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Abstract
Primer extension-dependent in vitro transcription assay is one of the most important

approaches in the research field of gene transcription. However, conventional in vitro tran-

scription assays incorporates radioactive isotopes that cause environmental and health

concerns and restricts its scope of application. Here we report a novel non-radioactive

method for in vitro transcription analysis by combining primer extension with quantitative

real time PCR (qPCR). We show that the DNA template within the transcription system can

be effectively eliminated to a very low level by our specially designed approach, and that the

primers uniquely designed for primer extension and qPCR can specifically recognize the

RNA transcripts. Quantitative PCR data demonstrate that the novel method has success-

fully been applied to in vitro transcription analyses using the adenovirus E4 and major late

promoters. Furthermore, we show that the TFIIB recognition element inhibits transcription

of TATA-less promoters using both conventional and nonradioactive in vitro transcription

assays. Our method will benefit the laboratories that need to perform in vitro transcription

but either lack of or choose to avoid radioactive facilities.

Introduction
Primer extension-dependent in vitro transcription assay is one of the most widely used
approaches in the research field of gene transcription [1–4], particularly useful in 1) analyzing
the regulatory role of the gene promoter and promoter elements in transcription, 2) analysis of
the mechanisms of transcriptional activation/repression and 3) the effect of transcription
factor-promoter interaction on transcription [5–7]. Although the method has been used in
transcription analysis for decades and formally published as a laboratory protocol [8],the con-
ventional primer extension-dependent in vitro transcription assay requires a radioactive-
labeled primer, followed by gel electrophoresis, gel drying and autoradiography, which can
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potentially restrict its application, and particularly hinders laboratories that do not have access
to facilitiesfor handling radioactive substances.

Quantitative real time PCR is a very powerful tool that has been widely used in modern
molecular biology including gene expression analysis, pathogen detection, gene contamination
detection and clinical diagnosis due to its sensitivity and accuracy [9–12]. It has been described
that the efficiency of the in vitro transcription assay is surprisingly low [13, 14], and thus we
hypothesized that quantitative PCR (qPCR) could be alternative method to detect the products
of transcription in vitro. In our previous study, we showed that the TFIIB recognition element
(BRE) can inhibit the transcription activity of a core promoter containing a TATA box [6],
however, whether BRE represses the activity of the TATA-less promoters remains unknown.
In this study, we have established a novel non-radioactive method for cell-free in vitro tran-
scription analysis in combination with DNA template elimination, primer extension and qPCR
using specially designed primers. Our data demonstrate that the method can be applied to sev-
eral types of in vitro transcription analyses and that the BRE inhibits the transcription activity
of TATA-less promoters.

Materials and Methods

Plasmids, proteins and reagents
Adenovirus E4 core promoter (nucleotides -51 to +12, termed E4wt), Adenovirus major late
promoter (nucleotides -50 to +22, termed MLwt) and theirmutant derivativescontaining a defec-
tive TFIIB recognition element (BRE) were cloned into the reporter vector pGL3 basic (Pro-
mega). For E4 mutant derivatives, BRE consensus bases downstream of the TATA box were
mutated into TFIIB-hatred bases as described before (termed E4mBRE) [5]; whereas AdML
mutant derivatives, BRE consensus bases both upstream and downstream of the TATA
box were mutated into TFIIB-hatred bases as described previously (termed AdMLmBRE) [6].
The promoters for AdMLmutant derivatives with a defectiveTATA element (termed BRE-mT
and mBRE-mT) were also cloned into pGL3 basic, in which the TATA was changed into the
CGAT, the ADMLmBRE was obtained by the mutation as described above. Wild type TFIIB,
TFIIB mutant (G13Q:R154A) and Gal4-AH were prepared and purified as described previously
[5]. HeLa nuclear extract was purchased from Computer Cell Center Co.; RNA extraction
reagent Trizol from Life Technology, Real time PCR reagent IQ SYBR Green from Bio-Rad. All
other reagents were purchased from Thermo Scientific.

Cell-free in vitro transcription
Conventional In vitro transcription was performed in a cell-free system as described previously
[5], however, transcription in vitro for nonradioactive method was slightly modified for the
study. Briefly, the transcription reaction system contains 25 μL nuclear extract, 3 μL 100 mM
MgCl2, 200 ng DNA template, 10 μLddH2O and 10 ng Gal4-AH activator (added only for acti-
vated transcription). The reaction was mixed by brieflyvortexing, and incubated at 30°C for 30
minutes. The transcription reaction was then initiated by adding 3 μL of 10 mMNTP mix and
maintained at 30°C for 1 hour. When the transcription reaction was complete, 160 μLstop solu-
tion(125 mM Tris-HCl pH 7.5, 12.5 mM EDTA, 150 mMNaCl, 1% SDS) containing 5 μL pro-
teinase K and its reaction buffer was added to the reaction mixture and incubated at 55°C for
30 min. For in vitro transcription reactions that included a mutant TFIIB derivative we used
HeLa nuclear extract that had the endogenous TFIIB depleted by immunoaffinitychromatogra-
phy. 10 ngof wild type or mutant derivative TFIIB was added to the reaction system before
transcription initiation.
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Acidic phenolpreparation and DNA template elimination
Tris.Cl-balanced phenol (pH 8.0) was used to prepare acidic phenol. In brief, the Tris.Cl-bal-
anced phenol was washed twice by excessive ddH2O. The washed phenol was then balanced
with an equal volume of 0.1 M HCl buffer on a rocker for 4 hours, the supernatant was changed
and pH value was measured 2–3 times during the process until the final pH value of the phenol
was below 3.0.

Following digestion with proteinase K, the terminated transcription reaction mixture was
subjected to DNA template depletion, namely, extracted by Trizol and acidic phenol on ice for
20 minutes respectively, followed by precipitation with an equal volume of isopropanol. The
dried pellet was then dissolved in 200 μLDNase I digestion solution (10μLDNase I, 20 μLreac-
tion buffer and 170 μL ddH2O). The DNA template within the transcription reaction mixture
was further removed through DNase I digestion at 37°C for 1 hour followed by precipitation
with 3 volumes of 100% ethanol.

Primer extension
Primer extension was performed according to the standard protocol [8] except that the primer
used here was specially designed. The primer sequence is as follows: 5’-GTGAAGGTGAAGGT
GATGCGgcgtatctcttcatagccttatgc-3’, which comprises sequence from the lucifer-
ase gene and GFP gene (The capital letters as shown in the primer). Before the initiation of
primer extension, the hybridization reaction between the primer and transcriptswas performed
at 42°C for 16 hours.

Quantitative real time PCR
Quantitative real time PCR (qPCR) was performed with the Bio-Rad SYBR Green reagent and
Real Time PCR Detection System. The primers used for qPCR were specially designed to rec-
ognize the primer extension-derived product, in which the forward primer is complementary
to the 3’ prime sequence of luciferase gene negative strand, which is immediately downstream
of the core promoter; the reverse primer is a GFP oligonucleotide that is contained in the
primer used for primer extension, the primer pair give rise to a 121bp product. The primer
sequences were as follows: forward, 5’-atggaagacgccaaaaacataa-3’(Luc/L);reverse,
5’-gtgaaggtgaaggtgatgcg-3’(GFP/G). In addition, we designed a primer pair for
directly detecting luciferase RNA transcript by RT-qPCR or detecting DNA template by
qPCR as described in Fig 1C, the primers were as follows: forward, 5’-gaaaggcccggcgc
cattct-3’(LF); reverse, 5’-ttcatagcttctgccaaccg-3’(LR). The real time PCR
data were analyzed by Bio-Rad CFXManager Software 3.1.

Results and Discussion

DNA template elimination
In conventional primer extension-dependent in vitro transcription assay, the radioactive iso-
tope-labeled primer is used to detect RNA transcripts that indirectly reflect the efficiency of
transcription in vitro. To achieve direct detection for transcription product in vitro using RT-
qPCR, apparently, the DNA template used for transcription must be depleted following the
transcription reaction. We first performed an in vitro transcription assay using the Adenovirus
E4 promoter in the absence or presence of the activator GAL4-AH. When the transcription
reaction was completed, the reaction mixture sequentially underwent proteinase K digestion,
DNase I digestion, Trizol extraction and precipitation with isopropanol; the pellet was dis-
solved in 20 μL ddH2O, 4 μL of which was used for reverse transcription and detected by qPCR

A Novel Non-Radioactive Method for In Vitro Transcription Assay

PLOS ONE | DOI:10.1371/journal.pone.0135317 August 7, 2015 3 / 9



using the reporter gene (luciferase) primers. Unexpectedly, our qPCR data were not consistent
with the results as described previously [5], in which the activity of activated transcription for
the E4 promoter is significantly lower than that of the basal transcription (data not shown).
The underlying problem is because of incomplete elimination of the DNA template as the dif-
ference of Ct values for qPCR between the samples with or without DNA depletion is not sig-
nificant (data not shown).

It has been proposed that it is necessary to remove 99.999% (i.e. left 1pg out of 100ng) of the
DNA template in a transcription reaction to minimize the contribution of the template DNA
to the final qPCR reaction [14]. We therefore tried to use a more rigorous approach to remove
the DNA template from the transcription reaction system (Fig 1a). It has been suggested that
acidic phenol can effectively remove DNA contamination [15], thus, in the new approach we
added a step to include acidic phenol extraction with prolonged time on ice and a precipitation
step before DNase I digestion (Fig 1a). To verify the efficacy of this method, we initially mim-
icked the procedure of the in vitro transcription assay by adding pGL3 basic-E4 template but
excluded addition of NTP, and the remaining DNA template within the ‘reaction’ system was
detected using reporter gene primers (LF/LR) and qPCR. In the meantime, a standard curve
was generated by qPCR using the same DNA template and reporter primers as described above
(Fig 1b). As shown in Table 1, the Ct value for E4 qPCRincreased from 5.9 (E4 ctrl1) to 14.9
(E4 (1)) after Trizol and acidic phenol extraction and the first precipitation; the DNase I diges-
tion further increased the Ct value to 21.7. In other words, the level of DNA templatein tran-
scription system dramatically reduced to 0.07 pg from 2.23 ng after a strict DNA template
depletion (Table 1). We have achieved similar results in a separate experiment using the
AdML DNA template (Table 2). Using these conditions it is now possible to directly detect the

Fig 1. A novel in vitro transcription assay using DNA template depletion, primer extension and qPCR.
(A) Schematic of the approach used for the DNA template depletion. (B) A standard curve plotted with
average Ct value against—log of DNA template quantity (ng). The standard curve was generated by using
DNA constructs containing the luciferase gene (pGL3-E4) and qPCR performed with reporter gene primers
(LF/LR), the standard curve was used to determine the quantity of DNA template after depletion. (C) A
scheme for detecting in vitro transcription products using specially designed primers;① represents the
transcription products after the DNA template depletion, which includes the remaining DNA template (circle)
and RNA transcript (wave line),② represents primer extension using a GFP oligonucleotide-tagged
luciferase gene reverse primer, in which the GFP oligonucleotide (grey line) linked with the luciferase
oligonucleotide ((-))is complementary to luciferase gene RNA transcript (the black straight line and (+)).③
represents qPCR using cDNA template and the luciferase gene forward primer (black arrow) and GFP gene
reverse primer (grey arrow); (-) represents the cDNA template derived from the primer extension, (+)
represents the DNA template from the first amplification of the cDNA. LF/LR: Luciferase gene primer pair. (D)
Transcription analyses of the E4 promoter under conditions with (E4a) or without the activator GAL4-AH
(E4b). (E) Transcription analysis of the ML promoter with (MLa) or without the activator GAL4-AH (MLb).
Each bar represents the mean of at least three independent experiments with standard deviation, the symbol
“* *” represents P�0.01, the p values were obtained by performing t test.

doi:10.1371/journal.pone.0135317.g001
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products of transcription in vitro using both the DNA template depletion and RT-qPCR tech-
niques. However, the results from in vitro transcription for E4 promoter by RT-qPCRstill
exhibited poor reproducibility whenbasal and activator-dependent transcription were com-
pared (data not shown).

A novel method establishment
We supposed that the reason for poor reproducibility in the qPCR-detection of transcripts is
likely due to the extreme low efficiency of transcription in vitro such that even the very low
level of contaminating DNA template could still interfere with qPCR. To solve this problem,
instead of directly detecting theRNA transcript by RT-qPCRwe incorporated a prior step of
primer extension. We designed the primer used for primer extension to contain an oligonucle-
otide fragment complementary to the RNA transcript and an oligonucleotide fragment from
the GFP gene (GFP-Luc primer). The primers for the subsequent qPCR include a forward lucif-
erase oligonucleotide (Luc or L) and a reverse GFP oligonucleotide (GFP or G). The primers
for qPCRwould therefore specifically recognize the cDNAproduced from the primer extension
(Fig 1C) as the GFP oligonucletide is absent in the DNA template. To examine the effect of
these primers on primer extension and qPCR, we performed primer extension-dependent in
vitro transcription analysis using E4 and ML reporter vectors incorporating both the DNA
template depletion and qPCR techniques. After hybridization, the samples were subjected to
primer extension reaction by reverse transcriptase (RT) or placed in a mock reaction that
lacked RT. As shown in Table 3, under the conditions without RT, the Ct values for E4 and ML
qPCR increased 15 and 13.9 cycles respectively when the ‘reaction’ products were detected by
luciferase gene primer pair (LF/LR) and luciferase versus GFP primer pair (L/G). The Ct values

Table 2. The Ct values and quantity from qPCR for the ML reporter vector with or without experiencing
the DNA template depletion.

ML ctrl1 ML (1) ML ctrl2 ML (2)

Ct(SD) 4.6(0.28) 14.4(0.21) 6.1(0.33) 20.8(0.07)

Quantity(ng,SD) 5.03(0.95) 8.5E-3(1.1E-3) 1.48((0.18) 1.2E-4(6.2E-6)

ML ctrl1: ML reporter vector without Trizol and acidic phenol extraction but including the first precipitation.

ML (1): ML reporter vector with Trizol and acidic phenol extraction and the first precipitation. ML ctrl2: ML

reporter vector without Trizol, acidic phenol extraction and DNase I digestion but including the first and

second precipitation. ML (2): ML reporter vector with Trizol, acidic phenol extraction and DNase I digestion

and the first and second precipitation. SD: Standard Deviation.

doi:10.1371/journal.pone.0135317.t002

Table 1. The Ct values and quantity from qPCR for the E4 reporter vector with or without experiencing
the DNA template depletion.

E4 Ctrl E4(1) E4 Ctrl2 E4(2)

Ct(SD) 5.9(0.51) 14.9(0.12) 6.1(0.19) 21.7(0.33)

Quantity(ng,SD) 2.23(0.53) 6.1E-3(4.7E-4) 1.48(0.18) 7E-5(1.5E-5)

E4 ctrl1: E4 reporter vector without Trizol and acidic phenol extraction but including the first precipitation,

E4 (1): E4 reporter vector with Trizol and acidic phenol extraction and the first precipitation, E4 ctrl2: E4

reporter vector without Trizol, acidic phenol extraction and DNase I digestion but including the first and

second precipitation. E4 (2): E4 reporter vector with Trizol, acidic phenol extraction and DNase I digestion

and the first and second precipitation. SD: Standard Deviation.

doi:10.1371/journal.pone.0135317.t001
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for E4 and ML that had a reverse transcription (RT L/G) lied between No RT LF/LRand No RT
L/G (Table 3). Taken together, these data confirm that the luciferase versus GFP primer pair
(L/G) can indeed specifically recognize the cDNA product from primer extension. However,
the luciferase gene primer pair (LF/LR) were not suitable for detecting cDNA from primer
extension due to the interference from remnants of the DNA template and the low efficiency of
transcription in vitro.

We next examined whether these primers could be used for specifically detecting E4
transcriptsproduced under basal transcription conditions and also in the presence of the tran-
scriptional activator GAL4-AH. Fig 1d illustrates that the activity of the E4 promoter was
19foldhigher in the presence of GAL4-AH than that observed of basal transcription;usingthe
conventional detection methodwe previously observed that theactivity of E4 promoter wasen-
hanced about 10fold by the same activator, demonstrating that the data from this novel method
is consistent with our previous results [5]. In a parallel experiment using an ML promoter
reporter vector, we have also reproduced the results as described previously [6, 16] (Fig 1e).
Together, these data suggest that our novel nonradioactive method is capable of detecting the
in vitro transcription activity of either E4 or ML promoter-directed reporter gene in both the
absence and presence of a transcriptional activator. This method is based on the property that
the GFP oligonucleotide-tagged cDNA is specifically recognized by the primers used for qPCR,
in which the GFP reverse primer cannot bind to the remaining DNA template within the tran-
scription system after the DNA template depletion (Fig 1c). Although the luciferase forward
primer can bind to DNA template, its extended product during PCR is null for the GFP reverse
primer. Another important factor is that the concentration of the primer used in the primer
extension is usually less than 0.05 μM, which is over 100 times lower than that of the primers
used for qPCR (6.25 μM). Therefore, the primer used for primer extension has very little
opportunity to generate another source of DNA template during qPCR after DNA template
elimination although it is possible that it can bind to the original DNA template. Nevertheless,
our data show that the samples that did not contain RT still produce some background by
qPCR using the luciferase versus GFP primer pair (L/G), but the Ct values lagged 8–9 cycles
when compared to the samples with RT (Table 3). This level of background does not signifi-
cantly impact the accuracy of qPCR for the sample that contains RT because the qPCRstep
only counts the cycles of threshold, i.e. the cycle number when the fluorescence is at the begin-
ning of exponential growth. This residual background can be solved by diluting the concentra-
tion of the sample or by shortening the thermal cycle number for qPCR.

Table 3. The Ct values from qPCR for E4 and ML in vitro transcription assays by primer extension
under the conditions with or without reverse transcriptase.

No RT LF/LR No RT L/G RT L/G

E4 Ct(SD) 21.8(0.46) 36.8(0.14) 28.6(0.21)

ML Ct(SD) 23.5(0.86) 37.4(0.45) 28.1(0.06)

No RT LF/LR: In vitro transcription assay with mock primer extension but without reverse transcriptase,

then detected by qPCR using luciferase gene primer pair (LF/LR). No RT L/G: In vitro transcription assay

with mock primer extension but without reverse transcriptase, then detected by qPCR using luciferase

versus GFP gene primer pair (L/G). RT L/G: In vitro transcription assay including primer extension and with

reverse transcriptase then detected by qPCR using luciferase versus GFP gene primer pair (L/G). SD:

Standard Deviation.

doi:10.1371/journal.pone.0135317.t003
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Method validation
Besides analysis of basal and activator-dependent transcription, the Adenovirus E4 and ML
core promoters are often used for the studyof corepromoter element and transcription factor
function [5–6, 16]. To validate whether the method is suitable for such analyses, we have
generated E4 and ML promoterreporter vectors that contains a defective BRE (E4mBRE and
MLmBRE). We performed in vitro transcription analysis alongsidewild typeE4 and ML pro-
moter reporters under basaland activator-independent conditions using the established
method. The transcription activity of the E4 mBREwas reduced over 30-fold when compared
to that of the wild type E4 promoter, whereas the transcription activity of the ML mBRE deriv-
ative increased 3.7 fold when compared to that of the wild type ML promoter (Fig 2a and 2b).
Our previous work showed that the activity of E4 promoter wasreduced 30% whenthe BRE was
rendered defective [5], whereas the activity of the AdML promoter was increased 3-fold by the
defective BRE [6,16]. Our data further demonstrate that the results obtained by the new meth-
odpresented herewere consistent with thosefrom the conventional in vitro transcription assay.
We reported that a loop in the first direct repeat of TFIIB makes sequence-specific contact with
BRE downstream of the TATA box (BREd) at E4 promoter. The TFIIB mutant derivative
(G153Q:R154A) is defective in interaction with theBREd and exhibits decreased transcription
activity at the E4 promoter [5]. Therefore, we performed basal (activator-independent)tran-
scription analysis using theE4 and ML promoters using TFIIB-depleted and non-depleted
nuclear extract supplemented with purified recombinant wild type TFIIB or TFIIB mutant
(G153Q:R154A). Fig 2C shows that TFIIB mutant exhibited significantly reduced activity
using either the E4or ML promoter, TFIIB mutant had little impact on transcription of the E4
and AdML promoters using the NE that endogenous TFIIB was not depleted. Taken together,
the data confirm that our newly established method can be applied to several types of transcrip-
tional analyses in vitro.

We previously demonstrated and show again above (Fig 2B)that mutation of the BRE stim-
ulates the activity of the AdML promoter [6]. Whether this effectdepends on the TATA box of

Fig 2. Validation of the novel method by analysis of core promoter elements. A) The analysis of
basalactivator-independent transcription of the wild type E4 promoter and an E4 derivative that contains a
defective BRE. B) The analysis of basal activator-independent transcription of the wild type ML promoter and
an ML derivative that contains a defective BRE. C) The effect of TFIIB mutation (G153Q:R154A) on the
activity of basal transcription for the E4 promoter (left panel) and ML promoter (right panel) using TFIIB-
depleted and non—depleted NE supplemented with wild type TFIIB or its mutant. D) Analysis of transcription
activation usingthe promoters BRE-mTATA (BREmT) and mBRE-mTATA (mBREmT), using nonradioactive
in vitro transcription assay. E) As in part D but using a conventional in vitro transcription assay followed by
electrophoresis and detection by autoradiography. F) The AdML promoter derivatives BRE-mTATA (BREmT)
and mBRE-mTATA (mBREmT)linked to a luciferase reporter were co-transfected with a vector driving
expression of the activator GAL4-VP16. 48 hours later the cells were lysed and luciferase activity was
quantified. Each bar represents the mean of at least three independent experiments with standard deviation.
The symbol “*” represents P�0.05, the symbol “**” represents P�0.01,the p values were obtained by
performing t test.

doi:10.1371/journal.pone.0135317.g002
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the AdML promoter remains unknown. We next examined the effect of BRE mutation on the
transcription activity of the AdML promoter when the TATA element was also rendered defec-
tive. The transcriptional activity of the AdMLpromoter containing a defective TATA element
(BREmTATA) was compared with the AdML promoter containing both a defective TATA ele-
ment and defective BRE (mBREmTATA) using both nonradioactive (Fig 2D) and conventional
(Fig 2E)in vitro transcription methods. Mutation of the BRE in the AdML promoter that also
has a defective TATA element significantlyincreasedtranscription of the TATA-less promoter.
Taken together with our previous work showing that the BRE acts as a negative element in the
context of a wild type TATA element [6,16], this suggests that BRE function for AdML pro-
moter is independent of the TATA box. The data from luciferase assays comparing BREm-
TATA with mBREmTATA further confirm the finding (Fig 2F). Since three parallel methods
lead to a consistent observation (Fig 2D, 2E and 2F), it indicates that the nonradioactive
method for in vitro transcription can substitute for the conventional method.

The conventional primer extension-dependent in vitro transcription assay is a popular
approach in the research field of gene transcription because of its strong sensitivity and because
it directly detects RNA product by using radioactive isotope-labeled primer, however, its draw-
backs are also notable. In this study, we have established a novel nonradioactive method for in
vitro transcription analysis using DNA template elimination, primer extension and qPCR tech-
niques. Recently, Park and Magan [14] reported a method for cell-free in vitro transcription
that can directly detect RNA transcripts by DNA template depletion and one-step RT-qPCR.
In this method they used a promoter-linked G-less cassette as DNA template and immobilized
beads to remove the DNA template after the transcription reaction was completed. We initially
sought to use a similar method to analyze transcription of the E4 reporter vector; however, we
were not able to achieve stable results, although the DNA template in our experiment was
depleted to a similar level [14]; it is likely that this is due to the low efficiency of transcription
for E4 and ML reporter vectors. Voss et al [17] have recently reported another approach that
can directly detect RNA transcripts in vitro using AffimetricsQuantigene techniques, but it
relies on specialist and facilities to complete the experiment. In our study, the uniquely
designed primers have been used to solve the problem; our data indicate that the primers suc-
cessfully detect low levels of RNA transcript by primer extension and qPCR. Our novel method
is distinct from those published recently [14, 17] and displays high sensitivity, simplicity and
low cost. The method will therefore benefit numerous laboratories that need in vitro transcrip-
tion analysis but cannot easily employ approaches that use radioactive isotopes.
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