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The coupling of nucleotide biosynthesis and genome integrity plays an
important role in ensuring faithful maintenance and transmission of genetic
information. The enzyme dUTPase is a prime example of such coupling, as
it generates dUMP for thymidylate biosynthesis and removes dUTP for
synthesis of uracil-free DNA. Despite its significant role, the expression
patterns of dUTPase isoforms in animals have not yet been described.
Here, we developed a detailed optimization procedure for RT-qPCR-based
isoform-specific analysis of dUTPase expression levels in various organs of
adult mice. Primer design, optimal annealing temperature, and primer con-
centrations were specified for both nuclear and mitochondrial dUTPase
isoforms, as well as two commonly used reference genes, GAPDH and
PPIA. The linear range of the RNA concentration for the reverse tran-
scription reaction was determined. The PCR efficiencies were calculated
using serial dilutions of cDNA. Our data indicate that organs involved in
lymphocyte production, as well as reproductive organs, are characterized
by high levels of expression of the nuclear dUTPase isoform. On the other
hand, we observed that expression of the mitochondrial dUTPase isoform
is considerably increased in heart, kidney, and ovary. Despite the differ-
ences in expression levels among the various organs, we also found that
the mitochondrial dUTPase isoform shows a much more uniform expres-
sion pattern as compared to the reference genes GAPDH and PPIA.

The dUTPase enzyme family is essential in maintaining
genome integrity [1]. It has been also found to be almost
ubiquitous among free-living organisms from bacteria to
man and is encoded in diverse evolutionary strains of her-
pes viruses and retroviruses as well [2]. The function of
the enzyme is to remove dUTP from the cellular pool via
its enzymatic action to catalyze pyrophosphorolysis of
dUTP to result in dUMP and pyrophosphate products.

Abbreviations

This reaction has dual importance for cellular physiol-
ogy, since on the one hand it sanitizes the nucleotide
pool, while on the other hand it also produces dUMP,
the key metabolite for de novo thymidylate biosynthesis.
The significance of low dUTP level within the cells can be
appreciated in light of the cellular response to increased
concentration of uracil in DNA. Uracil can appear in
DNA by two routes, either via cytosine deamination
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(that may occur spontaneously or through regulated
cytosine deaminases) or thymine-replacing incorporation
under high cellular dUTP level. Cytosine deamination is
a mutagenic reaction that will lead to an exchange of a
G:U base pair to an A:T base pair if not promptly
repaired. Thymine-replacing uracils are not mutagenic
per se; however they may perturb those DNA-protein
interactions where the methyl group on the thymine base
plays an important role. Both uracils from deaminated
cytosines or thymine-replacing incorporation are targeted
by uracil excision repair (base excision repair, BER). If
dUTP levels are high in the cellular milieu, repair synthe-
sis will reintroduce uracils, creating a hyperactive futile
cycle leading to chromosome fragmentation and cell
death (thymine-less cell death). Correct and efficient
action of dUTPase is therefore of crucial importance to
prevent thymine-less cell death [3,4].

It has been well established that dUTPase action is of
most significance in cells with actively ongoing DNA
synthesis. In eukaryotic organisms, dUTPase is usually
present in two isoforms, one of these is nuclear and the
other is mitochondrial/cytoplasmic [5-8]. In agreement
with its physiological role, in in vitro cellular experi-
ments the expression of the nuclear isoform of dUTPase
was shown to be under cell cycle control. However, it is
also known that in human cells the mitochondrial iso-
form is constitutively expressed. Although the expres-
sion pattern of dUTPase and its regulation in isolated
eukaryotic cell lines has been covered in insightful
details in numerous articles, much less is known about
the expression pattern of dUTPase in living organisms.
There is especially a lack of information regarding the
expression pattern of the two distinct isoforms, since
expression databases provide only a combined value. In
plants, dUTPase level was associated with the mitotic
status of meristem tissues [9]. In Drosophila melanoga-
ster, the expression of dUTPase was shown to be under
developmental control [5,10]. In cancer tissues, overex-
pression of the nuclear isoform of dUTPase was associ-
ated with poor prognosis [11-13].
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While there is a lack of detailed focused investiga-
tions, the Expression Atlas database obtained by
large-scale systems biology approaches provide a
wealth of data on dUTPase expression levels [14—18].
The reliability of such data is limited, and conflicting
results can be found. Moreover, none of the data pro-
vide any specific information for both of the isoforms
of dUTPases.

In light of the physiological importance of dUTPase
and lack of data on its isoform-specific expression level,
our aim was to develop a highly reliable and well-con-
trolled reverse transcription/quantitative real-time poly-
merase chain reaction (RT-qPCR) method that can be
used for parallel determination of the expression levels
of both dUTPase isoforms. We selected mouse as an
animal model for these studies. In mice, the two iso-
forms are generated via alternative spicing, thus for iso-
form-specific detection, amplification of the differing
regions of the two transcripts was necessary. Both of
these regions have high GC content and therefore a
complex secondary structure that makes the optimiza-
tion process rather difficult [19]. Despite the significance
of RT-qPCR, there has been a lack of consensus on
how to perform and interpret experiments using this
method. This issue was addressed by the MIQE guideli-
nes in order to provide more reliable results [20]. Here,
we present a detailed optimization procedure for the
RT-qPCR conditions and report the performance
parameters of the optimized method in compliance with
the MIQE guideline. We also use this protocol to char-
acterize the organ-specific expression patterns of dUT-
Pase isoforms in adult mice.

Results and Discussion

Optimization of RT-qPCR conditions
Primer selection and annealing temperature optimization

The Dut gene encodes for both nuclear and mitochon-
drial isoform of the enzyme dUTPase in mouse. These

Fig. 1. Selection of primers. (A) On the top, genomic sequences of both nuclear and mitochondrial isoforms are shown. Exons are indicated
with Roman numerals in rectangles and shown with alternating blue and pink colors; introns are simplified as lines (for longer introns, lines
are broken). In the middle, schematic illustration of primer candidates for amplification of both isoforms—after reverse transcription—of the
Dut transcript is depicted. Exons are numbered and shown with alternating blue and pink colors. Common part of the sequence where the
reverse primers are located is enlarged. All primers are indicated with arrows. On the bottom, PCR products amplified with the Rev1
reverse and the appropriate forward primers for both isoforms are shown. (B) Amplification curves for the mitochondrial isoform with the
Rev1 reverse primer performed at a range of annealing temperatures from 53.1 to 69 °C using a gradient thermal block. RFU, relative
fluorescence unit. (C) Melting curve analysis of the PCR products of the amplification introduced in panel B. (D) Agarose gel electrophoresis
of the PCR products of the amplification introduced in panel B. The specific product is indicated with an arrow. (E) Quantification cycles (Cg)
at a range of annealing temperature from 53.1 to 69 °C with all four reverse primer candidates for the mitochondrial isoform. The solid
squares indicate specific products as determined with agarose gel electrophoresis and melting curve analysis. Open squares indicate
aspecific products. (F) The same representation for the nuclear isoform as shown in panel E
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Table 1. Sequences and melting temperatures of the primers
used in this study. nDut-Fw and mDut-Fw are used as the forward
primer for the amplification of the nuclear and mitochondrial
isoforms of dut, respectively. Rev-1, Rev-2, Rev-3, and Rev-4 are
four reverse primer candidates for the amplification of both
isoforms. PPIA-Fw and PPIA-Rev are used for the amplification of
PPIA, while GAPDH-Fw and GAPDH-Rev are used for the
amplification of GAPDH

Primer name Sequence 5'-3 Tm [°C]
nDut-Fw ATGCCCTGCTCGGAAGAT 64.8
mDut-Fw CCGAGGAAGCCGAGGAG 66.3
Rev1 GCTCGAGCCCTCTTGGAG 65.3
Rev2 GCAGAGAAGCGCCATCCT 65.8
Rev3 GTGGCGTGCTCCGAGA 65.4
Rev4 TGTATAATCATAGGCACTGAATAGG 59.9
PPIA-Fw TGGCTATAAGGGTTCCTCCT 61.4
PPIA-Rev AAAACTGGGAACCGTTTGTG 63.6
GAPDH-Fw AGCTCATTTCCTGGTATGACAAT 62.5
GAPDH-Rev GGCCCCTCCTGTTATTATGG 64.1

isoforms differ only in the first exon via alternative
splicing (Fig. 1A). For the quantification of these tran-
scripts, forward primers were designed in the first dif-
ferent exons. As opposed to the limited possibility for
the forward primer design, several reverse primers
could be applicable. Since the amplicon length can
remarkably influence the efficiency of PCR, with short
segments characterized with more efficient amplifica-
tion, we deserved to amplify short regions of cDNA
[21]. The design of primers and the prediction of the
specificity were carried out with the Primer-BLAST
tool [22]. Unfortunately, in silico prediction of the
specificity of the products with each potential primer
pairs did not result in a conclusive optimal selection of
adequate primers in terms of specificity. Therefore, we
decided to select three exonic (Revl, Rev2, and Rev3)
and one exon junction spanning (Rev4) common
reverse primers for both isoforms to be experimentally
investigated (Table 1).

We realized that the relatively high GC content of
the first exon of the nuclear and the first two exons of
the mitochondrial isoforms (70% for the nuclear and
75% for the mitochondrial isoform, respectively) may
be associated with a complex secondary structure and
accordingly a decrease in PCR efficiency [19]. Hence,
the secondary structure of the transcripts was analyzed
with the OligoAnalyzer tool of Integrated DNA Tech-
nologies. The secondary structure of the PCR product
with the isoform-specific forward primers and Rev4
and Revl reverse primers is shown in Fig. S1. We
selected the Rev4 and Revl reverse primers for this
comparison since these will lead to the production of
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the longest and shortest PCR products. Using the
Rev4 reverse primer, a longer PCR product is formed
which results in a more complex secondary structure
characterized with a higher melting temperature and
greater change in Gibbs free energy as compared to
the PCR product produced with Revl reverse primer
(Fig. S1E).

For both nuclear and mitochondrial isoforms, all
four candidate reverse primers were tested at a range
of annealing temperature from 53.1 to 69 °C using a
gradient thermal block. To test all primer pairs, the
same amount of cDNA template was used in the PCR
in order that the quantification cycle (C,) values of
different primers can be compared for each target. Fig-
ure 1B shows the amplification curves for the mito-
chondrial isoform with the Revl reverse primer.
Amplification associated with higher annealing temper-
ature results in lower Cy value, indicating more effi-
cient amplification. Melting curve analysis (Fig. 1C)
and agarose gel electrophoresis (Fig. 1D) were per-
formed to assess the specificity of the amplification
reaction. In case of the PCR product for the mito-
chondrial isoform with the Revl reverse primer, the
78-base pair (bp) length specific product is formed in
the range of annealing temperature from 66 to 69 °C
with a melting temperature of 89.5 °C; however, at
lower temperature aspecific products appear (cf aspeci-
fic products with approximately 84 °C melting temper-
ature on Fig. 1C). For the nuclear isoform with the
Revl reverse primer, the image of agarose gel elec-
trophoresis is shown in Fig. S2A. Between 55.4 and
69 °C, 53-bp length specific product is formed. Fig-
ure S2B presents the agarose gel electrophoresis of the
PCR products for both isoforms with Rev2 reverse
primer in the same range of annealing temperature.
For the nuclear isoform, the 73-bp length specific pro-
duct is formed from 58.6 to 69 °C, while for the mito-
chondrial isoform the 98-bp specific product is formed
only at 68 °C.

For comparison of the candidate reverse primers,
the Cq values were plotted on the same diagram in the
investigated temperature range (Fig. 1E,F for the mito-
chondrial and nuclear isoforms, respectively) also
marking the specificity of the products. In case of the
mitochondrial isoform, despite the specificity of the
product with Rev4, the C, values are much higher
than in case of Revl and Rev2. Rev3 has a similar
temperature range regarding the product specificity
than Revl and Rev2; however, the C, values are
higher. Revl and Rev2 are quite similar to each other
both in specificity and C, values. In case of the nuclear
isoform, all four reverse primers result in specific pro-
duct formation from 62.7 to 69 °C. Revl and Rev2
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are similar to each other regarding the C, values, while
Rev3 and Rev4 have higher values; thus, the use of
Rev3 and Rev4 was ruled out. The differences in Cq
values produced with the four reverse primer candi-
dates may be the consequence of different amplicon
length and corresponding PCR efficiencies, as amplifi-
cation of shorter regions associated with less complex
secondary structure proved to be more advantageous
regarding the Cq values.

Besides the two isoforms of the Dut gene, two com-
monly used reference genes were also included in this
study, glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and peptidyl-prolyl cis-trans isomerase A
(PPIA) [23-27]. The primers used for amplification of
GAPDH and PPIA ¢cDNAs produce specific products
(209 and 200 bp for GAPDH and PPIA, respectively)
in the whole range of annealing temperature from 53.1
to 69 °C (Fig. 2A,B); nonetheless, C, values start to
increase above 66 °C indicating suboptimal reaction
conditions (Fig. 2C). We aimed to develop a method
where transcripts from both nuclear and mitochondrial
isoforms of the Dut gene as well as the two references
(GAPDH and PPIA) can be analyzed on the same
plate (i.e. gene maximization method). Thus, for deter-
mination of a common nearly optimal annealing tem-
perature for all four targets, a detailed temperature
gradient experiment was performed in the range from
61.2 to 66°C (Fig. 2D,E and Fig. S2C-E). With Revl
reverse primer, the PCR product for the nuclear iso-
form was specific in the whole temperature range. For
the mitochondrial isoform, however, specific product
formation was observed only above 65 °C, while at
65 °C only a minuscule amount of aspecific product
was found (Fig. 2D). With Rev2 reverse primer,
aspecific product formation was found also at 65.7 °C
and below for the mitochondrial isoform (Fig. S2C).
For comparison of the candidate reverse primers in
the detailed annealing temperature range, refer to
Fig. S2D.E.

In conclusion, due to better specificity in case of the
mitochondrial isoform, Revl was selected for the
reverse primer. Fig. 2E shows the C, values and speci-
ficity of the selected primers in the detailed annealing
temperature range. For the C, values and specificity of
the selected primers in the broader 53.1-69 °C anneal-
ing temperature range, refer to Fig. S2F. Both 65 and
66 °C could serve as a common annealing temperature
for amplification of all four targets; however, at 66 °C,
the C, value for PPIA was increased by I cycle indi-
cating suboptimal reaction. At both temperature
points, several PCRs were performed to assess the pro-
duct specificity (Fig. 2F,G). At 65 °C, some of the sev-
eral PCR products were aspecific, while at 66 °C no

Optimized RT-gPCR to follow expression of dUTPase isoforms

aspecific product was found; thus, 66 °C was selected
for the annealing temperature to be used.

Optimization of primer concentration

The importance of the optimization for primer concen-
trations is rarely taken into account; however, it can
greatly influence the performance of the assay [28].
Five point 2-fold serial dilutions were prepared of each
primer and a range of forward primer concentration
was run against a range of reverse primer concentra-
tion in a form of a matrix for both nuclear and mito-
chondrial isoforms (Fig. 3) [29]. For all reactions, a
master mix was prepared with a small amount of
cDNA that only lacked the primers to ensure constant
concentration of all components of the reaction—ex-
cept for the primers. Two technical replicates were
used for each point of the matrix. In case of the
nuclear isoform (Fig. 3A), higher concentrations of
both primers resulted in lower C, values, while all
products were specific; therefore, the highest values of
the tested concentrations were chosen for further
experiments, that is 1200 nm for the forward and
1000 nm for the reverse primer. In case of the mito-
chondrial isoform (Fig. 3B), Cq values also decreased
with higher concentrations; nonetheless, specificity of
the product was compromised at the two highest con-
centration points of the forward primer. To avoid
aspecific product formation, the third most concen-
trated point for the forward and the most concentrated
point for the reverse primer was selected for further
experiments, that is 375 nm for the forward primer
and 1000 nMm for the reverse primer.

Confirmation of the identity of the PCR products

The GAPDH and PPIA products were sequenced;
however, the products of the nuclear and mitochon-
drial dUTPase isoforms are too short for sequencing
(53 and 78 bp, respectively); therefore, a two-round
amplification was performed (Fig. 4). Since for both
isoforms, the Rev4 reverse primer had appropriate
product specificity and length for sequencing (165 bp
for the nuclear and 190 bp for the mitochondrial iso-
form), the first round of PCR was performed using
ovary cDNA, Rev4 reverse primer and the appropriate
forward primer, and then, the PCR products were
purified and sent for sequencing. As the sequences of
the products were confirmed, they were diluted and
used as template in the second round of PCR with
Revl reverse primer and the appropriate forward pri-
mer for both isoforms, since the PCR products with
Rev4 reverse primer contain the whole sequence of the
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Fig. 2. Determination of the optimal common annealing temperature with thermal gradient for the PCR amplification of both isoforms of the
Dut transcript, GAPDH, and PPIA. (A, B) Agarose gel electrophoresis of the PCR products for GAPDH (A) and PPIA (B) at a range of
annealing temperature from 53.1 to 69 °C. The specific product is indicated with an arrow. (C) Quantification cycles (Cy) at a range of
annealing temperatures from 53.1 to 69 °C for GAPDH and PPIA. (D) Agarose gel electrophoresis of the PCR products for both nuclear and
mitochondrial isoforms with Rev1 reverse primer at a range of annealing temperature from 61.2 to 66 °C. The specific products are
indicated with arrows. (E) Quantification cycles (Cg) at a range of annealing temperatures from 61.2 to 66 °C with the selected primers. The
solid squares indicate specific products as determined with agarose gel electrophoresis and melting curve analysis. Open squares indicate
aspecific products. (F, G) Melting curve analysis of the PCR products for the mitochondrial isoform with the selected Rev1 reverse primer at
65 °C (F) and 66 °C (G) for the determination of product specificity

PCR products with Revl reverse primer. The second reverse primer and appropriate forward primers for
round PCR products were run on agarose gel along both isoforms and ovary cDNA (Fig. 4A). The melting
with products of a single-round PCR using Revl curves of the second round and single-round PCR
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A nDut

Optimized RT-gPCR to follow expression of dUTPase isoforms

Fig. 3. Determination of the optimal primer concentrations using concentration gradient of primers for both isoforms of the Dut transcript.
(A) Quantification cycles as a function of the concentration of both the forward and reverse primers for the amplification of the nuclear
isoform. Decreasing Cq values are indicated with increasing color intensity. The selected concentration point is shown with dark green. The
Cq axis is broken from 2 to 28. (B) The same representation for the mitochondrial isoform as shown in panel A. Orange bars indicate
aspecific product formation. Amplification at the least concentrated point of both primers did not occur; thus, no associated Cq value is

shown in the graph

products were also compared (Fig. 4B). Both compar-
isons confirmed the two products to be identical for
both isoforms. Fig. 4A also shows representative
bands of the PCR products for GAPDH and PPIA in
the optimized PCR conditions.

Selection of a reverse transcription kit

Since the performance of the reverse transcription
(RT) reaction heavily depends on the target concentra-
tion, total RNA concentration, priming strategy, the
enzyme used and other parameters, careful selection
and optimization of these criteria are of utmost impor-
tance [30,31]. First, we aimed to compare two com-
mercially available RT kits. For this purpose, three
different sources of RNA (heart, ovary, and spleen)
were subjected to two different RT kits, High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA, USA) and iScript cDNA Synthesis
Kit (Bio-Rad, Hercules, CA, USA). Four point 4-fold
serial dilutions of RNA were prepared and introduced
to the RT reaction with a starting amount of 800 ng
(Fig. 5A-D). All ¢cDNA samples were subjected to
gPCR measurement with three technical replicates.
For each serial dilution, weighted least-squares linear
regression was performed to the average of the three

technical replicate C, values. In case of the nuclear
isoform and GAPDH, using the Applied Biosystems
kit, the most concentrated point of the spleen sample
was excluded because of lack of fit (Fig. 5A). In case
of the mitochondrial isoform, fitting was performed
using only three concentration points as the most con-
centrated points showed lack of fit for all samples
(Fig. 5B). All fittings for the Applied Biosystems kit
were appropriate with R-square values above 0.99;
however, in some cases the R-square values were as
low as 0.91 for the Bio-Rad kit.

For both isoforms, the use of the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems)
resulted in considerably lower C, values than iScript
cDNA Synthesis Kit (Bio-Rad) for all three RNA
samples (Fig. 5A,B), indicating better performance of
the RT reaction. In addition, the slopes of the regres-
sion lines were much lower for the mitochondrial iso-
form using the Bio-Rad kit, indicating that the
sensitivity of the assay could be compromised using
the Bio-Rad kit. For PPIA, the Applied Biosystems kit
performs somewhat better, while in case of GAPDH,
with Bio-Rad kit lower Cq values could be achieved
(Fig. 5C,D); however, both kits produced parallel lin-
ear lines. In conclusion, for both isoforms and PPIA,
Applied Biosystems kit is more preferential and also
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applicable for GAPDH; thus, it was selected for fur-
ther experiments.

thus ensuring lack of inhibition of the RT reaction in an
extent that could compromise our results—five RNA
samples from different organs (brain, heart, ovary,
spleen, and thymus) were prepared (Fig. SE-H). Four
point 4-fold serial dilutions of the samples were sub-
jected to cDNA synthesis followed by qPCR measure-

Determination of the linear concentration range for the
RT reaction

To provide comparability of the results of a RT-qPCR
study, the efficiency of the RT reaction must be kept
constant. For this purpose, standardization of the reac-
tion parameters—including total RNA concentration—
and to work within the linear concentration range of the
reaction is essential [30,31]. To determine the linear
range of RNA concentration for the cDNA synthesis—

ment with three technical replicates. For each serial
dilution, weighted least-squares linear regression was
performed to the average of the three technical replicate
C, values. In all cases, the most concentrated points fell
out of the linear range for the mitochondrial isoform
(Fig. 5F), whereas all concentration points were
included in the linear range for the nuclear isoform

Fig. 5. Selection of an appropriate cDNA synthesis kit for the reverse transcription reaction and determination of the linear concentration
range. (A-D) Comparison of Applied Biosystems (AB) and Bio-Rad (BR) cDNA synthesis kits for the nuclear (A) and mitochondrial (B)
isoform, GAPDH (C), and PPIA (D) using heart, ovary, and spleen RNA samples. Fourfold serial dilutions with a starting concentration of
800 nv RNA solutions were introduced to cDNA synthesis followed by gPCR analysis. The points are calculated as the mean of three
technical replicates. Error bars show standard deviation. In the linear concentration range, weighted least-squares linear regression was
performed. Solid lines correspond to the Applied Biosystems kit, while dotted lines correspond to the Bio-Rad kit. (E-H) Fourfold serial
dilutions with a starting concentration of 800 nm RNA solutions using five RNA samples derived from different organs introduced to the
Applied Biosystems cDNA synthesis kit followed by qPCR analysis for the nuclear (E) and mitochondrial (F) isoforms, GAPDH (G) and PPIA
(H). The points are calculated as the mean of three technical replicates. Error bars show standard deviation. In the linear concentration
range, weighted least-squares linear regression was performed.
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(Fig. SE), GAPDH (Fig. 5G), and PPIA (Fig. 5H). For
further experiments, the second most concentrated point
was selected; that is, 200 ng total RNA was subjected to
cDNA synthesis to ensure linearity of the RT reaction
for all four targets investigated.

Determination of the PCR efficiencies

In contrast to a commonly used method, we used
serial dilutions of cDNA samples that were prepared
with our verified RT reaction, instead of serial dilu-
tions of standards, since the PCR efficiencies can be
affected by components presented in the matrix. Thus,
the use of serial dilutions of standards for the determi-
nation of PCR efficiencies inherently bears the possi-
bility of the results being biased because of the
different matrices [32].
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Five point 4-fold serial dilutions were prepared from
cDNA samples derived from five different organs
(brain, heart, ovary, spleen, and thymus) and subjected
to qPCR measurement with four technical replicates
(Fig. 6). Weighted least-squares linear regression was
performed for all data points to counteract the effects
of heteroscedasticity [33]. However, in case of the two
Dut isoforms, some replicates of the least concentrated
point did not provide Cq values as amplification did
not occur, in those cases the whole concentration point
was excluded from the analysis (Fig. 6) [34]. The inter-
cept and slope of the curves and R-square values were
determined, and efficiency was calculated from the
slope (Table S1) [35]. Mean efficiency was calculated
as the arithmetic mean of the individual efficiency val-
ues. The efficiency was estimated to be 88.4% for the
nuclear isoform, 79.5% for the mitochondrial isoform,

B 45 mDut ‘
brain
44 4 heart
42 ovary
spleen
40 thymus
38
o
O 36
34
32
30
28
256 64 16 4 1
Dilution
D PPIA
36 .
brain
34 4 @ O heart
32 O ovary
. o spleen
30 i, 8- o thymus

256 64 16 4 1
Dilution

Fig. 6. Evaluation of the amplification efficiency for both nuclear (A) and mitochondrial (B) isoforms of the Dut transcript, GAPDH (C), and
PPIA (D). Fourfold serial dilutions of cDNA derived from 200 nm RNA solutions isolated from five different organs were subjected to gPCR
measurement. All four technical replicates are shown, and weighted least-squares linear regression was performed for each serial dilutions.
In cases, where no amplification occurred for one or more technical replicates, all four values belonging to the concentration point were
excluded from the analysis. For comparability of the slope of the fitted line, the range of the y-axis on every graph is constant.
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94.1% for GAPDH, and 91.7% for PPIA. Generally,
PCR efficiencies above 90% are accepted due to the
assumption that precise and sensitive reactions are
associated with high PCR efficiency [28]. However, we
demonstrate below that our assay is characterized with
adequate performance parameters. For further experi-
ments, the determined efficiencies were taken into
account to calculate relative quantity values.

For all concentration points investigated, the reac-
tion was linear. Thus, the dynamic range of the assay
was linear for GAPDH between 20.3 and 35.5 C,, for
PPIA between 19.7 and 33.3, for the nuclear isoform
between 23.5 and 36.8, for the mitochondrial isoform
between 30.3 and 40.6 C, values. Moreover, the cDNA
added to the reaction in a final dilution from 0.5 puL
to 1.95 x 107* uL per 10 pL reaction resulted in no
observable inhibition of the amplification. For further
experiments, 0.31 pL of ¢cDNA was added to each
reaction.

Expression levels of dUTPase isoforms in adult
mouse tissues determined by the optimized RT-
qPCR protocol

To assess the applicability of the optimized RT-qPCR
assay, RNA was isolated from eight different organs
of 10-week-old male and female mice. The integrity of
all RNA samples was assessed with agarose gel elec-
trophoresis (Fig. S3), and the purity was determined
with NanoDrop (Table S2). Gel electrophoresis was
our method of choice for the assessment of RNA
integrity, because of its simplicity and affordability
and considering that even moderately degraded RNA
samples can be reliably quantified, provided the ampli-
cons are short and expression is normalized to refer-
ence genes [36]. All samples visualized on agarose gel
showed the two distinct bands that were identified as
the characteristic rRNA bands (28S and 18S) without
any obvious degradation products or genomic DNA
contamination. The 260/280 ratios were between 1.98
and 2.13 in most cases with two slightly higher values
(2.22 and 2.61) (Table S2); thus, the purity of RNA
was accepted for all samples [37].

Samples were subjected to the assay with three bio-
logical replicates from three different mice and three
technical replicates for each biological replicate for
each biological group (Fig. 7). In this study, biological
groups are defined as different organs from either
female or male mice. Fig. 7A,B shows the amplifica-
tion curves of the four targets (the two dUTPase iso-
forms, and the two reference genes, GAPDH and
PPIA) for organs with the highest level of expression
of the nuclear and mitochondrial isoform, male

Optimized RT-gPCR to follow expression of dUTPase isoforms

thymus, and male heart, respectively. Graphs showing
the amplification curves for all biological groups are
included in Fig. S4.

We have observed that both the biological and tech-
nical scatter of the C, values for each target within
each biological group is considerably low as shown by
the amplification curves (Fig. 7A,B and Fig. S4). The
standard deviation of the C, values between technical
replicates was found to be 0.14, 0.13, 0.065, and 0.13
for the nuclear and mitochondrial isoform, GAPDH,
and PPIA, respectively, as determined by ANOVA.
Comparing the C, values obtained for the different
organs, we have also observed that the difference
between the C, values associated with the target genes
GAPDH and PPIA showed considerably larger alter-
ations than the C, values for the mitochondrial dUT-
Pase isoform. Therefore, based on the low variation of
the C, values within every biological group, we
decided to use the AC, method in Bio-Rad CFX MAE-
STRO software for a reliable assessment of the relative
expression level of every biological group for all four
targets (Fig. 7C-F). As no reference gene was used in
this comparison and several qPCR runs were included,
the threshold in the amplification plot was set to a
common value to ensure comparability of the C4 val-
ues between qPCR runs. Although the use of the AC,
method with no reference genes may lead to errors due
to the variation of RNA content and sample loading,
the differences in the efficiency of RT and PCR and
RNA integrity [23,38], in our present experiments, the
very low variation of the Cy values among the nine
replicates indicated that such errors will not affect the
reliability of our analysis. In fact, as shown in Fig. 7E,
F, both reference genes showed considerably large
variation among the different organs and the most
stable expression pattern was shown by the mitochon-
drial dUTPase isoform (Fig. 7D).

Differences between the two sexes were small and
found to be nonsignificant as determined by ANOVA
(for the effect of sex, P values were 0.20, 0.94, 0.15,
and 0.08 for the nuclear and mitochondrial isoform,
GAPDH, and PPIA, respectively). However, larger dif-
ferences were observed between organs that were
highly significant (P < 107'® for all four targets). In
case of the nuclear isoform, thymus had the highest
expression, followed by testicle, spleen, ovary, and
brain, in order. Heart, kidney, liver, and lung showed
markedly lower expression levels. The largest differ-
ence observed was between the expression levels of the
nuclear dUTPase isoform in male liver and male thy-
mus, with a 138-fold increase in the latter. The expres-
sion level of the mitochondrial isoform was highest in
the heart, followed by kidney and ovary. In contrast
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Fig. 7. Evaluation of the method. (A, B) Amplification curves of male thymus (A) and male heart (B). Red color indicates the nuclear isoform,
blue indicates the mitochondrial isoform, green indicates GAPDH, and brown indicates PPIA. Three biological replicates and three technical
replicates for each biological replicate are shown for each graph. Threshold values are set to 500 RFU. RFU, relative fluorescent unit. (C-F)
Relative quantity of gene expression of the nuclear isoform (C), the mitochondrial isoform (D), GAPDH (E) and PPIA (F) using ACq method.
In each case, logarithmic scales are used and the relative quantity of gene expression of the biological group with the lowest expression
was set to 1. The biological groups of the same organs are juxtaposed with the female sex first. Error bars show standard deviation

to the nuclear isoform, the mitochondrial isoform pre-
sented much smaller differences. An overall 4.61-fold
difference between the highest (male heart) and lowest
(male liver) expression level was observed. As for
GAPDH and PPIA, considerable differences exist
between the organs, an overall 28.5-fold difference in
GAPDH expression and 9.33-fold difference in PPIA
expression was detected in comparing the highest
expression to the lowest expression. The mitochondrial
dUTPase isoform shows considerably stable expression
pattern among various tissues, thus may be regarded as
a possible reference gene for gene expression analysis
involving several different organs with similar expres-
sion level of the mitochondrial isoform. In our study,
heart, kidney, and ovary showed elevated expression
levels; hence, normalization with the mitochondrial iso-
form for the comparison of gene expression between all
these organs is not applicable, however may be appro-
priate for organs with similar expression levels.

Conclusions

Our aim was to design, optimize, and validate a
method for the simultaneous quantification of the
expression levels of both nuclear and mitochondrial
isoforms of dUTPase. These isoforms differ only in
the first exon via alternative splicing. To develop an
isoform-specific method, amplification near the 5 end
of the transcripts was necessary, where the target
sequences have a relatively high GC content and
accordingly, a complex secondary structure that makes
the optimization process rather difficult. In this paper,
we introduced a detailed optimization procedure that
could be useful for overcoming similar problems.
Amplification of shorter regions associated with less
complex secondary structure proved to be more advan-
tageous. Since sequencing of short amplicons is not
possible with the conventional Sanger sequencing
method, we propose a two-round amplification method
for the confirmation of the identity of the PCR prod-
ucts. We found that higher primer concentration
results in more efficient amplification as long as the
product specificity is not compromised. We compared
two commercially available reverse transcription kits
for our purpose and realized that the selection of an
RT kit determines the suitability of the RT-qPCR

assay fundamentally, and its applicability should be
investigated for each target gene. We have successfully
developed a method for the isoform-specific determina-
tion of the expression of dUTPase taken into consider-
ation the critical design parameters of the assay. In
addition, we have evaluated the performance of the
assay in terms of specificity, efficiency, precision, and
the linear dynamic range. Our study is fully compliant
with the MIQE guidelines (Table S3).

With regard to the expression of dUTPase isoforms
among the different organs in adult mice, we observe
that the nuclear isoform is expressed at a high level in
thymus, spleen, and reproductive organs. It is well
known that in both thymus and spleen, considerable
mitosis occurs due to their involvement in lymphocyte
production [39]. Therefore, the biological role of these
organs is in agreement with the well-established role of
dUTPase in dividing cells. Heart, liver, kidney, ovary,
and brain are organs known to be rich in mitochondria
[40,41]. However, elevated level of expression of the
mitochondrial isoform of dUTPase was found only in
heart, kidney, and ovary. Only a minuscule difference in
the expression of the mitochondrial isoform was found
in the other organs. In contrast, the difference in the
expression levels of two commonly used reference genes,
GAPDH and PPIA is much larger among the different
mouse organs. This observation underlines the impor-
tance of the selection of appropriate reference genes in
gene expression studies. Based on our results, we pro-
pose the use of the mitochondrial isoform of dUTPase
as a potential reference gene for studies involving com-
parisons between different organs in mice. For gene
expression studies involving mitochondrial proteins,
normalization is usually carried out to expression levels
of traditional reference genes [42,43]; however, the use
of transcripts for mitochondrial proteins as reference
genes, such as the mitochondrial isoform of dUTPase,
may be beneficial for gene expression studies of mito-
chondrial proteins as well.

Materials and methods

Animals

Mice used in the experiments were produced and main-
tained in the Animal Care Facility at the NAIK
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Agricultural Biotechnology Center (FVB/N background,
Envigo, Huntingdon, UK). Animals were housed in groups
of 2-5 with free access to food and water. Animals were
kept under standard light—dark cycle (06.00-18.00 h) at
22 °C. This study was carried out in strict accordance with
the recommendations and rules in the Hungarian Code of
Practice for the Care and Use of Animals for Scientific Pur-
poses. The protocol was approved by the Animal Care and
Ethics Committee of the NAIC-Agricultural Biotechnology
Institute and the Pest County’s governmental office (per-
mission number: PEI/001/329-4/2013). The method used
for euthanasia: cervical dislocation. All efforts were made
to minimize suffering.

RNA isolation

Mice were euthanized and organs were prepared by
macrodissection and were quick-frozen in liquid nitrogen
and stored in —70 °C until processing, which was carried out
typically within a month. RNA isolation was carried out as
quickly as possible using RNeasy Plus Mini Kit (Qiagen, Hil-
den, Germany) according to the manufacturer’s instructions.
The organs were kept in liquid nitrogen, and approximately
20 mg of samples was excised. Before homogenization, sam-
ples were kept on ice. Mini beadbeater 96 (Biospec Products,
Bartlesville, OK, USA) was used for homogenization with
0.9-2.0 mm RNase-free stainless-steel beads (Next Advance,
Averill Park, NY, USA) for 1 min. DNase treatment was
carried out with RNase-Free DNase Set (Qiagen) according
to the manufacturer’s instructions. RNA was eluted in 50 pL
of RNase-free water (Ambion, Austin, TX, USA), and the
concentration and purity were determined with NanoDrop
ND-1000 (Table S2). Samples were diluted to 24 ng-pL ™"
final concentration. The integrity and genomic DNA con-
tamination of all RNA samples were tested using nondena-
turing gel electrophoresis with 1% agarose gel in TBE buffer
stained with ethidium bromide (Fig. S3). GeneRuler 1kb plus
DNA ladder (Thermo Scientific, Waltham, MA, USA) was
loaded as marker. Gel Doc XR+ Imager (Bio-Rad) was used
for imaging.

cDNA synthesis

All RNA samples—except those that were used to assess the
applicability of the iScript cDNA Synthesis Kit (Bio-Rad)—
were subjected to cDNA synthesis using the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems)
according to the manufacturer’s recommendations in reac-
tions of 20 pL total volume with random hexamer primers.
Thermal cycling conditions were set in ProFlex PCR System
(Applied Biosystems). For the determination of optimal con-
ditions for cDNA synthesis, four point 4-fold serial dilutions
of RNA were prepared and introduced to the RT reaction
with a starting amount of 800 ng. For all other purposes,
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200 ng of RNA was used for each individual cDNA synthe-
sizing reaction, unless otherwise noted. cDNA samples were
kept at —20 °C until further processing.

Design of primers

For the design of primers, the sequences of the transcripts
of interest were downloaded from the RefSeq database.
The gene Dut has two known splice variants that differ in
the first exons (accession numbers: NM_023595.6 and
NM_001159646.1, for the nuclear and mitochondrial iso-
form, respectively). For our experiments, we have con-
firmed the corresponding genomic DNA sequence of Dut
by sequencing and isoform-specific primers were designed.
Two reference genes were also used, GAPDH and PPIA.
GAPDH has two known splice variants in mice (accession
numbers: NM_001289726.1 and NM_008084.3) differing in
the first exons; thus, primers were designed to amplify the
3’ common region of the mRNA. For GAPDH, an exon
junction spanning forward and an exonic reverse primer
were designed. PPIA has only one splice variant (NM_
008907.2). For PPIA, exonic forward and reverse primers
were designed. The design of primers and the prediction of
the specificity were carried out with the Primer-BLAST tool
[22]. The oligonucleotides were ordered from Sigma—
Aldrich (St. Louis, MO, USA) with desalting purification.

qPCR method

For the amplification, MyTaq HS Mix (Bioline, London,
UK), Evagreen dye (Biotium, Hayward, CA, USA),
RNase-free water (Ambion), cDNA template, and appro-
priate primers were mixed in 10 pL final volume reactions.
Clear Hard-Shell 96-Well PCR Plates (Bio-Rad) and
Microseal "B’ PCR Plate Sealing Film (Bio-Rad) were used.

For the temperature gradient optimization, cDNA
reverse-transcribed from 200 ng of RNA isolated from 10-
week-old ovary sample was used to result in a final dilution
of 0.05 uL/10 pL reaction. Final dilution in these cases was
reached in a series of dilutions. For the primer concentra-
tion optimization, cDNA reverse-transcribed from 200 ng
of RNA isolated from 10-week-old ovary sample was used
to result in a final dilution of 0.055 uL/10 pL reaction. For
the determination of optimal conditions for cDNA synthe-
sis, RNA was isolated from 10-week-old female brain,
heart, and ovary and 4-week-old male spleen and thymus
with three biological replicates from different mice for each
organ. Equal amount of each replicate RNA sample was
pooled and cDNA was prepared—with either High-Capac-
ity cDNA Reverse Transcription Kit (Applied Biosystems)
or iScript cDNA Synthesis Kit (Bio-Rad)—using 800, 200,
50, and 12.5 ng of total RNA. The resulting cDNA sam-
ples were subjected to qPCR in a final dilution of 0.31 puL/
10 pL reaction.
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For determining the PCR efficiencies, cDNA samples
with three biological replicates from different mice for each
organ were reverse-transcribed from 200 ng of RNA iso-
lated from 10-week-old female brain, heart, and ovary and
4-week-old male spleen and thymus. Equal amount of each
replicate cDNA sample was pooled and used to prepare
fourfold serial dilutions. cDNA was subjected to qPCR in
final dilutions of 0.5 pL, 0.0125 pL, 3125 x 1073 puL,
7.81 x 107, and 1.95 x 10~* uL per 10 pL reaction.

For the assessment of the optimized RT-qPCR assay,
cDNA from 200 ng of RNA isolated from 8 different
organs (brain, heart, kidney, liver, lung, ovary/testicle,
spleen, and thymus) of 10-week-old male and female mice
were subjected to qPCR in a final dilution of 0.31 pL/
10 uL reaction. Each organ from either female or male
mice forms a biological group, which includes three biologi-
cal replicates from different mice.

The primers used for amplification are summarized in
Table 1. GAPDH-Fw and GAPDH-Rev primers were used
in a final concentration of 315 nm; PPIA-Fw and PPIA-
Rev primers were used in a final concentration of 425 and
500 nm, respectively. For the temperature gradient opti-
mization, Revl, Rev2, Rev3, and Rev4 primers were used
in a final concentration of 250 nm. For the primer concen-
tration optimization, Revl, Rev2, Rev3, and Rev4 primers
were used in final concentrations of 1000, 500, 250, 125,
and 62.5 nm. For all other experiments, 1000 nm final con-
centration was used for Revl primer. For the temperature
gradient optimization, nDut-Fw and mDut-Fw primers
were used in final concentrations of 300 and 375 nwm,
respectively. For the primer concentration optimization,
nDut-Fw primer were used in final concentrations of 1200,
600, 300, 250, and 125 nm, while mDut-Fw primer was
used in final concentrations of 1500, 750, 375, 187.7, and
93.75 nMm. For all other experiments, 1200 nm final concen-
tration was used for nDus-Fw primer and 375 nwm final con-
centration was used for mDut-Fw primer.

A gene maximizing plate design was used with manual
reaction setup. Each plate contained four replicates of no
template controls (NTC) for each target and three technical
replicates of no reverse transcriptase (NRT) controls for
each target and each sample. All other reactions were car-
ried out in triplicates, unless otherwise noted.

PCR cycling was performed at 95 °C for 5 min followed
by 50 cycles of denaturation at 95 °C for 30 s, annealing
and extension at 66 °C for 30 s, and melting curve analysis
from 60 to 95 °C at a rate of 0.5 °C/5 s. CFX96 real-time
PCR detection system (Bio-Rad) was used for thermal
cycling and detection.

Assessment of the specificity of PCR

The specificity of the PCR products was tested first using gel
electrophoresis with 2% agarose gel in TBE buffer stained with
GelRed nucleic acid gel stain (Biotium). GeneRuler 100 bp
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plus DNA ladder (Thermo Scientific) was loaded as marker.
Gel Doc XR+ Imager (Bio-Rad) was used for imaging. To
confirm the identity of all PCR products—except for the PCR
product for the nuclear and mitochondrial isoforms, which
were too short for sequencing—DNA was isolated from agar-
ose gel with NucleoSpin gel and PCR clean-up (Macherey-
Nagel, Duren, Germany) according to the manufacturer’s rec-
ommendations and sequenced by Microsynth Seqlab, Gottin-
gen, Germany. To confirm the identity of the PCR products
for the nuclear and mitochondrial isoforms, PCR product for
both isoforms with Rev4 reverse primer using ovary cDNA
was isolated from agarose gel. The concentration of the DNA
was determined with NanoDrop ND-2000, and the samples
were used as template in a second round of PCR with 10 and
0.1 fg-uL~" final concentration for both isoforms. For further
reactions, the specificity of the formed PCR products was con-
firmed with melting curve analysis. Results were accepted only
with uncompromised product specificity—or indicated other-
wise for the process of optimization.

Analysis of data

Amplification curves and melting curves were illustrated by
CFX MAESTRO 1.1 software (Bio-Rad). C, determination mode
was set to single threshold. For primer optimization experi-
ments, all data were used in the analysis, and none were
excluded. However, in other experiments we have set several
criteria to define outlier data. First, C, values were identified
as outlier and disposed of, if the final RFU value was lower
by 10% than the average final RFU value for the corre-
sponding target. Second, Cy values were identified as outlier
and disposed of, if the melting curve analysis showed aspeci-
fic product formation. Approximately 5% of the data were
excluded from the analysis based on these two criteria. Third,
the differences in Cq values between the unknown samples
and NTC/NRT controls were investigated. In every case, the
difference was more than 5 cycles; however, in most cases, it
was more than 8 cycles, thus all results were accepted based
on this criterion. Relative quantity was calculated and
illustrated by CFX Maestro software (Bio-Rad). Scatter
graphs and 3D bar graphs were created with orRiGINPRO 2018
(OriginLab Corp., Northampton, MA, USA).

For the results presented in Fig. 7, ANOVA was per-
formed with TiBCO STATISTICA 13.4 (Tibco Software Inc., Palo
Alto, CA, USA). For the model, the random ‘sample’ vari-
able was nested into the interaction term of the variables ‘or-
gan’ and ‘sex’, and type III (orthogonal) decomposition was
used. To check for the homogeneity of variances, the Bartlett
chi-square test was used, and normality of the within-cell
residuals was checked on normal probability plots. The
residuals were also checked by plotting them against the
observed values. In all cases, the assumptions for the use of
ANOVA were met. The standard deviation of the Cq values
was calculated as the square root of the mean sum of squares
due to error.
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Fig. S1. Possible secondary structures of the PCR
products as predicted by the OligoAnalyzer tool of
Integrated DNA Technologies. The introduced struc-
tures were selected based on the highest change in
Gibbs free energy according to the tool. Blue circles
indicate A-T interaction, red circles indicate G-C inter-
action, green indicates G-T interaction. (A, B) Second-
ary structure of the nuclear (A) and mitochondrial (B)
isoform with isoform-specific forward primers and
Rev4 reverse primer. (C, D) Secondary structure of the
nuclear (C) and mitochondrial (D) isoform with iso-
form-specific forward primers and Revl reverse pri-
mer. (E) Table summarising the thermodynamic
parameters of the four introduced structures.

Fig. S2. (A) Agarose gel electrophoresis of the PCR
products for the nuclear isoform with Revl reverse
primer at a range of annealing temperature from 53.1
to 69 °C. The specific product is indicated with an
arrow. Vertical line indicates cropping of the image.
(B, C) Agarose gel electrophoresis of the PCR prod-
ucts for both nuclear and mitochondrial isoforms with
Rev2 reverse primer at a range of annealing tempera-
ture from 53.1 to 69 °C (B) and from 61.2 to 66 °C
(C). The specific products are indicated with arrows.
Vertical line indicates cropping of the image. (D, E)
Quantification cycles (Cq) at a range of annealing tem-
peratures from 61.2 to 66 °C with all four reverse pri-
mer candidates for the mitochondrial isoform (D) and
nuclear isoform (E). The solid squares indicate specific
products as determined with agarose gel electophoresis

G. A. Récz et al.

and melting curve analysis. Open squares indicate
aspecific products. (F) Quantification cycles (Cq) at a
range of annealing temperatures from 53.1 to 69 °C
with the selected primers. The solid squares indicate
specific products as determined with agarose gel elec-
tophoresis and melting curve analysis. Open squares
indicate aspecific products.

Fig. S3. Agarose gel electrophoresis of the RNA sam-
ples used in this study. Vertical lines indicate cropping
of the image.

Fig. S4. Amplification curves of all the biological
groups. Red colour indicates the nuclear isoform, blue
indicates the mitochondrial isoform, green indicates
GAPDH and brown indicates PPIA. Three biological
replicates and three technical replicates for each bio-
logical replicates are shown for each graph. Threshold
values are set to 500 RFU. RFU, relative fluorescent
unit. The biological groups of the same organs are jux-
taposed with the female sex first.

Table S1 Parameters of the fitted linear curves used to
determine qPCR efficiencies. Weighted least squares
linear regression was performed to the Cq values from
4-fold cDNA dilution. Accordingly, base 4 logarithm
was used for the efficiency calculation.

Table S2 Purity of the RNA samples used in this
study indicated by 260/280 absorbance ratio values
measured by Nanodrop.

Table S3 MIQE checklist for our study. »: fulfillment
of the requirements; — : not provided data; N/A : not
applicable parameter.
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