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Abstract

Today, quantitative real-time PCR is the method of choice for rapid and reliable quantification of mRNA transcription.
However, for an exact comparison of mRNA transcription in different samples or tissues it is crucial to choose the appropriate
reference gene. Recently glyceraldehyde 3-phosphate dehydrogenase and B-actin have been used for that purpose. However, it has
been reported that these genes as well as alternatives, like rRNA genes, are unsuitable references, because their transcription is
significantly regulated in various experimental settings and variable in different tissues. Therefore, quantitative real-time PCR was
used to determine the mRNA transcription profiles of 13 putative reference genes, comparing their transcription in 16 different
tissues and in CCRF-HSB-2 cells stimulated with 12-O-tetradecanoylphorbol-13-acetate and ionomycin. Our results show that
“Classical” reference genes are indeed unsuitable, whereas the RNA polymerase II gene was the gene with the most constant ex-
pression in different tissues and following stimulation in CCRF-HSB-2 cells.
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Keywords: Quantitative real-time RCR; Reference genes; Housekeeping genes; Transcription analysis; RNA polymerase II

The mRNA molecule as the link between DNA and
proteins is of central interest in bioscience and medicine.
In recent years, the profiling of mRNA transcription has
become a popular research field. Changes in mRNA
transcription levels are crucial during developmental
processes, therapeutic drug treatment of disease, tu-
morigenesis, and for the diagnosis and quantification of
viral disease [1].

Common methods for RNA detection include:
Northern blotting, in situ hybridisation, qualitative RT-
PCR, RNase protection assay, competitive RT-PCR,
microarray analysis, and quantitative real-time PCR
(QPCR). QPCR has become the most emerging method
for quantification of mRNA transcription levels in re-
cent years due to its outstanding accuracy, broad dy-
namic range, and sensitivity [2,3]. Moreover, QPCR is
fast, easy to use, and highly reproducible, requiring a
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minimal amount of RNA, no post-PCR handling, and it
avoids the use of radioactivity.

The central problem in exact gene transcription anal-
ysis is at the same time one of the benefits of highly ac-
curate QPCR: the precise determination of amplifiable
template nucleic acid present in the reaction. One suitable
approach is the amplification of the mRNA of a second
“housekeeping” gene used as a reference. Ideally the
housekeeping gene should not be regulated or influenced
by the experimental procedure. The accurate quantifica-
tion of a true reference gene allows the normalisation of
differences in the amount of amplifiable RNA or cDNA
in individual samples generated by: (i) different amounts
of starting material, (ii) the quality of the starting mate-
rial; and (iii) differences in RNA preparation and cDNA
synthesis, since the reference gene is exposed to the same
preparation steps as the gene of interest. Moreover, for
gene transcription studies in different tissues the investi-
gation of a reference gene exhibiting constant RNA
transcription in all tissues is required.


mail to: nitschea@rki.de

A. Radoni¢ et al. | Biochemical and Biophysical Research Communications 313 (2004) 856-862 857

Suzuki et al. [4] described that in 1999 over 90% of
the RNA transcription analyses published in high im-
pact journals, used only one reference gene. Prominent
genes were glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), B-actin (Act), and 18S and 28S rRNAs.
However, several publications agree with the finding
that B-actin [5] and GAPDH [6-9] vary considerably
and are consequently unsuitable references for RNA
transcription analysis. Meanwhile, it has also been re-
ported that for certain experiments the use of GAPDH
can be superior to the use of 18S [10,11]. In order to

circumvent these problems, many other reference genes
have been investigated, including hypoxanthine—guanine
phosphoribosyltransferase (HPRT), peptidyl prolyl
isomerase A (PPIA), glucose 6-phosphate dehydroge-
nase (G6PDH), TATA-Box binding protein (TBP), p2-
microglobulin (B2M), a-tubulin (Tub), porphobilinogen
deaminase (PBGD), and the ribosomal protein L13
(L13). All genes tested so far are either more or less
regulated and therefore of limited value as quantitative
references [12—15]. While it seems unreasonable that the
transcription of any gene in a living cell is absolutely

Table 1
Characteristics of primers, probes, and PCR efficiencies of the established assays
Gene Oligo Sequence Accession T (°C) E%
Nos.

GAPDH GAPDH s gAAggTgAAggTCggAgTC
GAPDH as gAAgATgeTgATgggATTTC J02642 65 100
GAPDH T™M F-CAAgCTTCCCgTTCTCAgCCT-p

G6PDH G6PDH s ATCgACCACTACCTgggCAA
G6PDH as TTCTgCATCACETCCCggA X03674 68 9
G6PDH TM F-AAgATCCTgTTggCAAATCTCAgCACCA-p

HPRT HPRT s CTCAACTTTAACTggAAAGAATETC
HPRT as TCCTTTTCACCAgCAAgCT 129382 68 99
HPRT TM F-TTgCTTTCCTTggTCAggCAgTATAATC-p

PBGD PBGD s ggCTgCAACggCggAA
PBGD as CCTgTggTggACATAgCAATgATT X04808 68 98
PBGD T™M F-CggACAgTgTggTggCAACATTgAAA-p

Alb ALB s TgCCCTgTgCAgAAgACTATCTA
ALB as CgAgCTCAACAAgTgCAGTT L00132 58 96
ALB TM F-AAgTgACAgAgTCACCAAATgCTgCAC-p

Act ACT s AgCCTCgCCTTTgCCgA
ACT as CTggTgCCTgegeeCe M10277 67 99
ACT T™M F-CCgCCgCCCgTCCACACCCgCCT-p

Tub TUB s TggAACCCACAGTCATTgATgA
TUB as TgATCTCCTTgCCAATggTETA X01703 68 9
TUB TM F-AgATgCTgCCAATAACTATECCCgALE-P

TBP TBP s TTCggAgAgTTCTgggATTgTA
TBP as TggACTgTTCTTCACTCTTgeC M55654 65 97
TBP TM F-CCgTggTTCgTggCTCTCTTATCCTCAT-p

L13 L13s CggACCgTgCgAggTAT
L13 as CACCATCCgCTTTTTCTTgTC X56923 67 99
L13 TM F-CTgCCCCACAAAACCAAgCgAggCCT-p

B2M B2M s AgCgTACTCCAAAgATTCAggTT
B2M as ATgATgCTgCTTACATETCTCgAT JOO115 67 97
B2M TM F-TCCATCCgACATTgAAgTTgACTTACTg-p

PPIA PPIA s CATCTgCACTgCCAAgACTgAg
PPIA as TgCAATCCAgCTAgECATG Y00052 68 98
PPIA TM F-TTCTTgCTggTCTTgCCATTCCTggA-p

PLA PLA s AAgTTCTTgATCCCCAATgCTT
PLA as gTCTgATAggATgTgTTggTTgC M86400 68 97
PLA TM F-TATgCTTgTTgTgACTgATCgACAATCCCT-p

RPII RPII s gCACCACETCCAATZACAT
RPII as gTgCggCTgCTTCCATAA X 74870 67 100
RPII TM F-TACCACgTCATCTCCTTTgATggCTCCTAT-p

T, melting temperature; £, PCR efficiency; F, FAM label; T, TAMRA carrying thymidine; p, 3’ phosphate.
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resistant to cell cycle fluctuations or nutrient status, it is
important to identify candidate genes that are at least
minimally regulated during the individual experiment
allowing the accuracy of RNA transcription analysis
that real-time PCR offers. Therefore, in the present
study, we systematically compared a wide variety of
potential reference genes by quantitative, TaqMan-
based, real-time PCR. We compared 13 PCR assays for
specific quantification of candidate reference genes,
which fall roughly into four different groups: (i) struc-
ture-related genes: Act [16], L13, and Tub; (ii) metabo-
lism-related genes: HPRT, PBGD, GAPDH, G6PDH,
and phospholipase A2 (PLA); and (iii) transcription-
related genes: TBP and RNA polymerase II (RPII), and
finally the genes which do not clearly categorise into one
of these groupings including albumin (Alb), f2M, and
PPIA. We used the TagMan technique to determine and
compare the mRNA transcription profiles of the re-
spective genes in 16 different tissues. In addition, we
compared the RNA transcription level of the potential
reference genes in response to stimulation by 12-O-tet-
radecanoylphorbol 13-acetate (TPA) and ionomycin,
both known as mitogens.

Materials and methods

Human ¢cDNA. The human cDNA used in this study was obtained
as Human MTC Panels I and II (BD Biosciences Clontech, Heidelberg,
Germany). The tissue cDNA samples from Clontech were normalised
to 0.2 ng/pl and diluted 1:20 prior to use. cDNA of CCRF-HSB-2 cells
was produced as described below.

Extraction of RNA. Total RNA from 1 x 10° CCRF-HSB-2 cells
was prepared using the QIAamp RNA Blood Mini Kit and RNase-free
DNase set (Qiagen, Hilden, Germany) according to the manufacturer’s
recommendations for cultured cells. Briefly, the RNA of lysed cells was
adsorbed to a silica matrix, DNase treated, and washed and eluted
with 30 pul RNase-free water by centrifugation. RNA was free of
genomic DNA as determined by PCR.

¢DNA synthesis. cDNA was produced using the ThermoScript RT-
PCR System (Invitrogen, Karlsruhe, Germany) according to the
manufacturer’s recommendations for oligo(dT),y primed cDNA-syn-
thesis. cDNA synthesis was performed on 1 pg RNA, at 60 °C. Finally,
cDNA was diluted 1:5 prior use in QPCR.

Cell culture. CCRF-HSB-2 were cultured in suspension in RPMI
1640 medium containing 10% heat-inactivated fetal calf serum and
antibiotics. The cell concentration was adjusted to 1 x 10°cells/ml
every 2-3 days. Cells were maintained at 37 °C in 5% CO,. The cultures
were free of mycoplasma, as determined by qualitative PCR [17].

CCRF-HSB-2 cell treatment. The 1 x 10 CCRF-HSB-2 cells were
re-suspended and incubated at 37 °C, 5% CO, in 1 ml RPMI 1640 sup-
plemented with 10% heat-inactivated fetal calf serum (both Invitrogen,
Karlsruhe, Germany) in 24-well tissue culture plates (Falcon Becton—
Dickinson Labware). The 1 x 10° cells were treated with 0.25 ul TPA
(100 ng/ml in PBS) and 1 pl ionomycin (1 uM in PBS). Untreated cells
were used as control. For kinetic studies, 1 x 10° cells were harvested at
several time points (0, 6, 12, and 24 h) and RNA was extracted. The RNA
transcription level of putative reference genes was determined by
quantitative real-time PCR as described below. Experiments were per-
formed in triplicate on three different days by the same person.

Selection of primers and probes. Primers and TagMan probes were
selected to bind specifically to human cDNA. The sequences of primers

and TagMan probes, the GenBank Accession numbers as well as the
localisation for each PCR assay are shown in Table 1. The TagMan
probes were 5'-labelled with the reporter fluorescent dye FAM (6-car-
boxy-fluorescein) and carry the quencher dye TAMRA (6-carboxy-tet-
ramethyl-rhodamine), attached to a linker-arm modified nucleotide near
the 3’ end. Probe extension during PCR was blocked by a 3’ phosphate.

Quantitative TagMan PCR. PCR was performed in a Perkin-Elmer
7700 Sequence Detection System in 96-well microtitre plates using a
final volume of 25 pl. Optimum reaction conditions were obtained with
2.5ul of 10x PCR buffer (200mM Tris-HCI, pH 8.4, 500 mM KCl),
4.5mM MgCl,, 1.0mM dNTP, 0.5U Platinum 7ag DNA polymerase
(Invitrogen, Karlsruhe, Germany), 200nM specific sense primer(s),
200 nM specific antisense primer (as), 120 nM specific probe (TM), and
1 uM ROX (6-carboxy-X-rhodamine). Finally, 2 pul template cDNA
was added to the reaction mixture. Amplifications were performed
starting with a 3 min template denaturation step at 94 °C, followed by
45 cycles of denaturation at 94 °C for 20s and combined primer an-
nealing/extension at the gene specific primer temperature for 30s (see
Table 1). Fluorescence increase of FAM was automatically measured
during PCR. Quantitative real-time PCR detection of IL-2 was
performed as described above using the primers and TagMan probe
described elsewhere [18].

All samples were amplified in triplicate and the mean was obtained
for further calculations. Cr values of 45 were excluded from further
mathematical calculations, because 45 represents no quantitative
information of the RNA amount, but only the end of the PCR run.

Results
QPCR efficiency and intra- and inter-assay variability

To compare the different RNA transcription levels the
Cr values were compared directly. The Cr is defined as the
number of cycles needed for the fluorescence signal to
reach a specific threshold level of detection and is in-
versely correlated with the amount of template nucleic
acid present in the reaction [19]. To ensure comparability
between the 14 (13 reference genes + interleukin-2) QPCR
assays, we first determined the PCR efficiency of each
individual assay by measuring serial dilutions of 100 ng
cDNA from CCRF-HSB-2 cells in triplicate [20]. Inter-
assay variation was investigated in three independent runs
performed on three consecutive days. Only Cr values <40
were used for calculation of the PCR efficiency from the
given slope in SDS 1.6.3 software according to the equa-
tion: PCR efficiency = (101-/8°,¢l — 1) x 100. All PCRs
displayed an efficiency between 96% and 100%.

Intra-assay variation was <1.6% and inter-assay
variation <2.4% for all assays.

RNA transcription levels of putative reference genes in
various tissues

Quantitative real-time PCR was used to measure the
RNA transcription level of various housekeeping genes
in 16 different human tissues: heart, brain, placenta,
lung, liver, skeletal muscle, kidney, pancreas, spleen,
thymus, prostate, testis, ovary, small intestine, colon,
and peripheral blood leukocytes (PBL). To compare the
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different RNA transcription levels the Cr values were
compared directly. The Ct is defined as the number of
cycles needed for the fluorescence to reach a specific
threshold level of detection and is inversely correlated
with the amount of template nucleic acid present in the
reaction [19]. To ensure comparability between the 13
PCR assays, we first determined the PCR efficiency of
each individual assay as described elsewhere [21]. All
PCRs displayed an efficiency of >95%, when performed
with dilutions (1:5, 1:50, 1:500, 1:5000, and 1:50,000) of
cDNA from CCRF-HSB-2 cells. Only Cy values <40
were used for calculation of the PCR efficiency.

To evaluate the stability of candidate RNA tran-
scription, the RNA transcription levels over all tissues
were measured (Fig. 1). In general, the results from gene
analysis could be divided into two groups: group A with
high RNA transcription levels (median Cr < 30) and
group B with low RNA transcription levels (median
Ct > 30). The group A genes included the following genes
listed in the order of their RNA transcription levels: L13,
GAPDH, Tub, Act, p2M, PPIA, and PLA. Group B
comprises the genes: Alb, TBP, PBGD, RPII, G6PDH,
and HPRT. Genes in group A showed a lower mean RNA
transcription range (6.6) compared to group B genes
(range =9.1). The range was defined as the difference
between the lowest RNA transcription (high Cr value)
and the highest RNA transcription (low Cr value) in all
tissues, based on the same amount of cDNA used in the
PCR.

The lowest RNA transcription range of an individual
gene, which is a good indicator of constant RNA tran-

scription over all tissues, could be observed for the TBP
gene (range = 3.4) followed by RPII (range =4.0) and
Tub (range=4.9). It should be noted that TBP and
RPII are located in the low RNA transcription level
group. Usually, variation is inversely proportional to the
amplified target amount. Moreover, it should be noted
that TBP displays only a low RNA transcription range,
when the TBP negative colon tissue was excluded from
range calculations. The highest RNA transcription
range was recorded for Alb (19.2) followed by HPRT
(range =10.3) and PBGD (range =9.1) gene.

The RNA transcription profiles of the 13 genes for
every individual tissue are shown in Fig. 2. As expected,
the RNA transcription level varied among the tissues.
The most prominent variation was found in the RNA
transcription level of Alb. Although it is most highly
expressed in liver tissue (Cr = 18.2), it is undetectable in
colon tissue. The HPRT gene generally shows low level
RNA transcription and cannot be detected in prostate,
testis, ovary, small intestine, colon, PBL, and skeletal
muscle. In general, we found that some genes are highly
expressed in nearly all tissues, whereas other genes are
only expressed at low levels or not detectable in most
tissue probes. GAPDH and L13 are highly expressed
genes. L13 is the most highly expressed gene in eight
tissues and GAPDH is the most highly expressed gene in
six tissues. In the two remaining tissues Act and Alb
show the highest RNA transcription level. Act is also
high expressed in all tissues, whereas Alb is high ex-
pressed only in liver tissue and only weakly expressed in
all other tissues.
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Fig. 1. The RNA transcription of the tested reference genes in absolute Cr values over all tissue probes is shown. Grey bars indicate the 25/75
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Fig. 2. RNA transcription levels of putative reference genes, presented as absolute Ct values in different tissues. Genes with a Ct > 45 are not

detectable.

Stability of RNA transcription following stimulation

To investigate the stability of the housekeeping
gene transcription under experimental conditions, lev-
els were compared to IL-2 RNA transcription. We
treated the T-cell line CCRF-HSB-2 with TPA and
ionomycin. While IL-2 RNA transcription was not
detectable in untreated cells, under TPA and iono-
mycin treatment it reached its maximum at 6h after
stimulation (Ct=17.8) decreasing thereafter to a value
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Fig. 3. The AACt for each putative reference gene is indicated. The
AACr is calculated from the changes in IL-2 RNA transcription in-
duced by TPA and ionomycin treatment between 6 and 24 h norma-
lised to RNA transcription changes in untreated cells.

of Cr=25.8 at 24h. To compare the RNA tran-
scription of housekeeping genes with 1L-2 we first
calculated the ACt between the Ct values at 6 and
24h from TPA and ionomycin treated (t) and un-
treated (ut) cells:

ACT(t) = CT(t 6h) — CT(t 24h) and

ACT(ut) = CT(ut 61’1) — CT(ut 241’1)

In the second step we subtracted changes in RNA
transcription in untreated samples from the changes in
stimulated samples to obtain the AACr:

AACT = ACT(t) - ACT(ut)

AACr indicates the changes in RNA transcription
caused by TPA and ionomycin treatment between 6 and
24 h normalised to RNA transcription changes in the
untreated cells. A high AACt value, if negative or po-
sitive, indicates significant changes in the RNA tran-
scription level of the tested gene. A positive AACt value
indicates downregulation of the RNA transcription,
whereas a negative AACt indicates an upregulation of
the gene’s transcription following TPA and ionomycin
treatment. The calculated AACt values for the 13 tested
reference genes are shown in Fig. 3.

Following stimulation with TPA and ionomycin, the
RNA transcription of Act, PLA, and GAPDH was
highly regulated in CCRF-HSB-2 cells. There was al-
most no regulation of G6PDH and RPII RNA tran-
scription.
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Discussion

The optimal reference gene for mRNA transcription
studies using quantitative real-time PCR should pass
through all steps of analysis in an identical manner to the
gene to be quantified. For that reason, it is necessary to
correlate the RNA transcription level of the respective
gene to a reference gene. The “ideal” reference should be
constantly transcribed in all cell types and tissues.
Moreover, its RNA transcription level should not be
regulated by internal or external influences, at least no
more than the general variation of mRNA synthesis. In
this study, both aspects, the prevalence of the gene in all
tissues and the resistance to regulative factors, were ex-
amined in a quantitative manner. To clarify the first as-
pect we have measured the RNA transcription levels of
13 potential reference genes in 16 different tissues and
calculated their degree in difference of RNA transcrip-
tion. Our results show that the level of RNA transcrip-
tion varies greatly in different tissues and that in some
tissues certain reference genes could not be detected at
all, e.g., HPRT. Alb, which showed the highest RNA
transcription level in liver, the main synthesis organ for
albumin, was not detectable in colon tissue. Therefore,
both targets are of limited value as reference genes for
general use. The TBP gene, which could not be found in
colon tissue, showed the lowest range of RNA tran-
scription over all other tissues. However, it has been re-
ported previously that TBP is a highly regulated gene
when comparing normal and tumor tissues from breast
cancer biopsies [15]. Nevertheless, the RPII gene can be
detected in all tissues and also shows a low variation in
transcription across the tissues analysed.

To address the question of reference gene regulation
under conditions of mitogenic stimulation in vitro, we
measured their level of transcription in CCRF-HSB-2
cells following TPA and ionomycin treatment and
compared these data to the RNA transcription level of
the IL-2 gene. It has been shown previously that TPA
and ionomycin significantly stimulate the IL-2 gene
RNA transcription in T-cells during the first 6-24 h. The
transcription of 1L-2 was used as a surrogate marker for
the general gene transcription activity of the cell. A
useful reference gene should maintain a constant RNA
transcription level compared to the variable IL-2 RNA
transcription. Our results document that classical ref-
erence genes including Act and GAPDH, and also PLA,
are clearly regulated by mitogen stimulation, which
mirrors the cellular activation occurring during many
experimental situations. Consequently, the results of IL-
2 RNA transcription could vary 100-fold when either
normalised to Act or PLA, respectively. This can lead to
dramatic misinterpretation of RNA transcription levels,
especially for low abundance gene transcripts.

However, the genes G6PDH and RPII were not
regulated in this experimental setting. Although if we

Table 2
Rating of tested putative reference genes

Tested gene AACr Range Not detected
GAPDH - 0

G6PDH + + 0

HPRT + - 7116
PBGD 0 -

Alb 0 - 1/16
Act - +

Tub 0 +

TBP 0 + + 1/16
L13 0 -

p2M + -

PPIA + 0

PLA - +

RPII + + + +

AACr is calculated from the differences in IL-2 RNA transcription
caused by TPA and ionomycin treatment between 6 and 24 h freed
from RNA transcription changes in untreated cells. <0,5 = ++;> 0,
5<1=+; and> 1<2 = 0;2 >= —. Range (10/90 percentile) of Cr
over 16 different tissues. <3 =+4++;>3<4,5=4;>4,5<6=10;6 >
= —. Not detected in tested tissues.

cannot exclude that in other experimental settings
G6PDH and RPII may be regulated, we assume that
genes resistant to TPA and ionomycin treatment are
only rarely affected in further experimental settings.
Regarding the first requirement for a generally useful
reference gene, the equal RNA transcription in different
tissues, RPII is the gene of choice. The second require-
ment, stable RNA transcription level under stimulation,
is only met by G6PDH and RPII. Summing up, by
ranking the tested genes (Table 2), RPII is the best choice
for a reference gene when using quantitative real-time
PCR for RNA transcription analysis. It is the only gene
that can be detected in all tissues, remains continuously
expressed over the 16 measured tissues, and shows mini-
mal changes in RNA transcription under TPA and ion-
omycin treatment of CCRF-HSB-2. Moreover, RPII
mRNA encodes the main enzyme in mRNA transcrip-
tion. So RPII mRNA is a part of a self-regulating cycle
and its protein is involved in the mRNA synthesis of
several cellular mRNAs. This great advantage of RPII on
the one hand pinpoints to the disadvantage of ribosomal
RNA genes as references, e.g., 18S rRNA. 18S rRNA is
often used as a reference and has been described as a
preferable control [13,14,22,23], although it has been
shown to be regulated in other studies [11,24]. From our
viewpoint it is an unsuitable reference gene because its
transcription is carried out by RNA polymerase I.
Therefore, the regulation of rRNA synthesis is indepen-
dent from synthesis of mRNA, which is carried out by
RNA polymerase II. For accurate quantification by real-
time RT-PCR it is important to choose a reference target,
whose transcription, in general, is regulated to the same
extent. Moreover, TRNA cannot be used as a reference
gene in experiments where only an oligo(dT) reverse
transcription reaction is carried out or only mRNA is
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isolated from cells. This is due to technical reasons, be-
cause TRNA contains no poly(A) tail and cannot be re-
verse transcribed in oligo(dT) primed cDNA synthesis.
Furthermore, rRNA cannot be obtained using mRNA
isolation methods that target the poly(A) tail of mRNA
for purification. Finally, it has been reported that even
18S RNA transcription can underlie gene transcription
changes [11,24].

The use of an endogenous quantitative reference gene
is superior to the use of exogenous in vitro transcribed
RNA fragments. Even if the efficiency of cDNA syn-
thesis and subsequent amplification steps for the control
and target mRNA are related, the RNA from an exog-
enous control is not co-purified and, more importantly,
it does not reflect the transcriptional activity within cells.

Conclusion

Gene transcription studies using quantitative real-
time PCR should start with the selection of an appro-
priate reference gene, that is useful for the individual
experimental setting. However, we agree with other
authors that more than one gene should be used as a
reference gene to obtain the most reliable results in gene
transcription analysis [3,12].

Although we have demonstrated that some putative
reference genes are superior to others, optimally con-
trolled genes have to be selected individually. According
to our studies the RPII gene is a useful reference gene
candidate for a broad range of tissues. Moreover, it is
minimally influenced by stimulation with TPA and
ionomycin, indicating resistance to cellular activation.

Acknowledgment

We gratefully acknowledge the excellent technical assistance of
Delia Barz.

References

[1] M. Mackay, K.E. Arden, A. Nitsche, Real-time PCR in
virology, Nucleic Acids Res. 30 (2002) 1292-1305.

[2] D.G. Ginzinger, Gene quantification using real-time quantitative
PCR: an emerging technology hits the mainstream, Exp. Hematol.
30 (2002) 503-512.

[3] S.A. Bustin, Quantification of mRNA using real-time reverse
transcription PCR (RT-PCR): trends and problems, J. Mol.
Endocrinol. 29 (2002) 23-39.

[4] T. Suzuki, P.J. Higgins, D.R. Crawford, Control selection for
RNA quantitation, Biotechniques 29 (2000) 332-337.

[5] S. Selvey, E.W. Thompson, K. Matthaei, R.A. Lea, M.G. Irving,
L.R. Griffiths, Beta-actin—an unsuitable internal control for RT-
PCR, Mol. Cell Probes 15 (2001) 307-311.

[6] E.M. Glare, M. Divjak, M.J. Bailey, E.H. Walters, Beta-actin and
GAPDH housekeeping gene expression in asthmatic airways is
variable and not suitable for normalising mRNA levels, Thorax 57
(2002) 765-770.

[7] H. Zhong, J.W. Simons, Direct comparison of GAPDH, beta-actin,
cyclophilin, and 28S rRNA as internal standards for quantifying

RNA levels under hypoxia, Biochem. Biophys. Res. Commun. 259
(1999) 523-526.

[8] E. Deindl, K. Boengler, N. van Royen, W. Schaper, Differential
expression of GAPDH and beta3-actin in growing collateral
arteries, Mol. Cell. Biochem. 236 (2002) 139-146.

[9] H.K. Hamalainen, J.C. Tubman, S. Vikman, T. Kyrola, E.
Ylikoski, J.A. Warrington, R. Lahesmaa, Identification and vali-
dation of endogenous reference genes for expression profiling of T
helper cell differentiation by quantitative real-time RT-PCR, Anal.
Biochem. 299 (2001) 63-70.

[10] K. Gorzelniak, J. Janke, S. Engeli, A.M. Sharma, Validation of
endogenous controls for gene expression studies in human
adipocytes and preadipocytes, Horm. Metab. Res. 33 (2001)
625-627.

[11] M.H. Raaijmakers, L. van Emst, T. de Witte, E. Mensink, R.A.
Raymakers, Quantitative assessment of gene expression in highly
purified hematopoietic cells using real-time reverse transcriptase
polymerase chain reaction, Exp. Hematol. 30 (2002) 481-487.

[12] J. Vandesompele, K. De Preter, F. Pattyn, B. Poppe, N. Van Roy, A.
De Paepe, F. Speleman, Accurate normalization of real-time quan-
titative RT-PCR data by geometric averaging of multiple internal
control genes, Genome Biol. 3 (2002), research 0034.1-0034.11.

[13] C. Blanquicett, M.R. Johnson, M. Heslin, R.B. Diasio, House-
keeping gene variability in normal and carcinomatous colorectal
and liver tissues: applications in pharmacogenomic gene expres-
sion studies, Anal. Biochem. 303 (2002) 209-214.

[14] O. Thellin, W. Zorzi, B. Lakaye, B. De Borman, B. Coumans, G.
Hennen, T. Grisar, A. Igout, E. Heinen, Housekeeping genes as
internal standards: use and limits, J. Biotechnol. 75 (1999) 291-295.

[15] C. Tricarico, P. Pinzani, S. Bianchi, M. Paglierani, V. Distante, M.
Pazzagli, S.A. Bustin, C. Orlando, Quantitative real-time reverse
transcription polymerase chain reaction: normalization to rRNA or
single housekeeping genes is inappropriate for human tissue
biopsies, Anal. Biochem. 309 (2002) 293-300.

[16] K.A. Kreuzer, U. Lass, O. Landt, A. Nitsche, J. Laser, H.
Ellerbrok, G. Pauli, D. Huhn, C.A. Schmidt, Highly sensitive and
specific fluorescence reverse transcription-PCR assay for the
pseudogene-free detection of beta-actin transcripts as quantitative
reference, Clin. Chem. 45 (1999) 297-300.

[17] F.J. van Kuppeveld, K.E. Johansson, J.M. Galama, J. Kissing, G.
Bolske, J.T. van der Logt, W.J. Melchers, Detection of myco-
plasma contamination in cell cultures by a mycoplasma group-
specific PCR, Appl. Environ. Microbiol. 60 (1994) 149-152.

[18] A. Pahl, M. Zhang, K. Torok, H. Kuss, U. Friedrich, Z. Magyar,
J. Szekely, K. Horvath, K. Brune, I. Szelenyi, Anti-inflammatory
effects of a cyclosporine receptor-binding compound, D-43787, J.
Pharmacol. Exp. Ther. 301 (2002) 738-746.

[19] N.J. Walker, Tech. Sight. A technique whose time has come,
Science 296 (2002) 557-559.

[20] M.W. Pfaffl, G.W. Horgan, L. Dempfle, Relative expression
software tool (REST) for group-wise comparison and statistical
analysis of relative expression results in real-time PCR, Nucleic
Acids Res. 30 (2002) e36.

[21] M.W. Pfaffl, A new mathematical model for relative quantifica-
tion in real-time RT-PCR, Nucleic Acids Res. 29 (2001) E45.

[22] B.C. Bond, D.J. Virley, N.J. Cairns, A.J. Hunter, G.B. Moore, S.J.
Moss, A.W. Mudge, F.S. Walsh, E. Jazin, P. Preece, The quanti-
fication of gene expression in an animal model of brain ischaemia
using TaqMan real-time RT-PCR, Brain Res. Mol. Brain Res. 106
(2002) 101.

[23] T.D. Schmittgen, B.A. Zakrajsek, Effect of experimental treatment
on housekeeping gene expression: validation by real-time, quanti-
tative RT-PCR, J. Biochem. Biophys. Methods 46 (2000) 69-81.

[24] M. Solanas, R. Moral, E. Escrich, Unsuitability of using ribosomal
RNA as loading control for Northern blot analyses related to the
imbalance between messenger and ribosomal RNA content in rat
mammary tumors, Anal. Biochem. 288 (2001) 99-102.



	Guideline to reference gene selection for quantitative real-time PCR
	Materials and methods
	Results
	QPCR efficiency and intra- and inter-assay variability
	RNA transcription levels of putative reference genes in various tissues
	Stability of RNA transcription following stimulation

	Discussion
	Conclusion
	Acknowledgements
	References


