ANALYTICAL
BIOCHEMISTRY
Analytical Biochemistry 335 (2004) 1–9
www.elsevier.com/locate/yabio

Equivalence test in quantitative reverse transcription
polymerase chain reaction: conﬁrmation of reference genes
suitable for normalization
Florian Hallera,*, Bettina Kulleb, Stefanie Schwagera, Bastian Gunawana,
Anja von Heydebreckc,1, Holger Sültmannd, László Füzesia
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Abstract
In quantitative reverse transcription–polymerase chain reaction (qRT–PCR), normalization using reference genes is a common
useful approach, but the validation of suitable reference genes remains a crucial problem. Use of unconﬁrmed reference genes may
lead to misinterpretation of the expression of target genes. The aim of this study was to adapt an adequate statistical approach to
identify and validate reference genes suitable for normalization in qRT–PCR assays. We introduce the equivalence test for the identiﬁcation of stably expressed reference genes. To evaluate the advantages of this test, the expression of ﬁve genes widely used as
reference genes (18S, B2M, HPRT1, LMNB1, and SDHA), and of two target genes (TP53 and MMP2), was determined with
qRT–PCR in diﬀerent tissues (clear cell renal cell carcinoma, colon carcinoma, and gastrointestinal stromal tumors). We demonstrate that a stable expression of a reference gene in one tumor type does not predict a stable expression in another tumor type.
In addition, we found that even within one tumor type, the expression of a reference gene was not stable for diﬀerent biological
groupwise comparisons. These observations conﬁrm that there is no universal reference gene and underline the importance of speciﬁc validation of potential reference genes for any experimental condition.
Ó 2004 Elsevier Inc. All rights reserved.
Keywords: Normalization; Quantitative RT–PCR; Reference gene; Housekeeping gene; Equivalence test; Gene expression; Clear cell renal cell
carcinoma; Colon carcinoma; Gastrointestinal stromal tumor

Quantitative reverse transcription–polymerase chain
reaction (qRT–PCR)2 is a highly speciﬁc and sensitive
technique for the quantiﬁcation of gene expression on
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the mRNA level [1–3]. The advantage of speed, throughput, and excellent reproducibility, together with a wide
variety of instruments and reagents, makes this technique a powerful new tool in experimental research
and clinical diagnostics. Two major strategies exist for
interpretation of the data. The expression of a target
gene can either be related to total RNA input [4–6] or
be declared as a ratio to the expression level of reference
or so-called housekeeping genes [7–10]. In the latter,
assuming a stable expression of the reference gene
in all cells, this ratio would represent the relative
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expression level of the target gene. Unfortunately, a universal reference gene that is expressed at a stable level
unaﬀected by all biological conditions in all tissues simply does not exist [6,11,12]. For nearly every gene traditionally used for normalization, diﬀerential expression
dependent on at least one biological condition has been
described [13–20], although not every gene is aﬀected by
a certain experimental condition in the same manner
[15–17,19,21–24]. Nonetheless, normalization to a reference gene is the only option when dealing with small
amounts of total RNA (e.g., using biopsies or laserassisted cell picking), when the precise quantiﬁcation
of total RNA is not available, or when mRNA is used.
The aim of this study was to adapt an adequate statistical approach to identify and validate reference genes
suitable for normalization in qRT–PCR assays. This statistical approach should be easy to handle and transferable to diﬀerent kinds of experimental conditions. We
hereby introduce the equivalence test and evaluate its
usefulness by determining the expression of ﬁve genes
widely used as reference genes (18S, B2M, HPRT1,
LMNB1, and SDHA) by qRT–PCR in two diﬀerent
experimental setups. We compared tissue from a solid tumor with its matching normal tissue (clear cell renal cell
carcinoma [ccRCC] vs. normal renal parenchyma, colon
carcinoma vs. normal colon mucosa) and analyzed a series of 35 gastrointestinal stromal tumors (GISTs). Furthermore, we demonstrate the eﬀect of interpreting
expression of the target genes, TP53 and MMP2, after
normalization to the ﬁve diﬀerent reference genes.

Materials and methods
Surgical specimen
Tissue samples from 10 cases of ccRCC and paired
normal renal parenchyma from the same patient (Table
1), ﬁve cases of colon carcinoma, and ﬁve cases of normal colon mucosa from diﬀerent patients (Table 1), and
a series of 35 cases of GIST (Table 2) were cut into
pieces of approximately 100–200 mg, snap frozen in liquid nitrogen immediately after surgery, and stored at
80 °C. Staging of ccRCC and colon carcinoma was
performed according to the current TNM classiﬁcation
[25]. Malignant potential for GIST was estimated as
proposed by Miettinen et al. [26]. All patients were treated surgically, and none had received chemotherapy or
radiation prior to surgery.
RNA isolation
After homogenization with an Ultra Turrax T25
(IKA–Werke GmbH, Staufen, Germany), total RNA
was isolated with TRIzol Reagent (Invitrogen Life
Technologies, Karlsruhe, Germany) according to the

manufacturerÕs manual, using approximately 50 mg frozen tissue per milliliter TRIzol. Total RNA concentration was quantiﬁed with the RNA 6000 nano LabChip
using the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). Only high-quality total
RNA was used, as conﬁrmed by high peaks for 18S
and 28S ribosomal RNA.
Reverse transcription
First-strand cDNA was generated from 5 lg of total
RNA per sample using the Superscript II RNase H Reverse Transcriptase (Invitrogen Life Technologies)
according to the manufacturerÕs manual, including
125 ng of random hexamer primers (Invitrogen Life
Technologies) and 40 U of RNasIn Ribonuclease Inhibitor (Promega, Mannheim, Germany). RT product was
aliquoted in equal volumes and stored at 20 °C.
Quantitative PCR
Gene-speciﬁc primers for 18S, LMNB1, and TP53
(Table 3) were designed on diﬀerent exons with a
60 °C melting temperature and a length of 18–24 bp
for PCR products with a length of 70–150 bp, using Primer3 software [27] (Table 3). Primers for MMP2 were
kindly provided by P. Thelen (Department of Urology,
Georg-August University of Göttingen), primers for
B2M were adapted from [28], and primers for HPRT1
and SDHA were adapted from [29]. PCR was run in
20-ll reactions in triplicate on an iCycler (Bio-Rad Laboratories GmbH, Munich, Germany) using the Eurogentec qPCR Core Kit for Sybr Green I (Eurogentec,
Seraing, Belgium) and gene-speciﬁc primers in a ﬁnal
concentration of 300 nM. The temperature proﬁle consisted of (i) an initial step of 95 °C for 10 0 for Taq activation, (ii) 40 cycles of 95 °C for 1500 and 60 °C for 1 0 ,
and (iii) a ﬁnal melt curve analysis with a temperature
ramp from 60 to 95 °C with a heating rate of 3 °C/
min. PCR eﬃciencies were calculated with a relative
standard curve derived from a cDNA mixture (a twofold dilution series with seven measuring points in triplicate) and gave regression coeﬃcients greater than 0.98
and eﬃciencies greater than 95%. Gene-speciﬁc ampliﬁcation was conﬁrmed by a single peak in melt curve
analysis and a single band in high-resolution agarose
gel electrophoresis (SeaKem LE agarose, BMA, Rockland, ME, USA). No template controls (no cDNA in
PCR) or genomic controls (no enzyme in RT) were
run for each gene to detect unspeciﬁc or genomic ampliﬁcation and primer dimerization, but no peaks in melt
curve analysis and no band in high-resolution agarose
gel electrophoresis (except 18S, for which the proportion
of genomic ampliﬁcation was <0.01) were observed. Relative expression levels were calculated from the relative
standard curve as described in [10] and logarithmized to
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Table 1
Main clinico-pathological data in 10 cases of ccRCC, 5 cases of colon carcinoma, and 5 cases of normal colon mucosa
Case

Tissue

Age (years)

Gender

T

N

M

G

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

ccRCC
ccRCC
ccRCC
ccRCC
ccRCC
ccRCC
ccRCC
ccRCC
ccRCC
ccRCC
Colon carcinoma
Colon carcinoma
Colon carcinoma
Colon carcinoma
Colon carcinoma
Colon mucosa
Colon mucosa
Colon mucosa
Colon mucosa
Colon mucosa

66
48
69
47
85
84
57
45
84
75
78
49
56
63
70
69
49
56
63
70

Female
Female
Male
Male
Male
Male
Female
Male
Male
Male
Female
Male
Female
Male
Male
Female
Male
Female
Male
Male

1
1a
1a
1b
3a
3b
3b
3b
3b
3b
3
3
3
3
3
—
—
—
—
—

X
0
X
0
X
X
X
1
X
X
2
2
2
0
3
—
—
—
—
—

X
X
X
X
X
X
X
1 (OSS)
1 (ADR)
X
X
X
X
X
X
—
—
—
—
—

2
1
2
2
2
3
2
2
2
3
2
2
2
2
3
—
—
—
—
—

Table 2
Main clinico-pathological data in 35 cases of GIST
Case

Age (years)

Gender

Site

Size (cm)

Mitoses/50 high-power ﬁelds

Estimated malignancy (probably) [26]

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

69
73
80
78
77
52
45
82
72
77
64
67
47
64
64
66
65
53
59
80
66
39
70
78
63
49
61
54
54
62
82
61
57
56
66

Female
Male
Female
Male
Female
Male
Female
Female
Female
Female
Female
Male
Male
Male
Male
Male
Male
Male
Female
Male
Male
Female
Female
Female
Male
Female
Female
Female
Male
Female
Male
Male
Male
Male
Male

Stomach
Stomach
Stomach
Stomach
Stomach
Stomach
Stomach
Stomach
Stomach
Stomach
Stomach
Stomach
Stomach
Stomach
Stomach
Stomach
Stomach
Stomach
Stomach
Stomach
Stomach
Stomach
Stomach
Stomach
Stomach
Stomach
Stomach
Small intestine
Small intestine
Small intestine
Small intestine
Small intestine
Small intestine
Colorectal
Colorectal

1.7
3.5
4.0
4.0
4.0
4.0
4.5
4.5
4.5
5.0
5.5
6.0
6.0
6.0
6.0
6.3
6.5
7.0
7.5
8.0
10.0
10.0
10.0
13.0
13.0
17.0
30.0
7.5
8.0
8.0
9.0
10.0
15.0
6.5
7.0

65
65
65
65
65
65
65
65
>5
>5
65
65
65
>5
>5
>5
65
>5
65
>5
65
65
>5
>5
>5
>5
>5
>5
65
>5
65
>5
65
>5
>5

Benign
Benign
Benign
Benign
Benign
Benign
Benign
Benign
Malignant
Malignant
Low malignant
Low malignant
Low malignant
Malignant
Malignant
Malignant
Low malignant
Malignant
Low malignant
Malignant
Low malignant
Low malignant
Malignant
Malignant
Malignant
Malignant
Malignant
Malignant
Malignant
Malignant
Malignant
Malignant
Malignant
Malignant
Malignant
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Table 3
Primer sequences
Gene

Forward primer

Reverse primer

Amplicon
length (bp)

Amplicon melting
temperature (°C)

Source

18S
B2M
HPRT1
LMNB1
SDHA
TP53
MMP2

ACATCCAAGGAAGGCAGCAG
ACCCCCACTGAAAAAGATGA
TGACACTGGCAAAACAATGCA
CTGGAAATGTTTGCATCGAAGA
TGGGAACAAGAGGGCATCTG
GGGACAGCCAAGTCTGTGA
CCAAGTGGTCCGTGTGAAGT

TCGTCACTACCTCCCCGG
ATCTTCAAACCTCCATGATG
GGTCCTTTTCACCAGCAAGCT
GCCTCCCATTGGTTGATCC
CCACCACTGCATCAAATTCATG
AATCAACCCACAGCTGCAC
CATGGTGAACAGGGCTTCAT

62
114
94
89
86
97
193

85.5
84.0
83.5
80.5
81.0
87.0
88.0

a

a
b

[28]
[29]
a

[29]
a
b

Primers were designed using Primer3 software.
Primers for MMP2 were kindly provided by P. Thelen (Department of Urology, Georg-August University of Göttingen).

obtain approximately normally distributed data. No signiﬁcant inﬂuence of gene expression associated with
RNA isolation batch, cDNA synthesis batch, or quantitative PCR batch, or with failing of the RT in individual
cDNA samples, was detected.
Statistics

Equivalence test
The diﬀerence (d) of the expected logarithmized
expression levels l1 and l2 of a reference gene in two
groups, 1 and 2, is given as
ð1Þ

The classical two-sided t test for independent samples
detects a signiﬁcant diﬀerence d with the null hypothesis
formulated as H0: d = 0 with a controllable signiﬁcance
level of a. This controls the mistake of incorrectly rejecting the null hypothesis. However, the absence of a signiﬁcant diﬀerence does not imply that the null
hypothesis is true. The type 2 error is uncontrollable.
Therefore, for an adequate conﬁrmation of a reference
gene, a test for approval of equality is needed. Obviously, exact equality (d = 0) cannot be proved, but it
can be tested whether the absolute value of the true difference d is bounded by a small positive number e. This
leads to the formulation of the equivalence hypothesis:
H0 : d 62 ½e; e vs: H1 : d 2 ½e; e:

ð2Þ

A reference gene can be called equivalently expressed
on level a if the conﬁdence interval CI (d) for the diﬀerence d of the expected logarithmized expression values
l1 and l2 is part of a determined deviation area, for
example,

ð3Þ

when using a fold change of 2. To evaluate the conﬁdence interval CI (d), the distribution of the standard t
statistic is used with conﬁdence probability 1–2a. Now
the lower dL border and the upper dU border of the symmetrical conﬁdence interval can be calculated as
CIðdÞ :¼ ½dL ; dU ;

Descriptive statistics and t test for dependent and independent samples and graphs were performed with Statistica 6.0 (StatSoft, Hamburg, Germany). The t tests were
used to detect signiﬁcant groupwise diﬀerences in the logarithmized relative expression of each reference gene. The
equivalence test was adapted from [30]. We used a constant level a = 0.05 for rejection of the null hypothesis.

d :¼ l1  l2 :

½e; e ¼ ½log2 ð0:5Þ; log2 ð2Þ ¼ ½1; 1;

ð4Þ

where
s
dL;U :¼ X 1  X 2  qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ  tN 1 þN 2 2;1a
N 1 N 2
N 1 þN 2

with a standard deviation s calculated by
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðN 1  1Þ  S 21 þ ðN 2  1Þ  S 22
s¼
:
N1 þ N2  2

ð5Þ

ð6Þ

For i = 1, 2, X i is the mean of the logarithmized expression values Xij in group i, j = 1, . . . ,Ni subject j in group
i, Ni is the number of individuals in group i,
tN 1 þN 2  2; 1  a is the 1  a quantile of the t distribution
with N1 + N2  2 degrees of freedom, and si is the standard deviation of the expression values in group i. The
conﬁdence interval and the values explained above can
be calculated by standard statistic software. If
½dL ; dU   ½e; e;

ð7Þ

the conﬁdence interval is part of the determined deviation area, and H0 (inequivalence) can be rejected on level
a; therefore, H1 (equivalence) can be accepted on level a,
and the reference gene is equivalently expressed. The
conﬁdence interval CI (d) must include 0.
This equivalence test can be used for independent
samples. For dependent samples, such as tumor and
paired normal tissue of one person, a slightly modiﬁed
version should be used. For this situation, we introduce
dj = X1j  X2j, the diﬀerence of the logarithmized expression values of subject j. In case of dependent samples, the diﬀerence d is redeﬁned as d := ld, where ld
is the expected diﬀerence of the logarithmized expression
levels. The same formulation for the hypothesis as in the
equivalence test version for independent samples (Eq.
(2)) leads to a conﬁdence interval calculated as
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CIðdÞ :¼ ½dL ; dU ;

5

ð8Þ

where
s
dL;U :¼ d  pﬃﬃﬃﬃ  tN 1;1a
N

ð9Þ

with the same notation as above and the standard deviation s calculated as
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u
N
u 1 X
;
s¼t
ðd j  dÞ
ð10Þ
N  1 j¼1
where d is the mean value of dj for subject j. The equivalence test is now performed in the same way as for independent samples: If [dL; dU] Ì [e, e], the conﬁdence
interval is part of the determined deviation area, and
H0 (inequivalence) can be rejected on level a; therefore,
H1 (equivalence) can be accepted on level a, and the reference gene is equivalently expressed. The conﬁdence
interval CI (d) must include 0.
Parametric versions of the equivalence tests have
been used. They have a higher power to detect equivalence in normally distributed data, obtained from quantitative qRT–PCR, than do nonparametric versions.
However, for the case of not normally distributed data,
nonparametric versions of the equivalence test also exist
[30].
In qRT–PCR data analysis, there is no deﬁnite minimal cutoﬀ for a signiﬁcant fold change in diﬀerentially
expressed target genes. Depending on the distribution
of the data with respect to biological and methodical
variance, even a fold change (f) of less than 2 may be statistically and biologically signiﬁcant. Using the equivalence test, a determination area must be deﬁned for
the decision of whether the conﬁdence interval for the
distribution of the expression of a tested reference gene
is part of that determination area or not. To identify a
useful maximal fold change for equivalent expression
applicable to the equivalence test, we decided to evaluate
fold changes of 2 and 3.

Results
Comparison of ccRCC with normal renal parenchyma
There was no signiﬁcant diﬀerence in the expression
of any of the ﬁve reference genes detectable with the t
test for dependent samples. Nevertheless, equivalent
expression as conﬁrmed by the equivalence test for
dependent samples was identiﬁed only for HPRT1 using
a fold change of 3 for the cutoﬀ (Fig. 1A). The other
four genes were not conﬁrmed to be equivalently expressed. B2M and LMNB1 showed a tendency to be
higher expressed in ccRCC (fold change ccRCC/renal
parenchyma values of 1.3 and 1.7, respectively), whereas
18S and SDHA appeared to be higher expressed in nor-

Fig. 1. Equivalence test for ﬁve reference genes in 10 ccRCCs and
paired normal renal parenchyma (version for dependent samples) (A)
and ﬁve colon carcinomas and normal colon mucosa (version for
independent samples) (B). Shown are diﬀerences of the means (+) and
matching symmetrical conﬁdence intervals () for the logarithmized
relative expression of ﬁve reference genes. The deviation area [1; 1]
for a fold change of f 6 2 is plotted as continuous lines, whereas the
deviation area [1.58; 1.58] for a fold change of f 6 3 is plotted as
dotted lines. If the symmetrical conﬁdence interval is part of the
deviation area, the reference gene is conﬁrmed to be expressed
equivalently. (A) The upper border of the symmetrical conﬁdence
interval (upper diamond) P 1 (1.58) indicates unequivalent higher
expression in ccRCC (B2M and LMNB1), whereas the lower border of
the symmetrical conﬁdence interval (lower diamond) 6 1 (1.58)
indicates higher expression in normal renal parenchyma (18S and
SDHA). (B) The upper border of the symmetrical conﬁdence interval
(upper diamond) P 1 (1.58) indicates higher expression in colon
carcinoma (HPRT1 and LMNB1), whereas the lower border of the
symmetrical conﬁdence interval (lower diamond) 6 1 (1.58) indicates higher expression in normal colon mucosa (SDHA when using a
cutoﬀ of 2).

mal renal parenchyma (fold change ccRCC/renal parenchyma values of 0.6 and 0.8, respectively), but these
tendencies were not signiﬁcant. After normalization to
the conﬁrmed reference gene HPRT1, the expression
of TP53 was not signiﬁcantly diﬀerent between ccRCC
and renal parenchyma. On the other hand, a signiﬁcant
diﬀerence (P = 0.02) in the expression of TP53 was
detectable after normalization to the unconﬁrmed
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reference gene LMNB1, where TP53 was found to be
lower expressed in tissues from ccRCC compared with
normal renal parenchyma (fold change ccRCC/renal
parenchyma value of 0.6). There was a tendency for a
higher expression of TP53 in ccRCC after normalization
to the unconﬁrmed reference genes 18S and SDHA as
well as a tendency for a higher expression of TP53 in
normal renal parenchyma after normalization to the
unconﬁrmed reference gene B2M, but these tendencies
were not signiﬁcant.
Comparison of colon carcinoma with normal colon
mucosa
The t test for independent samples detected a signiﬁcant diﬀerence in the expression between colon carcinoma and normal colon mucosa only in the case of
HPRT1 (P = 0.01), which was higher expressed in colon
carcinoma (fold change colon carcinoma/colon mucosa
value of 5.1). On the other hand, equivalent expression
conﬁrmed by the equivalence test for independent samples was present only for 18S and B2M when using a
fold change of 2, whereas it was present for SDHA as
well when using a fold change of 3 (Fig. 1B). For
LMNB1, the expression was not equivalent, although
there was no signiﬁcant diﬀerence. LMNB1 showed a
tendency to be higher expressed in colon carcinoma
(fold change colon carcinoma/colon mucosa value of
2.0). HPRT1 could not be conﬁrmed to be equivalently
expressed, and the conﬁdence interval for equivalent
expression did not include 0 due to the signiﬁcant diﬀerential expression of HPRT1. For the expression of
TP53, no signiﬁcant diﬀerence could be detected after
normalization to any of the reference genes. However,
TP53 showed a tendency to be higher expressed in colon
carcinoma when it was normalized to the conﬁrmed
reference genes 18S and B2M (fold change colon carcinoma/colon mucosa values of 1.9 and 2.1, respectively).
On the other hand, when normalized to HPRT1, the
expression of TP53 showed a tendency to be higher expressed in colon mucosa (fold change colon carcinoma/
colon mucosa value of 0.5).
Gastrointestinal stromal tumors
The t test for independent samples detected no gender-speciﬁc expression for the ﬁve reference genes. Using
a fold change of 2, the equivalence test for independent
samples conﬁrmed 18S, HPRT1, and LMNB1 to be
equivalently expressed between GISTs from female
and male patients (Fig. 2A). Using a fold change of 3,
B2M and SDHA could also be conﬁrmed to be equivalently expressed, but they tended to be higher expressed
in GISTs from female patients. The normalized expression of MMP2 was not signiﬁcantly diﬀerent between
GISTs from female and male patients, without any dif-

Fig. 2. Equivalence test for ﬁve reference genes in 35 GISTs in
association with gender (A) and estimated malignancy (B). (A) The
upper border of the symmetrical conﬁdence interval (upper diamond) P 1 (1.58) indicates higher expression in female patients (B2M
and SDHA when using a cutoﬀ of 2), whereas the lower border of the
symmetrical conﬁdence interval (lower diamond) 6 1 (1.58) indicates higher expression in male patients. (B) The upper border of the
symmetrical conﬁdence interval (upper diamond) P 1 (1.58) indicates
higher expression in probably benign, uncertain, or low-malignant
potential GISTs, whereas the lower border of the symmetrical
conﬁdence interval (lower diamond) 6 1 (1.58) indicates higher
expression in probably malignant GISTs (B2M and HPRT1 only when
using a cutoﬀ of 2 but also LMNB1 and SDHA when using a cutoﬀ of 3).

ferences between normalization to conﬁrmed reference
genes and unconﬁrmed reference genes. In the comparison between benign/low-malignant and malignant
GISTs according to Miettinen et al. [26], the t test for
independent samples detected a signiﬁcant diﬀerence in
the expression of LMNB1 (P = 0.04), with higher
expression levels in probably malignant GISTs (fold
change benign/malignant value of 0.4). B2M, HPRT1,
and SDHA were not signiﬁcantly diﬀerentially expressed
but showed a tendency to be higher expressed in probably malignant GISTs. Using a fold change of 2 as a cutoﬀ, the equivalence test for independent samples
conﬁrmed only 18S to be equivalently expressed (Fig.
2B). When a fold change of 3 was allowed, B2M and
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HPRT1 were conﬁrmed to be equivalently expressed as
well. The normalized expression of the target gene
MMP2 was not signiﬁcantly diﬀerent among probably
benign, uncertain or low-malignant, and probably
malignant GISTs, without any diﬀerences between normalization to conﬁrmed reference genes or unconﬁrmed
reference genes.

Discussion
In this study, we have determined the expression of
ﬁve commonly used reference genes [17,28,29,31,32] by
qRT–PCR. We evaluated how a variable expression of
a reference gene itself inﬂuenced the normalized expression of a target gene. Comparing ccRCC with normal
renal parenchyma, the higher expression of the reference
gene LMNB1 in ccRCC led to the misinterpretation of
higher expression of the target gene TP53 in normal renal parenchyma, whereas there was no signiﬁcant diﬀerential expression of TP53 between ccRCC and normal
renal parenchyma after normalization to the conﬁrmed
reference gene HPRT1. Comparing colon carcinoma
with normal colon mucosa, a tendency of the target gene
TP53 for a higher expression in colon carcinoma was
masked by a higher expression of the unconﬁrmed reference gene HPRT1 in colon carcinoma itself. These results demonstrate how use of unconﬁrmed reference
genes results in misinterpretation of the expression of
the target genes.
In the case of LMNB1 in ccRCC, the equivalence
test, but not the t test, detected the variable expression
of the reference gene associated with the examined tissue. This observation is due to a mathematical fact
widely unregarded [30]. The classical two-sided t test is
constructed to detect a signiﬁcant diﬀerence. This test
is appropriate for the identiﬁcation of diﬀerentially
expressed target genes. However, for the validation of
stably expressed reference genes, this test is not appropriate. The conclusion that a reference gene that is not
signiﬁcantly diﬀerentially expressed is equally expressed
is not necessarily correct. The risk of getting false negatives (type 2 error, i.e., acceptance of not diﬀerentially
expressed genes as suitable reference genes even though
they are not equivalently expressed) is not controllable.
A comparably simple approach to solve this problem is
the equivalence test [30]. Based on the inclusion of a
conﬁdence interval, the null hypothesis and the alternative are exchanged (compared with the t test). Therefore,
the user can control the type 1 error for incorrect rejection of the null hypothesis—‘‘diﬀerent distribution,’’
which is the adequate approach for the validation of a
reference gene.
Depending on the character of the examined data, the
appropriate version of the equivalence test must be used.
In this article, we have introduced two diﬀerent para-
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metric versions for dependent and independent samples
that were applicable to our approximately normally
distributed quantitative RT–PCR data. However, nonparametric versions also exist but may be of less power
and may further carry a higher risk of conﬁrming reference genes with spurious outliers.
The decision of the equivalence test depends on the
cutoﬀ for the inclusion of the conﬁdence interval, which
is hard to justify with a mathematical approach. Instead,
the cutoﬀ must be adjusted carefully to the distribution
of each speciﬁc experiment by the investigator himself or
herself. A too stringent cutoﬀ would exclude stably expressed reference genes (e.g., due to the variance of the
data), whereas a too loose cutoﬀ would include unsuitable genes. The variance of the measured expression of
a reference gene is composed of methodical (e.g., RNA
quantiﬁcation and quality, eﬃciency of cDNA synthesis,
pipetting error) and true biological variance. The diﬀerent parts can hardly be distinguished quantitatively and
may vary between diﬀerent experimental setups or laboratories. In fact, the major advantage of using stably expressed reference genes with minimal biological variance
for normalization of target genes is to reduce the variance of methodical errors/diﬀerences between diﬀerent
samples (e.g., RNA quantiﬁcation and quality, eﬃciency
of cDNA synthesis) that aﬀect both the target and the
reference gene on the same quantitative scale.
The evaluation of fold changes of 2 and 3 implicated
that a cutoﬀ of a fold change of 2 might yet be too stringent. Comparing ccRCC with normal renal parenchyma
using a cutoﬀ of 2, none of the ﬁve tested reference genes
could be conﬁrmed. According to our observations, a
threefold change appeared to be a useful cutoﬀ. In the
experiment where no biological variance was expected
(gender-associated comparison of GISTs), all ﬁve tested
reference genes appeared to be equivalently expressed.
On the other hand, no reference gene that was signiﬁcantly diﬀerentially expressed, as detected by the t test,
was false-positively stated as equivalently expressed.
However, from a mathematical point of view, we cannot
conﬁrm a threefold change to be the deﬁnite cutoﬀ for
equivalent expression of suitable reference genes in
qRT–PCR. Instead, we propose that the fold change
of a signiﬁcant diﬀerential expression of a target gene
after normalization to a conﬁrmed reference gene should
be at least the fold change for the inclusion of the conﬁdence interval for equivalent expression of the used reference gene. If several possible reference genes are
conﬁrmed by the equivalence test, the one with a minimum of variability in the conﬁdence interval should be
chosen. As proposed by Vandesompele et al. [29], normalization to the geometric average of multiple reference genes has the advantage of being less susceptible
to diﬀerential expression of single reference genes in
individual samples. However, this approach cannot
identify a unidirectional aﬀection of several reference
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genes. A unidirectional aﬀection in four of ﬁve tested
reference genes could be shown for GISTs, where
B2M, HPRT1, LMNB1, and SDHA all were higher expressed in probably malignant tumors. In such situations, a single validation of each reference gene with
the equivalence test should be done in advance.
We were able to demonstrate that a stable expression
of a reference gene in one tumor type does not predict a
stable expression in another tumor type. According to
our results, HPRT1, but not 18S, was a suitable reference gene for the comparison of ccRCC with renal
parenchyma, whereas it was the other way around for
the comparison of colon carcinoma with colon mucosa.
In addition, we found that even within one tumor type,
the expression of a reference gene was not stable for different biological groupwise comparisons. LMNB1 was a
suitable reference gene for gender-associated comparisons in GISTs but not for comparisons regarding estimated malignant potential. These observations conﬁrm
that there is no universal reference gene and underline
the importance of speciﬁc validation of potential reference genes for any experimental condition.
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