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Accurate normalization of real-time quantitative RT-PCR data by
geometric averaging of multiple internal control genes
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Abstract 

Background: Gene-expression analysis is increasingly important in biological research, with real-
time reverse transcription PCR (RT-PCR) becoming the method of choice for high-throughput
and accurate expression profiling of selected genes. Given the increased sensitivity,
reproducibility and large dynamic range of this methodology, the requirements for a proper
internal control gene for normalization have become increasingly stringent. Although
housekeeping gene expression has been reported to vary considerably, no systematic survey has
properly determined the errors related to the common practice of using only one control gene,
nor presented an adequate way of working around this problem. 

Results: We outline a robust and innovative strategy to identify the most stably expressed
control genes in a given set of tissues, and to determine the minimum number of genes required to
calculate a reliable normalization factor. We have evaluated ten housekeeping genes from different
abundance and functional classes in various human tissues, and demonstrated that the conventional
use of a single gene for normalization leads to relatively large errors in a significant proportion of
samples tested. The geometric mean of multiple carefully selected housekeeping genes was
validated as an accurate normalization factor by analyzing publicly available microarray data. 

Conclusions: The normalization strategy presented here is a prerequisite for accurate RT-PCR
expression profiling, which, among other things, opens up the possibility of studying the biological
relevance of small expression differences.
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Results 
Expression profiling of housekeeping genes
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Table 1

Internal control genes evaluated in this study

Symbol Accession Name Function Localization Pseudo- Primers† Alias IMAGE‡

number gene*

ACTB NM_001101 Beta actin Cytoskeletal structural 7p15-p12 + S 510455
protein

B2M NM_004048 Beta-2-microglobulin Beta-chain of major 15q21-q22 - S 51940
histocompatibility complex 
class I molecules

GAPD NM_002046 Glyceraldehyde-3- Oxidoreductase in glycolysis 12p13 + D 510510
phosphate dehydrogenase and gluconeogenesis

HMBS NM_000190 Hydroxymethyl-bilane Heme synthesis, porphyrin 11q23 - D Porphobilinogen 245564
synthase metabolism deaminase

HPRT1 NM_000194 Hypoxanthine  Purine synthesis in salvage Xq26 + D 345845
phosphoribosyl-transferase 1 pathway

RPL13A NM_012423 Ribosomal protein L13a Structural component of the 19q13 + D 23 kDa highly -
large 60S ribosomal subunit basic protein

SDHA NM_004168 Succinate dehydrogenase Electron transporter in the 5p15 + D 375812
complex, subunit A TCA cycle and respiratory 

chain

TBP NM_003194 TATA box binding protein General RNA polymerase II 6q27 - D 280735
transcription factor

UBC M26880 Ubiquitin C Protein degradation 12q24 - D 510582

YWHAZ NM_003406 Tyrosine 3-monooxygenase/ Signal transduction by 2p25 + S§ Phospholipase 416026
tryptophan 5-monooxygenase binding to phosphorylated A2
activation protein, zeta serine residues on a variety 
polypeptide of signaling molecules

*Presence (+) or absence (-) of a retropseudogene in the genome determined by BLAST analysis of the mRNA sequence using the high-throughput
genomic sequences database (htgs) or human genome as database. †Localization of forward and reverse primer in different exons (D) or the same exon
(S). ‡IMAGE cDNA clone number according to [14]. §A single-exon gene.

Table 2

Primer sequences for internal control genes

Symbol* Forward primer Reverse primer

ACTB CTGGAACGGTGAAGGTGACA AAGGGACTTCCTGTAACAATGCA

B2M TGCTGTCTCCATGTTTGATGTATCT TCTCTGCTCCCCACCTCTAAGT

GAPD TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG

HMBS† GGCAATGCGGCTGCAA GGGTACCCACGCGAATCAC

HPRT1 TGACACTGGCAAAACAATGCA GGTCCTTTTCACCAGCAAGCT

RPL13A CCTGGAGGAGAAGAGGAAAGAGA TTGAGGACCTCTGTGTATTTGTCAA

SDHA TGGGAACAAGAGGGCATCTG CCACCACTGCATCAAATTCATG

UBC ATTTGGGTCGCGGTTCTTG TGCCTTGACATTCTCGATGGT

YWHAZ ACTTTTGGTACATTGTGGCTTCAA CCGCCAGGACAAACCAGTAT

*TBP primer sequences are described in [24]. †HMBS primer sequences kindly provided by E. Mensink and L. van de Locht (Nijmegen, The Netherlands).
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Figure 1
Single control normalization error values (E) were calculated as the ratio of the ratio of two control genes in two different samples (see Materials and
methods), and summarized here as cumulative distribution plots for the different tissue panels, pointing at considerable variation in housekeeping gene
expression.

Neuroblastoma
Normal pool
Leukocyte

Fibroblast
Bone marrow

Systematic error

Single control normalization error E

C
um

m
ul

at
iv

e 
di

st
rib

ut
io

n 
(%

)

20

40

60

80

100

2 4 6 8 10 120



���
���:������  �����.� ���� ���� ��		��� ����	� ���
���:�����

 �����	� 3���� �����������  ��� �#�� �#���� 
�	�� 	��1��� �������

-���	�>�#����	��#�	��3��#��#����3�	��� %����?����� ���	�%��

�����������  �����	� 1�� 	���3�	�� �����	���� � � �#�� 
�	�� 	��1��

��
�����-���������-���.�����3�	��%��������	�3����	�1	�5������

�����������  ��� �%���� 	����	� � � ��� ���� ���F' ���
���:�����

 �����	� �� ������-� �#�� �  ���� � � �����-� ��� >�F'?�#� -���

>��-��� B�?.�A���	�����������#����#�������	����� ��� ����#�-���

#�	���� 	�-�� ������ �  ���� >�#��� �	� ��3��BG9 %����?�  ��� �����*

����	�  �1��1��	�	� ���� 1����
����3.�4#�	� �	� ��	�� ����	������

1�� �#�� ������� ��� ���� ������������ 1��3���� ��B ���� ��9

%����	��	�	#�3�� ��� �1��1��	�	������-��� B1.�D���#��1�	�	�� 

�#�	�������3������������������,.'(��	������*�  �%�����1���3

3#��#� �#�� �����	���� � � ��� ����������� �������� -���� �	� ���

��5�����.����������1��	��
�������#�������� ����
�����		��	

���������3�������������-���	���	�����%������������		���� ��

�����1��� ���
���:������ >	��� ��	�� ��-��� B1?.� 4#�� #�-#� �)G+

���� �+G', %����	�  ��� �#�� ���
��� ����� �����1��	��
�� ���

���������	� �����1������ %���� 3���� �#��  �����-	� �1������� 1�

	���3�	�� �2���	���� � � �#�� 3��	�*	�����-� �������� -���

>��-��� 8?.�4#�	������	�	�	#�3��������������	�����������	����

�%���-�� � %����� �������-� ��� �3�� �1��������� �2���		��

��������-���	� ������������	�����������	��1���-���� ������*

��1��	��
�������#�������� ����
�����		��	.�����#��
�����#�

����� ��� �������� ����������� �������� -���	�  ��� �#�	�� ��	�� �3�

��		��������	��	����������-�3��#��#��#�-#�%�������������������*

-�����2���		�����	��%�������� ��
���-��� 8.�

Validation of proposed real-time RT-PCR
normalization factors 
4�� �		�		� �#�� %�������� � � �#�� �	��1��	#��� -���*	��1�����


��	���� �#��� �	� �#��� -���	�3��#� �#�� ��3�	��� %����	�#�%�

��������#��
�	��	��1����2���		����3�������
������#��-���*

	���� ���%��������� ������#���������-�����	��#��%������������ *

 ������� � � �#�� �2���		���� ��%��	� � ���� ���
���:�����.� 4#�	

co
m

m
ent

review
s

repo
rts

depo
sited research

interactio
ns

info
rm

atio
n

refereed research

http://genomebiology.com/2002/3/7/research/0034.5

Figure 2
Average expression stability values (M) of remaining control genes during stepwise exclusion of the least stable control gene in the different tissue panels
(black circle, neuroblastoma; white circle, normal pool; white square, bone marrow; black square, leukocyte; gray circle, fibroblast; gray square,
systematic error). See also Table 3 for the ranking of the genes according to their expression stability.

0.2

0.4

0.6

0.8

1.0

1.2

A
ve

ra
ge

 e
xp

re
ss

io
n 

st
ab

ili
ty

 M

10 9 8 7 6 5 4 3 2
Number of remaining control genes

Table 3

Control genes ranked in order of their expression stability* 

Neuro- Fibroblast Leukocyte Bone Normal 
blastoma marrow pool

B2M HMBS ACTB ACTB B2M

RPL13A B2M HMBS B2M ACTB

ACTB RPL13A HPRT1 HMBS YWHAZ

TBP SDHA SDHA TBP RPL13A

YWHAZ TBP TBP SDHA UBC

HMBS ACTB RPL13A GAPD TBP

UBC UBC GAPD HPRT1 HPRT1

SDHA YWHAZ B2M YWHAZ HMBS

HPRT1 - GAPD HPRT1 - GAPD UBC - YWHAZ UBC - RPL13A SDHA - GAPD

*Increasing from top to bottom; the two most stable control genes in
each cell type, for example HPRT1 and GAPD in fibroblasts, cannot be
ranked in order because of the required use of gene ratios for gene-
stability measurements. 
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Figure 3
Determination of the optimal number of control genes for normalization. (a) Pairwise variation (Vn/n+1) analysis between the normalization factors NFn
and NFn+1 to determine the number of control genes required for accurate normalization (arrowhead = optimal number of control genes for
normalization). (b) Selected scatterplots of normalization factors before (x-axis) and after (y-axis) inclusion of an (n + 1)th control gene (r = Spearman
rank correlation coefficient). Low variation values, V, correspond to high correlation coefficients. It is clear that there is no need to include more than
three, four or five control genes for fibroblast (A), neuroblastoma (B) and the normal pooled tissues (D), respectively. In contrast, panel C demonstrates
that inclusion of at least a fourth control gene is required for the normal pooled tissues.
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Figure 4
Validation of the gene-stability measure and the geometric averaging of carefully selected control genes for normalization. (a) Validation of the gene-
stability measure. The average gene-specific variation (determined as coefficient of variation, in percent) for the three control genes with the smallest
variation within each tissue panel after normalization with three different factors calculated as the geometric mean of the three control genes with the
lowest (NF3(1-3)), highest (NF3(8-10)) and intermediate (NF3(6-8)) gene stability values (as determined by geNorm). NB, neuroblastoma; POOL, normal
pooled tissues; LEU, leukocytes; BM, bone marrow; FIB, fibroblasts. (b) Geometric averaging. Comparison of frequently applied microarray scaling
factors and the proposed RT-PCR normalization factor based on the geometric mean of selected control genes (NF5, geometric mean of the five control
genes with the lowest M value; NFM<0.7, geometric mean of control genes with M < 0.7; see Results), calculated for eight hybridizations from publicly
available microarray data [14].
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Figure 5
Logarithmic histogram of the expression levels of 10 internal control genes determined in 13 different human tissues, normalized to the geometric mean
of 6 control genes (GAPD, HPRT1, SDHA, TBP, UBC, YWHAZ). An approximately 400-fold expression difference is apparent between the most and least
abundantly expressed gene, as well as tissue-specific differences in expression levels for particular genes (for example, B2M).
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