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SYBR Green I assay

optimized protocol for gene expression analysis

two-step RT-PCR (eliminate primer dimers)
DNase treatment of RNA (on column vs. in solution)
standard reaction conditions (temp. profile, primer conc. 250 µM)
20 ng input cDNA (random primed) in 15 µl reactions
very small intra-assay and inter-assay variation

Analytical Biochemistry, 2002



normalization

Northern blot, microarray and quantitative RT-PCR:
neccesity to adjust for experimental differences

RNA quantity & quality
overall transcriptional activity
cDNA synthesis & PCR efficiency

strategies

sum of all signals / median ratio / Lowess fit (array methods)
RNA mass quantity / 18S-28S (Northern blot)

internal endogeneous control (housekeeping gene)



normalization

search for the holy gene

housekeeping gene
maintenance gene 
internal endogeneous control

a suitable reference to which expression can be normalized
constant expression in the cells or tissues under 
investigation, no response to experimental treatment
beta actin (ACTB)
glyceraldehyde-3-phosphate dehydrogenase (GAPD)
18S rRNA
>90% studies - presumed stable expression



normalization

real life internal controls

There is no such gene as a housekeeping gene,
only genes with a small variation in expression level.

Thellin et al., 1999 (J Biotech)
“Commonly used internal controls can quantitatively vary in reponse to 
various factors.”
Warrington et al., 2000 (Physiol Genomics)
“A set of genes frequently used in standard expression analysis were 
found to vary in expression level by 7- to 23-fold (including ACTB and 
GAPD).” (comparing 7 adult and 4 fetal normal human tissues)

…



normalization

real life internal controls

quantitative RT-PCR analysis of 10 internal controls
(belonging to different functional and abundance classes)
on 85 samples < 13 different human tissues

TBP RPL13A
HMBS YWHAZ

UBC SDHA

HPRT1 B2M

ACTB GAPD



normalization

real life internal controls
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15 fold difference between A and B if normalized by only one gene
(ACTB or HMBS)



normalization

single control normalization errors



normalization

multiple internal controls

given the extreme sensitivity, reproducibility and large 
dynamic range of quantitative RT-PCR
the observed expression differences between so-called 
housekeeping genes
absence of sufficient data to determine the biological 
significance of 2- to 3-fold expression differences

we propose the use of multiple internal controls 
for accurate normalization

which ? how many? how?



determine how many control genes are required for 
accurate/reliable normalization

normalization

robust algorithm
identify the most stable control genes in a given tissue/cell

assumption-free



normalization

how

assess the (standard) variation of the control gene
assume equal input of equal quality RNA 

compare 2 (or more) housekeeping genes



normalization

gene stability measure M
pairwise variation V (between 2 genes)

gene A gene B
sample 1 log2(a1/b1)a1 b1

a2 b2
a3 b3

an bn

sample 2 log2(a2/b2)
sample 3 log2(a3/b3)
… … … …
sample n log2(an/bn)

st.dev = V
gene stability measure M
average pairwise variation V of a gene with all other genes
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normalization

pearson r 0.99 (p<0.01)

spearman r 1.00 (p<0.01)

geNorm V 0.07

gene A ratio gene A/B
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normalization

pearson r 0.99 (p<0.01)

spearman r 1.00 (p<0.01)

geNorm V 0.07

pearson r 0.49 (p=0.15)

spearman r 0.46 (p=0.13)

geNorm V 1.09



normalization

pearson r 0.59 (p=0.08)

spearman r 1.00 (p<0.01)

geNorm V 1.09

pearson r 0.49 (p=0.15)

spearman r 0.46 (p=0.13)

geNorm V 1.09



normalization

gene stability measure M
pairwise variation V (between 2 genes)

gene A gene B
sample 1 log2(a1/b1)a1 b1

a2 b2
a3 b3

an bn

sample 2 log2(a2/b2)
sample 3 log2(a3/b3)
… … … …
sample n log2(an/bn)

st.dev = V
gene stability measure M
average pairwise variation V of a gene with all other genes



normalization

geNorm VBA applet

allserv.ugent.be/~jvdesomp/genorm/



normalization

stepwise elimination of worst scoring control gene (which)



normalization

determination of the optimal number of control genes (how many)

3 – 5 stable housekeepers are needed



normalization

determination of the optimal number of control genes (how many)



normalization

calculation of normalization factor (how?)

geometric mean of 3 housekeeping genes levels

geometric mean =  (a . b . c) 1/3
geomean < arithmetic mean

arithmetic mean = a + b + c
3

controls for outliers
compensates for differences in expression level between 
the internal control genes



normalization

calculation of normalization factor (NF)

ACTB
HMBS
HPRT1
TBP
UBC
NF



normalization

validation of geNorm

gene specific variation



normalization

validation of geNorm

microarray normalization factors



0.003

0.006
0.021
0.023
0.056

NF4

NF1

normalization

validation of geNorm

cancer patient survival analysis



use of only one gene leads to erroneous normalization 
up to 3 fold in 25% tested samples
up to 6.4 fold in 10% of tested sampels
calculation of normalization factor based on the geometric mean of 
at least 3 internal control genes

normalization

conclusion

large expression differences between so-called housekeeping genes

Vandesompele et al., Genome Biology, 2002



rationale: repeat sequences are present in the 3’ UTR of many 
genes, and the differential expression of a small number of genes 
won’t influence the overall repeat abundance in the transcriptome

normalization

future perspectives: from holy gene to repeat

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

the most abundant repeats found in 3’ UTR of genes are Alu repeats

validating Alu-J, Alu-Sx and Alu-Sq repeats for mRNA normalization



RTPrimerDB http://medgen.ugent.be/rtprimerdb/

Pattyn et al., 2003, Nucleic Acids Res
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