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Abstract—Mammalian T7 polymerase-based cytoplasmic expression systems are common tool for molecular
studies. The majority of these systems include the internal ribosome entry site (IRES) of the encephalomyo-
carditis virus (EMCV). To carry out a cap-independent translation process, this type of IRES might require
the expression of an extensive array of host factors, what is a disadvantage. Other IRESes might be less depen-
dent on the host cell factors, but their biology is characterized to a lesser degree. Here, we compare the trans-
lational efficiencies of bovine viral diarrhea virus (BVDV) IRES with that of ECMYV. Both IRESes were tested
in reporter vectors containing the T7 promoter, an IRES of choice and the coding sequence of the enhanced
green fluorescent protein (EGFP). To provide for the expression of T7 RNA polymerase, the corresponding
gene was isolated from Escherichia coli and inserted into pCDNAS3.1-Hygro(+). After co-transfection of the
T7 RNA polymerase encoding vector with either of the two IRES-containing reporter vectors into T7 baby
hamster kidney (T7-BHK), human embryonic kidney (HEK) 293T, chinese hamster ovary (CHO) and HeLa
cells, the translational efficiency of the reporter construct was studied by fluorescence microscopy and flow
cytometry. In T7-BHK, HEK 293T and HelLa cells the translational efficiency of BVDV IRES was two to
three times higher than that of EMCV IRES. In CHO cells, BVDV IRES and EMCV IRES were equally effi-
cient. An analysis of the secondary structure of respective mRNAs showed that their AG values were —544.00
and —469.40 kcal/mol for EMCV IRES and BVDV IRES harboring molecules, respectively. As EMCV
IRES-containing mRNA is more stable, it is evident that other, still unidentified factors should be held
responsible for the enhanced translational efficiency of BDVD IRES. Taken together, our results indicate the
potential of BVDV IRES as a replacement for EMCV IRES, which is now commonly used for T7 polymerase
driven cytoplasmic expression of genes of interest or virus cDNA rescue experiments.
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INTRODUCTION

Exogenous gene expression systems are common
tools for basic research labs and for clinical applica-
tions including gene therapy [1]. For many of these
systems the relatively low level of gene expression in
transfected tissues, especially in case of non-viral
gene-delivery methods, is the major limitation [2, 3].
Cytoplasmic expression techniques that directly acti-
vate the promoters while avoiding the delivery of the

Abbreviations: BVDYV, bovine viral diarrhea virus; EMCYV,
encephalomyocarditis virus; HCV, hepatitis C virus; IRES,
internal ribosome entry site; MFE, minimal free energy; MFI,
mean fluorescence intensity.
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plasmid into the nucleus rely on the use of phage RNA
polymerases [4]. In particular, T7 promoter-based
vectors have higher transcription efficiencies than
other phage promoters such as SP6 [5], and achieve
mRNA expression levels that are folds higher than
those in standard CMV-based systems which require
the entry of the plasmid into the nucleus [4, 6]. These
systems hold a special interest for somatic gene ther-
apy of non-dividing cells in an adult body [7]. Indeed,
T7 promoter-based systems provide a number of
advantages, including high transcriptase activity, out-
standing promoter specificity, no requirement for
nuclear entry, higher expression of proteins, and, at
last, lower probability of gene silencing after several
passages, which is frequently a problem for promoters
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such as cytomegalovirus (CMYV) [8]. In these systems
the lack of an endogenous T7 RNA polymerase is sup-
plemented in ‘frans’ by a variety of approaches such as
(i) co-transfection of a T7 RNA polymerase encoding
plasmid along with the T7 RNA polymerase-driven
expression vector harboring the T7-responsive promoter
and the target gene [9], (ii) use of cell lines that stably
express the T7 RNA polymerase [10] or (iii) transducing
cells with a T7 RNA polymerase containing helper
virus [11].

It is important to note that T7 RNA polymerase-
derived transcripts cannot be 5' capped, and, there-
fore, the ribosomes cannot initiate their translation.
Therefore, viral vectors for T7 RNA polymerase-
driven expression in mammalian cells always include
internal ribosome entry sites (IRESes). IRESes are
relatively long sequences found in the 5' untranslated
regions (5' UTR) of some viral genomes with ribosome
binding capabilities. Insertion of the IRES into the
transcript upstream of the target gene makes its trans-
lation cap-independent [12, 13]. To carry out cap-
independent translation, IRES structures utilize cellu-
lar RNA-binding proteins known as IRES-transacting
factors (ITAFs). Different IRESes recruit different
ITAFs [14]. Moreover, some IRESes, in particular,
picornavirus IRESes, require eukaryotic initiation
factors such as elF4A, 4B, 4E and 4G [15, 16].

The IRES most frequently used for driving heterol-
ogous gene expression in mammalian cells was derived
from the encephalomyocarditis virus (EMCV) [17,
18]. The EMCV IRES and other similar IRESes may
interfere with the translation of capped cellular
mRNA [19], possibly through sequestering of cellular
factors required for translation initiation [20, 21]. A
few prior studies have compared abilities of various
cellular and viral IRESes to enhance the expression of
target genes. These studies showed that translational
efficiency of the IRES depends both on its sequence
and on the choice of cell line. To explain the latter, a
role for cell-based ITAFs was proposed [22, 23]. Since
IRESes may differ in their requirements for recruit-
ment of particular translation initiation factors and
ITAFs, some of which might be cell-specific [24, 25],
substitution of EMCV IRES with other candidate
sequences may improve the yield of T7 RNA poly-
merase driven expression.

Members of the Flaviviridae family, including the
hepatitis C virus (HCV), bovine viral diarrhea virus
(BVDV) and classical swine fever virus (CSFV), are
capable of initiating translation of respective mRNAs
in a manner independent of eIF4s and other eukary-
otic initiation factors. Moreover, to initiate the trans-
lation process IRES sequences of these viruses do not
require ribosome scanning and may function without
hydrolysis of ATP [16, 26]. These unique properties
make these IRESes more efficient and cell type-inde-
pendent. Indeed, the translational efficiency of the
BVDV IRES is superior to the poliovirus IRES,
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another IRES commonly employed in mammalian
gene expression systems [27]. More recently, transla-
tional efficiency of the BVDV IRES was substantially
improved by its fusion with the first 75 bp of the BVDV
N-terminal protease (Npro) gene [28]. All these devel-
opments prompt the incorporation of the BVDV IRES
into T7 RNA polymerase-driven expression vectors
and comparative studies of its efficiency.

Besides applications for cytoplasmic transgene
expression in mammalian cells and high yield recom-
binant protein expression in Escherichia coli [29—32],
T7 RNA polymerase-based vectors have also been
developed for sophisticated reverse genetics experi-
ments that rescue RNA viruses [33—35]. Reverse
genetics techniques require precise quantification of
the T7 RNA polymerase driven vector efficiency in
target cells. To address this, the majority of studies
relies on reporter vectors with luciferase or green fluo-
rescent protein (GFP) genes inserted downstream of
an IRES sequence that is placed under the control of
the T7 promoter [8, 10, 36, 37].

To facilitate further development of the BVDV
IRES containing expression vectors, we compared the
translation efficiency of BVDV IRES with that of
EMCYV in the context of a T7 promoter-driven
reporter plasmid that was transfected into a number of
commonly used cell lines.

EXPERIMENTAL
Cell Lines

All cell lines employed in this study were purchased
from the National Cell Bank of Iran. HEK 293T and
HeLa cells were cultured in Dulbecco’s Modified
Eagle’s Minimal Medium (DMEM) (Gibco, USA),
containing 10% fetal bovine serum (FBS) (Atocel,
Austria), penicillin and streptomycin, at 37°C in a
5% CO, atmosphere. The T7-BHK cell line, which
constitutively expresses the T7 RNA polymerase gene,
was maintained in the same medium, supplemented
with 400 ug/mL G418 (InvivoGen, USA). For cultur-
ing CHO cells DMEM was replaced by DMEM F12
(Atocel, Austria).

Construction of the T7 RNA Polymerase-Encoding
Recombinant Plasmid

To provide the ‘frans’ source of the T7 RNA poly-
merase, the bacteriophage T7 RNA polymerase cod-
ing sequence from BL21 (DE3) strain of E. coli was
isolated by PCR through the use of T7-F and T7-R
primers (Bioneer, South Korea) (table). The amplicon
(amplified T7 RNA polymerase gene) was double
digested with Nhel and HindIII restriction enzymes
and subsequently cloned into the same sites of
pCDNA3.1\Hygro(+) vector (Invitrogen, USA) to
produce the pHygro-T7 plasmid (T7 RNA polymerase
encoding plasmid).

MOLECULAR BIOLOGY  Vol. 51 No.2 2017
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Primers used for amplification of T7 RNA polymerase (T7-F, T7-R) and EGFP (EGFP-F, EGFP-R)* coding sequences

Primer name

Primer sequence

EGFP-F
EGFP-R
T7-F
T7-R

5'-ACAGGATCCATGGTGAGCAAGGGCGA-3'
5'-ACCAAGCTTTTACTTCGTACAGCTCGTCC-3'
5'-AAGCTAGCACCATGAACACGATTAACATCGCTA-3'
5'-AAGCGGCCGCAAGCTTTTACGCGAACGCGAAG-3'

*The bolded sequences indicate the inserted restriction sites used for cloning procedures. “F” and “R” denote the “Forward” and

“Reverse” primers.

Construction of T7 Promoter-Based Reporter Plasmids

Cloning steps for construction of the pET-(EMCV
IRES)-EGFP reporter plasmid (Fig. 1a) and pET-
(BVDV IRES)-EGFP reporter plasmid (Fig. 1b) har-
boring the (EMCV IRES)-EGFP and (BVDV IRES)-
EGFP sequences downstream of the T7 promoter,
respectively, are shown in supplementary materials
(Figs. S1 and S2, respectively, see Supplementary,
http://www.molecbio.com/downloads/2017/2/supp__
Ghasemi_engl.pdf).

All recombinant plasmids were constructed
according to the standard procedures [38] and their
accuracy was confirmed by restriction analysis fol-
lowed by DNA sequencing analysis (data not shown).

Transfection

Transfections were carried out with Lipofectamine
LTX and PLUS™ reagents (Invitrogen) according to
the manufacturer’s protocol. To reach the highest
transfection efficiency in each cell line, the amounts of
DNA and transfection reagent were optimized using
pEGFPNI1 (Clontech Laboratories Inc., USA) as a
standard reporter plasmid. Briefly, 24 h before trans-
fection, cells were seeded in 24-well plates to reach
70% of confluency at the day of transfection. Seven
hundred fifty nanograms of plasmid DNA were
diluted in 50 uL of_reduced serum medium Opti-
MEM (Gibco) containing 0.5 uL of the PLUS™
reagent. After 5 min, the lipofectamine solution (2.5 uL
lipofectamine + 47.5 uL reduced serum medium) was
added to the DNA solution, the mixture was incubated
for 25 min at room temperature and subsequently the
DNA-lipofectamine complex was added drop-wise
into the cells. Finally, 6 h after transfection, the
medium was replaced with a fresh one.

To optimize the translation efficiency of the T7
promote-based reporter plasmids, different ratios of
pHygro-T7 (T7 RNA polymerase-encoding plasmid)
and IRES-containing reporter plasmids were used in
co-transfection procedures. The best result was
obtained when the pHygro-T7 plasmid was used in a
1/3 ratio to the total DNA (225 ng of 750 ng). There-
fore, in co-transfection procedures, 225 ng of the
pHygro-T7 plasmid and 525 ng of either IRES-con-
taining reporter plasmids were used (for HEK 293T,
HeLaand CHO cell lines). In case of the T7-BHK cell

MOLECULAR BIOLOGY Vol. 51

No.2 2017

line (cells endogenously encoding the T7 RNA poly-
merase), instead of pHygro-T7 225 ng a mock plasmid
(pCDNA3.1) was used for co-transfection.

Flow Cytometry and Fluorescence Microscopy Analyses

Twenty four hours after transfection, cells were
screened for EGFP expression via inverted fluorescent
microscopy INVERSO TC100 Epi Fluor (Medline
Scientific, UK). For evaluation of IRESes translation
efficiency, cells were washed two times with PBS,
detached with trypsin and analyzed by a flow cytometer
CyFlow (Partec GmbH, Germany) equipped with
FloMax® software, version 2.7 (Quantom Analysis
GmbH, Germany). The mean fluorescence intensity
(MFI) of the FL1 channel in transfected cells indi-
cated the translation efficiency of IRES driven plas-
mids [39].

Prediction of mRNA Secondary Structures

In order to predict the secondary structure and cal-
culate the stability of the corresponding mRNA from
each constructed reporter plasmid, DNA sequences
were selected from the transcription initiation point
(+1 nt) of the T7 promoter of pET-(EMCV IRES)-
EGFP and pET-(BVDV IRES)-EGFP to the TAA
stop codon of the EGFP gene. The secondary structure

(a)
EMCV IRES | EGFP
pET-(EMCV IRES)-EGFP
(b) N
BVDV 5'UTRH P EGFP
1—75bp

pET-(BVDV IRES)-EGFP

Fig. 1. Schematic diagram of the constructed IRES-driven
plasmids. The EGFP gene is located downstream of EMCV
IRES in pET-(EMCV IRES)-EGFP (a) and BVDV 5'UTR-
Npro (1-75bp) in pET-(BVDV IRES)-EGFP (b) under the
control of the T7 promoter.
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Fig. 2. Fluorescence microscopy analysis of T7-BHK cells 6 h after transfection with pET-(BVDV IRES)-EGFP (a), pET-
(EMCYV IRES)-EGFP (b), pPEGFPNI as a positive control (c), and mock plasmid pCDNA3.1\Hygro(+) (d).

of RNA was predicted using the RNA Fold Web server
(http://rma.tbi.univie:ac.at/cgi-bin/RNAfold.cgi) based
on minimum free energy (MFE).

Statistical Analysis

Data were analyzed with the SPSS statistical pack-
age (16.0 Version). All data are expressed as mean
value = SD unless otherwise mentioned. Factorial
analysis of variances was applied for statistical analysis
when appropriate. P values < 0.05 were considered
statistically significant.

RESULTS
Construction of Recombinant Plasmids

As mentioned in the Experimental, the T7 RNA poly-
merase gene was isolated from the E. coli BL-21(DE?3)
genome by PCR. Agarose gel electrophoresis results of
the amplicon showed a 2654 bp band (Fig. S3a, see Sup-
plementary, http://www.molecbio.com/downloads/
2017/2/supp_Ghasemi_engl.pdf) what is in accor-
dance to the expected size of the T7 RNA polymerase
gene [8, 10]. The PCR product was further cloned into
Nhel-HindlIII sites of the pCDNA3.1\Hygro(+) vec-
tor to provide the pHygro-T7. Details on the restric-
tion analysis carried out to confirm the accuracy of
pHygro-T7 and the final reporter vectors, pET-

(EMCV IRES)-EGFP and pET-(BVDV IRES)-
EGPFP, are illustrated in the supplementary materials
(Fig. S3). All constructs were confirmed by sequenc-
ing analysis (data not shown).

Fluorescence Microscopy and Flow Cytometry

To evaluate the effect of BVDV and EMCV IRESes
on the intensity of EGFP expression and to compare
the MFI induced by each IRES, we co-transfected
pHygro-T7 with either of the IRES containing
reporter plasmids into different cell types including
T7-BHK cells which constitutively express the T7
RNA polymerase gene (transfected with IRES con-
taining reporter plasmids only).

Expression of EGFP was detectable 6 h after trans-
fection. Fluorescence microscopy images showed that
the intensity of EGFP was higher in all cells (T7-BHK,
HEK 293T and Hela) transfected with pET-(BVDV
IRES)-EGFP rather than pET-(EMCV IRES)-EGFP
reporter vector, except CHO cells that showed no recog-
nizable difference for either reporter vector (data not
shown). In Fig. 2, EGFP fluorescent intensity of reporter
plasmid expression in T7-BHK cells are presented.

Analysis of detached cells for expression of EGFP
by flow cytometry the day after transfection indicated that
MFI values corresponding to the transfected T7-BHK,
HEK 293T and HelLa cells was 2, 2.5 and 3 fold higher

MOLECULAR BIOLOGY  Vol. 51
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Fig. 3. Measured MFI values for EGFP expressed by pET-(EMCYV IRES)-EGFP and pET-(BVDV IRES)-EGFP constructs in
T7-BHK (a), HEK 293T (b), CHO (c) and HeLa (d) cell lines. Cells were assayed for MFI by flow cytometry 24 h post-trans-
fection (mean = SD, N = 3). Representative samples of flow cytometry graphs corresponding to 24 h post-transfection in each cell line
are demonstrated in the right panel. pPEGFPN1 was used as the control plasmid to optimize transfection rates in all four cell lines.

for BVDV IRES than EMCV IRES, respectively (P val- mRNA Secondary Structure Prediction

ues < 0.05) (Figs. 3a, 3b, 3d) However, as shown in and Calculation of AGs

Fig. 3c, there was no significant difference in MFI values Thermodynamic analysis based on MFE calcula-
for CHO cells transfected with either reporter plasmid  tions [40] for secondary structure of RNAs indicated
(EMCYV IRES or BVDV IRES harboring vectors). AG values of —544.00 and —469.40 kcal/mol for the

MOLECULAR BIOLOGY Vol.51 No.2 2017
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mRNA transcribed from pET-(EMCYV IRES)-EGFP
and pET-(BVDV IRES)-EGFP, respectively. The
lower AG values for mRNA represents a generally
more stable and strongly folded secondary structure
and thus suggests a more stable mRNA for pET-
(EMCV IRES)-EGFP.

DISCUSSION

In the present study, we designed two T7 RNA
polymerase (T7 promoter)-based reporter plasmids,
pET-(EMCYV IRES)-EGFP and pET-(BVDYV IRES)-
EGFP (Fig. 1), which only differ in their IRES
sequence (EMCV IRES versus BVDV IRES). We
compared the translation efficiency of BVDV IRES
with that of EMCYV in a number of selected cell lines to
gain information on cell-based potential applications
of the BVDV IRES for cytoplasmic expression in
mammalian cells and virus rescue studies. The main
reasons that prompted us to conduct such a compara-
tive study were both advantages of the T7 RNA poly-
merase-based system for cytoplasmic expression of
exogenous genes (i.e.: high transcriptase activity, pro-
moter specificity, rapid and large scale expression of
proteins [7, 41], less gene expression silencing [8] as
well as their independent functionality from nuclear
entry) and potential efficiency of BVDV IRES for
incorporation into T7 RNA polymerase-based vectors
on translational efficiency of mRNAs of the target pro-
teins as compared to other traditionally used IRESes like
EMCYV IRES [25, 42]. The procedures employed in
this study for constructing the T7 promoter-based
reporter plasmids may be used as a model for con-
structing other cytoplasmic gene expression systems or
evaluation of T7 RNA polymerase activity in eukary-
otic cells prior to rescue of T7 promoter-driven viral
cDNA.

Selection of a suitable reporter gene is one of the
major aspects in construction of reporter plasmids.
Chloramphenicol acetyl transferase (CAT), lusiferase
and EGFP are among the most recognized reporter
genes [43, 44]. Despite the higher sensitivity of lucif-
erase, it needs to normalize for transfection efficiency
and cannot be quantified in each cell. EGFP due to
both the possibility of direct analysis (visual observa-
tion) of functionality via fluorescent microscopy
(qualitative analysis) [8] and quantitative analysis via
flow cytometry [10] has gained more popularity.
Accordingly, in the present study and in accordance
with prior similar studies [8, 10, 36], EGFP was used
as the reporter gene that enabled us to evaluate and
compare EMCV IRES and BVDV IRES activities by
employing both fluorescent microscopy (Fig. 2), like
in a previous work wherein EGFP was used as a
reporter for T7 RNA polymerase activity and without
quantification of EGFP gene expression [8], and flow
cytometry (Fig. 3), similar to a prior study that used
the EGFP gene linked with FMDV IRES [10] fol-
lowed by EGFP expression quantification by flow
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cytometry analysis. As shown in Fig. S2, for construc-
tion of pET-(BVDV IRES)-EGFP we amplified the
EGFP gene using pEGFPNI as a template for PCR.
Agarose gel electrophoresis revealed the expected 715 bp
band of the size of the EGFP gene which was in agree-
ment with prior reports on size of the gene (Fig. S3c)
[45]. Accordingly, the size of the isolated T7 RNA
polymerase gene from E. coli BL-21 in this study
(2654 bp) was in accordance with reports of previous
studies (Fig. S3a) [8, 10] and the sequencing results
confirmed the authenticity of the final construct
(pHygro-T7).

In our study, we compared two types of IRESes,
EMCVIRES and BVDV IRES, in a T7-based reporter
system. Insertion of the IRES sequence between the
T7 promoter and the reporter gene in order to enhance
the translational efficiency of the reporter gene in a
cap-independent manner was first reported in 1989
[17]. Subsequently, several other studies employed this
system [8, 46] and the use of multiple IRES-reporter
sequences in a single plasmid as an IRES-mediated
polycistronic reporter system in order to improve the
translational efficiency was also demonstrated [19].
However, to our knowledge, up to date the BVDV
IRES has not been used in construction of such
reporter systems. In fact, there are only a few prior
comparative studies based on bicistronic mRNA sys-
tems which were mostly concerned with the activity of
IRESes of Picornaviridae family and HCV IRES [15,
18, 22]. Results of some of these studies showed differ-
ent activities of the FMDV and EMCV IRESes,
although they both are type 11 IRESes of the Picorna-
viridae family [18, 22]. Thus, IRESes from even the
same types and families may not necessarily show
equal efficiency.

In the present study, different concentrations of
pHygro T7 and IRES-containing plasmids were co-
transfected into the cells to gain the best reporter out-
put. The most efficient translation was registered
when the pHygro T7 and the IRES-driven plasmids
were used at a ratio of 3/7 which is consistent with the
report by Gao et al. [46]. Subsequently, to evaluate
their translational efficiencies, we co-transfected the
pHygro-T7 plasmid with IRES-containing reporter
plasmids in four commonly used for reverse genetics
rescue system and recombinant protein expression
studies mammalian cell lines (HEK 293T, CHO,
HelLa and BHK) [47, 48]. It has been previously
shown that an EMCV IRES-containing vector is able
to translate the genes of interest efficiently in HEK
293T, CHO and HelLa cell lines [49] but not BHK
cells [18, 22]. Our results however, indicated that,
although translation efficiency of BVDV IRES in T7-
BHK cells was 2 fold higher than that of EMCV RES
(Fig. 3a), contrary to results of Borman et al. [22], who
found the introduced EMCV IRES to be inefficient
IRES in BHK cells, we found this IRES to be rela-
tively efficient in T7-BHK cells (Fig. 3a). Our results
also indicated that replacement of EMCV IRES with

MOLECULAR BIOLOGY  Vol. 51 No.2 2017
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(b)

Fig. 4. RNA secondary structure prediction based on MFE. mRNA sequences for both (EMCV IRES)-EGFP (a) and (BVDV
IRES)-EGFP (b) constructs were subjected to secondary structure prediction using the RNA fold Web Server
(http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi). Predicted MFE AG values of —544.00 kcal/mol for (EMCV IRES)-EGFP
mRNA and —469.40 kcal/mol for (BVDV IRES)-EGFP mRNA suggest a more stable secondary structure for the mRNA corre-

sponding to the first construct.

BVDV IRES enhanced EGFP intensity in HEK 293T
and HelLa cell lines by 2.5 and 3.0 folds, respectively
(Figs. 3b, 3d). However, MFI corresponding to both
EMCV IRES- with BVDV IRES-driven plasmids
indicated almost the same values (no significant dif-
ference) in CHO cells (Fig. 3c). With regards to our
fluorescence microscopy and flow cytometry results
(Figs. 2 and 3), it might be concluded that the BVDV-
IRES works efficiently in plenty of different cell lines.
These results are in accordance with the data of a prior
study which showed the superior activity of the BVDV
IRES as compared to a poliovirus IRES, an IRES that
is functionality strongly dependent on cellular transla-
tion initiation factors (similarly to the EMCV IRES)
[27]. Indeed, in agreement with our observations and
contrary to BVYDV IRES-mediated translation-resis-
tance to inhibition by an R362Q mutant form of
elF4A, IRES-mediated translation of those viruses
was shown to be prohibited by this inhibitor (R362Q
mutant form of elF4A) [50, 51], what may further
imply the smaller dependency of BVDV IRES func-
tionality on cellular translation initiation factors as
compared to that of the EMCV IRES. From another
aspect, despite of the more relaxed structure of the
BVDV IRES, the secondary structure of EMCYV tran-
script is too complex, so it needs very specific cellular
factors to interact with it and start translation. For this
reason the inefficiency of the EMCV IRES in some
cells can be the result of a failure to bind one or more
translation initiation factors or RNA binding proteins.

Finally, we analyzed and compared the mRNA
secondary structures and stability of IRESes in our
reporter vectors to see their potential role in the higher
translational efficiency of the BVDV IRES as com-
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pared to the EMCV IRES. The secondary structure of
an IRES is usually complex and consists of several
domains. These domains play a pivotal role in interac-
tions with respective RNA and cellular factors such as
RNA-binding proteins [52] and microRNAs [53].
These interactions and the secondary structure itself
contribute to the stability of the RNA molecule and
thereby determine the expression levels of the RNA at
a posttranscriptional level [39]. Interestingly, predic-
tion of the secondary structure of the respective
mRNAs suggested a more stable secondary structure
for (EMCV IRES)-EGFP mRNA as compared to that
of (BVDYV IRES)-EGFP mRNA (Fig. 4). This final
software based prediction may further emphasize the
particular role of interacting/binding cellular compo-
nents for the efficient expression of BVDV IRES-con-
taining constructs as compared to those containing the
EMCYV IRES, rather than the sole structural stability
of their transcripts. In agreement to this proposition,
very recently, the minor impact of the liver specific
miR-122 on the translational efficiency of HCV IRES
due to sole transcript stabilization was suggested and
thus other miR-122-dependent mechanisms for sus-
tained translation of HCV IRES are currently being
investigated [54]. Although, in the present study we
did not aim to investigate cell-specific factors that
might contribute to increased expression levels of the
BVDV IRES, previous studies have suggested some
potential roles for viral elements and their interactions
with cell-specific factors while concerning mRNA sta-
bility and its function at expressional levels [39, 55].
Indeed, to our knowledge there are no prior studies on
interactions of cellular proteins and BVDV IRES with
the corresponding mRNAs that might enhance trans-
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lational efficiencies. Sanderbrand and coworkers [56]
reported that 3 proteins with molecular masses of 50,
65 and 72 kDa interact with BVDV IRES RNA without
any suggestion on the potential influence of these pro-
teins on the IRES’s translation activity. Furthermore,
since the human LA antigen (p52 or SS-B) is capable of
stimulating translation directed by the IRES of HCV (an
IRES closely related to BVDV IRES) [57, 58], Myers
et al. [59] suggested a possibility of interaction of the
LA antigen with the BVDV IRES with a role in trans-
lation initiation. Accordingly, a major topic of future
investigations might be the exploration of binding pro-
teins for a potential stimulatory action on BVDV
IRES-mediated translation.

In summary, we designed and constructed EGFP-
based reporter plasmids to compare the translation
efficiency of the BVDV and EMCV IRESes in the
context of T7 promoter-based vectors and tested them
in several cell lines. Our protocols could be used as a
model for constructing other cytoplasmic gene expres-
sion/reporter systems or for evaluating T7 RNA poly-
merase activity in eukaryotic cells prior to rescue of T7
promoter-driven viral cDNA. To our best of knowl-
edge, no prior study has compared BVDV and EMCV
IRES-driven translation efficiencies in any system. We
showed that in a variety of cell lines the BVDV IRES
enhances translation more efficiently than the EMCV
IRES, thus indicating its potential as an alternative to
commonly used IRESes, such as EMCYV in T7 pro-
moter-dependent expression designed for either gene
therapy or virus rescue experiments.

REFERENCES

1. Bruter A.V., Avdeev A.V., Belyavsky A.V. 2013. Regu-
lated expression systems for gene therapy. Mol. Biol.
(Moscow). 47, 321—342.

2. Lavigne M.D., Gorecki D.C. 2006. Emerging vectors
and targeting methods for nonviral gene therapy. Exp.
Opin. Emerg. Drugs. 11, 541—557.

3. Dean D.A., Strong D.D., Zimmer W.E. 2005. Nuclear
entry of nonviral vectors. Gene Ther. 12, 881—890.

4. Finn J., Lee A.C., MacLachlan I., Cullis P. 2004. An
enhanced autogene-based dual-promoter cytoplasmic
expression system yields increased gene expression.
Gene Ther. 11, 276—283.

5. Aubry F.,, Nougairéde A., Gould E.A., de Lamballerie X.
2015. Flavivirus reverse genetic systems, construction
techniques and applications: A historical perspective.
Antivir. Res. 114, 67—85.

6. Farrow P.J., Barrett L.B., Stevenson M., Fisher K.D.,
Finn J., Spice R., Allan M.A., Berry M., Logan A.,
Seymour L.W., Read M.L. 2006. Cytoplasmic expres-
sion systems triggered by mRNA yield increased gene
expression in post-mitotic neurons. Nucleic Acids Res.
34, e80.

7. Structural Genomics Consortium 2008. Protein pro-
duction and purification. Nat. Methods. 5, 135—146.

8. Ghaderi M., Sabahi F., Sadeghi-Zadeh M., Khanlari Z.,
Jamaati A., Mousavi-Nasab D., Majidi-Gharenaz N.,

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

GHASSEMI et al.

Ajorloo M., Fazeli M. 2014. Construction of an eGFP
expression plasmid under control of T7 promoter and
IRES sequence for assay of T7 RNA polymerase activity
in mammalian cell lines. fran J. Cancer Prev. 7, 137—141.

. Chen, X., Li Y., Xiong K., Wagner T.E. 1994. A self-

initiating eukaryotic transient gene expression system
based on contransfection of bacteriophage T7 RNA
polymerase and DNA vectors containing a T7 auto-
gene. Nucleic Acids Res. 22, 2114—2120.

Zheng, H., Tian H., Jin Y., WuJ., Shang Y., Yin S., Liu X.,
Xie Q. 2009. Development of a hamster kidney cell line
expressing stably T7 RNA polymerase using retroviral
gene transfer technology for efficient rescue of infec-

tious foot-and-mouth disease virus. J. Virol. Methods.
156, 129—137.

Kohl A., Billecocq A., Préhaud C., Yadani F.Z., Bou-
loy M. 1999. Transient gene expression in mammalian
and mosquito cells using a recombinant Semliki Forest
virus expressing T7 RNA polymerase. Appl. Microbiol.
Biotechnol. 53, 51-56.

Belsham G.J., Sonenberg N. 2000. Picornavirus RNA
translation: Roles for cellular proteins. Trends Micro-
biol. 8, 330—335.

Merrick W.C. 2004. Cap-dependent and cap-indepen-
dent translation in eukaryotic systems. Gene. 332, 1—11.

Komar A.A., Hatzoglou M. 2011. Cellular IRES-medi-
ated translation: The war of ITAFs in pathophysiologi-
cal states. Cell Cycle. 10, 229—240.

Belsham G.J. 2009. Divergent picornavirus IRES ele-
ments. Virus Res. 139, 183—192.

Niepmann M. 2009. Internal translation initiation of
picornaviruses and hepatitis C virus. Biochim. Biophys.
Acta. 1789, 529—541.

Elroy-Stein O., Fuerst T.R., Moss B. 1989. Cap-inde-
pendent translation of mRNA conferred by encephalo-
myocarditis virus 5' sequence improves the perfor-
mance of the vaccinia virus/bacteriophage T7 hybrid
expression system. Proc. Natl. Acad. Sci. U. S. A. 86,
6126—6130.

Borman A.M., Bailly J.L., Girard M., Kean K.M.
1995. Picornavirus internal ribosome entry segments:
Comparison of translation efficiency and the require-
ments for optimal internal initiation of translation
in vitro. Nucleic Acids Res. 23, 3656—3663.

Bouabe H., Fassler R., Heesemann J. 2008. Improve-
ment of reporter activity by IRES-mediated polycis-
tronic reporter system. Nucleic Acids Res. 36, 28.

Scheper G.C., Thomas A.A., Voorma H.O. 1991. The
5" untranslated region of encephalomyocarditis virus
contains a sequence for very efficient binding of
eukaryotic initiation factor eIF-2/2B. Biochim. Bio-
phys. Acta. 1089, 220—226.

Brown E.A., Zajac A.J., Lemon S.M. 1994. In vitro
characterization of an internal ribosomal entry site
(IRES) present within the 5' nontranslated region of
hepatitis A virus RNA: Comparison with the IRES of
encephalomyocarditis virus. J. Virol. 68, 1066—1074.

Borman, A.M., Le Mercier P., Girard M., Kean K.M.
1997. Comparison of picornaviral IRES-driven internal
initiation of translation in cultured cells of different ori-
gins. Nucleic Acids Res. 25, 925—932.

MOLECULAR BIOLOGY  Vol. 51 No.2 2017



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

TRANSLATIONAL EFFICIENCY

Bochkov Y.A., Palmenberg A.C. 2006. Translational
efficiency of EMCV-IRES in bicistronic vectors is
dependent upon IRES sequence and gene location.
Biotechniques. 41, 283—288.

Hennecke M., Kwissa M., Metzger K., Oumard A.,
Kroger A., Schirmbeck R., Reimann J., Hauser H.
2001. Composition and arrangement of genes define
the strength of IRES-driven translation in bicistronic
mRNASs. Nucleic Acids Res. 29, 3327—3334.

Ngoi S.M., Chien A.C., Lee C.G. 2004. Exploiting
internal ribosome entry sites in gene therapy vector
design. Curr. Gene Ther. 4, 15-31.

Lancaster A.M., Jan E., Sarnow P. 2006. Initiation fac-
tor-independent translation mediated by the hepatitis C
virus internal ribosome entry site. RNA. 12, 894—902.
Chon S.K., Perez D.R., Donis R.O. 1998. Genetic
analysis of the internal ribosome entry segment of
bovine viral diarrhea virus. Virology. 251, 370—382.
Moes L., Wirth M. 2007. The internal initiation of
translation in bovine viral diarrhea virus RNA depends
on the presence of an RNA pseudoknot upstream of the
initiation codon. Virol. J. 4, 124.

I’ichev A.A., Melamed N.V., Razumov I.A., Maksiu-
tov A.Z., Pereboev A.V., Zakabunin A.l., Loktev V.B.
1996. Expression of fragments of Venezuelan equine
encephalomyelitis virus E2 protein in a system based on
phage T7 RNA polymerase. Mol. Biol. (Moscow). 30,
76—83.

Baghbani-Arani F., Roohvand F, Aghasadeghi M.R.,
Eidi A., Amini S., Motevalli F., Sadat S.M., Memarne-
jadian A., Khalili G. 2012. Expression and characteri-
zation of Escherichia coli derived hepatitis C virus
ARFP/F protein. Mol. Biol. (Moscow). 46, 226—235.

Forster A.C. 2012. Synthetic biology challenges long-
held hypotheses in translation, codon bias and tran-
scription. Biotechnol J. 7, 835—845.

Zavil'gel'skii G.B., Rastorguev S.M. 2009. Antirestric-
tion proteins ardA and Ocr as effective inhibitors of the
type 1 restriction-modification enzymes. Mol. Biol.
(Moscow). 43, 241—248.

Herfst S., de Graaf M., Schickli J.H., Tang R.S., KaurJ.,
Yang C.F., Spaete R.R., Haller A.A., van den Hoo-
gen B.G., Osterhaus A.D., Fouchier R.A. 2004.
Recovery of human metapneumovirus genetic lineages
a and B from cloned cDNA. J. Virol. 78, 8264—8270.

Jiang Y., Liu H., Liu P., Kong X. 2009. Plasmids driven
minigenome rescue system for Newcastle disease virus
V4 strain. Mol. Biol. Rep. 36, 1909—1914.

de Wit E., Spronken M.1., Vervaet G., Rimmelzwaan G.F.,
Osterhaus A.D., Fouchier R.A. 2007. A reverse-genet-
ics system for influenza A virus using T7 RNA poly-
merase. J. Gen. Virol. 88, 1281—1287.

Hobl B., Hock B., Schneck S., Fischer R., Mack M. 2013.
Bacteriophage T7 RNA polymerase-based expression in
Pichia pastoris. Protein Expr. Purif. 92, 100—104.

Xiu M.H., Wang Q., Tang L.H., Cao S.C., Li WH.,
Wei Y., Lu P., Liang M.F., Li D.X. 2007. Rescue of
minireplicon by using the cell line stably expressing the
T7 RNA polymerase. Bing Du Xue Bao. 23, 326—330.
Sambrook J., Fritsch E.F., Maniatis T. 1989. Molecular
Cloning. A Laboratory Manual. Cold Spring Harbor,
NY: Cold Spring Harbor Laboratory Press, vol. 2.
MOLECULAR BIOLOGY Vol. 51

No.2 2017

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

291

Rasekhian M., Roohvand F., Teimoori-Toolabi L.,
Amini S., Azadmanesh K. 2014. Application of the
3'-noncoding region of poliovirus RNA for cell-based
regulation of mRNA stability: Implication for biotech-
nological applications. Biotechnol. Appl. Biochem. 61,
699—706.

Regier N., Frey B. 2010. Experimental comparison of
relative RT-qPCR quantification approaches for gene
expression studies in poplar. BMC Mol. Biol. 11, 57.

Kaufman J., Cho M W., Lee K M., Shiloach J. 2002.
Large-scale production of HIV-1 gp120 using recombi-
nant vaccinia virus in packed-bed bioreactor. In: Animal
Cell Technology: Products from Cells, Cells as Products.
Bernard A. et al. Eds. Netherlands: Springer, pp. 289—
291.

Wong E.T., Ngoi S.M., Lee C.G. 2002. Improved co-
expression of multiple genes in vectors containing
internal ribosome entry sites (IRESes) from human
genes. Gene Ther. 9, 337—344.

Ghim C.-M., Lee S.K., Takayama S., Mitchell R.J.
2010. The art of reporter proteins in science: Past, pres-
ent and future applications. BMB Rep. 43, 451—460.

Jiang T., Xing B., Rao J. 2008. Recent developments of
biological reporter technology for detecting gene
expression. Biotechnol. Genet. Eng. Rev. 25, 41-76.

Hoffmann B., Depner K., Schirrmeier H., Beer M.
2006. A universal heterologous internal control system
for duplex real-time RT-PCR assays used in a detection
system for pestiviruses. J. Virol. Methods. 136, 200—
209.

Gao X., Huang L. 1993. Cytoplasmic expression of a
reporter gene by co-delivery of T7 RNA polymerase
and T7 promoter sequence with cationic liposomes.
Nucleic Acids Res. 21, 2867—2872.

Chu L., Robinson D.K. 2001. Industrial choices for
protein production by large-scale cell culture. Curr.
Opin. Biotechnol. 12, 180—187.

Jayapal K.P., Wlaschin K.F., Hu W.S., Yap M.C.S.
2007. Recombinant protein therapeutics from CHO
cells: 20 years and counting, Chem. Engin. Progr. 103
(10), 40—47.

Nevins T.A., Harder Z.M., Korneluk R.G., Holcik M.
2003. Distinct regulation of internal ribosome entry
site-mediated translation following cellular stress is
mediated by apoptotic fragments of eIF4G translation

initiation factor family members eIF4GI and
p97/DAPS5/NATL. J. Biol. Chem. 278, 3572—3579.

Pause A., Méthot N., Svitkin Y., Merrick W.C., Sonen-
berg N. 1994. Dominant negative mutants of mamma-
lian translation initiation factor eIF-4A define a critical
role for el F-4F in cap-dependent and cap-independent
initiation of translation. EMBO J. 13, 1205—1215.

Pestova T.V., Shatsky I.N., Fletcher S.P., Jackson R.J.,
Hellen C.U. 1998. A prokaryotic-like mode of cytoplas-
mic eukaryotic ribosome binding to the initiation
codon during internal translation initiation of hepatitis
C and classical swine fever virus RNAs. Genes Dev. 12,
67—83.

Masuda K., Marasa B., Martindale J.L., Halushka M.K.,
Gorospe M. 2009. Tissue- and age-dependent expres-
sion of RNA-binding proteins that influence mRNA



292

53.

54.

55.

56.

GHASSEMI et al.

turnover and translation. Aging (Albany, NY). 1, 681—
698.

Landgraf P., Rusu M., Sheridan R., Sewer A., lovino N.,
Aravin A., Pfeffer S., Rice A., Kamphorst A.O.,
Landthaler M., Lin C., Socci N.D., Hermida L., Fulci V.,
Chiaretti S., et al. 2007. A mammalian microRNA
expression atlas based on small RNA library sequenc-
ing. Cell. 129, 1401—1414.

Schult Ph., Lohmann V. 2015. Dissecting the roles of of
miR 122 in different steps of HCV life cycles. Proc. 22nd
International Symposium on HCV and Related Viruses,
Strasbourg, France (October 9—13, 2015).

Brown D.M., Kauder S.E., Cornell C.T., Jang G.M.,
Racaniello V.R., Semler B.L. 2004. Cell-dependent
role for the poliovirus 3' noncoding region in positive-
strand RNA synthesis. J. Virol. 78, 1344—1351.
Sanderbrand S.A., Tautz N., Thiel H.J., Ochs K., Beck E.,
Niepmann M. 2000. Translation from the internal ribo-

57.

58.

59.

some entry site of bovine viral diarrhea virus is indepen-
dent of the interaction with polypyrimidine tract-bind-
ing protein. Vet. Microbiol. 77, 215—227.

Ray P.S., Das S. 2002. La autoantigen is required for
the internal ribosome entry site-mediated translation of
Coxsackievirus B3 RNA. Nucleic Acids Res. 30, 4500—
4508.

Ali N., Siddiqui A. 1997. The La antigen binds 5' non-
coding region of the hepatitis C virus RNA in the con-
text of the initiator AUG codon and stimulates internal
ribosome entry site-mediated translation. Proc. Natl.
Acad. Sci. U. S. A. 94, 22492254,

Myers T.M., Kolupaeva V.G., Mendez E., Baginski S.G.,
Frolov 1., Hellen C.U., Rice C.M. 2001. Efficient
translation initiation is required for replication of
bovine viral diarrhea virus subgenomic replicons.
J. Virol. 75, 4226—4238.

MOLECULAR BIOLOGY  Vol. 51 No.2 2017



		2017-04-27T17:30:18+0300
	Preflight Ticket Signature




