transduced into the 
genome of H1299 cells. Ten days after selection on blas-
ticidin, the transduction efficiency of the Н1299 shE1A 
and Н1299 shScr cells was evaluated by flow cytometry 
of Cerulean reporter protein fluorescence. The num-
ber of fluorescent cells amounted to 92–98% of the total 
cell number in the population compared to control cells 
(non-transduced H1299 cells).

Then, H1299 shE1A model cells were transduced 
with E1A-LeGO-iGT pseudolentiviral particles. The 
biological activity of shE1A was evaluated 3, 6, and 10 
days post transduction using real-time PCR in three in-
dependent experiments (p<0.05). The expression level 
of the E1A target gene was down by 57, 77, and 80% 
under the action of shE1A after 3, 6, and 10 days, re-
spectively, compared to the control (Fig. 4C).

We demonstrated that lentiviral vectors encod-
ing shRNAs significantly suppress the E1A-D36 tar-
get gene expression. It should be noted that persistent 
suppression of the E1A-D36 expression mediated by 
shRNA-expressing lentiviral particles was preserved 

Fig. 4. Silencing activity of shRNAs targeting E1A and E2B (DNA-polymerase) mRNAs of human species D adenoviruses. 
A – LeGO-Cerulean/BSD-based lentiviral vector encoding shE1A complementary to E1A of HAdVs D8, D19, D36, and 
D37. B – LeGO-G-based lentiviral vector encoding shE2B complementary to E2B of HAdVs D8, D19, D36, and D37. 
SIN-LTR– self-inactivating-long-terminal repeat; ψ– packaging signal; RRE– rev-responsive element; cPPT– central 
polypurine tract; U6– murine U6 pol-III promoter; SFFV– spleen focus-forming virus U3 promoter; Cerulean– fluorescent 
protein Cerulean; eGFP– enhanced green fluorescent protein; BSD– blasticidin resistance gene; wPRE– Woodchuck 
hepatitis virus post-transcriptional regulatory element. C – RT-PCR quantification of E1A-D36 mRNA levels in H1299 cells 
expressing shE1A 3, 6, and 10 days post transduction with a lentiviral vector encoding E1A-D36. Results were normal-
ized to the endogenous b-actin mRNA level. 1 corresponds to values for the control cells expressing shScr. All reported 
values are a mean ± standard deviation of three independent experiments. The differences between shScr and shE1A 
were statistically significant in all cases (**p<0.01). D – Downregulation of HAdV D8 and D37 genome replication in 
primary human limbal cells. Viral genome replication was measured via RT-qPCR. 1 corresponds to values for the control 
cells. All reported values are a mean ± standard deviation of three independent experiments. The differences between 
shScr and targeting shRNAs were statistically significant in all cases (*p<0.05, ****p<0.0001)

R
e

la
ti

ve
 le

ve
l o

f E
1A

-D
36

 m
R

N
A

R
e

la
ti

ve
 a

d
e

no
vi

ru
s 

g
e

no
m

e
 

co
p

y
 n

um
b

e
r

A

B

C D

days days days



106 | ACTA NATURAE |   VOL. 7  № 3 (26)  2015

RESEARCH ARTICLES

in model cells for 10 days. This demonstrates the high 
efficiency of the constructed lentiviral vectors.

Downregulation of human species D adenoviruses 
replication by shRNAs in primary human limbal cells
We evaluated the ability of shRNAs targeting mRNAs 
of the E1A and E2B HAdV early genes to suppress 
viral replication. Primary human limbal cells (Limb) 
were transduced with shE2B-LeGO-G (Fig. 4B) and 
shE1A-LeGO-Cerulean/BSD lentiviral vectors encod-
ing shE2B and shE1A, respectively. Limbal cells trans-
duced with pseudolentiviral particles carrying shScr 
(whose sequence has no homology with known viral 
mRNAs and mouse, rat, and human mRNAs) were 
used as a control.

Cells of the derived lines were infected with HAdV 
D8 and HAdV D37, which cause epidemic keratocon-
junctivitis, at a multiplicity of infection of 20 fluores-
cence-forming units (FFU)/cell. The cells were cul-
tured for 6 days post infection, which is sufficient to 
complete the full replication cycle of a human adeno-
virus. Six days post infection, the efficiency of shRNAs 
was assessed via qPCR to detect HAdV D8 and HAdV 
D37 genomes. We observed a significant downregula-
tion of human adenovirus replication in primary hu-
man limbal cells. The copy number of HAdV D8 and 
HAdV D37 genomes was reduced by 59 and 58% un-
der the action of shE2V, 37 and 30% under the action of 
shE1A, and 73 and 60% under the simultaneous action 
of shE2B and shE1A, respectively, compared to control 
cells (Fig. 4D).

We suppose that downregulation of expression of 
human species D adenoviral early genes results in pre-
mature termination of the adenovirus replication cycle. 
This explains the significant reduction in the adenovi-
rus genome copy number. Nevertheless, we have not 
achieved a complete suppression of viral replication. 
This may be associated with the high multiplicity of in-
fection (20 FFU/cell), the sample analysis time (6 days 
post infection, while maximum suppression of target 
gene expression by shRNAs is observed on the 9th–10th 

day (Fig. 4C) [10, 11]), as well as the low transduction 
efficiency of primary human limbal cells (50–70% fluo-
rescent cells in the population according to fluorescence 
microscopy).

In the experiment, we used primary human limbal 
cells derived from the human cornea, which is affected 
in epidemic keratoconjunctivitis. We also used HAdVs 
D8 and D37 that are the main causative agents of the 
disease. Thus, we developed an in vitro model system of 
adenovirus ocular infection and demonstrated the high 
efficiency of shRNAs targeted against early genes of 
human spicies D adenoviruses.

CONCLUSIONS
We developed an approach to efficiently suppress 
replication of human species D adenoviruses via RNA 
interference. In order to evaluate the silencing activ-
ity of siRNAs specific to the E1A gene of HAdVs D8, 
D19, D36, and D37, as well as lentiviral vectors that di-
rect the synthesis of an analogous shRNA in cells, we 
produced model cell lines whose genome contains the 
expression cassette “promoter–E1A-D36 gene–IRES–
dTomato marker gene– puromycin resistance gene.” 
These model cell lines enable rapid evaluation of the 
efficiency of interfering RNAs complementary to dif-
ferent regions of the target gene mRNA.

The high efficiency of these vectors in downregu-
lation of human species D adenoviruses D8 and D37 
replication was shown in primary human limbal cells. 
The simultaneous action of shE1A and shE2B led to a 
decrease in the adenovirus genome copy number by 
70%, on average.

We believe that our findings will be helpful for the 
design and development of novel medicinal agents 
against human diseases caused by adenoviruses.  
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