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Abstract

Background: Endogenous internal controls (‘reference’ or
'housekeeping’ genes) are widely used in real-time PCR (RT-
PCR) analyses. Their use relies on the premise of consistently
stable expression across studied experimental conditions.
Unfortunately, none of these controls fulfills this premise
across awide range of experimental conditions; consequent-
ly, none of them can be recommended for universal use.
Methods: To determine which endogenous RT-PCR controls
are suitable for analyses of renal tissues altered by kidney
disease, we studied the expression of 16 commonly used ‘ref-
erence genes’ in 7 mildly and 7 severely affected whole kid-
ney tissues from a well-characterized cystic kidney disease
model. Expression levels of these 16 genes, determined by
TagMan®RT-PCR analyses and Affymetrix GeneChip® arrays,
were normalized and tested for overall variance and equiva-
lence of the means. Results: Both statistical approaches and
both TagMan- and GeneChip-based methods converged on
3 out of the 4 top-ranked genes (Ppia, Gapdh and Pgk1) that
had the most constant expression levels across the studied
phenotypes. Conclusion: A combination of the top-ranked
genes will provide a suitable endogenous internal control for
similar studies of kidney tissues across a wide range of dis-

ease severity. Copyright © 2009 S. Karger AG, Basel

Introduction

Real-time PCR (RT-PCR) has become a new standard
for quantitative gene expression analyses. However, the
accuracy of this technique depends on the quality of in-
ternal controls. Endogenous internal controls, often re-
ferred to as ‘housekeeping’ or ‘reference’ genes, offer mul-
tiple practical advantages and are therefore widely used
in research and clinical applications. Their use, however,
relies on the premise that these genes are expressed at
consistently stable levels across all experimental condi-
tions under investigation. Unfortunately, none of the en-
dogenous controls was found to be constantly expressed
across different tissues, developmental stages, or patho-
logical and study conditions [1, 2].

The suitability of individual ‘reference genes’ as inter-
nal RT-PCR controls for a specific experimental design
can be tested with various approaches, including meth-
ods of overall variance [3], ANOVA models [4], Bayesian
models [5] and equivalence testing [6, 7]. More recently,
genome-wide expression technologies have been recog-
nized as an effective tool for the identification and evalu-
ation of endogenous RT-PCR controls [8, 9]. Even more
accurate RT-PCR controls could be obtained by account-
ing for the expression of multiple genes, e.g. using a meth-
od of a geometric mean that is the basis of the GeNorm
[10] and BestKeeper programs [11].

In the case of renal tissues, 185 *RNA and the cy-
clophilin A-encoding gene Ppia (but not Gapdh) have

KA RG E R © 2009 S. Karger AG, Basel
0250-8095/09/0305-0413$26.00/0
Fax +41 61 306 12 34
E-Mail karger@karger.ch

www.karger.com

Accessible online at:
www.karger.com/ajn

Xianggin Cui, PhD and Michal Mrug, MD

Division of Nephrology, University of Alabama at Birmingham
1900 University Blvd, Tinsley Harrison Tower 611]

Birmingham, AL 35294 (USA)

Tel. +1 205 934 9509, Fax +1 205 934 1879, E-Mail mmrug@uab.edu



been recommended as the preferred RT-PCR controls for
studies of the renal tubulointerstitial compartment, based
on analyses of these 3 genes in renal biopsies [12]. In the
current study, we used TagMan® and Affymetrix Gene-
Chip® assays to compare the expression stability of 16
commonly used RT-PCR controls in whole kidneys af-
fected by mild and severe cystic kidney disease from an
extensively characterized animal model [13, 14].

Materials and Methods

Gene Expression Profiling

RNA and ¢cDNA were prepared previously [15] from whole
kidneys harvested from 7 mildly and 7 severely affected 10-day-
old F2 mice generated in a (C57BL/6]-cpk/+ X CAST)F1 inter-
cross (cystic disease severity was defined by kidney length, weight
and volume; e.g. average kidney volume was more than 8 times
higher among the 7 highly vs. 7 mildly affected mice) [16]. These
14 samples were used in triplicates for gene expression analyses
using 16 TagMan assays arranged into a mouse endogenous con-
trol low-density array [Applied Biosystems, Foster City, Calif.,
USA (online suppl. table 1, for online supplementary material, see
www.karger.com/doi/10.1159/000235993)]. Cr values were deter-
mined with the 7900 HT Real-Time PCR System using SDS 2.1
RQ software. All statistical analyses were based on Cr values.

The genome-wide expression data were generated previously
with 14 Affymetrix GeneChip® Mouse Genome 430 2.0 arrays
(Affymetrix Inc., Santa Clara, Calif., USA; 7 biological replicates
for mild and 7 for severe cystic kidney phenotype) [15]. Large-
scale validation of these gene expression data with 14 low-density
Affymetrix U74Av2 arrays provided a formal technical validation
of the 430 2.0 data (gene expression correlated strongly across
these 2 array platforms; r = 0.72 for all genes, r = 0.90 for differ-
entially expressed genes with p < 0.05 after adjusting for multiple
testing) [15].

Statistical Analyses

Normalization of Cy values was performed by subtracting the
sample mean from each value. This mean-centering adjustment
removes potential RNA loading differences from sample to sam-
ple. The assumption for this normalization is that the total signals
from all studied ‘reference genes’ are the same across all samples.

The preprocessing of the microarray data analysis was per-
formed as previously described [15]. Data from all probe sets cor-
responding to the 16 endogenous controls were examined for
appropriateness of inclusion in this study. The probe sets were
excluded from further analyses if they matched alternative tran-
scripts or represented ‘rare EST events’ according to the UCSC
Genome Browser. Each of the remaining probe sets (online suppl.
table 1) was used for all subsequent analyses.

Gene expression equivalence of the 16 genes was tested with
the two one-sided t tests (TOST) procedure [17] that has been
used in bioequivalence testing of RT-PCR data [6, 7]. The p values
were derived based on the normal distribution assumption. How-
ever, the ranking was not affected by the normal assumption. For
the RT-PCR data, 1 technical replicate was arbitrarily chosen
from each sample for the equivalence test. For the microarray
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Variance across samples

Fig. 1. Normalization reduces overall variance of Cy values. This
mean-centering adjustment was performed to remove potential
RNA loading differences across samples. For each gene, Cr vari-
ance across all studied samples was calculated for each of the 3
technical replicates before (%) and after (O) normalization (each
point represents a single replicate of data from 7 mildly and 7 se-
verely affected kidneys). The normalization reduced overall vari-
ance of Cr values for all genes, although at different rates for spe-
cific genes.

data, each probe set was analyzed separately. The median p value
from each gene was used for overall gene ranking. In contrast to
the previously utilized 2-fold change threshold for the equiva-
lence test [6], we used a more stringent 1.5-fold change threshold
since a 2-fold change is often assumed to be differentially ex-
pressed and not appropriate to consider as a ‘reference gene’.

The overall variance analysis was conducted on the same data
in the same fashion as the equivalence test except that the overall
variances of all samples were computed for each gene.

Results

Renal expression levels of 16 commonly used endog-
enous controls for RT-PCR analyses were determined in
2 groups of age-matched cpk mice generated in a (C57BL/
6J-cpk X CAST/Ei)F1 intercross [15]: 7 mice with the
mildest cystic kidney phenotype and 7 mice with the
most severe cystic kidney phenotype. The expression lev-
els were determined in triplicates by TagMan®-based RT-
PCR assays (online suppl. table 1). These 16 genes were
also included in our previously conducted microarray ex-
periments with Affymetrix GeneChip® arrays in these
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Fig. 2. Gene expression stability of commonly used endogenous
RT-PCR controls. Gene expression stability based on TagMan®
RT-PCR data (a, b) and Affymetrix GeneChip® data (c, d) was
evaluated with the method of ‘total variance’ that is expressed as
the standard deviation (SD) across all samples (a, ¢) and the TOST
method that measures gene expression equivalence across all
samples (b, d). For the TagMan® analyses (a, b), each point repre-
sents data from a single technical replicate from all studied kid-
neys (3 replicates per gene). For the GeneChip® analyses (c, d),

renal tissues [15]. Comparisons of data generated by these
2 distinct gene expression platforms allowed an indepen-
dent validation of these 2 approaches.

First, normalization of the TagMan®-based RT-PCR
data was performed for all samples by subtracting the
mean of the Ct values from each Cy value obtained from
a specific sample. This normalization was applied to re-
move RNA loading differences across samples. Com-
pared to original Cr values, this approach successfully
reduced variances in the expression of all studied genes,
although to various extents (fig. 1). Then, we ranked the
appropriateness of the 16 ‘reference genes’ as endogenous

Renal Endogenous Real-Time PCR
Controls

each point designates data from all studied kidneys correspond-
ing to one of the multiple probe sets that represent a specific gene
on the GeneChip® array. The horizontal line in the lower panels
represents gene-specific p values (0.05) for a 1.5-fold equivalence
threshold. Genes with favorable endogenous control profiles have
consistently low overall variance and high significance of equiva-
lence (e.g. Ppia, Gapdh and PgklI), unlike controls with less suit-
able expression (e.g. B2m and Ywhaz).

internal RT-PCR controls based on their overall variance,
with smaller variance indicating higher gene expression
stability. The overall variance, a basis of a simple, yet
highly effective, tool for the identification of ‘reference
genes’ [3], was calculated for the normalized Cy values of
each of the 3 technical replicates. The overall variances
were compared across the 16 ‘reference genes’ to identify
optimal RT-PCR controls with the most stable gene ex-
pression (smallest overall variance) across all kidney
samples (fig. 2a). For example, 185 rRNA and Hmbs
showed the largest variation for all 3 replicates, indicating
that these genes represented suboptimal endogenous
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controls in this experimental setup. In contrast, Ppia,
Gapdh and Pgkl showed the smallest variation and
would serve as the more appropriate endogenous internal
RT-PCR controls. However, the overall variance method
does not separate for the between-group variance (i.e. se-
vere and mild kidney disease) from the within-group
variance. In other words, a small overall variance does
not necessarily imply small fold changes between the 2
groups. A small overall variance could mean extremely
small within-group variance with relatively large fold
changes between the groups. Since our goal is to identify
‘reference genes’ that do not change expression levels be-
tween study groups, it is desirable to test for the equiva-
lence of the means of the gene expressions between groups
for each gene. We applied the TOST [17] to determine
gene expression equivalence of our TagMan® data and
ranked the studied genes according to the test statistics
of the TOST. The outcomes of these analyses (fig. 2b)
closely resembled the ranking of optimal endogenous RT-
PCR controls based on overall variance analysis (fig. 2a).
However, only 7 of the 16 studied ‘reference genes’ (Ppia,
Gapdh, Pgkl, Gusb, Polr2a, Actb, Tbp) remained signifi-
cantly within the 1.5-fold limit for expression difference
between the studied groups (i.e. mildly and severely af-
fected kidneys), with p < 0.05.

While both Affymetrix GeneChip® and TagMan®
analyses used the same 7 biological replicas for mild phe-
notypes and the same 7 for severe phenotypes, true tech-
nical replicates were generated only for the TagMan®
analyses (fig. 2a, b; each gene is represented by 3 technical
replicates). In contrast, genes on Affymetrix GeneChip®
arrays are represented by a variable number of probe sets
(fig. 2c, d), each consisting of eleven 25-mer probe pairs.
The evaluation outcomes and ranking of the Affymetrix
GeneChip array data closely resemble the TagMan®-
based analyses (fig. 2). Importantly, the top-ranked en-
dogenous internal RT-PCR controls (e.g. Ppia, Gapdh and
Pgkl) were top-ranked by both the TagMan® and Af-
fymetrix GeneChip® platforms. However, some of the
lower-ranked genes differed between these platforms.
For example, 18S rRNA, Hmbs and Rplp2 showed large
variation in the TagMan® data, but were relatively con-
stant in the Affymetrix GeneChip® data.

Discussion
Our analyses of mildly and severely affected whole

kidney tissues using 2 different statistical methods and 2
gene expression platforms identified consistently 3 ‘refer-
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ence genes’ with the highest equivalence and lowest vari-
ability in expression: Ppia, Gapdh and Pgkl. In the case
of Ppia, a cyclophilin A-encoding gene, our data are con-
sistent with a previous recommendation of Ppia as an
endogenous control for expression studies involving the
renal tubulointerstitial compartment [12]. In contrast,
Gapdh, one of the most commonly used endogenous con-
trols, was recommended as a control for dissected glo-
meruli [18], but not for a microdissected renal tubuloint-
erstitial compartment [12]. A comprehensive evaluation
of the appropriateness of Pgkl as an internal RT-PCR
control for renal tissues has not been described before.

We also show that expression of 18S rRNA, one of the
two recommended endogenous expression controls for
the renal tubulointerstitial compartment [12], is relative-
ly constant, although poorly ranked, in GeneChip® anal-
yses. However, this gene was highly variably expressed in
TagMan® analyses. Although this discrepancy could be
specific to our experiment design or to assay-specific fac-
tors, it casts doubt on the appropriateness of 18S rRNA as
a universal endogenous control for RT-PCR studies in-
volving whole cystic kidneys.

Although the use of a gene encoding B-actin (Actb) as
an endogenous internal control for RT-PCR analyses is
controversial [19, 20], it is commonly used as such a con-
trol in studies of renal tissues. In the current study, the
expression of Actb was moderately stable among the 16
endogenous controls in TagMan® analyses and it was the
second most stable gene in GeneChip® analyses (fig. 2
and online suppl. table 2).

Similar to Actb, expression stability of other moder-
ately-ranked genes was very similar and any of these
genes would perform well as an endogenous RT-PCR
control in this setting. However, genes in the bottom half
of the rankings showed large expression variability and
should be avoided as RT-PCR controls in affected kidney
tissues.

It is important to recognize that the highest accuracy
of RT-PCR analyses can be achieved with multiple inter-
nal control genes [10, 11]. However, the use of several
genes that belong to the same functional class (e.g. gly-
colysis in cases of Gapdh and PgkI) should be avoided to
decrease potential effects of their co-regulation.

In summary, to evaluate the appropriateness of the 16
commonly used ‘reference genes’ as endogenous internal
RT-PCR controls in mildly and severely affected kidney
tissues, we determined expression levels of these genes in
age-matched cpk kidneys with extreme rates of cystic
kidney disease progression. Analyses of overall gene ex-
pression variability and gene expression equivalence
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based on TaqMan® as well as Affymetrix GeneChip®
data, yielded 3 top-ranked genes (Ppia, Gapdh and Pgk1).
The top-ranked genes, or indexes reflecting their geo-
metric means, may represent a suitable endogenous inter-
nal control for gene expression studies involving simi-
larly affected kidney tissues. However, this study requires
further validation in other kidney disease models.

DKO079337).
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