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Factors affecting sensitivity of dual luciferase reporter assay for

detection of gene regulation in 293T cells

Wipaporn Wongfieng *#, Kunnika Kuaha®, Amonrat Jumnainsong®® and Chanvit Leelayuwat ***

Abstract

The Luciferase reporter gene is one of the most popular methods for studying gene expression
and regulation because of its convenience, simple and the broad dynamic range of applications.
However, a limitation of this method is a high variability of measurement affecting consistency and
sensitivity leading to varied statistical significances. Here, we investigated the factors affecting the
sensitivity and consistency of detection of posttranscriptional regulatory sequences in the dual
luciferase reporter system. We generated firefly luciferase reporter plasmids containing 3’untranslated
region (UTR) of a gene. One construct contained a wild type and 2 constructs contained mutant binding
sites for miRNAs. Each plasmid construct was diluted to the concentration of 500 ng, 50 ng and 25 ng and
was co-transfected with the renilla reporter plasmid to 293T cells using the ratio between firefly/renilla
plasmids of 10:1. Then cells were measured for dual luciferase activities. We also compared luciferase
activities regarding the number of mutation sites to assess whether they affected the detection of luciferase
sensitivity. Our results indicated that at the 50 ng concentration of the reporter plasmid gave the highest
sensitivity and consistency for evaluation of luciferase expression via 3’UTR regulatory region with the
highest statistical significance when compared to those of wild type and mutant sequences. Moreover,
the numbers of mutation sites also had the effect on sensitivity of the luciferase reporter assay. Thus,
optimization of plasmid DNA concentration is essential to improve the sensitivity. This information would
be useful for researchers and scientists who employ the dual luciferase reporter system in investigating

the posttranscriptional regulation of sequences.
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Introduction

Regulation of gene expression is a process
of cellular function to control the amount and
manner of protein expression which can be
up-regulated or down-regulated”. Regulation of
gene expression assays were widely used in
identification of gene expression/regulation
mechanisms both in a cell and tissue. Recently
several techniques have been used to detect the
gene expression regulation such as to investigate
transcriptional rates and regulatory sequences
using the nuclear run-off transcription assays(z’ Y,
to characterize DNA-protein interactions by DNase
| foot printing analysis and mobility shift assays'®.
In addition, to evaluate the role of specific
regulatory regions of DNA sequences or investigate
factors and mechanisms affecting gene expression
often required the reporter gene assay”.

The reporter gene assay has several
systems based on the detectable reporter genes.
Chloramphenicol acetyltransferase (CAT) is the
first gene reporter used to investigate regulation
at transcriptional level in mammalian cells®.
However this assay is limited due to its
dependence on the use of radioisotopes”. The
alkaline phosphatase (AP) reporter gene system
consists of AP which requires optimal activity at
alkaline pH. Thus, this system is limited because
AP enzyme is expressed practically in all cell
types®. B-galactosidase (B-gal) is a reporter gene
assay that was designed to particularly evaluate
B-galactosidase activity of bacteria, thus, it is not
optimal for the eukaryotic system”. The green
fluorescence protein (GFP) reporter system is
commonly used to evaluate gene regulation
including the study pattern of protein localization

and intra-cellular trafficking"”. It is not optimal for

a quantitative detection. The luciferase reporter
assay now is one of the most commonly used
gene reporter system that emits light generated
by chemical reaction with oxygen and a substrate
and can be quantitative. The most common
luciferase enzymes in the eukaryotic system are
firefly luciferase and renilla (sea pansy) luciferase.
Differences between these luciferases are that
renilla luciferase does not require ATP and uses a
different substrate to generate chemical

@112 The dual luciferase reporter assay

reactions
is one of the luciferase reporter assay systems
which is performed by sequentially measuring the
firefly and renilla \uciferase activities of the same
sample based on the different properties of both
enzymes. The results expressed as the ratio of
firefly to renilla luciferase activities"”. Generally,
one luciferase acts as an experimental reporter
to indicate the biological expression while the
other is an internal control used to normalize the
data. This is recommended as a good choice for
investigating a regulation of protein expression via
miRNA binding at the regulatory regions. Because
of the binding of a candidate miRNA to its
regulatory sequence on the mRNA target will
suppress the production of reporter protein. Thus,
its activity or expression is reduced which can be
measured via instrument and compared to a
negative control. Although luciferase reporter
system is the most commonly used to study
regulation of gene expression because of its
convenience, simple and the broad dynamic range
of applications®, a limitation of this method is a
high variability of measurement affecting consistency
and sensitivity leading to varied statistical
significances™. Thus, it is essential to optimize the

reporter plasmid conditions for every cell type

J Med Tech Phy Ther x Vol. 30 No. 1 x January - April 2018 83



because each cell type is different resulting in
different efficiency of transfection"®.

In this report, we investigated the factors
affecting the dual luciferase reporter system
regarding sensitivity by optimization of DNA
concentration of luciferase reporter. Firstly, the
regulatory sequence of a gene of interest was
inserted into down -stream of the luciferase gene
in a reporter construct. Then, different concentrations
of these vectors were transfected into 293T and
luciferase activities were measured. We also
compared luciferase activities regarding the varied
number of mutations on regulatory sequences to
assess whether the differences had any effect on
luciferase sensitivity. Our result indicated that
both concentration and number of mutations had
effect on sensitivity and consistency of the dual

luciferase reporter assay.

Materials and Method
Cell line

293T cells (human embryonic kidney) were
cultured in Dulbecco’s Modified Eagle Medium
(DMEM)(Invitrogen, Carlsbad, CA, USA)
supplemented with 1%penicillin-streptomycin
(Sigma, St Louis, MO, USA) and 10% fetal bovine
serum (Thermo Fisher Scientific, Carlsbad, CA, USA)
and incubated at 37°C in 5% CO,.
Plasmid construction

Luciferase reporter vectors, the firefly
luciferase vector (pcDNA3.1-Zeo(+)Pp) and the
renilla luciferase vector (pRL-SV40) were kindly
provided by Dr Yong Sun Lee, the University of
Texas Medical Branch, USA. The 1,250 bp fragment
of the wild-type 3'UTR of the MICB gene was
amplified from genomic DNA and was inserted

into downstream of the luciferase gene in the

reporter vector (pcDNA3.1-Zeo(+)Pp)using
restriction enzyme, BamH | and Not I'”. Site
directed mutagenesis was used to generate
specific mutation miRNA binding sites, using the
designed primers purchased from Bio basic Inc.,
Markham, Canada. Both the 3 and 6 specific
mutation sites were generated, pMICB_3 mut and
PMICB_6 mut, respectively™”. Further, the inserts
and their proper orientations were confirmed by
DNA sequencing (Macrogen, Seoul, Republic of
Korea).
Luciferase reporter transfection

The firefly luciferase reporter used in this
study was pcDNA3.1-Zeo(+)Pp (Promega, Madison,
WI, USA) which contained regulatory sequences
of 3’UTR of MICB (pMICB 3U), 3’UTR with 3
mutation sites (pMICB_3 mut) and 6 mutation sites
(P3UTR_6 mut) as well as the luciferase reporter
vector alone (empty vector). Their concentrations
were varied at 500 ng, 50 ng and 25 ng. The
renilla luciferase vector derived from pRL-SV40
(Promega) was used for normalization. To make
the ratio between firefly luciferase and renilla
luciferase stable as 10:1 according to the
manufacturer’s instruction, the concentration of
renilla luciferase vector was varied at 50 ng, 5 ng
and 2.5 ng, accordingly. These plasmids were
co-transfected into the 293T cells. After 24 hrs
transfection, each transfection with varied
concentrations was measured for firefly and
renilla luciferase activities, accordingly.
Luciferase reporter analysis

The emitted light of firefly and renilla
luciferases was measured by the dual-luciferase
reporter assay kit (Promega) with the GloMax®
20/20 luminometer machine (Promega). Briefly,

cells were collected from a 24-well plate, lysed
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by passive lysis buffer provided in the kit. Then,
the cell lysates were transferred to 1.5 ml tubes
and the substrate solution (Luciferase Assay
Reagent Il (LAR 1)) was added before measuring
the firefly luciferase activities. Finally, stop the
reaction of firefly by adding the stop reagent (Stop
& Glo® Reagent) and then, measured renilla
luciferase activities in the same sample. The
percentages of luciferase inhibitions were
calculated via several normalizations. Firstly,
calculations of relative luciferase (RL) by firefly
luciferase activities from wild-type, mutants or
empty plasmid were normalized with renilla
luciferase activity. Secondly, calculations of
relative luciferase ratio (RLR) by relative luciferases
(RL) of wild-type or mutants were normalized with
relative luciferases (RL) of the empty plasmid.
Finally, calculations of percent inhibition of lucif-
erase by the formula: (1- RLR) x 100 were
performed.
Statistical analysis

The data were tested for normal distributions
by Shapiro-Wilk (SPSS inc., Chicago, IL, USA). Then,
significant differences between the wild-type and
the mutant groups were analyzed by Student’s
t-test via the GraphPad Pro. Prism 5.0 (GraphPad,
San Diego, CA, USA). The data were shown as
means+S.E.M. The p—values less than 0.05 were
considered as statistical significance. All data were
represented of at least 3 independent experiments.

The receiver-operating characteristic (ROC)
curves were generated to estimate the sensitivity
for detection of luciferase reporter assay by using
relative luciferase ratio of each condition
compared with the negative control. The cut-off
value for the luciferase expression was

determined by the score of specificity, sensitivity,

positive likelihood ratio (+LR), negative likelihood
ratio (-LR) and Youden’s index (YI) for each
condition. The data were presented as means
+S.D.

Results

1. Effect of different concentrations of reporter
plasmids containing 3’-UTR on luciferase
expression in the 293T cells.

To investigate the optimal reporter
plasmid concentrations on the effect of 3’-UTR in
the luciferase reporter system, each varied
concentration was co-transfected with renilla
reporter plasmid into 293T cells with the ratio of
10:1. After complete transfection, cells were
measured for dual luciferase activities by the dual
luciferase reporter assay kit. The law data of
luciferase expressions were shown as Relative
Light Units (RLU). Expectedly, the highest dual
luciferase expression levels (10° RLU) were
obtained from the concentration of 500 ng of
luciferase reporter vector and followed by 50 ng
(10° RLU) and 25 ng (10° RLU), respectively (Figure
1A, B and C). However, the highest luciferase
expression levels (500 ng) had higher variability of
both firefly and renilla luciferase activities (Figure 1A).
In contrast, the other groups (50 ng and 25 ng) had
lower variabilities (Figure 1B and C).

To evaluate the effect of different
mutated miRNA binding sites containing 3’-UTR
on luciferase expression in the 293T cells, we
compared luciferase activity of wild type with 3
or 6 specific mutation sites. The wild-type
reporters should have activity less than those of
the mutated reporters. Our data showed that at
the concentration of 500 ng of reporter plasmid,

there was no significant difference of percentages
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of inhibition of luciferase activities between the
vector containing the wild-type 3’-UTR (p3UTR_WT)
(42 %) and vector containing the 3
(P3UTR _3mut) (30 %) or 6 (p3UTR_6mut) (23 %)
specific mutation sites (Figure 1D). However, the
significance was found at the 50 ng concentration
of wild-type 37-UTR (p3UTR_WT) (60%).
Interestingly, luciferase activities were recovered
when they were 3 (p3UTR_3 mut) and 6 (p3UTR_6
mut) mutated specific binding sites. Inhibition
percentages of luciferase expressions were
reduced to 30% and 5%, respectively and were
differently significant when compared with the
vector containing wild-type 3’-UTR (p3UTR_WT)

(black bar graph of Figure 1D). At 25 ng, luciferase
activities were repressed in vector containing
wild-type 3’-UTR (p3UTR_WT) (40%) but not
significantly different from the 3 mutation binding
sites (35%) (p3UTR_3 mut). However, significant
differences of percent inhibition of luciferase
expressions between the wild-type 3’-UTR
(p3UTR_WT) and the 6 mutation binding sites
(p3UTR_6 mut) was observed (slant bar graph of
Figure 1D). These results indicated that
co-transfection between 50 ng of firefly reporter
plasmid with 5 ng of renilla reporter plasmid was
the best concentration for evaluating effect of
3’-UTR of MICB on luciferase expression in 293T
cells.
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Figure 1. Effect of different concentration of reporter plasmid containing 3’-UTR on dual luciferase
expressions.

Relative Light Units (RLU) of firefly and renilla luciferase activities were shown from the transfections
of 500 ng luciferase reporter plasmid (A) 50 ng (B) and 25 ng (Q). Inhibition percentages of luciferase
activities were shown in (D). Firefly luciferase activity was divided by renilla luciferase activity to give
relative luciferase activity (RL) and relative luciferase activity (RL) was divided by the relative luciferase
activity of control reporter to give relative luciferase ratio (RLR). % of luciferase inhibition = (1- RLR) x 100.

Results are shown as mean + SEM, n=3 experiments.
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2. ROC analysis of luciferase reporter assay
To confirm the previous results, the ROC
curve analyses were performed. ROC analysis of
each concentration was analyzed by SPSS 17.0
(SPSS inc., Chicago, IL, USA). The analysis results
were presented in Table 1 and ROC curves were
presented in figure 2. Observing in the area under
the ROC curve of the 3 mutant binding sites, 50

ng of reporter plasmid gave the highest score of

0.975 and followed by 500 ng with the score of
0.784, and 25 ng of 0.716 (Figure 2A). When we
considered on the 6 mutation binding sites, again
50 ng had the highest score of 1.000 and followed
by 25 ng of 0.914 while 500 ng had the lowest
score of 0.895 (Figure 2B). Based on the results
of ROC curve analyses, the concentration of 50
ng was confirmed as the optimal condition for
detection of the 3’-UTR regulation in 293T cells.

Table 1. Area under the ROC curve analysis of luciferase expressions in 293T cells

Plasmid AUC (95 % ClI) SE p-value
Conc.(ng) 3 mut 6 mut 3mut 6 mut 3 mut 6 mut
500 0.784 (0.534, 1.014) 0.895 (0.741, 1.048) 0.116 0.078 0.042 0.005
50 0.975 (0.913, 1.037) 1.000 (0.913, 1.037) 0.031 0.031 <0.001 <0.001
25 0.716 (0.465, 0.967) 0.914 (0.748, 1.079) 0.128 0..084 0.122 0.003

Conc: concentration, AUC: area under the ROC curve, SE: standard error, 3 mut: p3UTR_3 mut and 6 mut:

p3UTR_6 mut
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Figure 2. ROC analyses of luciferase expressions of 500 ng, 50 ng and 25 ng.

ROC analyses of 3 different concentrations of reporters with 3 and 6 mutation binding sites were shown.

(A) A schematic showed a construct containing 3 specific binding sites of miRNAs and the relative

luciferase ratio (RLR) of the 3 specific mutation binding sites of each concentration regarding the

sensitivity 1-specificity and (B) for 6 specific binding sites of miRNAs.
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Further assessment was demonstrated by
the best score of the sensitivity, specificity and
Youden’s index. The positive likelihood ratio (+LR)
was used to indicate the probability for a correct
analysis of method. Usually, a number greater
than one or a number that near 10 is indicated as
an excellently appropriate method. In contrast,
the negative likelihood ratio (-LR) was used to
indicate the possibility of incorrect analysis of
method. The lower value indicated optimal,
usually less than one. The study demonstrated
that, in all of the three conditions, the concentration
of 50 ng of both 3 and 6 mutation binding sites
had the best sensitivity, specificity, LRs and YI
(Table 2). These results supported the above data
indicated that the 50 ng concentration of firefly
reporter plasmid with 5 ng of renilla reporter
plasmid was the best concentration for evaluating
effect of 3’-UTR on luciferase expressions in 293T

cells.

Discussions and Conclusions

To study the gene regulation, the lucifer-
ase reporter gene is commonly and popularly
used to investigate the function of promoter or
untranslated region (UTR) because the luciferase
reporter assay is convenient, simple and can be
used at the broad dynamic range approaches.
However, limitation of luciferase reporter is rather
high variability data resulting in reduce significance
values of data analysis. Several studies try to
optimize luciferase reporter assay by using
differently approaches. In 2003, Burn et al"® try
to increase the level of gene expression in
neuronal and glial cells by using several different
posttranscriptional regulatory elements in a
plasmid that contained a luciferase gene in
lentiviral vectors. In 2013, Etten et al.*” designed
and optimized approach of luciferase reporter
assays to investigate the regulatory RNA sequences
that had effect on protein and RNA expressions

by transfected the luciferase reporter into cells

Table 2. Assessment index of the optimal concentrations of plasmids to transfect into 293T cells based

on ROC analysis results

Plasmid Sensitivity Specificity +LR -LR YI
Conc.(ng) 3 mut 6 mut 3mut 6 mut 3 mut 6 mut 3 mut 6 mut 3mut 6 mut
500 0.667 0.778 0.667  0.889 2.000 7.000 0.499 0.249 0.334 0.667
50 0.889 1.000 0.889  0.889 8.100 9.000 0.124  0.000 0.778 0.889
25 0.778 0.889 0.677 0.889 2.366 8.100 0.327 0.124 0.455 0.778

Conc: concentration, +LR: positive likelihood ratio, -LR: negative likelihood ratio , YI: Youden's index, 3 mut:

p3UTR_3 mut and 6 mut: p3UTR_6 mut
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and measured protein expression levels with
activity of luciferase expression, and measured
MRNA levels of luciferase by gRT-PCR. Here we
aimed to investigate the best sensitivity of a
luciferase reporter gene assay by optimizing
concentration of luciferase reporter vectors. We
also compared luciferase activity between the
numbers of mutation sites on regulatory
sequences to assess whether their different
mutations had effect on luciferase sensitivity. We
found that at 50 ng, the reporter plasmid gave
low variability and greater significance values of
data analysis when compared between the
wild-type 3’-UTR (p3UTR_WT) and the 3 specific
mutation binding sites (p3UTR_3 mut), p-value of
0.015 or compared between the wild-type 3’-UTR
(P3UTR_WT) and the 6 specific mutation binding
site (p3UTR_6 mut), p-value of 0.002. On the
other hand, at 500 ng, the reporter plasmid gave
the highest luciferase activities (10° RLU) but also
gave higher variability data leading to non-significant
value of data analysis. The high activities of
luciferases maybe out of linear dynamic range of
the GloMax®-20/20 machine which over 8 logs
according to the manufacturer’s instructions®.
Thus, this concentration gave higher variability
data within the same group leading to statistical
non-significance. Too high activities also affect the
sensitivity of the test because small changes
would not be demonstrated. The low concentration
(25 ng of reporter plasmid) gave low variability
data but too low signal would also affect the
statistical significance. This was demonstrated
when comparing between the wild-type 3’-UTR
(pP3UTR_WT) with the 3 specific mutation binding
sites (p3UTR_3 mut). Thus, the low concentration

of reporter plasmid maybe insufficient to express

luciferase activities especially, renilla luciferases
which were very low (10° RUL) (Figure 1C) that
maybe out of the limit of machine detection.
To identify the efficacy of each
concentration, we used several statistics to

21) and

estimate such as ROC analysis method'
Youden’s index (Y)*”. Based on ROC curve
analysis, the index of sensitivity (the concentration
that showed the most different relative luciferase
ratio between wild type and mutant plasmids)
correlated with the potentiality of experimental
method to identify the best method. The
concentration of 50 ng reporter plasmid showed
the highest sensitivity of 0.889 and 1.000, close to
optimal. Youden’s index (YI) is a statistic used to
estimate the efficacy of the analysis test which
is calculated from “sensitivity + specificity — 1”%.
Of all the three studied concentrations, 50 ng also
gave the better of YI, +LR and -LR scores. This
study demonstrated that at 50 ng concentration
was an appropriate condition for detection of
3’UTR regulation in 293T cell. In addition, the
number of mutation sites also affected the
luciferase activities leading to different sensitivity,
specificity, YI, +LR and -LR scores.

In conclusion, we have optimized the
reporter concentration for the dual luciferase
reporter system in 293T cells. Thus, the
optimization of reporter plasmid concentration is
essential for reliable and valid experiments
because each cell type is different and required
optimization. This approach can also be applied
to investigate the regulation on 5’UTR. This
information will be useful for researchers and
scientists who employ the luciferase reporter
system in investigating the regulation at

posttranscriptional regulation.
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