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Popular scientific description 

The DNA, which stands for the deoxyribonucleic acid, is known as the blueprint of life. The 

DNA is consisted of primarily four different nucleotides, A (Adenine), T (Thymidine), C 

(Cytosine), and G (Guanine), which are the building blocks of the DNA molecules in all living 

creatures. The sequences of the four nucleotides that codes for a protein are called genes. 

According to the DNA sequences, genes can be transcribed into RNA, the ribonucleic acid, and 

the RNA sequence can be translated into proteins which are assembled from amino acids. 

Proteins together with other compounds build up into cells, tissues, organs, and living 

organisms. On the double strand of DNA, not all the genes need to be translated into proteins. 

There is a sequence sitting in the upstream of a gene called promoter which can bind to another 

protein called RNA polymerase to start the transcription of the gene. The RNA polymerase is 

responsible for opening up the double strand DNA and transcribe one of the double strand DNA 

sequences into mRNA (messenger RNA). In our body, the expression level of proteins can be 

different depends on the cell type or the different stage of cell growth, this is regulated by 

promoters with different strength, i.e., the strong promoters can lead to a large amount of protein 

coded by the gene located downstream of the promoter. In this way proteins in the cells are 

produced in an economic way: the proteins are essential for cell metabolism and function are 

produced more than the ones that are less relevant.  

The same gene coding system using A, T, C, and G that adapted in all living creatures enables 

the scientist to use the biotechnological tool to engineer a gene to produce the protein of interest 

in another organism. Proteins for human therapy, vaccination or diagnostic applications are 

typically produced in mammalian cells to get the protein product with proper structure and 

functions with a reduced immune response. For example, the human insulin gene can be 

expressed in bacteria or mammalian cells to produce insulin for the patients. To do this, the 

gene coding for the protein needs to be delivered to the cell and being transcribed and translated. 

The delivery of foreign DNA into mammalian cells is called transfection. Usually, the DNA of 

interest can be inserted onto a small circular double strand DNA named plasmid, which 

naturally exists in bacteria and can be engineered for copying, cloning, and transfer a gene.  

The naked DNA molecules contain a few negatively charged phosphate groups that make it 

hard to enter the negatively-charged cell membrane, therefore, a transfection reagent is needed 

as a vehicle to transport the plasmid DNA efficiently into the cells. The synthetic transfection 

reagent contains positive charges that can neutralize the charges on DNA and form a complex 

to deliver the DNA to the cell. One of the mostly used transfection reagents is the cationic lipid, 

until now, a variety of lipid-based transfection reagents are commercially available and 

convenient to use in research applications, such as Lipofectamine 2000 from Thermofisher.  

In this research, we demonstrated that when transfecting mammalian cells with plasmids, the 

transfection reagent will affect the promoter function, and hence affect the expression level of 

the gene regulated by the promoter. These results give a new information on the choice of 

transfection reagents in in vitro transfection studies or applications that the RNA-specific 

transfection reagent can also be used for plasmid DNA transfection, and even have a higher 

transfection efficiency compared to the DNA transfection reagents. By choosing the types of 

the promoter, the transfection reagent and the target cell, the expression level of the gene of 



interest can be controlled, which is crucial when the protein to be expressed is toxic to the cell, 

a moderate or low expression level is desired. Some promoters can be specific for some cell 

types, such as cancer cells that are usually a target for disease treatments. In the future, our 

result may also contribute to the development of cancer-specific gene therapy.   
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A (nucleotide) Adenine 
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siRNA Small interference RNA 

ssDNA Single strand DNA 

SV40 Simian virus 40 

T (nucleotide) Thymidine 

Tm Melting temperature 

UV/VIS Ultraviolet/visible spectroscopy 

 

  

https://en.wikipedia.org/wiki/Deoxyribonucleic_acid


Abstract 

Plasmids are the small circular DNA that can replicate independently from the bacterial 

chromosome. The plasmid is an ideal tool to copy, clone, transfer and manipulate gene, the 

small size makes it perfect to transfect the gene of interest into target mammalian cells for 

regulation purposes. The non-viral transfection relies on the transfection reagent to condense 

the negatively charged DNA and transport through the cell membrane. The delivery capacity of 

the transfection reagents can be varied depending on the cargo molecule. The commercially 

available lipid-based transfection reagents are suitable for DNA or RNA transfection. A 

promoter is an upstream sequence of a gene that plays a unique role in transcription initiation. 

In this project, the effect of three cationic lipid-based transfection reagents, the Lipofectamine 

2000, Lipofectamine RNAiMAX, and Lipofectamine LTX, on three viral promoters, CMV, 

SV40, and HSV-TK that are commonly used in mammalian cell transfection was illustrated. 

The result suggests that the RNAiMAX can positively affect the transfection efficiency on 

plasmids containing SV40 promoters with an enhanced gene expression, and lower the 

expression level of a gene that regulated by HSV-TK promoter. The transfection efficiency of 

plasmids with different promoters in two cell lines, HCT116, and HEK293 cells were also 

discussed. This study offers new insights on the influence of transfection reagent for promoter 

activity in cell transfection studies. Our results also provide a possible way to optimize the 

transfection protocol to achieve optimal transfection efficiency.  

Key words 

Transfection, promoter, transfection reagent, Lipofectamine, SV40 promoter, HSV-TK 

promoter 
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Introduction 

1.1 Plasmid DNA and promoters 

Plasmids are small extrachromosomal circular double-stranded DNA molecules that replicate 

independently of the chromosome or chromosomes of a microorganism1. Bacterial plasmids 

can be engineered to apply as vectors for the propagation of exogenous DNAs. Plasmid 

engineering can be a powerful molecular biology tool to clone, transfer, and manipulate gene 

for research or therapeutic applications. Those engineered plasmids used in experiments are 

called vectors.  

Promoters are essential sequence elements that can be commonly found in the upstream of a 

gene and initiate the gene transcription. In the first stage of transcription, that is, the initiation 

of transcription (Figure 1), the transcription factors will bind to the promoter region and recruit 

the RNA polymerase to the promoter to unwind the double strand DNA2, then in the elongation 

state of DNA transcription, the RNA polymerase will transcribe the DNA into mRNA. Depends 

on the binding capacity of RNA polymerase, the strength of the promoters can be different. The 

more efficiently RNA polymerase binds to a promoter, the faster the rate of transcription 

initiation will be, and more protein driven by a certain promoter will be produced. In this way, 

the promoter can regulate gene expression in different expression levels. The gene regulation 

machinery driven by promoters is conserved in evolution, which is extremely important in all 

living species3. 

 

Figure 1. The initiation stage of DNA transcription. The transcription is initiated by the enzyme RNA 

polymerase binding to the promoter region on the template DNA strand4. Reproduced with permission 

of the copyright owner ©Nature Education. 

The plasmid engineering tool enables building up distinct plasmids for protein expression by 

selecting appropriate promoters for specific purposes. It usually depends on the expression level 

of the gene product and the cells used to express the protein, etc. Promoters can be constitutive 

that can induce the downstream gene expression in almost all tissues and cells irrespective of 

the environmental or developmental factors. For instance, one of the promoters used in this 

project, the CMV promoter from cytomegalovirus, is a strong, constitutive promoter that has 

been widely used in protein expression in a large range of cell lines5, and is the promoter usually 

used when comparing the transfection efficiency between different transfection reagents by 

quantification of the reporter gene expression6. Another viral promoter from a small DNA tumor 

virus, simian virus 40 (SV40), is one of the most successful viral promoters used in mammalian 
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cells7. The other promoter, herpes simplex virus thymidine kinase promoter (HSV-TK) is a 

weak constitutive promoter that has been built in many reporter gene vectors8 to produce low 

to moderate level of expression. Another category of promoters is inducible, only in the 

presence or absence of some inducible factors or compounds, can the gene regulated by this 

promoter be expressed9. Inducible promoters are often applied when controlling the timing of 

expression is necessary. The choice of an appropriate promoter can affect the protein expression 

level and therefore needs to be considered when designing experiments or in applications.  

1.2 Nucleic acid delivery  

Introducing exogenous nucleic acids such as DNA, small interfering RNA (siRNA) and micro 

RNA (miRNA) is a strong tool to modulate gene expression. The delivery of nucleic acids such 

as plasmid DNA (pDNA) into cells can induce expression of a specific protein while 

introducing siRNA and miRNAs can lead to silencing of specific genes. The delivery of nucleic 

acids into eukaryotic cells is called transfection. Due to the negative charge and large size of 

nucleic acids, the delivery of these macromolecules requires an efficient carrier or vector that 

can encapsulate the nucleic acids and transport into the cells. The commonly used transfection 

methods can be classified into three categories: biological (viral-based transfection), chemical 

(cationic polymer-based transfection), and physical (electroporation) methods. In recent years, 

gene therapy has become a promising way to treat many difficult diseases such as cancers and 

various genetic disorders in clinical trials10, where both viral and non-viral transfection vector 

are used. The viral vectors are usually modified viruses such as retroviruses, lentiviruses, 

adenoviruses and adeno-associated viruses that are used in about 70% of clinical trials11. 

However, the viral vectors can be immunogenic, have limited DNA packaging capacity and 

difficult to produce, while the non-viral vectors including lipids and polymers show great 

potential for nucleic acids delivering due to the reduced immunogenicity, though the delivery 

efficiency is lower compared to the viral vectors.  

1.3 Transfection reagents 

In order to improve the delivery efficiency of non-viral vectors, new synthetic nano-sized 

materials including polymers, lipids, and peptides have been developed. In general, the 

synthetic non-viral transfection vectors are cationic to compensate the negative charge of the 

nucleic acids. Cationic polymers, such as the polyethylenimine (PEI), which is the gold-

standard of polymeric vector both in vivo and vitro transfection, can pack the negatively charged 

DNA into a nanoparticle. Modifications that can compensate the excess charge on the particle 

surface can also be introduced to reduce cellular toxicity. On the other hand, the dominant 

commercially available transfection reagent is a cationic lipid. The positively charged head 

group in the cationic lipid structure can form the electrostatic interaction between the negatively 

charged phosphate of nucleic acid and facilitates the condensing of DNA or RNA. For example, 

one of the transfection reagents used in this project, Lipofectamine RNAiMAX is specially 

designed for in vitro siRNA and miRNA transfection in cells12, while Lipofectamine 2000 

delivers plasmid DNA effectively in a series of cell lines13. The Lipofectamine LTX provides 

high efficiently transfection of plasmid DNA in a broad range of cell lines, and it is especially 

suitable for sensitive or hard-to-transfect cell lines14. Cationic-lipid based transfection can 

effectively deliver DNAs of different sizes, as well as RNAs. Nevertheless, one drawback of 

cationic-lipid based transfection is the transfection efficiency depends on different cell lines 
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and culture conditions, therefore, the transfection condition for each cell line and nucleic acids 

need to be optimized. 

1.4 Aim of the project 

Comparison of transfection efficiency of transfection reagent is a major concern when 

designing transfection experiments at the pre-clinical stage of developing gene therapeutic 

strategies. The current approach to evaluate the transfection efficiency of transfection reagents 

is to quantify the expression level of a reporter gene that regulated by the same promoter. 

However, the difference in expression level may also be affected by the level of transcription 

of the transgene, and the effect of transfection reagent on promoter activity was usually 

neglected. It has been reported that cationic lipid-based transfection reagent such as Fugene-

HD and Lipofectamine 2000 may lead to induced interferon-stimulated genes expression in 

HeLa cells that may affect the transgene expression level15. Until now, although the effect of 

other types of transfection reagents such as polyamine or spermidine/spermine on promoter 

activity are seldom reported, the elevated intracellular level of such compounds can lead to a 

difference in reporter gene expression in transient transfections in vitro16,17.  

In addition, the altered promoter activity can lead to misinterpreted result or conclusion. For 

instance, in the dual-luciferase assay system, the Renilla luciferase-expressing plasmid is 

usually used as a control reporter plasmid to give constitutive expression level in different cells. 

Studies have shown that both SV40 and HSV-TK promoter contain consensus GATA 

transcription factor binding sequences18, and the HSV-TK promoter also contains a TATA box, 

a CCAAT box, and two SP1 elements19, the difference of transcription factor level in different 

cell types may have effect on promoter activity and reporter gene expression. 

This project is focused on the effect of the cationic lipid-based transfection reagents on the 

commonly used constitutive promoters in in vitro mammalian cell transfection, followed by a 

melting experiment to investigate the effect of transfection reagents on nucleic acid duplex 

stability, which was believed to affect the releasing capability of DNA from DNA-lipid complex 

and hence affect the promoter activity. This research can contribute to the choice of transfection 

reagent when using different promoters, especially when the gene expression level is crucial, 

for example, when expressing a gene product with cell toxicity, a moderate or low level of 

expression is needed, and a weak promoter is preferable. The transfection protocol including 

the choice of transfection reagent and promoters can be optimized based on this research. 

2 Material and method 

2.1 Plasmids 

The luciferase plasmids, pGL3, pRL-TK, pRL-CMV, pRL-SV40 and psi CHECK2 were 

purchased from Promega. The pGL3 contains the gene of firefly luciferase (Fluc), while the 

pRL plasmids express another luciferase called Renilla (Rluc). The psi CHECK2 plasmid has 

both firefly and Renilla luciferase gene followed by HSV-TK and SV40 promoter, respectively. 

The promoter regions of the plasmids are shown in Figure 1. Complete plasmid maps and 

sequence information are shown in Appendix 7.1. 
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Figure 2. The promoter region of the plasmid vectors used in this project. All vectors were purchased 

from Promega. Fluc: firefly luciferase, Rluc: Renilla luciferase. T7: A T7 promoter is specifically recognized 

by T7 RNA polymerase in eukaryotic cells, can be used for the synthesis of RNA transcripts in eukaryotic 

in vitro transcription/translation reaction. The Poly (A)s in pGL3, pRL-TK, pRL-CMV, and pSV40 were not 

shown. 

2.2 Plasmid preparation 

Plasmids used in this project were transformed into competent E. coli cells (One Shot MAX 

Efficiency DH5α-T1 competent cells, Invitrogen, Thermofisher) according to the 

manufacturer's protocol and then plated on Luria-Bertani (LB) agar (Sigma Aldrich) plates 

containing 100 μg/ml ampicillin at 37°C overnight. The plasmids were amplified in E. coli cells 

at 37°C, 225 rpm overnight, and isolated the next day using QIAprep Spin Miniprep Kit 

(Qiagen). The concentration of plasmid was measured by a microvolume spectrophotometer 

(DS-11, DeNovix).  

2.3 Cell culture 

The HCT116 cells were cultured in DMEM (Dulbecco's Modified Eagle Medium, gibco, 

Thermofisher) supplemented with 10% Fetal Bovine Serum (FBS) and 1% antibiotics (PeSt, 

Penicillin and Streptomycin) containing 4.5g/L D-Glucose and pyruvate. The HEK293 cells 

were grown in DMEM medium containing 1g/L D-Glucose, L-Glutamine and pyruvate, 

supplemented with 10% FBS and 1% PeSt. All cells were cultured under 5% CO2 at 37 °C. 

2.4 Transfection 

The HCT116 or HEK293 cells were harvested by trypsinization using TrypLE Express (1x, 

gibco, Thermofisher) upon reaching 80-90% of confluency and seeded in a 96 well plate 24 

hours prior to transfection with a cell density of 10 000 cells in 100 μl of medium per well. The 

plasmids (50 or 100 ng) were diluted in 10 μl of OptiMEM reduced serum medium (1x, gibco, 

Thermofisher) and transfected into cells by 0.5 μl of transfection reagent (Lipofectamine 2000, 

Lipofectamine RNAiMAX or Lipofectamine LTX, Thermofisher) per well according to product 

protocol.  

2.5 Cell viability assay 

The viability of cells was measured using the Celltiter fluorescence cell viability assay system 

(Promega). The assays were performed 24 or 48 hours after transfection. For multiplexing 

assays, 20 μl of freshly-prepared cell-titer fluorescent reagent (10 μl of GF-AFC Substrate in 2 

ml assay buffer) was added into each well directly, followed by a 45-minutes incubation in 

darkness at 37°C. The fluorescence at λem = 505 nm and λex = 390 nm was measured by a 
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microplate reader (Infinite M200 Pro, TECAN Life Science).  

2.6 Dual-luciferase activity assay 

The expression of the firefly and Renilla luciferase reporter genes were analyzed by the dual 

luciferase assay system (Dual-Glo luciferase assay system, Promega) according to the protocol. 

One hundred microliters of the firefly luciferase substrate were incubated with the same volume 

of cell culture media in darkness at room temperature for over 10 min prior to firefly 

luminescence measurement by a plate reader. The freshly-prepared Renilla luciferase reagent 

(substrate:buffer=1:100) was added to the same well followed by another incubation in darkness 

for 10 min. The luminescence signal was recorded by a plate reader. 

2.7 Melting experiment 

The Ultraviolet (UV) absorbance of the aromatic group in the short double strand RNA bases 

at λ=262 nm in the presence or absence of the transfection reagents was measured by a UV/VIS 

spectrophotometer (PerkinElmer Lambda 35 UV/VIS spectrometer). The melting temperature 

(Tm) was noted as the temperature when half of the bases were free from the hydrogen bonds. 

All the experiments were performed in PBS (Phosphate buffered saline). 

3 Results 

3.1 Effect of transfection reagent on SV40 and HSV-TK promoter activity 

3.1.1 In HCT 116 cells 

To analyze the transfection efficiency, the luminescence produced per viable cell was obtained 

by normalizing the luminescence to the fluorescence signal recorded from the cell viability 

assay. The ratios between two luciferins (firefly to Renilla, or Renilla to firefly) from both pRL-

TK and pGL3 plasmids were calculated using the normalized luminescence values. The ratio 

between two luciferins from psi CHECK 2 plasmid was used as a control.  

Figure 3 shows the ratio between Renilla and Firefly luminescence from psi CHECK2 plasmid 

and two other plasmids which expressed either Renilla or firefly luciferase. Two different 

concentrations of plasmids per well were tested under the same transfection condition, and both 

50 ng/well and 100 ng/well revealed the same pattern (data from 50 ng/well is not shown). It 

was obvious that two different transfection reagents had an effect when transfected with the 

same plasmid. The difference in luciferase expression using the two transfection reagents may 

because of the different transfection efficiency of the reagents, the effect of reagents on gene 

transcription and/or translation, or the difference in DNA releasing viability from the DNA-

reagent complex. In the psi CHECK2 plasmid, higher Renilla to firefly ratio was observed when 

using RNAiMAX as a transfection reagent compared to Lipofectamine 2000 transfection, 

where there was no significant difference between the two luciferases expression 

(Renilla/firefly ≈ 1). Therefore, the RNAiMAX might have a positive effect on Renilla 

expression or negative effect on firefly expression.  
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Figure 3. The effect of Lipofectamine and RNAiMAX on SV40 and HSV-TK promoters in psi CHECK2 and 

pRL-TK/pGL3 plasmids. HCT116 cells were transfected with 100 ng DNA by the same amount of 

transfection reagents in 96-well plate 24 hours before assays. The data was obtained by three inter-

assays performed on different days. (A) and (B) demonstrate the ratios of Renilla to firefly and firefly to 

Renilla luciferase activity in psi CHECK2 plasmid, and between pRL-TK and pGL3 plasmid, respectively. 

To see if the difference was an internal effect between the two luciferases on the same plasmid, 

two other plasmids expressing only firefly (pGL3 plasmid) or Renilla luciferase (pRL-TK 

plasmid) driven by swapped promoters compared to psi CHECK2 were transfected by two 

transfection reagents separately (see the promoter region shown in Figure 2). The two 

luciferases therefore were analyzed separately in two plasmids, and the R to F (or F to R) ratio 

was compared with that in psi CHECK2 plasmid. In contrast, the Renilla to Firefly expression 

in pRL-TK and pGL3 plasmid indicated the opposite effect, where the RNAiMAX transfection 

showed a much higher expression (approximately 4.6 times higher) in firefly, and a significant 

increase in firefly to Renilla ratio compared with Lipofectamine 2000 transfection. Thus, the 

difference was not due to the two luciferase proteins expressed were different, i.e. Renilla and 

firefly. What is interesting here to note is that, the luciferase which had enhanced expression in 

psi CHECK 2 and pRL-TK/pGL3 in RNAiMAX transfection were both driven by the same 

promoter (SV40, with or without the enhancer), and in contrast, the luciferase that was driven 

by the HSV-TK promoter was less expressed in RNAiMAX transfection than Lipofectamine 

2000. Hence, there is an assumption that it is the promoter which causing the difference in 

reporter gene expression when using RNAiMAX. 

3.1.2 In HEK293 cells 

To elucidate if there is a similar effect in other cell lines, the same experiment was repeated 

under the same transfection condition in HEK293 cell line. The result in Figure 4 was similar 

to that from HCT116 cells, regardless of the firefly expression in psi CHECK2 plasmid being 

much stronger compared to that in HCT116 cells. In the psi CHECK2 plasmid, the R/F ratio 

using RNAiMAX is higher than that in lipofectamine 2000 transfection, while the F/R ratio 

between pGL3 to pRL-TK increased when using RNAiMAX rather than lipofectamine 2000. 
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Figure 4. Effect of Lipofectamine and RNAiMAX on SV40 and HSV-TK promoters in psi CHECK2 and pRL-

TK/pGL3 plasmids in HEK293 cells. The ratio of Renilla to firefly and firefly to Renilla luciferase activity 

were shown in (A) and (B), respectively. One hundred nanograms of plasmid were transfected into 10000 

HEK293 cells in 96-well plate 24 hours before performing assays. 

3.2 Effect of reagent on promoter activity (SV40, HSV-TK and CMV) having identical 

reporter gene 

To confirm if there is any transfection effect on other commonly used promoters, we transfected 

three Renilla-expressing plasmids under the control of different promoters, pRL-TK, pRL-

SV40 and pRL-CMV using three commercially available transfection reagents, Lipofectamine 

2000, Lipofectamine RNAiMAX and Lipofectamine LTX in both HCT 116 and HEK293 cells. 

As the firefly expression in HEK cells was much higher than that in HCT cells, the 

Renilla/firefly ratios of the psi CHECK2 plasmid was not comparable to the test plasmids. To 

compare the relative expression of Renilla in different plasmids, we use the number that is 

proportional to the Renilla expressed by each viable cell to evaluate the transfection efficiency, 

which was calculated by normalizing the luminescence from luciferase assay to fluorescence 

from cell viability assay. Assays were performed both 24 and 48 hours after transfection. 

3.2.1 In HCT116 cells 

As shown in Figure 5, in HCT116 cells, the psi CHECK 2 had the highest Renilla luciferase 

activity using all three transfection reagents. In contrast, the activity of Renilla luciferase 

expressed by pRL-TK was too low to compare with other plasmids. Renilla luminescence 

values were normalized to fluorescence values.  

Both Lipofectamine 2000 and LTX, the two reagents that are designed for DNA transfection, 

had comparable transfection efficiency in HCT116 cells in each plasmid tested (pRL-TK, pRL-

CMV, and pRL-SV40). However, the RNAiMAX had a selectivity on different promoters. 

Consistent with the previous result shown in pGL3 and pRL-TK plasmids, using RNAiMAX 

for transfection led to an increased luciferase activity by the SV40 promoter, and a decreased 

luciferase activity of the HSV-TK promoter. Surprisingly, the transfection efficiency of 

RNAiMAX was higher than both Lipofectamine 2000 and LTX when transfecting pRL-CMV 

and pRL-SV40 plasmids containing two of the constitutive strong promoters, the CMV, and 

SV-40 promoters, respectively. 
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Figure 5. The transfection reagent effect on HSV-TK, CMV and SV40 promoters in the HCT116 cell. The 

same plasmid concentration of 100 ng per 10000 cells was used for transfection. The Renilla luciferase 

activity per viable cell was obtained after 24 hours. Three reagents were used for transfection: 

Lipofectamine 2000 (blue), RNAiMAX (orange), and LTX (grey). 

3.2.2 In HEK293 cells 

To see if the difference in cell line will affect the result, the same experiment was performed 

and analyzed at 24h and 48h after transfection. The result from 24 h incubation is shown in 

Figure 6. Generally, when comparing different transfection reagents, the LTX had the optimal 

transfection efficiency on three promoters, followed by the Lipofectamine 2000; these two 

reagents had the similar effect on plasmids, and showed high transfection efficiency. Here, both 

LTX and Lipofectamine 2000 transfection indicated that the pRL-TK plasmid had an improved 

expression level in HEK293 cells compared to that in HCT116 cells. As a weak promoter, the 

HSV-TK promoter showed stronger expression level than the SV40 promoter in HEK293 cells.  

As expected, the RNAiMAX had lower transfection efficiency compared to Lipofectamine 

2000 and LTX in pRL-CMV and psi CHECK2 plasmids. Nevertheless, the expression level of 

Renilla luciferase driven by HSV-TK and SV40 had opposite manner when using different 

transfection reagents: in LTX and Lipofectamine 2000 transfection, HSV-TK promoter had 

stronger Renilla expression than SV40 promoter, while transfection with RNAiMAX resulted 

in an increased Renilla expression in pRL-SV40, and lower expression of Renilla in pRL-TK.  

The Renilla luciferase activity per viable cell analyzed 48 hours after transfection is shown in 

Figure 7. Longer incubation time after transfection led to the increased expression level of 

Renilla in all plasmids using all the transfection reagents. It was noteworthy that the 

Lipofectamine 2000 transfection had longer effect overtime, especially in the pRL-SV40 

plasmid, where the expression of Renilla became higher than using RNAiMAX after 48 hours.  
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Figure 6. Effect of transfection reagents on CMV, SV40 and HSV-TK promoters in HEK293 cell. Assays were 

performed 24 hours after transfection. One hundred nanograms of plasmids were transfected into 

10000 HEK293 cells. Three reagents were used for transfection: Lipofectamine 2000 (blue), RNAiMAX 

(orange), and LTX (grey). 

 

Figure 7. The effect of transfection reagents on CMV, SV40, HSV-TK promoters. Assays were performed 

48 hours after transfection in HEK293 cells. One hundred nanograms of plasmids were transfected into 

10000 HEK293 cells. Three reagents were used for transfection: Lipofectamine 2000 (blue), RNAiMAX 

(orange), and LTX (grey). 

3.3 Melting experiment: Effect of duplex stability due to transfection reagents 

Figure 8 showed the changes in melting temperature (ΔTm) of a short dsRNA with or without 

the two transfection reagents. In the presence of Lipofectamine 2000, the changes in the melting 

temperature showed an increasing manner, which indicated that a more stable Lipofectamine 

2000-RNA complex was formed when more reagent was added. Inversely, the stability of 

RNAiMAX-RNA showed there is no significant correlation to the reagent volume. 
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Figure 8. The transfection reagent effect on binding of a short double strand RNA (20 bp). The ΔTm was 

the difference between the melting temperature of dsRNA in the presence and absence of the 

transfection reagents. Data were collected from three repeat experiments.  

4 Discussion 

4.1 Effect of transfection reagent on gene expression  

This study demonstrated the transfection reagent effect on different promoters in two cell lines. 

The psi CHECK2 plasmid, which contains both firefly and Renilla luciferase reporter gene, was 

the first plasmid that was observed to have a transfection reagent effect on different promoters 

in RNAiMAX transfection. The further experiments in plasmids with different promoters 

confirmed that the transfection reagent with less negative charges, that is, the RNAiMAX, had 

an effect on promoter activities and hence affect the regulated gene expression level. 

According to the different cargo nucleic acids to be delivered, the transfection reagents can have 

distinct requirements on charge, the stability of the lipid-nucleic acid complex, etc. Due to the 

large size of plasmid DNA, the DNA transfection reagents usually are more cationic than the 

reagents specifically designed for siRNA/miRNA transfection to compensate the negative 

charges. Stronger electrostatic interactions between DNA-lipid is required for effective 

transfection. The siRNA/miRNA need to be delivered to the cytosol while the DNA has to be 

transported into the nucleus to start transcription. The capability and rate of releasing the cargo 

nucleic acid will also affect the transfection efficacy. The melting experiment showed the 

RNAiMAX-nucleic acid complex stability was not increased in the presence of more 

RNAiMAX, oppositely, the Lipofectamine 2000-nucleic acid complex had enhanced stability 

as the Lipofectamine 2000 volume increases. It indicated that the RNAiMAX had the weaker 

capacity to condense the nucleic acid compared to the Lipofectamine 2000.  

Not like the polyplexes, the nucleic acid-cationic lipid complex has fewer differences for 

plasmid DNA and siRNA regarding their biophysical properties10. Although the RNAiMAX 

was initially not designed for DNA transfection, as a cationic lipid-based compound, 

theoretically, delivering large nucleic acids such as plasmid DNAs into cells should be possible 

as siRNA/miRNAs, but the efficiency of transfection is expected to be varied when compared 
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to the other DNA transfection reagents. 

4.2 Effect of promoters on gene expression 

The result of this project indicated that there was a significant effect of transfection reagent on 

specific promoters. RNAiMAX showed increased gene expression on plasmids containing 

SV40 promoters in both HCT116 and HEK293 cells, and the plasmid with CMV promoters in 

HCT116 cells, compared to the transfection reagents used for plasmid DNA transfection. On 

the contrary, lower gene expression of RNAiMAX transfection on the pRL-TK plasmid was 

observed in both cell lines.  

Although the exact mechanism of this effect has not been demonstrated, it is possible that the 

lipid-DNA interaction was making a difference. Because of the importance of promoter in 

transcription initiation, the lipid-DNA interaction may affect the binding of transcription factors 

or RNA polymerase binding to the promoter and therefore affect its function. For the positive 

or negative effect on SV40 and HSV-TK promoters that were consistent in both cell lines we 

tested, we assume that interaction between promoter region and the RNAiMAX has a 

correlation with the size of the promoter. Larger promoters have stronger electrostatic 

interaction with the transfection reagent and therefore have a lower releasing rate from the lipid-

DNA complex compared to the smaller ones. The interaction between the promoter region and 

lipid is more prone to be affected by the choice of transfection reagent. In this case, SV40 

promoter (412 bp) is smaller than the HSV-TK promoter (753 bp), hence, a lower expression 

of Renilla was observed in pRL-TK when changing to a less-positively charged transfection 

reagent (RNAiMAX) from Lipofectamine 2000 and LTX. However, the CMV promoter 

containing 797 base pairs showed opposite expression pattern in HCT and HEK cells using 

RNAiMAX for transfection (see Table S1 in the Appendix), we assume there was an effect of 

cell lines on expressing the reporter gene downstream to the CMV promoter.   

4.3 Effect of cell lines on gene expression 

In this project, the transfection reagent effect was demonstrated in two cell lines -- cancer cells 

and non-cancer cells. The HCT116, human colorectal carcinoma, is a cell line that has been 

used for transfection studies with PEI, cationic lipids, and cationic liposome20,21. The Human 

Embryotic Kidney cells, HEK293 is an excellent cell line used in both transfection studies or 

production of recombinant proteins in biotechnology industries. Generally, in actively dividing 

cells like cancer cells, the transfection efficiency is higher than quiescent non-dividing cells, 

due to the breakdown or perforation of cell membrane during the mitosis22. Here, in the 

transfection experiments on pRL-TK, pRL-CMV and pRL-SV40 plasmids of this project, the 

expression level of Renilla luciferase (or Renilla activity per viable cell) was higher in HCT116 

cells rather than HEK293 cells. Depending on the cell lines that are transfected, the expression 

level of different reporter genes can have distinctions. In the first set of experiments when 

transfecting pGL3/pRL-TK and psi CHECK2 plasmids, where the HEK293 cells had a 

preference for expressing firefly luciferase rather than Renilla luciferase regardless of which 

transfection reagent was used (the Renilla/firefly ratios were below 1), while in the HCT116 

cells showed the opposite pattern—the Renilla is overexpressed than firefly luciferase.  

Moreover, in the HCT cells, the CMV promoter and SV40 promoter showed the stronger gene 
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expression using RNAiMAX than Lipofectamine 2000, while in HEK cells, the increased 

luciferase activity of the pRL-CMV plasmid was not observed in RNAiMAX transfection. 

Although the CMV promoter is considered to be a strong, nonspecific viral promoter in cancer 

and non-cancer cell lines23, our result showed that the CMV promoter can also be specific to 

HCT116 cells and have optimal gene expression level when transfect by RNAiMAX. For future 

studies, same experiments can be performed into other cancer or non-cancer cell lines to 

compare with the result discussed here. 

4.4 Outlook 

This study reveals the choice of transfection reagent affects the promoter function in in vitro 

transient transfection. Such effects were determined by measuring the gene expression levels 

upon transfection with different plasmids having promoters with different GC content and in 

different cell types. These studies indicate that in both type of cells (cancer vs non-cancer) the 

GC content is important as lower GC content will allow unwinding of the duplexes even after 

condensation with the transfection reagent.  

The next stage of the study will focus on engineering artificial sequences that can enhance 

promoter activity and enhance transfection efficiency. To improve gene expression, future 

studies will involve several short oligonucleotide sequences inserted in the upstream and 

downstream of the SV40 promoter in pGL3 plasmid having AT and GC repeats. Other 

modifications will involve mismatches in these short sequences as it might affect transcription 

activity. Our preliminary studies with GC rich sequence upstream of the promoter region 

indicates that there is indeed a decreased gene expression when transfected in HCT116 cells 

(results are shown in the Appendix). Next step will be to develop another plasmid containing 

short AT-rich sequence inserts and test its function. These results may give hints on how the 

promoter region can be engineered to improve gene expression, and together with the result 

from the transfection reagent study, new methods with improved transfection efficiency can be 

established and optimized. 

5 Conclusion 

This research demonstrated the effect of transfection reagent on plasmid promoter activity. 

When comparing with different transfection reagents, the reagent with more positive charge 

have higher transfection efficiency because of the superior capability on condensing the DNA. 

The reagent which is less positively charged, that is, the RNAiMAX, has a positive effect on 

the SV40 promoter and will induce enhanced downstream gene expression, while the HSV-TK 

promoter is negatively affected by RNAiMAX and result in a down-regulated gene expression 

in both cancer and non-cancer cells, which indicated that the RNAiMAX may have preference 

on shorter promoters (SV40). In addition, in cancer cell lines such as HCT116, the GC content 

of the promoter may affect the transcription efficiency probably by affecting the unwinding 

double strand DNA from the DNA-lipid complex.  

Our result will contribute to the application of transfecting plasmid DNA containing different 

promoters using transfection reagents into mammalian cell lines. The RNAiMAX, as a 

transfection reagent designed for RNA transfection, can be used for transfection plasmid DNA 
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containing at least two promoters tested in this project, that are the CMV and SV40, to a cancer 

cell line (HCT116), with enhanced transfection efficiency and expression level compared to the 

dominant DNA transfection reagents used on the market, Lipofectamine 2000, and 

Lipofectamine LTX. The enhanced gene expression driven by certain promoters in cancer cells 

can benefit the choice of appropriate transfection reagents and promoters in gene-based therapy 

to achieve a desired level of expression. 
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7 Appendix 

7.1 Plasmids and promoters 

 

Figure S 1. The complete plasmid maps of pGL3, pRL-TK, pRL-CMV, pRL-SV40, and psi-CHEKC2. 

(Adapted from www.promega.com) 

Table S 1. The sequences and transcription starting sites of the plasmids. (Adapted from the plasmid 

supplier’s website: www.promega.com) 

Plasmids Promoters GenBank® 

Accession Number 

Promoter sequence 

reference points 

pGL3 SV40 U47298 48-250 

pRL-SV40 SV40 Enhancer/early promoter AF025845 7-418 

pRL-CMV CMV Enhancer/Immediate early 

promoter 

AF025843 7-803 

pRL-TK HSV TK promoter AF025846 7-759 

Psi-CHECK2 SV40 early enhancer/promoter 

HSV-TK promoter 

AY535007 7-425 

1744-2496 

 

7.2 The promoter activity in HCT116 and HEK293 cells using different transfection 

reagents 

Table S 2. The promoter activity in HCT116 and HEK293 cells using different transfection reagents, the 

strengths of the transfection reagents are indicated by the plus sign “+”. The promoter activity is 

quantified as the Renilla luciferase expressed per viable cell.  

Promoter CMV HSV-TK SV40 

Size (bp) 797 753 412 

GC% 44.90% 64.80% 53.60% 

http://www.promega.com/
http://www.promega.com/
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Cell type HCT HEK HCT HEK HCT HEK 

RNAiMAX (+) 16.43 5.84 0.03 0.09 7.02 1.33 

Lipo2000 (++) 14.19 20.71 0.35 2.20 4.71 0.80 

LTX (+++) 15.34 36.66 0.42 5.62 5.13 2.19 

7.3 Supplementary experiment detail of plasmid engineering on pGL3  

7.3.1 Constructs 

The promoter region of pGL3 plasmids with the restrictive sites is shown in Appendix 1. The 

NheⅠ and XhoⅠ were in the upstream of the SV40 promoter, while the HindⅢ and NcoⅠ 

restrictive sites were located downstream of the promoter. 

 

Figure S 2. The promoter region of the pGL3 plasmids. The length of the promoter and the restrictive 

sites were labeled. F: firefly luciferase. 

7.3.2 DNA Duplex formation 

Single strand DNAs (ssDNA) were purchased from ChemGenes. The DNA duplexes were 

produced by incubating equal amount (50 μM) of ssDNA at 94°C for 2 minutes and then slowly 

cooled down to room temperature (25°C).  

7.3.3 Cloning of GC-containing plasmid 

The pGL3 plasmid and previously prepared DNA duplexes were both digested overnight at 

37°C by HindⅢ and NcoⅠ (HN clones), or XhoⅠ and NheⅠ (XN clones) restrictive enzymes 

according to manufacturer’s protocol (New England Biolabs). After digestion, the digested 

pGL3 was purified on a 0.6% agarose gel and isolated using the QIAEX 2 Gel Extraction Kit 

(Qiagen), and the digested duplexes were purified using QIAquick Nucleotide Removal Kit 

(Qiagen) according to manufacturer’s protocol. The ligation of digested pGL3 and duplexes 

with a molar ratio of 1:3 was performed overnight at room temperature and stored at -20°C 

before use. 

Table S 3. Different constructs based on the pGL3 plasmid. XN: inserts between restrictive sites XhoI and 

NheI, HN: inserts between restrictive sites HindIII and NcoI. SS1AS: one small loop with two base pairs 

mismatch in the sense strand, linear antisense strand. SS2AS: two small loops with two base pairs 

mismatch in the sense strand, linear antisense strand. 

Constructs Insertion site Insert length (bp) mismatches Secondary structures 

SS1AS HN 50 2 bp each loop 1 loop 

SS2AS HN 50 2 bp each loop 2 loops 

XN50 XN 50 / / 

HN50 HN 50 / / 

HN100 HN 100 / / 
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Figure S 3. Effect of GC inserts near promoter region on pGL3 plasmids. One hundred nanograms of 

plasmids were transfected into 10000 HCT116 cells by Lipofectamine 2000 according to the protocol. 

The cell viability assay and luciferase activity assay were performed 24 hours after transfection. The 

firefly luciferase activity per viable cell was calculated by normalizing the luminescence value (luciferase 

activity) to the fluorescence value (cell viability), the pGL3 plasmid was used as a control. 
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