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ABSTRACT. To investigate the variance of exogenous gene expression
driven by different promoters by in vivo electroporation, 3 plasmid
vectors carrying different promoters were selected, and their driving
strength was compared in developing chicken embryos. The 3 promoters
included: 1) the CAG promoter (containing the cytomegalovirus (CMV)
immediate early enhancer and the chicken B-actin promoter), 2) the
CMYV promoter (the human CMV immediate early region enhancer),
and 3) the SV40 promoter (Simian virus 40). The intensity of GFP
expression driven by the 3 promoters was detected by fluorescence
microscopy. The results clearly showed that the expression intensity of
the reporter gene differed significantly among the 3 promoters. Chicken
B-actin promoter induced the highest intensity of GFP expression,
while SV40 promoter induced the lowest intensity. Our results indicate
that plasmids with appropriate promoters should be carefully selected
to obtain strong exogenous gene expression by in vivo electroporation.
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INTRODUCTION

The chicken embryo provides an excellent model system for studying gene function
and regulation during embryonic development in vivo (Luo and Redies, 2005; Stern, 2005).
Virus vectors, such as lentivirus (Hong et al., 2007) and adenovirus (Chang et al., 2013), have
high transfection efficiency and long duration, both in vitro and in vivo; however, experiments
with viruses are potentially dangerous to operators, and must be performed in special laborato-
ries with strict regulations, which result in their limited application. Aside from virus vectors,
plasmid vectors also provide a good source for gene expression. Compared to virus vectors,
plasmid vectors are safer and easier for use in studies. Recently, the method of in vivo electro-
poration binding plasmid vector has become popular for studying the gain and loss of func-
tions to exogenous gene expression, especially with respect to elucidating the development of
the embryonic central nervous system (Muramatsu et al., 1997; Katahira and Nakamura, 2003;
Chesnutt and Niswander, 2004; Nakamura et al., 2004; Das et al., 2006; Sauka-Spengler and
Barembaum, 2008; Lin et al., 2011). In the same embryo after electroporation, the electropor-
ated side represents the experimental area, while the other side serves as the control.

To study the gene function of the chicken embryo during brain or spinal cord develop-
ment, it is better to transfect genes into the neural tube at incubation stage 18 to 24 of embryonic
development. This is because the neural tube is a tight, high-resistance columnar epithelium
with a closed lumen at this stage, which allows the spatial and temporal gene function of the
developing nervous system to be investigated (Voiculescu et al., 2008). It has confirmed that
electroporation significantly increases the efficiency of plasmid transfection. Because plasmids
contain either reporter genes or target genes, in vivo electroporation is a popular method to as-
sess gene gain of function (overexpression) or loss of function (RNA interference).

Promoters are a key element for controlling the level of gene expression of plasmids
(Rhodius et al., 2012). In addition, the driving efficiency of promoters determines the expres-
sion strength of exogenous or reporter genes. Many plasmids with different promoters are
currently available. Therefore, it is necessary to select the expression plasmid that has the ap-
propriate promoter depending on whether strong, medium or weak gene expression is sought
in a given experiment. In the present study, we evaluated the driving efficiency of 3 different
promoters in developing chicken embryos. We aimed to identify the appropriate promoter
inside plasmids that drives exogenous gene expression in the chicken embryonic system.

MATERIAL AND METHODS

Embryo and tissue preparation

Fertilized eggs were purchased from a local farm, and placed in an incubator (HWS-
150, Jinghong, China) set to 37.5°C and 65% humidity. Embryos were staged according to
Hamburger and Hamilton (1992), and studied at developmental stage 24 (E4), stage 27 (ES),
stage 29 (E6), and stage 34 (ES8). At least 3 embryos from each stage were studied for each
experimental group. Embryos were removed from the eggs, and fixed in 4% formaldehyde so-
lution on ice for 6-24 h, depending on the size of the embryos. After fixation, the tissues were
immersed in 18% sucrose solution overnight. Then, specimens were embedded in Tissue-Tec
0O.C.T. compound (Sakura Finetek, USA), frozen in liquid nitrogen, and stored at -80°C. The
samples were divided into sections of 20 um thickness on Poly-L-lysine-coated slides using a
frozen slicer (Leica 1850, Germany).
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Plasmid construction and extraction

The plasmids pCAGGS-GFP (green fluorescent protein) and pEGFP were kept in our
laboratory. The plasmid pCL-GFP was donated by Dr. Marcelle [Laboratoire de Génétique
et de Physiologie du Développement (LGPD), Developmental Biology Institute of Marseille
(IBDM), CNRS UMR 654, University Aix-Marseille 11, Campus de Luminy, Case 907, 13288
Marseille Cedex 09, France. E-mail: marcelle@ibdm.univ-mrs.fr]. All 3 plasmids were ex-
tracted with an extraction kit (PurePlasmid Maxi kit, Lot:1412L) (Cwbio, Beijing, China).

In vivo electroporation

A specific in vivo electroporation protocol was followed. All steps were performed un-
der a stereomicroscope. Fertilized eggs were incubated until stage 18 (E3). About 3-4 mL albu-
min was removed from each egg with a syringe, without disrupting the yolk. Then, the shell was
carefully cut with curved scissors to create a 1-2-cm diameter window. The concentration of the
plasmids was 0.5 pg/ulL with 0.1% Fast Green dye (Sigma). Plasmid/Fast Green dye was in-
jected and loaded into the neural tube lumen at the lumbar region with a mouth pipette until the
dye filled the entire space. The electrodes were immediately placed parallel to the 2 lateral sides
of the neural tube in the embryo. The false operation, without any plasmid, served as the nega-
tive control. A quantity of 0.25 pg/uL pCAGGS-GFP, combined with 0.5 pg/uL pEGFP or 0.5
ng/uL pCL-GFP, was used to normalize the intensity of GFP expression. Electroporation was
set at 18 V for 60 ms, pausing for 100 ms between each pulse, with 6 pulses in total. Bubbles
were observed near the electrodes if the experiment worked properly. After electroporation, the
electrodes were carefully removed, and the egg was sealed well with tape. Then, the operated
eggs were placed back into the incubator, and incubated until the desired stage was reached.

Fluorescence imaging and data analysis

The whole embryo was imaged under a stereo fluorescence microscope (LEICA M205FA,
Germany) equipped with a digital camera (LEICA DFC425C, Germany). Sections were imaged
under a fluorescence microscope (Nikon ECLIPSE 80i, Japan) equipped with a digital camera
(LEICA DFC300FX, Germany). Digitized images were adjusted in contrast and brightness by
the Photoshop software. GFP expression in the whole image was captured under the same condi-
tions for all plasmids and the percentage area coverage was calculated using the Motic Images
Advanced 3.2 Software. This value is used to indirectly infer the intensity of GFP expression.

Statistical analysis

Statistical significance was determined by the SPSS Statistics software using ANO-
VA. A P value of <0.05 was considered as significantly difference.

RESULTS

Bioinformatic analysis of the 3 plasmid promoters

A major difference was observed among the 3 plasmids (Figure 1). pCAGGS-GFP
contains the CAG promoter (containing a cytomegalovirus (CMV) immediate early enhancer
promoter and a chicken B-actin promoter) (Figure 1A). pEGFP contains the CMV promoter,
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which is the most commonly used for eukaryotic expression (Figure 1B). pCL-GFP promoter
contains 2 promoters (the SV40 promoter driving reporter gene GFP expression, and chicken
B-actin promoter driving target gene expression in the eukaryotic system) (Figure 1C). All the
three plasmids carry the reporter gene GFP.

A pCAGGS-GFP
SV40 poly Alate ST i=0R

intron AG promoter

AG promoter

MCS hCMV-IE enhancer

B-globin poly A ampicillin
3' FR of B -globin
lac promoter-
SVA40 ori J
SV40 poly Aearly
pMB1 oriJ

B pEGFP-N1

Enhancer AiShbp

pCL-GFP
intron AG promoter: 6084 bp

Bovine growth hormone poly
f1 ori
SV40 promoter

Figure 1. Vector maps of the three plasmids investigated. A. Map of pCAGGS-GFP plasmid. B. Map of pEGFP
plasmid. C. Map of pCL-GFP plasmid.

Differential expression of the 3 plasmids in developing chicken embryos

The intensity of GFP expression for the same plasmid differed at stage 24 (E4; Fig-
ure 2A,D,Q), stage 27 (ES; Figure 2B,E,H), and stage 29 (E6; Figure 2C,F,I). Furthermore,
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GFP expression also differed among the 3 plasmids at the same stages (Figure 2). At the
same stage, pPCAGGS-GFP had the strongest expression (Figure 2A,D,G), followed by pEGFP
(Figure 2B,E,H), and finally pCL-GFP (Figure 2C,F,I). When using the same plasmid, the
highest expression was observed during the first 48 h after electroporation (Figure 2D-F), with
the expression gradually weakening after 72 h (Figure 2G-I). pCL-GFP expressed low GFP
expression at stage 34 (E8), whereas GFP expression lasted longer after electroporation for
pPCAGGS-GFP and pEGFP. Fluorescence was still present in the pPCAGGS-GFP plasmid until
the chick hatched (data not shown). There was no significant difference in GFP expression
among the 3 experimental control groups (data not shown).

pCAGGS-GFP B pCAGGS-GFP

pCL-GFP

Figure 2. GFP expression for the three plasmids investigated at different stages after in ovo electroporation. A-C.
GFP expression intensity of pCAGGS-GFP plasmid in the spinal cord at stage 24 (E4; A), stage 27 (ES5; B) and
stage 29 (E6; C). D-F. GFP expression intensity of pEGFP plasmid in the spinal cord at stage 24 (E4; D), stage 27
(ES; E) and stage 29 (E6; F). G-1. GFP expression intensity of pCL-GFP plasmid in the spinal cord at stage 24 (E4;
Q), stage 27 (E5; H) and stage 29 (E6; I). Scale bar =2 mm in I applied for all panels.

Slice analysis of GFP expression for the 3 plasmids in the chick embryonic spinal cord

To compare the difference in intensity of the GFP expression level of the 3 investigated
plasmids more clearly, the positive samples were sectioned, and the nuclei were stained by
DAPI. At least 15 sections from each group were analyzed (obtained from at least 3 embryos
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from each group). The sections were collected at random from the regions along the anterior-
posterior axis. Images from fluorescence microscopy were captured using the same exposure
time. Then, the difference in GFP expression level for the 3 plasmids was analyzed at the
same stage (E4, Figure 3A, B, C; ES, Figure 3E, F, G; E6, and Figure 31, J, K). The expression
intensity of GFP was compared at different stages for the same plasmid (pCAGGS-GFP,
Figure 3A, E, I; pEGFP, Figure 3B, F, J; pCL-GFP, and Figure 3C, G, K). The arrow in
Figure 3 shows (Figure 3A, B, C; 3E, F, G; and 31, J, K) that pPCAGGS-GFP had the strongest
expression intensity of the 3 plasmids at each stage. The bar charts show that the intensity of
GFP expression of the 3 plasmids differed (E4: Figure 3D; ES: Figure 3H; E6: Figure 3L). GFP
fluorescence from the pCL-GFP-positive samples was significantly lower at electroporation
after 72 h (Figure 3L). No significant difference was obtained for the normalized controls (data
not shown).
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Figure 3. Slice analysis of GFP expression intensity for the three plasmids with different promoters in the chicken
developing spinal cord. A. E. I. GFP expression intensity on slice of pCAGGS-GFP plasmid in the spinal cord at
stage 24 (E4; A), stage 27 (ES; E) and stage 29 (E6; I). B. F. J. GFP expression intensity on slice of pEGFP plasmid
in the spinal cord at stage 24 (E4; B), stage 27 (ES; F) and stage 29 (E6; J). C. G. K. GFP expression intensity on
slice of pCL-GFP plasmid in the spinal cord at stage 24 (E4; C), stage 27 (ES5; G) and stage 29 (E6; K). D. H. L.
Percentage of GFP expression area occupied and captured at stage 24 (E4; D), stage 27 (ES; H) and stage 29 (E6;
L) (*P < 0.05; each group selected 3 embryos and each embryo selected 5 sections at least). Scale bar =200 pm in
K for A-C, E-G and I-K.
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DISCUSSION

Chicken embryos are widely used in the fields of developmental biology and neurobi-
ology. The chicken embryo also serves as a type of optimal model to analyze gene expression
and function by in vivo electroporation. Plasmids may be injected into the spinal cord or tec-
tum of the chicken central nervous system by a microinjection needle used for electroporation.
Thus, plasmids containing target genes may enter cells in the living system. However, the
intensity of plasmid expression depends on both electrical transfection parameters and on the
promoter carried by the plasmid itself. Different promoter and enhancer elements decide the
intensity of target gene expression in different species. In the present study, 3 plasmids carry-
ing the GFP reporter gene were used to analyze the driving efficiency of different promoters.
Here, we compared GFP expression intensity driven by certain promoters at different stages
and by different promoters of the 3 plasmids at the same stage. Our results indicate that the
driving efficiency of promoters in the 3 plasmids is different. While other factors must also
affect the intensity of GFP expression, such as enhancers and the plasmid skeleton, promoters
play a major role.

In vivo electroporation represents a rapid and efficient method for the transformation
of exogenous DNA into the spinal cord or other tissues. This method allows us to conduct gain
of function experiments for target genes of interest, or to perform loss of function studies by
using specific shRNA constructs for target genes of interest. Furthermore, multiple DNA plas-
mids may be simultaneously electroporated, allowing us multiple gene function to be analyzed
(de Melo and Blackshaw, 2011). Appropriate promoters are required to drive the transcription
of target genes or specific SiRNA.

The in vivo experiments of the chicken embryo conducted here show that the tran-
scriptional activity of the AG promoter is higher compared to the CMV promoter, while the
CMYV promoter is higher compared to the SV40 promoter. From the sequence analysis of the 3
plasmids investigated, pPCAGGS-GFP contained an AG promoter and an hCMV IE enhancer,
which are necessary for GFP and target gene expression. In comparison, pEGFP contains a
CMV IE promoter, which controls target gene and GFP expression. Finally, pCL-GFP con-
tains 2 promoters, AG and SV40, in which the AG promoter drives target gene expression, and
the SV40 promoter drives GFP expression. Based on our results, when the strong target gene
expression is required in the chicken system, a plasmid containing the AG promoter, such as
pCAGGS, should be selected. In some experiments, the target gene may only require moder-
ate expression; hence, the plasmid containing the CMV promoter would be a good choice in
such cases. In certain experiments, only weak target gene expression might be required, in
which case the SV40 promoter would be useful.

In general, the target gene is expressed together with the reporter gene (for example,
GFP) as a fusion protein; however, in most cases, GFP might affect the normal folding of
target proteins. To solve this problem, one IRES sequence may be inserted between the target
gene and the GFP under the same promoter. Of course, ideally, 2 different and separated pro-
moters in 1 plasmid should be used to drive the expression of the target gene and GFP. Interest-
ingly, pCL-GFP contains double promoters, which may be separately used for the overexpres-
sion of the target gene and reporter gene. There are a number of other plasmids with different
promoters that were not investigated in the current study. In conclusion, this study provides
experimental evidence confirming the importance of selecting appropriate promoters for the
correct expression of exogenous genes in the chicken system.
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