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Real-time RT-PCR method was exploited to identify
endogenous reference genes in differentiating human
T helper cells. When using this technology in our experimental system, finding a set of genes whose mRNA
expression levels would not change appeared to be
very challenging. Our initial plan to use the expression level of GAPDH in normalizing the results failed,
because the mRNA expression of GAPDH underwent
significant changes during the cell culture. Additional
studies on the transcription of several other classical
housekeeping genes led to similar results. Our second
approach was to use results from an extensive survey
of gene expression done by oligonucleotide micorarrays and to select another panel of genes for testing.
This resulted in the identification of three genes
whose expression was relatively stable in our experimental system and, therefore, suitable as endogenous
reference genes in these cells. The results indicate
that the expression level of a constitutively expressed
gene may change during the cell culture in vitro,
which emphasizes again the importance of carefully
validating endogenous control genes for comparative
quantification. © 2001 Elsevier Science

Measurement of RNA transcripts by real-time (kinetic) RT-PCR circumvents several obstacles known to
limit the quantification potential of PCR-based meth1
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ods (1, 2). Classical PCR relies on end-point analyses of
the amplified product, whereas in real-time RT-PCR
methods the fluorescent signal is recorded in real time
from the linear range of amplification (3, 4). Measurement of fluorescence has a broader dynamic range than
classical visual or autoradiography detection methods
and has the potential of measuring concentration
scales of up to at least 5 to 6 orders of magnitude (5, 6).
These unique features of real-time PCR in combination
with optimized robust amplification provide a good basis for RNA quantification.
To quantify the level of mRNA expression of a target
gene, the expression level of an external reference molecule is often measured. However, the preparation and
inclusion of a synthetic DNA or RNA standard (competitive RT-PCR) (7) in PCR reactions is a cumbersome
effort if the expression of tens of target genes in the
same sample is simultaneously followed. In addition,
these approaches do not control for manipulations of
the sample before the addition of a standard. Therefore, in most cases a natural choice for quantification is
to measure the level of expression of an endogenous
control gene exposed to the same manipulations as the
target gene prior to measurements. Hence, the expression level of a reference gene in the sample can be used
to normalize the mRNA expression level of target
genes. For this purpose the expression of a constitutively expressed endogenous gene (housekeeping gene,
maintenance gene) in the same sample is often monitored. However, several reports have indicated that
differences in the expression levels of endogenous reference genes may exist between different individuals
(8) or occur as a result of pathological changes (9) or
cell differentiation (10).
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Our studies aim at understanding the molecular
mechanisms of T helper cell differentiation. To quantify gene expression of multiple genes during the lymphocyte differentiation process, it was necessary to find
a set of genes whose expression would remain stable
throughout the process. We first tested a set of commonly used housekeeping genes as endogenous genes
and found out that their expression is subject to significant changes during differentiation. We then validated a new set of candidate genes that had been
selected based on the results from a microarray screen
of approximately 7000 human genes in adult and fetal
tissues (11). Based on the microarray data a panel of
genes whose expression is relatively stable in various
human tissues was validated in our in vitro culture of
T cell differentiation using real-time RT-PCR. This
approach led to the discovery of new endogenous reference genes that were expressed at a relatively constant level in differentiating T cells.
MATERIALS AND METHODS

Differentiation of CD4 ⫹ Th1 and Th2 Cells
Human CD4 ⫹ T helper cells were isolated from cord
blood of healthy neonates essentially as described by
Sornasse et al. (12). Cells were grown in Yssel’s medium supplemented with 1% of human AB serum
(Gemini Bioproducts, Woodland, CA) and 100 U/ml
human recombinant IL-2 3 (Cellular Products, U.S.A.).
Cell differentiation was primed with either 2.5 ng/ml
human recombinant IL-12 (R & D Systems, Minneapolis, MN) or 10 ng/ml human recombinant IL-4 (R & D
Systems) for Th1 or Th2 cells, respectively. Culture
medium for Th2 cells contained 10 g/ml human recombinant ␣-IL-12 (R & D Systems). Initial stimulation of the cells was carried out by plating 1.0 ⫻ 10 6 T
cells/ml, 0.5 ⫻ 10 6/ml of irradiated CD32-B7 transfected mouse L fibroblasts (13), and 100 ng/ml PHA
(Murex Diagnostics, Chatillon, France) in 24-well flatbottomed plates (Lindbro, ICN Biomedicals, Inc.,
U.S.A.). CD4 ⫹ T cells were harvested at 6, 24, and 48 h
and isolated from the cultures using immunomagnetic
purification (Dynabeads M-450 CD4, Dynal A.S., Oslo,
Norway) prior to RNA isolation. The cells were fed
every other day and split 3– 4 days after stimulation. In
these cell culture conditions T helper cells proliferated
well and evaded the feeder cells rapidly from the culture. At day 7 T cells were restimulated and cultured
further as described above for another 7 days (day 14
cells). Cell proliferation was monitored daily and cultures split to maintain cell density at approximately
0.5–2 ⫻ 10 6 cells/ml.
3

Abbreviations used: IL, interleukin; PHA, phytohemagglutinin.

Isolation of RNA and cDNA Synthesis
Total RNA was isolated with the GlassMAX RNA
microisolation spin cartridge system (Gibco, BRL, Life
Technologies). One microgram of total RNA was
treated with DNase I (Amplification Grade, Gibco,
BRL, Life Technologies) and the sample was divided
into two. The oligo(dT) 12–18-primed first-strand cDNA
synthesis was carried out in a total volume of 20 l
either with Superscript II RNase H ⫺ reverse transcriptase (⫹RT cDNA) or without the enzyme (⫺RT control)
according to the manufacturer’s protocols (superscript
preamplification system for first strand cDNA synthesis, Gibco, BRL, Life Technologies). A total of 0.5 l of
cDNA was used for each TaqMan measurement.
Real-Time RT-PCR (TaqMan)
TaqMan probes and primers (Table 1 and Ref. 14)
were designed by using the computer software Primer
Express (PE Biosystems, Foster City, CA), except for
human ␤-actin, where commercially available assay
reagents were used (PE Biosystems, Foster City, CA).
Specificity of the PCR amplification of each primer pair
was confirmed with a 4% NuSieve agarose gel (BioWhittaker Molecular Applications, Inc., U.S.A.). The
PCR reactions were carried out using TaqMan universal PCR master mix (PE Biosystems) with 300 nM
oligonucleotide primers (Gibco, BRL, Life Technologies) and 200 nM fluorogenic probe (MedProbe, Oslo,
Norway). For the signal detection, ABI Prism 7700
sequence detector was programmed to an initial step of
2 min at 50°C and 10 min at 95°C, followed by 40
thermal cycles of 15 s at 95°C and 1 min at 60°C. Each
measurement was carried out in duplicate and repeated.
Calculations
The C T value is defined as the number of PCR cycles
required for the fluorescence signal to exceed the detection threshold value (5, 6). This threshold is set to
the log linear range of the amplification curve and kept
constant (0.05) for data analysis throughout the study.
The correlation between the C T value and the fold
difference in the concentration was determined individually for each probe and primer set. This was carried out by measuring the expression in a cDNA sample diluted two- or fourfold over the entire detection
range. With the PCR efficiency of 100% the C T values of
two separate genes can be compared (⌬C T) and the fold
difference calculated from:
Fold Difference ⫽ 2 兩C T1⫺C T2兩 ⫽ 2 兩⌬C T兩
The average standard deviation for all 12 detections
used in this study and collectively for all measurements was 0.19 (mean CV 14%).
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RESULTS

Criteria for the Detection Design of Endogenous
Reference Genes
When selecting the endogenous reference genes and
designing their real-time RT-PCR detection, the following features were originally considered as preferential:
constitutive expression during various stages of differentiation, no processed pseudogenes, known structures
of intron– exon junction and low sequence variability
between different individuals. We routinely treat our
RNA samples with DNase I and control its success by
analyzing the minus RT samples after cDNA synthesis.
Therefore, a detailed knowledge of pseudogenes is not
needed. However, with the current status of human
sequence information the requirement of known intron– exon structures is difficult to meet. Additionally,
alternative splicing of human genes is common (15)
and the existence of a variety of splicing sites at the
site of detection would disturb the RNA quantification.
Therefore, to avoid ambiguous quantification, we selected the exons of coding sequences, if known, as sites
of detection when primers and probes were designed.
Some commonly used housekeeping genes (HPRT, ␤ 2microglobulin) were excluded from the study, because
of the suggestive evidence in the literature that their
expression might be affected by the cell culture conditions used here (16, 17). The ribosomal subunits 18S
and 28S were excluded mainly for two reasons: (i)
oligo(dT) was used for RT priming and (ii) their expression level is very high and therefore differs from the
level of expression of most of the target genes we study.
In our first set of experiments we included the following bona fide endogenous genes: ADA (adenosine
deaminase), ␤-actin, GAPDH, L32, and Rb (retinoblastoma). The second set of experiments was carried out
using a panel of candidate genes whose level of expression was reported to be relatively similar in multiple
human tissues (11). This panel of genes included aldolase, c-yes, EF-1-␣, MLN51, phosphomannomutase,
proteasome subunit Y, and UbcH5B.
Specificity and Linearity of the Real-Time RT-PCR
Detection
Specificity of the PCR amplification for each primer
pair (Table 1) was analyzed on an agarose gel and
confirmed to give a single amplified band of a correct
size (less than 150 bp). The expression of each gene was
measured in a human T lymphocyte cDNA sample,
which had been serially diluted by two- or fourfold. To
create a standard curve over the entire detection
range, five to eight dilutions of T cell cDNA were usually required. For all 12 genes studied, the average
correlation coefficient of detection was 0.989 (SD ⫽
0.005, range 0.982– 0.997). Furthermore, the mean
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slope value [log 10 (cDNA dilution)] versus C T value] for
all genes tested was ⫺3.644 (SD ⫽ 0.239, range ⫺4.034
to ⫺3.270). The ideal detection is characterized as
100% efficient PCR (slope ⫺3.3); hence the average
efficiency of detection for all 12 primer pairs in the
present study was 110% (SD ⫽ 7%, range 99 –122%).
Endogenous Reference Genes during T Helper Cell
Differentiation
Panel 1: Commonly used housekeeping genes. Realtime RT-PCR was used to measure the expression of
commonly used housekeeping genes at various stages
of lymphocyte differentiation. Naive CD4 ⫹ T cells were
isolated from cord blood drawn from three neonates,
and three sets of Th1 or Th2 cultures were established.
The expression of ADA, ␤-actin, GAPDH, L32, and Rb
was quantified in CD4 ⫹ T cells at time 0 and at various
stages of differentiation (6 h, 1 day, 2 days, 7 days, and
14 days). The expression of other genes was compared
to the expression of ADA. Among the tested genes the
expression of ADA was chosen as a reference, because
the C T values of ADA exhibited the smallest change
between the C T values of the samples at zero and 14
days. Expression levels of the genes studied changed
significantly (Fig. 1). The gene expression varied from
3.4-fold (Rb) up to 7.1-fold (GAPDH) when the expression at zero was compared to that at day 14. The
maximal changes for each gene were 11.4-fold for ␤-actin (at 48 h), 17.0-fold for GAPDH (at 48 h), 5.0-fold for
L32 (at 14 days), and 3.4-fold for Rb (at 14 days). With
the exception of L32, the expression of ␤-actin,
GAPDH, and Rb increases (inverse correlation) during
the T cell differentiation. The changes in the expression for the panel 1 genes could be not accounted for by
differences in the starting amount of total RNA or due
to a failure of the cDNA synthesis, because in all T cell
culture samples originating from different individuals
a similar trend of change in the expression was consistently observed (data not shown). An independent experiment in which samples of pooled RNAs were measured gave essentially similar results (not shown).
Panel 2: Selection of genes expressed at similar levels
in various human tissues. In the original panel of
housekeeping genes tested, only ADA showed some
potential to act as an endogenous reference gene. However, due to the relativity of the comparative method,
relying on the expression of only one reference gene
was considered unreliable. Among the other genes,
none fulfilled the criteria set for a good endogenous
reference gene. Therefore, another panel of genes was
selected. Based on the results of a microarray screen
(11), the expression of aldolase, c-yes, EF-1-␣, MLN51,
phosphomannomutase, proteasome subunit Y, and
UbcH5B among several other genes had been demonstrated to differ less than 4-fold in several human
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TABLE 1

TaqMan Primers and Probes Used in This Study

Gene (human)

Accession no.

ADA

X02994

Aldolase

X12447

c-yes

M15990

EF-1-␣

J04617

L32

X03342

MLN51

X80199

Phosphomannomutase

U86070

Proteasome subunit Y

D29012

Retinoblastoma

M15400

UbcH5B

U39317

1) 5⬘-(FAM)-probe-(TAMRA)-3⬘
2) 5⬘-primer 1-3⬘
3) 5⬘-primer 2-3⬘
1)
2)
3)
1)
2)
3)
1)
2)
3)
1)
2)
3)
1)
2)
3)
1)
2)
3)
1)
2)
3)
1)
2)
3)
1)
2)
3)
1)
2)
3)

5⬘-CGGCATGGCCGCGTCACTT-3⬘
5⬘-CCATTTCTGCACACACGTATACC-3⬘
5⬘-TGGCCAGGGCACATAATCA-3⬘
5⬘-TTTCCATGATGGCGAGGGCTGAG-3⬘
5⬘-TAACGGGCCAGAACATTGG-3⬘
5⬘-TGGCGTTGTGTGCTGAAGAT-3⬘
5⬘-TGCCGTGCCCTCAGGGCTG-3⬘
5⬘-AGAACAAGTGGAGCGAGGATACA-3⬘
5⬘-CATCAATTCATGGAGGGATTCTG-3⬘
5⬘-AGCGCCGGCTATGCCCCTG-3⬘
5⬘-CTGAACCATCCAGGCCAAAT-3⬘
5⬘-GCCGTGTGGCAATCCAAT-3⬘
5⬘-ACATGCTGCCCAGTGGCTTCCG-3⬘
5⬘-CAACATTGGTTATGGAAGCAACA-3⬘
5⬘-TGACGTTGTGGACCAGGAACT-3⬘
5⬘-AGGCCTGTGGAAGCTGGTGGGC-3⬘
5⬘-CAAGGAAGGTCGTGCTGGTT-3⬘
5⬘-ACCAGACCGGCCACCAT-3⬘
5⬘-TGCAGGAAGGCGGCCACCTC-3⬘
5⬘-CGATCTGCACTCTACTTCGTAGCT-3⬘
5⬘-CGGCTCGCCAGAAAATTG-3⬘
5⬘-TGGTCCCAGTGGAAACTTCTCGGCT-3⬘
5⬘-CAAACTGCACGGCCATGATA-3⬘
5⬘-GAGGCATTCACTCCAGACTGG-3⬘
5⬘-ATCTCAGGACCTTGGTGGACACTGTGT
5⬘-ACCTCAAACAAGGAAGAGAAATGAG-3⬘
5⬘-ACATCTGTGAGAGACAATGAATCCA-3⬘
5⬘-TGATCTGGCACGGGACCCTCCA-3⬘
5⬘-TGAAGAGAATCCACAAGGAATTGA-3⬘
5⬘-CAACAGGACCTGCTGAACACTG-3⬘

Amplicon
size (bp)
65

80

70

59

80

64

69

69

85

72

Abbreviations: FAM, 6-carboxyfluorescein; TAMRA, 6-carboxytetramethylrhodamine.

tissues. Additionally, the expression of GAPDH was
measured to control and confirm a similar trend of
GAPDH expression in both sets of experiments (panel
1 and panel 2, not shown). From the second panel of
candidate genes, the expression of MLN51 remained
most stable throughout the T cell differentiation process; therefore, its expression was used for normalization. The expression of aldolase, c-yes, EF-1-␣, MLN51,
phosphomannomutase, proteasome subunit Y, and
UbcH5B in reference to MLN51 at various stages of T
cell differentiation is presented in Fig. 2. The overall
trend for aldolase, phosphomannomutase, and proteasome subunit Y expression was an increase in expression, whereas the expression of c-yes decreased. The
maximal changes for each gene relative to MLN51 (no
change) and the zero sample were 20.4-fold for aldolase
(at 48 h and 7 days), 3.3-fold for phosphomannomutase
(at day 14), 5.8-fold for proteasome subunit Y (at day
7), and 3.4-fold for c-yes (at 24 h). Most importantly, in
addition to MLN51 the expression of EF-1-␣ and
UbcH5B remained relatively constant during the entire differentiation period.

Relative Quantification with Endogenous Reference
Genes EF-1-␣, MLN51, and UbcH5B
The expression of EF-1-␣, MLN51, and UbcH5B was
found to be relatively similar in naive T cells and in T
cells differentiated to Th1 or Th2 cells in vitro for
various periods of time. Moreover, these genes were
expressed at similar levels independent of the donor
both in Th1 and Th2 cells (data not shown). The standard curves for EF-1-␣ ( y ⫽ ⫺3.270x ⫹ 21.55), MLN51
( y ⫽ ⫺3.849x ⫹ 30.67), and UbcH5B ( y ⫽
⫺3.732x ⫹ 26.07) are almost parallel (Fig. 3). However, PCR detection efficiency for EF-1-␣, MLN51, and
UbcH5B differs from the 100% theoretical efficacy by
⫺1, 17, and 13%, respectively. How does the difference
in the PCR detection influence the quantification of
gene expression? For example, if the difference in the
PCR detection efficiency is 10% on average, it means
that the expression of a target gene in any two samples
equally normalized to a given reference gene can be
quantitatively compared within a 2-fold accuracy as
long as their C T values do not differ by more than 10
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FIG. 1. Expression of housekeeping genes at various stages of T cell differentiation relative to ADA (adenosine deaminase). Changes in the
⌬C T values in the course of the T cell differentiation are shown for ␤-actin (F), GAPDH (⫻), L32 (}) and Rb (retinoblastoma, ■). Expression
for each gene was measured at time zero, 6 h, 1 day, 2 day, 7 day, and 14 day of cell culture. Each data point measured individually from
cultured T cell samples represents a mean of ⌬C T values from three Th1 and three Th2 cell cultures derived from different individuals. In
both Th1 and Th2 cell cultures similar trends of gene expression were observed. For each ⌬C T value the average range is marked (bar).

PCR cycles (Table 2). The suggested limit of 10 PCR
cycles (with the error of 10%) for C T values translates
to a difference of 1024-fold in the concentration of the
target transcript. Such a difference in the concentration of a target gene expression between two separate
samples is relatively rare, at least within our experimental settings with cultured T cells to date (see also
www.HuGeIndex.org). Moreover, at least to some degree an error that indicates an increase in PCR efficiency might result from the manual pipetting of sequential dilutions, an error that in fact does not take
place when actual (undiluted) samples are measured.
For routine expression profiling of CD4 ⫹ T cells cultured in conditions that mimic Th1 or Th2 cell differentiation, the measurement of even one of the endogenous reference genes might be satisfactory. However,
it seems reasonable to suggest that under other experimental manipulations the expression of all three could
be measured and their mean C T values used for normalization. The formula for normalization would then
be expressed as ⌬C T ⫽ C T(target) ⫺ C T(mean of EF-1-␣, MLN51, and
UbcH5B) .
DISCUSSION

Recent advances in molecular genetic technologies
include development of RT-PCR methods as well as
new approaches for large-scale expression profiling
with high-density microarrays (6, 18, 19). While a mi-

FIG. 2. Expression of endogenous reference candidate genes at
various stages of T cell differentiation relative to MLN51. Changes in
the ⌬C T values in the course of the T cell differentiation are shown
for aldolase (■), c-yes (F), EF-1-␣ (〫), phosphomannomutase (}),
proteasome subunit Y (䊐), and UbcH5B (Œ). Expression for each
gene was measured at time zero, 6 h, 1 day, 2 day, 7 day, and 14 day
of cell culture. The curve marked with squares represents the expression of aldolase, curve with circles expression of c-yes, with open
diamonds EF-1-␣, with diamonds phosphomannomutase, with open
squares proteasome subunit Y, and with triangles UbcH5B. Each
value measured individually from cultured T cell samples represents
a mean of ⌬C T values from three Th1 and three Th2 cell cultures
derived from different individuals. In both Th1 and Th2 cell cultures
similar trends of gene expression were observed. For each ⌬C T value
the average range is marked (bar).
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FIG. 3. Comparison of the standard curves for endogenous reference genes EF-1-␣, MLN51, and UbcH5B. The standard curves were
created by measuring the expression in a series of dilutions of T cell
cDNA with real-time RT-PCR. To illustrate parallelism, a linear
regression curve of dilutions up to 10 3-fold is shown. The curves for
EF-1-␣ ( y ⫽ ⫺3.270x ⫹ 21.55), MLN51 ( y ⫽ ⫺3.849x ⫹ 30.67),
and UbcH5B ( y ⫽ ⫺3.732x ⫹ 26.07) are presented. For each curve
y denotes for the C T value and x for the log 10 (dilution).

croarray analysis can simultaneously detect and compare the expression of thousands of genes, real-time
(kinetic) RT-PCR can easily be adopted for subsequent
confirmatory and follow-up studies.
To quantitatively measure changes at the RNA level
with RT-PCR methods, the RNA first needs to be isolated and converted into cDNA. Due to the manipulations, separate measurements of the expression level of
an internal control gene in the same sample is often a
prerequisite for RNA quantification. In practice, however, the expression level of a reference gene (housekeeping/maintenance) may vary. This concern was also
raised in our studies when temporal changes in the
expression levels of genes in human CD4 ⫹ T cells were
to be studied. We first selected a panel of commonly
used housekeeping genes and studied the expression of
ADA, ␤-actin, GAPDH, L32, and Rb in differentiating
CD4 ⫹ T cells. The expression level for commonly used
housekeeping genes studied did change and this was
most pronounced with ␤-actin (up to 11.4-fold) and
GAPDH (up to 17.0-fold). The results indicated that
none of the tested genes could act as a proper endogenous reference gene.
Oligonucleotide microarrays were used to study the
average transcript levels of housekeeping genes (maintenance genes) in several human fetal and adult tissues (11). In a study of ⬃7000 genes screened with
mRNA extracted from eleven tissues from multiple
individuals, 47 transcripts were identified that had

average expression levels that were within fourfold in
each tissue. Taking these results as a starting point,
we studied the expression of a new set of candidate
genes in naive and differentiating T cells. Among the
selected 7 genes, we discovered 3 genes with the desired stability (ⱕ 2-fold change) in their expression
throughout the differentiation process. In other words,
the expression of these genes was relatively stable
when freshly isolated naive cells and samples from the
in vitro activated T cells were compared.
In addition to the requirement of a stable expression
for a reference gene, the overall accuracy of the detection is also an essential determinant of quantification.
Moreover, as several large-scale microarray studies
have already indicated, the amplitude of the vast majority of changes at the transcriptional level is small
(ⱕ2- to 4-fold) (20 –31). This further emphasizes the
importance of appropriate methods with quantitative
capacity. The real-time RT-PCR detection, which occurs in the linear range of the PCR, leads to very
accurate and reproducible measurements of the target
molecules (5). Additionally, the dynamic range of at
least 5 to 6 orders of magnitude ensures a very broad
quantification potential. In several recent papers, the
accuracy and reproducibility of the real-time RT-PCR
detection has been validated (32–37). In all studies,
both intraassay and interassay variability of real-time
detection has been generally low (4 –24%). This level of
reproducibility has also been confirmed in our study
and repeatedly observed in our other real-time detection measurements with similar principles of detection
design.
Only one paper was identified comparing quantification with real-time RT-PCR (TaqMan) by multiple
methods including the use of an absolute standard
curve, relative standard curve, or a comparative (⌬C T)
method (35). That study found the performance of all
three to be equivalent. Accuracy of the real-time detection together with near 100% efficiency of PCR for both
a target and the reference gene has several outcomes
that make the comparative real-time RT-PCR method
even more compelling. Namely, when the ⌬C T value
truly reflects the target transcript concentration of the

TABLE 2

Calculated Error in Real-Time RT-PCR with Varying
Sample Concentrations
Fold
dilution

PCR efficiency
of 100%
(theoretical C T)

PCR efficiency
of 110%
(calculated C T)

Fold error
(2 ⌬CT )

Undiluted
10
10 2
10 3

25.00
28.63
32.26
35.86

25.00
28.30
31.60
34.90

None
1.3
1.6
1.9
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sample, consequently, in repeated measurements, it is
not necessary to occupy every run with a standard
curve. Also in case the overall cDNA synthesis is not as
robust as desired, the comparative quantification
method and the use of ⌬C T values would bypass the
problem, assuming that both the target and the reference gene in the sample during synthesis are equally
well transcribed. For comparative quantitative RTPCR, factors like the purity and the integrity of the
RNA sample must be considered. However, in our case
the samples used for our comparative expression profiling represent an extensively purified subpopulation
of hematopoietic cells and are probably less prone to
such variation.
Transcription of the classical housekeeping genes
appears to be subject to regulatory factors that have
not been recognized. The cells in our experimental
culture conditions are exposed to cytokines immediately after isolation and additionally induced to proliferate. We found that selecting an endogenous reference
gene among the classical housekeeping genes can result in faulty interpretations of the research data.
Nonetheless, based on extensive screening, it was possible to find a set of genes whose expression remained
stable throughout the differentiation. Without validation, the quantitative interpretation of expression profiling information can be misleading or ambiguous. All
approaches generate candidate lists that include false
positives and false negatives. Using multiple quantitative methods in carefully controlled studies aids in
filtering out the candidates that may be the result of
experimental artifacts.
Although it is clear that the results presented here
cannot directly be extrapolated to other cell types, we
believe that the study illustrates the benefits of largescale technologies when searching for new endogenous
reference genes for comparative quantification. The
combination of microarray analysis and real-time RNA
detection methods provides a powerful approach for
quantifying gene activity.
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