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rethink PCR

• normalization
• data analysis
• assay validation



outline part normalization

• problem
• multiple reference gene normalization

– geNorm
– other methods

• expressed Alu repeat normalization



normalization: what’s the 
problem?

• gene-specific (biological) variation
• non-specific (technical) variation

– RNA extraction yield
– RNA quantity & quality
– RT efficiency
– PCR efficiency



normalization: what’s the 
solution (part I)?



normalization: what’s the 
solution (part I)?

• sampling size (number of cells, volume or mass of the 
sample)
– reproducible extraction yields
– not always possible (e.g. microdissected tissue)

• total RNA amount
– not always possible (e.g. embryo)
– quality (inhibitors)
– cDNA synthesis efficiency is not taken into account
– total RNA (rRNA) is not always representative of the mRNA fraction

• spiking (alien RNA)
– corrects for enzymatic efficiency differences
– not assumption-free (equal input template)



normalization: what’s the 
solution (part I)?



normalization: what’s the 
solution (part II)?

• reference genes
– most popular
– capture most variation

• attention!
– reference genes (might) vary in expression
– until recently, non-validated reference genes were used

(assuming stable expression)
• normalization against 3 or more validated reference genes is considered as 

the most appropriate and universally applicable method
– 3rd London qPCR Symposium (April 2005)
– which genes?
– how to do the calculations?



normalisation: our geNorm 
solution

• framework for qPCR gene expression normalisation using the 
reference gene concept:
– quantified errors related to the use of a single reference gene

(> 3 fold in 25% of the cases; > 6 fold in 10% of the cases)
– developed a robust algorithm for assessment of expression stability of 

candidate reference genes
– proposed the geometric mean of at least 3 reference genes for 

accurate and reliable normalisation
– Vandesompele et al., Genome Biology, 2002



rethink your reference genes

• quantitative RT-PCR analysis of candidate reference genes
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• pairwise variation V  (between 2 genes)

• gene stability measure M
average pairwise variation V of a gene with all other genes

geNorm expression stability 
parameter

gene A gene B

sample 1 a1 b1 log2(a1/b1)

sample 2 a2 b2 log2(a2/b2)

sample 3 a3 b3 log2(a3/b3)

… … … …

sample n an bn log2(an/bn)

standard deviation = V



http://medgen.ugent.be/genorm

• automated analysis
– ranking of candidate reference genes according to their stability
– determination of how many genes are required for reliable normalization

geNorm
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• ranking of candidate reference genes according to their stability

geNorm



calculation of the 
normalization factor

• geometric mean of 3 reference gene expression levels

• controls for outliers
• compensates for differences in expression level between the 

reference genes

geometric mean =  (a x b x c) 1/3

arithmetic mean =
a + b + c

3



• robust – insensitive to outliers

geNorm validation (I)
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• purpose of normalization: reduction of non-specific variation
only geNorm best reference genes are able to reduce most of 
the variation

geNorm validation (II)

3 good references

3 average references

3 bad references
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• cancer patients survival curve
statistically more significant results

log rank statistics

Hoebeeck et al., Int J Cancer, 2006

geNorm validation (III)



• mRNA haploinsufficiency measurements
accurate assessment of small expression differences

geNorm validation (IV)

Hellemans et al., Nature Genetics, 2004

patient / control
3 independent experiments
95% confidence intervals



• multiple reference gene normalisation has become common 
practice:
– > 1000 citations of our geNorm technology in PubMed
– > 6000 geNorm downloads worldwide
– 3rd London qPCR Symposium survey / EMBO 2005 qPCR course

normalisation using multiple 
stable reference genes



present mathematical (linear mixed-effects) models to analyze candidate reference genes
log yij = μ + Ti + Gj + εij

• other approaches
– Global Pattern Recognition (Akilesh et al., Genome Research, 2003)
– BestKeeper (Pfaffl et al., Biotechnology Letters, 2004)
– Equivalence test (Haller et al., Analytical Biochemistry, 2004)
– ANOVA test (Brunner et al., BMC Plant Biology, 2004)
– Normfinder (Andersen et al., Cancer Research, 2004)
– Szabo et al., Genome Biology, 2004
– Abruzzo et al., Biotechniques, 2005

selection of stable reference 
genes

• Vandesompele, Kubista & Pfaffl
Reference gene validation software for improved normalization
in “Real-time PCR: an essential guide” (Horizon Bioscience, 2nd edition, 2009)



• differences in reference gene ranking between intact and 
degraded RNA
(Perez-Novo et al., Biotechniques, 2005)

impact of RNA quality on 
expression stability



new strategies for 
normalization

• need for something new – rethink
– reference gene validation requires (extensive) experimental work
– sometimes not possible (lack of sample material, funding, time or 

devotion)

• there must be something better
– EAR normalization (Expressed Alu Repeat)

“using a repetitive sequence in the human transcriptome as a measure 
for the mRNA fraction”



EAR normalization - principle

rationale: repeat sequences are present in the UTR of many genes, and 
the differential expression of a small number of genes won’t influence the 
overall repeat abundance in the transcriptome



Alu repeat elements

• by far the most abundant repeats in the human genome 
• 1 million copies (10% of the genome), 31 subfamilies (well 

conserved)
• short interspersed elements (SINE) replicating via 

retrotransposition
• ~280 bp long, followed by a variable poly-A tail
• no known biological function
• implicated in human disease (unequal recombination)



Alu repeat element sequence 
conservation



in silico transcriptome 
analysis

• extraction of all Alu repeat elements in the human genome
– UCSC genome browser table function

• database with repeat element info and gene structure information for all human 
genes -> ‘expressed Alu repeats’
– MySQL

• Alu subfamily sequence alignment
– PHP script ‘Alu FASTA generator’
– wEMBOSS clustalW alignment

• primer design
• roughly 1500 human genes contain 

one or more Alu repeats



examples Alu containing 
genes

ADAMTS4 (1q23.3)

ADCY6 (12q13.12)

AluSq

AluSg



Alu repeat assay evaluation

• AluSx assay (AluSq | AluJ)

64, 16, 4 and 1 ng
QPCR Reference Total RNA
(Stratagene)



EAR normalization

• comparison of Alu repeat levels and NF based on 3 best reference genes
Pearsons correlation 0.943 (p=0.0014)
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EAR normalization

• MYCN expression levels normalized by Alu repeat or NF3
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geNorm ranking of candidate
reference genes

3rd EMBO qPCR course, Heidelberg, 2006



conclusions Alu repeat 
normalization

• simple and convenient normalization strategy for 
– gene expression analysis (cDNA) (EAR normalization)
– gene copy number quantification (DNA)

• no (extensive) experimental validation required

• only limited sample amount required

• strategy could be expanded to other expressed repeats in 
other organisms



problem of data-analysis

• extraction of meaningful biological information from qPCR data



problem of data-analysis

• extraction of meaningful biological information from qPCR data



data-analysis: 3 generations 
of quantification models
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• Livak and Schmittgen (2001)
100% PCR efficiency, 1 reference gene

• Pfaffl (2001)
adjusted PCR efficiency, 1 ref. gene

• qBase model (2007)
adjusted PCR efficiency  & multiple reference genes



universal quantification model 
with proper error propagation



qBase paper

Hellemans et al., Genome Biology, 2007



– based on Ghent University’s geNorm and qBase technology
– up to fifty 384-well plates
– multiple reference genes for accurate normalization
– detection and correction of inter-run variation
– dedicated error propagation
– automated analysis; no manual interaction required

– basic version is free, available from Biogazelle 
(http://www.biogazelle.com)

qBasePlus



run editor (Windows XP)



PCR efficiency correction and 
results (Windows Vista)



inter-run calibration (Suse
Linux)



results in 24 seconds

http://www.biogazelle.com/filmpjes/24seconds.swf



RTPrimerDB 2003

• Nucleic Acids Research, Vol. 31, No. 1 122-123, 2003
• http://medgen.ugent.be/rtprimerdb

• database of experimentally validated real-time PCR assays
– SYBR Green I (61%), TaqMan (38%), others (1%)
– human (72%), mouse (16%), rat (10%), others (2%)
– gene expression (97%), others (3%)

• standardization
• time saving



gene expression assay 
viewer



assay details (1)



assay details (2)



RTPrimerDB update 2006

• Nucleic Acids Research, 2006, Vol. 34, D684-D688
• in silico assay evaluation pipeline

– SNP or sequence errors
– secondary structure analysis
– BLAST specificity analysis



in silico assay evaluation 
pipeline (1)



in silico assay evaluation 
pipeline (2)



in silico assay evaluation 
pipeline (3)



• unafold
• Zuker et al., Nucleic Acids Research, 2003

in silico assay evaluation 
pipeline (unafold)



in silico assay evaluation 
pipeline (unafold)



in silico assay evaluation 
pipeline (unafold)



in silico assay evaluation 
pipeline (unafold)



in silico assay evaluation 
pipeline (unafold)



in silico assay evaluation 
pipeline (unafold)



new features 2008

• all NCBI organisms
• RDML compliant
• primer design pipeline

– primer3
– high-throughput



RDML (www.rdml.org)



RDML

• European Biotechnology News, Issue 03-04/2008



RDML

• Nature Biotechnology (submitted)
• http://www.mibbi.org



general conclusions

• rethinking is useful
• validation matters

• reference gene validation is mandatory
• advanced quantification models and proper software enable 

accurate and precise results
• RTPrimerDB enables straightforward and automated qPCR 

assay quality control
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