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ABSTRACT

In recent years the improvements in high-throughput gene expression analysis have led to the discovery of numerous non-
protein-coding RNA (npcRNA) molecules. They form an abundant class of untranslated RNAs that have shown to play a crucial
role in different biochemical pathways in the cell. Reverse transcription quantitative real-time polymerase chain reaction
(RT-qPCR) is an efficient tool to measure RNA abundance and gene expression levels in tiny amounts of material. Despite its
sensitivity, the lack of appropriate internal controls necessary for accurate data analysis is a limiting factor for its application in
npcRNA research. Common internal controls applied are protein-coding reference genes, also termed “housekeeping” genes
(HKGs). However, their expression levels reportedly vary among tissues and different experimental conditions. Moreover,
application of HKGs as reference in npcRNA expression analyses is questionable, due to the differences in biogenesis. To
address the issue of optimal RT-qPCR normalizers in npcRNA analysis, we performed a systematic evaluation of 18 npcRNAs
along with four common HKGs in 20 different human tissues. To determine the most suitable internal control with least
expression variance, four evaluation strategies, geNORM, NormFinder, BestKeeper, and the comparative delta C; method, were
applied. Our data strongly suggest that five npcRNAs, which we term housekeeping RNAs (HKRs), exhibit significantly better
constitutive expression levels in 20 different human tissues than common HKGs. Determined HKRs are ideal candidates for
RT-gqPCR data normalization in human transcriptome analysis, and might also be used as reference genes irrespective of the
nature of the genes under investigation.
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INTRODUCTION termed as noncoding RNAs (ncRNAs) or more precisely
non-protein-coding RNAs (npcRNAs) (Brosius and Tiedge
2004; Matera et al. 2007). Recent evidence also showed that
most of the complex genetic phenomena in higher organ-
isms, such as gene silencing, imprinting, splicing, and RNA
post-transcriptional modifications are connected to RNA
signaling and, hence, the involvement of different classes of
npcRNAs is rather the rule than the exception (Mattick
2004). Though roughly categorized into small nuclear
RNAs (snRNAs), small nucleolar RNAs (snoRNAs), small
cajal body-specific RNAs, microRNAs, guide RNAs, antisense
RNAs, siRNA, and piRNA (Szymanski and Barciszewski
2002; Mattick 2005; Chu and Rana 2007), there are many
other types of npcRNAs discovered. Most of these are
Reprint requests to: Zoltan Konthur, Department of Vertebrate Geno- either predicted by computational methods (Washietl et al.
mic§, Max Planck Instit.ute for Molecular Genetics, Thnestrasse 63-73, 14195 2005a,b), or found by large-scale transcriptome analysis on
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In recent years, various reports on the analysis of the human
genome and transcriptome showed that only less than 2% of
the genome is coding for proteins, yet the vast majority
(~65%) of the genome is being transcribed, resulting in
large amounts of untranslated RNA with mostly unknown
origin and function or no function (Kapranov et al. 2002;
Brosius 2005; Taft et al. 2007). It has been shown repeatedly
that there are many more RNAs with a regulatory function
other than the well-known ribosomal, messenger, and trans-
fer RNA (rRNA, mRNA, tRNA), which are commonly
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Tang et al. 2002; Huttenhofer and Vogel 2006) and demand
thorough experimental evaluation.

Microarrays and reverse transcription quantitative real-
time polymerase chain reaction (RT-qPCR) analyses are
commonly used approaches to measure transcript abun-
dance with the advantage of speed, throughput, and a high
degree of potential automation compared to conventional
quantification methods such as Northern blot analysis,
RNase protection assays, or competitive reverse-transcriptase
PCR. Microarrays allow the parallel analysis of thousands of
genes in two differentially labeled RNA populations, while
RT-qPCR provides the simultaneous measurement of gene
expression in many different samples for a limited number
of genes and is especially suitable when only small amounts
of sample is available (Bustin 2002; Huggett et al. 2005;
Nolan et al. 2006).

RT-qPCR is an efficient tool to measure absolute tran-
script abundance and provides valuable quantitative in-
formation on gene expression of different samples from
different sources (Peters et al. 2004; Huggett et al. 2005; Jiang
et al. 2005; Nolan et al. 2006). Considering the experimental
variations in the form of starting material, RNA extraction,
and efficiency of first-strand cDNA synthesis, a set of precise
internal controls to measure and reduce the error between
different runs and samples is needed (Tichopad et al. 2003;
Peters et al. 2004; Tichopad et al. 2004). Reference genes or
“housekeeping” genes (HKGs) are commonly used to nor-
malize mRNA levels of the genes of interest before compar-
ison between different samples in RT-qPCR. Selecting
appropriate reference genes for normalization is essential
to accurately interpret the RT-qPCR results. By current
definition, reference genes are mainly protein-coding genes,
which are expressed in a wide variety of tissues or cell types
and show no or only minimum variation in expression levels
between individual samples and the experimental conditions
used (Suzuki et al. 2000; Radonic et al. 2004). In reality,
however, such reference genes do not exist.

Applying a number of different methods, numerous at-
tempts have been made to select appropriate constitutively
expressed reference genes in the past. A survey of more
than 40 studies revealed that in 70% of publications
GAPDH, ACTB, B2M, HPRTI, and 18S rRNA were used
in data analysis, and in over 90% of the studies, only
a single reference gene was used for the normalization of
RT-qPCR data (Schmittgen and Zakrajsek 2000; Tricarico
et al. 2002). However, the expression levels of many of these
reference genes have been reported to vary considerably in
multiple tissues and cells (Suzuki et al. 2000). Moreover,
the biogenesis of small npcRNAs is different from that of
protein-coding genes (Filipowicz and Pogacic 2002), and
hence, usage of HKGs for normalization of expression
levels between samples could potentially result in erroneous
conclusions.

To date, different evaluation strategies are available for
determining the most suitable internal control showing

least expression variance between test samples. All methods
aim at defining the most “stable” gene(s) from a test set of
genes, wherein “expression stability” is referred to as the
least variation of constitutive expression levels in the group
of samples analyzed. For instance, ggNORM, a Microsoft
Excel VBA-applet developed by Vandesompele and col-
leagues (2002), suggests the use of the geometric mean of
more than one reference gene for normalization. Usage of
multiple reference genes will reduce the variations, thereby
reducing the errors in final expression analysis. BestKeeper,
another Microsoft Excel-based tool, determines the optimal
normalizer using pairwise correlation analysis of all pairs of
reference candidates and calculates the geometric mean of
the best-suited pair (Pfaffl et al. 2004). The NormFinder
algorithm uses a model-based approach, taking into ac-
count variations across subgroups and avoiding artificial
selection of coregulated genes (Andersen et al. 2004).

In the present study, we have examined the expression
levels of 18 small npcRNAs along with four most com-
monly used HKGs in 20 different human tissues. According
to our evaluation using multiple stability analysis methods,
several of the npcRNA genes, which we term house keeping
RNAs (HKRs), serve as better internal controls than the
commonly used HKGs. Furthermore, geNORM and Best-
Keeper analyses suggest that the usage of a set of HKRs for
normalization of expression analysis data of npcRNA genes
gives more accurate data than using a set of HKGs or using
a single HKG or HKR for normalization.

RESULTS

The major goal of our study was to determine a set of stable
internal controls for the expression analysis of human
npcRNA transcriptome by RT-qPCR. Based on previous
reports, we have chosen to evaluate the expression pattern
of the four most commonly used HKGs (GAPDH, B2M,
ACTB, HPRT1I) for normalization in RT-qPCR expression
studies (Suzuki et al. 2000). In addition, we have chosen 18
npcRNA genes for expression analysis in 20 different
human tissues. The npcRNAs were selected from different
structural and functional classes to avoid coregulatory
effect in the expression analysis. Hence, small nucleolar
RNAs (HBII-85, HBII-420, U105 C/D Box snoRNAs, and
ACA-16, ACA-44, ACA-61, HBI-36 H/ACA box snoRNAs),
small cajal body-specific RNA (U87 scaRNA), small nuclear
RNAs (Ul, U2, U4, U5, U6, and Ul2 snRNAs), BC200
RNA, 7SK RNA, 7SL RNA, and 5,8S ribosomal RNA were
chosen. Among these, npcRNA candidates with pro-
nounced tissue-specific expression (HBI-36, BC200 RNA,
and HBII-85) were selected as spiked controls in the test
set. In the following, HKGs and npcRNA gene candidates
together are referred to as “reference candidates.” The
nomenclature of reference candidates is according to the
snoRNA database (www.snorna.biotoul.fr) (Lestrade and
Weber 2006) and HGNC (http://www.genenames.org/).

www.rnajournal.org 451



Galiveti et al.

Details of the reference candidates and the applied primers
throughout the analyses are provided in Tables 1 and 2.
Primers were designed using the corresponding reference
sequences deposited at GenBank.

RNA quality determination

Small npcRNAs are short in size (~20-500 nucleotides [nt])
and often found to be intronless (some tRNA genes are
exceptions). Hence, apart from high quality, the total RNA
samples should be devoid of genomic DNA. All the total
RNA samples obtained were analyzed by BioAnalyser 2100
and were stored in RNA storage solution. First, we examined
the obtained total RNA from 20 different human tissues for
their purity and concentration by measuring the absorbance
ratio at 260/280 nm. All total RNA samples were shown to be
free of protein contamination with values between 1.92 and
1.98. Furthermore, we monitored the total RNA and the
cDNA samples for the presence of residual genomic DNA by
PCR using a special primer set located in neighboring exons
5 and 6 of the HNRNPA2BI gene. In cDNA preparations free
of DNA contamination, the expected PCR product is a single
amplicon of 109 bp in size (without intron). However, in the
presence of genomic DNA, an additional PCR product of 184
bp in size is obtained through amplification of the intronic
sequence (Fig. 1). Notably, all our obtained total RNA
samples were free from genomic DNA contamination as no
PCR amplicon was obtained (data not shown).

Primer screening and PCR efficiency analysis

The primer sequences for protein-coding reference genes
were reported previously (Zhang et al. 2005; Greber et al.
2007), except for HPRT1. All primer sets for npcRNAs were
chosen according to general rules of qPCR primer design.
They are between 18 and 27nt in length and the expected
amplicon sizes are in the range of 80-130 base pairs (bp)
(Table 2). First, all primers were examined by end-point
PCR using human brain ¢cDNA as a template. All chosen
candidates were expressed, and specific amplification was
confirmed by a single band of appropriate size in agarose
gel electrophoresis. Furthermore, the identities of all PCR
products were further confirmed by TOPO T/A cloning
and subsequent sequencing (data not shown).

In a second step, the amplification efficiency for each
primer pair was determined in a RT-qPCR assay using
triplicates of a 10-fold dilution series of human brain cDNA
(20-0.02 ng) as a template. Primer efficiency indicates the
amplicon doubling rate of a primer pair during the ampli-
fication reaction. The “C, value” is defined as the number of
cycles needed for the fluorescence signal to reach a specific
threshold level of detection and correlates inversely with the
amount of nucleic acid template present in the reaction
(Walker 2002). Obtained C, values of the dilution series were
plotted and the resulting slope value was used for calculation
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of RT-qPCR primer efficiency (E) according to the equation:
E= (10[—1/slope])‘

All PCR primer pairs showed correlation coefficients of
R® > 0.97 (the nearer to 1.0 the better) and primer efficiency
values E ranging between 1.94 and 2.07 (Table 2). The
dissociation plots (melting-curve analysis) provided by the
ABI Prism 7900HT sequence detection system indicated
a single peak for all primer pairs, further confirming spec-
ificity. The primer efficiencies were used to transform the
raw C, values to quantities by comparative C, method for
subsequent geNORM and NormFinder analyses, whereas
BestKeeper uses the raw C, values and primer efficiency
values directly in the analysis.

Relative expression of reference genes

RT-qPCR was used to assess transcription levels for reported
HKGs and chosen npcRNA genes. To evaluate the expres-
sion levels of all reference candidates across 20 different
human tissues, all obtained C, values for each gene were
comparably analyzed (Fig. 2). All reference candidates in-
cluded in this study covered a wide range of expression levels
in tested human tissues (mean C, values ranging from 12 to
36). Obtained C, range is equivalent to eight orders of
magnitude difference in nucleic acid abundance in the sam-
ples. The expression levels for individual candidates were
also showing a wide range of expression variability within
the different tissues of the panel. Standard deviation of the
C, values range between 0.06 (7SL scRNA) and 3.11 (HBI-
36 H/ACA-box snoRNA). Repetition of RT-qPCR for some
of the reference candidates indicated no significant batch-
to-batch variation for different cDNA preparations from the
same total RNA, or even from different total RNA samples.
Notably, different preparations of total RNA from different
human tissues might lead to diverse expression profiles of
genes that are transcribed in a cell-type specific manner. In
other words, brain cortex cannot contain the repertoire of
RNA as brain stem, amygdala, cerebellum, etc. This also can
be the case from other tissues, not to mention changes in
expression patterns due to differences in age or environ-
mental factors, including disease.

Relative expression stability evaluation

The data obtained for each reference candidate in 20
different human tissues were analyzed for their relative
expression stabilities. Based on C, values obtained for 22
reference candidates, seven were excluded from further
analysis due to high standard deviation (C,-range). Can-
didates with a standard deviation (SD) above that of any
of the four HKGs (SD > 1.07) were excluded from further
analysis. Thus, all npcRNAs exhibiting pronounced tissue-
specific expression (HBII-36, BC200, HBII-85), or showing
high expression variations in analyzed tissues (HBII-420,
ACA-16, ACA-44, and ACA-61) were removed.
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TABLE 2. Information on the primers used for real-time quantitative PCR

Amplicon Primer
size efficiency

Name Forward primer (5'-3") Reverse primer (5'-3") (bp) (E)

ACTB TCAAGATCATTGCTCCTCCTGAG ACATCTGCTGGAAGGTGGACA 87 2.03
B2M ACTGAATTCACCCCCACTGA CCTCCATGATGCTGCTTACA 114 1.99
GAPDH CTGGTAAAGTGGATATTGTTGCCAT TGGAATCATATTGGAACATGTAAACC 81 2.02
HPRTT1 GTAATTGGTGGAGATGATCTCTCAACT TGTTTTGCCAGTGTCAATTATATCTTC 81 2.0

5.8S rRNA GGTGGATCACTCGGCTCGT GCAAGTGCGTTCGAAGTGTC 102 2.03
7SK RNA CCCCTGCTAGAACCTCCAAAC CACATGCAGCGCCTCATTT 106 2.05
7SL scRNA ATCGGGTGTCCGCACTAAGTT CAGCACGGGAGTTTTGACCT 126 2.07
ACA16 snoRNA GGCCCTTATCGAAGCTGCA CGGCGACCGTCAAGGA 86 2.07
ACA44 snoRNA GTTTCCAAGGGCTGTGGCT TGTACTGACCTGCGCTGTCAA 91 2.1

ACA61 snoRNA CCTTTCCCATCGGATCTGAA CCACATGCCATATACCAGATTACAAC 101 2.1

BC200 scRNA TGGCTCACGCCTGTAATCC CCCAGGCAGGTCTCGAACT 84 2.1

HBI-36 snoRNA CAGCACTGCCAAGTGACCC ATATGTACCCAGCTGCATGCAG 128 2.1

HBII-85 snoRNA TGGATCGATGATGAGTCC TGGACCTCAGTTCCGATGAGA 97 1.99
HBII-420 snoRNA ACTGGTCCAGGATGAAACCTAATT CCTAGGAGCTGGTCTCAGTCCC 80 2.01
U1 snRNA CCATGATCACGAAGGTGGTTT ATGCAGTCGAGTTTCCCACAT 101 2.07
U2 snRNA TTCTCGGCCTTTTGGCTAAG CTCCCTGCTCCAAAAATCCA 110 2.01
U4 snRNA GCCAATGAGGTTTATCCGAGG TCAAAAATTGCCAATGCCG 101 1.94
U5 snRNA TGGTTTCTCTTCAGATCGCATAAA CCAAGGCAAGGCTCAAAAAAT 102 1.99
U6 snRNA CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT 94 2.04
U12 snRNA GCCCGAATCCTCACTGCTAA TCGCAACTCCCAGGCATC 98 2.06
U87 scaRNA ATGGGATCATGGAGCAGCTG TCACACCCATGACTGCCACT 132 2.07
U105 snoRNA CCCCTATCTCTCATGATGAACACATAT CCCCATCTCTTCTTCAGAGCG 85 2.03

The 15 remaining reference candidates were analyzed for
their “relative expression stability” in 20 different human
tissues using four different normalization methods: geNORM
(Vandesompele et al. 2002), NormFinder (Andersen et al.
2004), BestKeeper (Pfaffl et al. 2004), and the Comparative
Delta C; (AC,) method (Silver et al. 2006). ggNORM and
NormFinder use relative quantity values as input data,
whereas BestKeeper and comparative AC, methods use raw
C, values along with primer efficiency and standard deviation
values, respectively.

geNORM expression stability analysis

The gene expression stability analysis of the transformed data
by geNORM determines the average pairwise variation of an
individually chosen candidate with all other reference can-
didates and ranks them based on average expression stability
value (M) from most stable to least stable (Vandesompele
et al. 2002). To select the best reference candidates for the
final analysis, we have evaluated protein-coding HKGs and
npcRNA genes separately and together by geNORM, and
examined the average expression stability values among all
three groups (Fig. 3A).

Among the four selected HKGs, ACTB showed the highest
stability value, followed by B2M, HPRT1, and GAPDH. (Fig.
3A, left panel).

For the 11 tested npcRNA reference candidates, HKRs, the
order of expression stability was as follows: 7SL scRNA /U1
snRNA > 5.85 rRNA > U87 scaRNA > U6 snRNA > U2

454 RNA, Vol. 16, No. 2

snRNA > U4 snRNA > U5 snRNA > U-105 snoRNA > U12
snRNA > 7SK RNA (Fig. 3A, middle panel).

When HKGs and HKRs were analyzed together, five
HKR candidates (7SL scRNA/U1 snRNA > 5.8S rRNA >
U87 scaRNA > U6 snRNA) were found to be the most
constitutively expressed candidates whereby two HKGs
were following the obtained order (ACTB and B2M) as
most stable protein-coding HKGs (Fig. 3A, right panel).
The expression stability of GAPDH and HPRTI genes, the
most common HKGs reported in many studies, appeared
to be the most variable amongst selected candidates.

« 10.26 Kb Reverse strand —

forward primer

N-_J——flzl\/III*

reverse primer
genomic DNA cDNA
PCR amplicon size: 184 bp 109 bp

FIGURE 1. Primer design strategy for PCR-based detection of DNA
contamination in total RNA samples. The possible presence of DNA
contamination is analyzed by PCR using special primers for the
HNRNPA2BI gene. The forward and reverse primers are located in
two different neighboring exons amplifying a 109-bp fragment from
cDNA. In the presence of genomic DNA, it gives rise to an additional
amplicon of 184 bp in size due to the additional intron.
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FIGURE 2. Real-time quantitative PCR cycle threshold (C,) values for 22 reference candidates
in 20 human tissue RNA samples. The median C, values are shown as lines, 25 to 75 C,
percentile as Boxes and the range of C, values from 20 cDNA samples as whiskers. The dotted
line separates protein-coding genes (left) from RNA-coding genes (right).

Additionally, geNORM also calculates the pairwise varia-
tion (V) among the reference candidates and provides an
estimate of the optimum number of reference candidates to
be used (Fig. 3B). This value is obtained by the analysis of the
changes in the normalization factors by adding successively
the most stable reference candidate from the set. geNORM
suggests that an accurate normalization factor of RT-qPCR
data can be calculated by using a minimum of three most
stably expressed genes and V-value < 0.15 is considered as
optimal. A higher V-value after the inclusion of a candidate
to the analysis indicates a negative effect on the normalizing
factor and, hence, can be excluded from the set. However, if
the addition of a reference candidate results in a significantly
lower V-value, it should be considered in the normalization.
When we analyzed all the reference candidates, the observed
changes were rather uniform with a possible optimum point
(V < 0.15) reached with the addition of a fourth reference
candidate (U87 scaRNA). However, the addition of a fifth
candidate (U6 snRNA) significantly reduced the V-value
further and should also be considered for normalization.
Therefore the calculation of normalization factor enabled
us to find the optimal number of reference candidates that
should be used for qPCR data normalization. The final set of
most stable reference candidates after pairwise variation anal-
ysis is as follows: 7SL scRNA, Ul snRNA, 5.8S rRNA, U87
scaRNA, and U6 snRNA.

NormFinder expression stability analysis

NormFinder analysis is another RT-qPCR data normaliza-
tion tool that ranks the expression values of each of the
chosen reference candidate (Andersen et al. 2004). In con-
trast to geNORM, NormFinder examines the expression
stability of each single candidate independently from each
other. This is very important in the light of our limited
knowledge regarding the coregulation of candidates in a given
test set and experimental design. The results of the Norm-

identified U105 snoRNA, HPRTI, 7SK
RNA, Ul12 snRNA, and GAPDH as most
variable reference candidates and ranked
them last among the 15 tested genes
(Fig. 4).

Comparative AC, method for expression stability
analysis

The Comparative AC, method evaluates relative expression
of “pairs of genes” within each tissue sample to identify the
most stable reference candidates (Silver et al. 2006). This
method keeps the level of mathematical methodology to
a minimum, without compromising accuracy, in order to
allow nonspecialist personnel to discover stable candidates.
If AC, between two candidates remains constant in
different samples, this indicates that either both candidates
are constitutively expressed, or they are coregulated. In
contrast, when the ACq value fluctuates, then one or both
candidates are variably expressed. Contribution of more,
i.e., the 3rd, 4th...15th candidate in the comparison will
provide information on which pair of reference candidate
shows least expression variability among tested samples.
This approach allows testing of the expression values for
large set of genes and comparing it among each other to
select reliable reference candidates.

RT-qPCR data obtained from 20 different human tissues
for 15 selected candidates was used to calculate AC, values.
When AC, values of all selected candidates were compared
with each other, GAPDH, 7SK RNA, HPRTI, and U12
snRNA showed high average AC, deviation (SD of 1.15-
1.17), and hence high degree of expression variation.
Furthermore, moderate expression variation was observed
for U2 snRNA, U5 snRNA, U4 snRNA, and U105 snoRNA
genes with an SD of 0.96-1.05. The remaining seven
reference candidates showing the lowest expression varia-
tion were further compared to each another (Fig. 5; Table
3). The results obtained by the AC, method were similar to
NormFinder analysis. 7SL scRNA and Ul snRNA showed
least AC, deviation (SD of 0.51 and 0.55, respectively)
ranking as most stably expressed genes. U87 scaRNA, and
5.8S rRNA showed moderate levels of deviation (SD of 0.62
and 0.63, respectively) and, hence, intermediate levels of
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determines standard deviation, percent
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gene, with the user selecting the best
genes based on these three variables.

To select 10 best reference candidates
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for final BestKeeper analysis, we have
evaluated HKGs and HKRs separately
and together, and compared the result-
ing data. Reference candidates exhibiting
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high SD, based on the C, values, across
S5 20 tissues among the set (U12 snRNA,
U4 snRNA, HPRT1, U105 snoRNA, and
R 7SK RNA) were excluded from further
analysis. GAPDH exhibited inverse reg-
ulation of expression as shown by the
negative correlation index, and was also
excluded from further analysis (data not
shown). The percentage covariance and
standard deviation of 7SL and Ul was
among the least, indicating that the
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FIGURE 3. Gene expression stability analysis of most stable housekeeping genes (HKGs) and
housekeeping RNAs (HKRs) using geNORM. (A) Average expression stability values (M) of 15
most stable reference candidates after stepwise exclusion of the least stable reference candidate.
M-values are represented for separate analysis of four HKGs (left, A) and 11 HKRs (center, B),
as well as together (right, C). The horizontal line represents the lowest expression stability value
for the most stable HKG (0.66). HKGs are represented as stars, HKRs are represented as circles.
(B) Pairwise variation analysis showing optimal number of reference candidates for
normalization for HKGs and HKRs, separately and together (from left to right, respectively).
Pairwise variation value beneath 0.15 (horizontal line) with the least number of reference

candidates used is considered as optimal.

variation. The HKGs ACTB and B2M, showed high AC,
deviation (SD of 0.70 and 0.72, respectively) indicating
a high degree of expression variability, and hence, were
ranked lowest in the order. Overall ranking of top seven
candidates by AC, is as follows: 7SL scRNA > Ul snRNA >
U87 scaRNA > 5.85 rRNA > U6 snRNA > ACTB > B2M
(Table 3).

BestKeeper expression stability analysis

BestKeeper is a Microsoft Excel-based tool used to determine
the “optimal” reference genes by using pairwise correlation
analysis of reference candidates (Pfaffl et al. 2004). Best-
Keeper allows a comparative analysis across potential refer-
ence candidates by estimating correlations of the expression
levels between all possible candidates. Highly correlated
reference candidates are then combined into an index.
Thereafter, the pairwise correlation between each candidate
and the index are calculated, explaining the relation between
the index and contributing reference candidate. BestKeeper
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scaRNA, U2 snRNA, ACTB, and B2M
showed the best coefficient of correla-
tion, indicating that the expression of
these candidates correlates very well with
one another and with the BestKeeper
index. Analysis of smaller candidate sub-
sets highlighted the combination of U87
snRNA, U6 snRNA, and U5 snRNA to
have the highest correlation and, hence,
is recommended for use in combination
(data not shown). The summarized re-
sults from our final BestKeeper analysis
of nine reference candidates are given in Table 4.

Final ranking of reference candidates

We compared the ranking results of all expression stability
analyses to obtain the best reference candidates for nor-
malization of qPCR data (Table 5). According to the results
from all stability analysis methods, ggNORM, NormFinder,
BestKeeper, and comparative AC, method, 7SL scRNA
and Ul snRNA were ranked as the most constitutively
expressed genes, followed by 5.8S rRNA, U87 scaRNA, and
U6 snRNA. However, note that NormFinder ranked U87
scaRNA and 5.8S rRNA in reverse order. Apart from minor
deviations, all applied methods were consistent to rank 7SL
scRNA > Ul snRNA > 5.8S rRNA > U87 scaRNA > U6
snRNA > ACTB > B2M > U2 snRNA as the top eight ref-
erence candidates. Hence, among commonly used HKGs
only ACTB and B2M exhibited comparably low expression
variation in tested human tissues. In contrast, GAPDH and
HPRT]I were ranked among the worst reference candidates,
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FIGURE 4. Gene expression stability analysis of reference candidates using NormFinder. The
lower the variance in the stability value, the more stable a gene is within the set of samples
analyzed. In contrast to geNORM, NormFinder analyses the stability of candidate gene

expression in a set of samples individually, not in a pairwise manner.

further supporting the earlier scepticism against the use of
these genes for normalization (Bustin 2002; Huggett et al.
2005; Zhang et al. 2005). In the case of U4 and U5 snRNAs,
the other two candidates in the top 10, geNORM and
NormFinder ranked U4 ahead of U5 snRNA, where the
AC, method and BestKeeper ranked them in reverse order.
U105 snoRNA, 7SK RNA, and U12 snRNA are shown to be
the most variable reference candidates and ranked them last
among the 15 tested genes.

DISCUSSION

Non-protein-coding RNAs are untranslated RNA mole-
cules frequently playing regulatory roles in different de-
velopmental and cellular processes. Expression analysis of
the npcRNA transcriptome in different
human samples is essential to provide
information about their abundance and
tissue specificity for further functional
study. RNA abundance (or gene expres-
sion level) across different samples
is commonly assessed by RT-qPCR.
This technique has revolutionized tran-
script quantification but requires care-
ful assay design and reaction optimiza-
tion to maximize sensitivity, accuracy,
and precision (Peters et al. 2004; Nolan
et al. 2006).

RNA quality is critical for accurate

Delta Cq value

HIH

an overestimation of RNA transcript
abundance. A commonly followed pro-
cedure to this problem is the omission of
reverse transcriptase as negative controls
in RT-qPCR applications. Here, we pro-
pose an easy PCR-based assay to mon-
itor DNA contamination in total RNA
samples of interest using a primer pair
based on the ubiquitously expressed
protein-coding gene HNRNPA2BI. All
human total RNA samples under in-
vestigation in this work were analyzed
for genomic DNA contamination prior
use applying this assay.

Accurate data normalization is an
important but underappreciated aspect
of quantitative gene expression analysis.
The purpose of normalization is to min-
imize as much as possible the differences
between test samples due to technical variation resulting
from differences in sample procurement, total RNA quality,
cDNA synthesis, and efficiency of target gene amplification.
The normalizer, primarily called the reference gene, is usu-
ally a protein-coding gene or ribosomal RNA gene that ex-
hibits invariant expression level across all test samples and is
expressed along with all possible targets of interest in the
test samples. In earlier studies, the conventional strategy for
RT-qPCR normalization was to employ a single housekeep-
ing gene, mostly GAPDH or ACTB, as a normalizer without
any further validation. However, this might lead to erroneous
conclusions, as many reports suggested that expression of
these genes varies up to 10-fold across different samples
(Warrington et al. 2000; Tricarico et al. 2002). In 2002,
Vandesompele and colleagues pointed out that the expression
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RT-qPCR data analysis especially when
analyzing the small npcRNA transcrip-
tome. Small npcRNAs are short in size
(~20-500 nt) and generally their pre-
cursors do not contain intronic se-
quences. Hence, RNA samples contam-
inated with genomic DNA will result in

7SLvs U1 +
7SL vs U87
7SL vs 5.85 -

7SL vs U6

7SL vs ACTB H
7SL vs B2M

in Table 3.)

U1vs 7SL
U1vs U87 =
U1vs 5.85

U6 vs B2M =

U1vs U6
U1vs ACTB
U1 vs B2M =
U87 vs 7SL
U7 vs U1
U87 vs 5.85 =
U87 vs U6
U87 vs ACTB =
58S vs U1
5.8S vs U6 =
5.85 vs ACTB =
U6 vs 7SL

U6 vs U87
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FIGURE 5. Pairwise gene expression stability analysis of seven selected candidates using the
comparative AC, approach. AC, variability is shown as median (line), 25 to 75 percentile
(box), and range (whiskers) for 20 human tissue samples. (The numerical data for this figure is
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TABLE 3. Reference candidate analyses by comparative AC,
method

Mean Mean
Sample AC, SD SD
7SL scRNA versus U1 snRNA 0.85 0.24
7SL scRNA versus U87 scaRNA 7.06 0.53
7SL scRNA versus 5.8S rRNA 1.48 0.39
7SL scRNA versus U6 snRNA 2.70 0.56
7SL scRNA versus ACTB 3.00 0.66
7SL scRNA versus B2M 2.78 0.69 0.51
U1 snRNA versus 7SL scRNA 0.85 0.24
UT snRNA versus U87 scaRNA 6.21 0.61
U1 snRNA versus 5.8S rRNA 2.32 0.56
UT snRNA versus U6 snRNA 1.86 0.42
U1 snRNA versus ACTB 2.15 0.71
UT snRNA versus B2M 1.94 0.74 0.55
U87 scaRNA versus 7SL scRNA 7.06 0.53
U87 scaRNA versus UT snRNA 6.21 0.61
U87 scaRNA versus 5.8S rRNA 8.54 0.57
U87 scaRNA versus U6 snRNA 4.36 0.76
U87 scaRNA versus ACTB 4.06 0.69
U87 scaRNA versus B2M 4.27 0.59 0.62
5.8S rRNA versus 7SL scRNA 1.48 0.39
5.8S rRNA versus UT snRNA 8.54 0.57
5.8S rRNA versus U87 scaRNA 2.32 0.56
5.8S rRNA versus U6 snRNA 4.18 0.80
5.8S rRNA versus ACTB 4.48 0.69
5.8S rRNA versus B2M 4.26 0.74 0.63
U6 snRNA versus 7SL scRNA 2.70 0.56
U6 snRNA versus U1 snRNA 4.36 0.76
U6 snRNA versus U87 scaRNA 4.18 0.80
U6 snRNA versus 5.8S rRNA 1.86 0.42
U6 snRNA versus ACTB 0.29 0.81
U6 snRNA versus B2M 0.08 0.87 0.70
ACTB versus 7SL scRNA 3.00 0.66
ACTB versus U1 snRNA 4.06 0.69
ACTB versus U87 scaRNA 4.48 0.69
ACTB versus 5.8S rRNA 0.29 0.81
ACTB versus U6 snRNA 2.15 0.71
ACTB versus B2M 0.21 0.66 0.70
B2M versus 7SL scRNA 2.78 0.69
B2M versus UT snRNA 4.27 0.59
B2M versus U87 scaRNA 4.26 0.74
B2M versus 5.8S rRNA 0.08 0.87
B2M versus U6 snRNA 0.21 0.66
B2M versus ACTB 1.94 0.74 0.72

level of individual HKGs can vary considerably in different
samples, and hence, more than one reference gene should
be used for validating each sample type and method. Since
that time, it is widely accepted that the selection of ideal
reference genes in expression analysis has to be performed
for each individual experimental setup carefully by evalu-
ating several genes a priori and possibly multiple normal-
izers, minimum two or three, should be used for data
validation (Vandesompele et al. 2002; Pfaffl et al. 2004).
Moreover, systematic analyses of multiple reference genes

458 RNA, Vol. 16, No. 2

are helpful to identify putative candidates that can be short
listed when a new experiment is designed.

To the best of our knowledge, this is the first detailed
report on transcript abundance of a set of npcRNA genes
of different classes and no systematic study has yet been
carried out to determine optimal npcRNAs as normalizers
in RT-qPCR assays other than miRNAs (Peltier and
Latham 2008; Mestdagh et al. 2009), despite the identifi-
cation of a multitude of novel npcRNA molecules in eu-
karyotic genomes. So far, npcRNA molecules applied as in-
ternal controls are primarily ribosomal RNAs, such as 5S
rRNA (Lu and Cullen 2004; Copela et al. 2008), 5.8S rRNA
(Michael et al. 2003), 18S rRNA (Hellwig and Bass 2008),
or U6 snRNA (Fok et al. 2006). However, thorough ex-
perimental analysis of these npcRNAs for their expression
stability as normalizers was not performed. Hence, we in-
cluded two of these npcRNAs, 5.85 rRNA and U6 snRNA,
in our study. In total, we analyzed the expression of 18
npcRNA candidates of different functional classes in
combination with four HKGs in 20 different human tissues.
All the protein-coding reference genes used in this study are
considered to be the most common HKGs and their use
was reported in a multitude of RT-qPCR studies. The
obtained RT-qPCR expression data of all reference candi-
dates were evaluated using four independent expression
stability analysis methods, geNORM, NormFinder, Best-
Keeper, and a comparative AC, method, and their results
were compared.

All applied methods ranked 7SL scRNA, U1 snRNA, 5.85
rRNA, and U87 scaRNA at the top, indicating that these
npcRNAs show most stable expression in the human tis-
sues analyzed. Five of the evaluated npcRNA candidates
(7SL scRNA, Ul snRNA, 5.8S rRNA, U87 scaRNA, and U6
snRNA) possess significantly higher expression stability
than the best protein-coding HKGs in this study, ACTB
and B2M. Furthermore, U2 snRNA is shown to be more
stable than both U5 snRNA and U4 snRNA, by all ex-
pression stability analysis methods, and was ranked just
below ACTB and B2M. geNORM and NormFinder ranked
U4 ahead of U5 snRNA, whereas the AC, method and
BestKeeper ranked U5 and U4 snRNA in reverse order. All
remaining npcRNA candidates, along with the housekeep-
ing genes GAPDH and HPRTI, exhibited high expression
variation, and hence, were positioned among the least sta-
ble reference genes in this set.

From these findings we conclude that although any of
the top five HKR normalizers might be sufficient as a single
reference in some experimental situation, more than one is
preferred to produce more accurate data. Considering the
effort and limited sample availability in many experimental
designs, it is not always possible to systematically test large
sets of npcRNA candidates to select the most suitable
reference genes for normalization. Based on our stability
analysis results, we therefore recommend the inclusion of
7SL scRNA, U6 snRNA, and U87 scaRNA in the minimal set
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TABLE 4. BestKeeper expression stability analysis

Factor 7SL scRNA U1 snRNA 5.8S rRNA U6 snRNA U87 scaRNA U2 snRNA ACTB B2M U5 snRNA
N 20 20 20 20 20 20 20 20 20
GM [Cq] 14.37 15.22 12.89 17.07 21.43 14.73 1736  17.15 27.44
AM [Cq] 14.37 15.22 12.90 17.08 21.43 14.75 17.37 17.16 27.45
Min [Cl 14.27 14.65 12.26 16.16 20.21 13.14 16.47 15.92 26.05
Max [Cq] 14.48 15.69 13.23 18.17 22.24 16.00 19.50 18.91 28.69
SD [iCq] 0.05 0.21 0.33 0.44 0.41 0.57 0.48 0.52 0.58
CV [%Cq] 0.33 1.36 2.56 2.55 1.92 3.86 2.75 3.03 2.10
Min [x-fold] —1.08 —1.51 —1.57 —-1.92 —2.43 —3.06 —1.88 —-2.33 —2.60
Max [x-fold] 1.08 1.41 1.27 2.20 1.81 2.45 4.55 3.40 2.38
SD [+ x-fold] 1.04 1.16 1.27 1.37 1.35 1.51 1.42 1.46 1.52
Correlation coefficient [R] 0.22 0.05 0.52 0.26 0.62 0.71 0.70 0.75 0.42
P-value 0.35 0.84 0.02 0.28 0.00 0.00 0.00 0.00 0.07

Abbreviations: N, number of samples; C, quantification cycle; GM [Cl, the geometric mean of C;; AM [Cl, the arithmetic mean of C;; Min
[C4l and Max [Cyl, the extreme values of C;; SD [+ Cl, standard deviation of Cg; CV [%Cy], the coefficient variance expressed as percentage
on C, level; Min [x-fold] and Max [x-fold], the extreme values of expression levels represented as absolute x-fold over- or underregulation
coefficient; and SD [+ x-fold], standard deviation of the absolute regulation coefficients. Primary estimation of expression stability is obtained

based on CV and SD; these values are highlighted in boldface.

of reference candidates to be evaluated for normalization in
any given npcRNA transcriptome analysis. From the three
most constitutively expressed and most abundant npcRNAs
(7SL scRNA, Ul snRNA, and 5.8S rRNA), we recommend
7SL scRNA to be included in the minimal set, since 7SL
scRNA is the most stable. In general, the reference genes
used for normalization should be of similar abundance as
the target gene. 5.8S rRNA is highly abundant, and
therefore, its use can be counterproductive when analyzing
many npcRNAs. Ul snRNA is excluded due to its lower
stability in comparison to 7SL scRNA and due to the
presence of U6 snRNA, another small nuclear RNA in the
minimal set. U6 snRNA and U87 scaRNA exhibited better
expression stability in their final rankings than the best
HKGs, ACTB and B2M. Furthermore, the three proposed
candidates belong to three different classes of npcRNAs

TABLE 5. Fifteen reference candidates ranked by different methods

(small nuclear RNA, small cytoplasmic RNA, and small
cajal body-specific RNA), and should avoid the problem of
coregulation among the minimal reference candidate set.
In conclusion, our findings suggest that usage of a set of
npcRNAs for normalization will result in more accurate RT-
qPCR data analysis than using common protein-coding HKGs.
Hence, we recommend our set of evaluated npcRNA candi-
dates as “housekeeping RNAs” for the normalization of RT-
qPCR data in npcRNA transcriptome analyses of known, novel,
or computationally predicted npcRNAs. More broadly, we
envisage that this set of HKRs could also serve as normalizers in
general human transcriptome analyses by RT-qPCR requiring
minimal optimization or prior evaluation of reference genes.
Furthermore, since many of the HKRs have orthologous
sequences, these might provide a stable set of normalizers for
comparative expression analyses in nonhuman species.

Final ranking

Ranking geNORM NormFinder AC, method BestKeeper (altogether)
1 7SL scRNA/U1T snRNA 7SL scRNA 7SL scRNA 7SL scRNA 7SL scRNA
2 U1 snRNA U1 snRNA U1 snRNA U1 snRNA
3 5.8S rRNA U87 scaRNA U87 sca RNA 5.8S rRNA U87 scaRNA
4 U87 scaRNA 5.8S rRNA 5.8S rRNA U87 scaRNA 5.8S rRNA

5 U6 snRNA U6 snRNA U6 snRNA U6 snRNA U6 snRNA

6 ACTB B2M ACTB ACTB ACTB

7 B2M ACTB B2M B2M B2M

8 U2 snRNA U2 snRNA U2 snRNA U2 snRNA U2 snRNA

9 U4 snRNA U4 snRNA U5 snRNA U5 snRNA U5 snRNA
10 U5 snRNA U5 snRNA U4 snRNA GAPDH U4 snRNA
11 U105 snoRNA U105 snoRNA U105 snoRNA U12 snRNA U105 snoRNA
12 7SK RNA HPRT1 7SK RNA U4 snRNA 7SK RNA

13 HPRT1 7SK RNA GAPDH HPRTT HPRT1

14 GAPDH U12 snRNA HPRT1 U105 snoRNA GAPDH

15 U12 snRNA GAPDH U12 snRNA 7SK RNA U12 snRNA
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MATERIALS AND METHODS

Total RNA samples

RNA samples for expression evaluation (FirstChoice Human Total
RNA Survey Panel) were purchased from Ambion. All Total RNA
products from Ambion are DNase treated, certified for purity and
integrity, and tested on the Agilent Bioanalyzer. The panel
comprises total RNA from the following human tissues: adipose,
bladder, brain, cervix, colon, esophagus, heart, kidney, liver, lung,
ovary, placenta, prostate, skeletal muscle, small intestine, spleen,
testes, thymus, thyroid, and trachea. Total RNA concentration and
purity were verified using a NanoDrop spectrophotometer ND-
1000 (Thermo Scientific) by measuring absorbance at OD0/250-
Further, total RNA samples were analyzed for the possible pres-
ence of DNA contamination by PCR using forward primer (GGT
CATAATGCAGAAGTAAGAAAGGC) and reverse primer (CACC
ACGTGAATCCCCAAA) from HNRNPA2BI gene using the same
condition as for primer validation (see below).

cDNA synthesis

cDNA synthesis was performed using SuperScript II reverse
transcriptase (Invitrogen) with oligo(dT) and random hexamer
primers (Invitrogen) according to the manufacturer’s instruc-
tions. In brief, to 5 pg of total RNA, 0.5 nL of oligo(dT);, 15
(500 pg/nL), 1 pL of random hexamer primers (3 pg/pL), 1 pL
of ANTP mix (25 mM mix), and 7.5 wL of DEPC-treated water
(Ambion) were added and incubated at 65°C for 5 min. After
chilling on ice for 2-3 min and brief centrifugation, 5 pL of first-
strand synthesis buffer (5X, containing 250 mM Tris-HCI [pH
8.3], 375 mM KCl, 15 mM MgCl,), 2 pL of 0.1 M DTT, 2.5 nL of
ribolock RNase inhibitor (40 U/wL, Fermentas), and 1 L of (200
U/uL) of SuperScript II reverse transcriptase was added and
incubated at 42°C for 90 min. Reverse transcriptase activity was
terminated by incubation at 75°C for 15 min and samples were
stored at —20°C until use. Final cDNA was diluted 1:20 before use
in RT-qPCR.

Primer design

All npcRNA reference candidate primers for RT-qPCR analysis
were designed using Primer Express 2.0 software (Applied Bio-
systems). The length of the primers are between 18 and 26 nt, with
GC content ranging from 38% to 60% and the melting temperature
(T, value) is between 58°C and 60°C. Amplicon length ranges
from 80 to 132 bp. Hairpin structures and primer dimerization
formation were analyzed using secondary structure analysis of
Primer Express 2.0 software. Additionally, all designed primer pairs
were checked for nonspecific amplification by in silico PCR (UCSC,
http://genome.ucsc.edu) and by performing a BLAST search
(NCBI, http://blast.ncbi.nlm.nih.gov) for chromosomal localization
of the amplicon and uniqueness of the primers. Primer sequences
are given in Table 2 and were synthesized by Invitrogen.

Primer validation

All primers were examined for their target specificity by end-point
PCR, with human brain ¢cDNA as a template, using following
conditions: the final 20 pL PCR reaction contains, 1 pL of brain
c¢DNA (10 ng), 125 wM dNTPs (Invitrogen), 0.5 uM of forward
and reverse primers and 1 wL Taq polymerase. The PCR program
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consists of initial denaturation at 95°C for 30 sec, 30 cycles of
95°C for 30 sec, 55°C for 30 sec, and 72°C for 30 sec, followed by
final extension at 72°C for 2 min. Amplification products were
checked on 2.5% agarose gels for single band of correct size.
Amplified products were purified using QIAquick Gel Extraction
Kit (Qiagen) and cloned into pCRII-TOPO using TOPO TA
Cloning kit (Invitrogen) according to manufacturer’s instructions.
Positive clones were verified by Sanger sequencing using M13
reverse primer followed by a BLAST search on NCBL

The linearity of target amplification was evaluated using tripli-
cate serial dilutions (1:1, 1:10, 1:100, and 1:1000) of brain cDNA
samples (20-0.02 ng) as a template on ABI 7900HT sequence
detection system (Applied Biosystems) as described below. For each
pair of primers, the C, values versus cDNA concentration input
were plotted to determine the slope values and correlation co-
efficients (R?). The corresponding RT-qPCR primer efficiencies (E)
were calculated according to the equation: E = (1017 /slopely,

Quantitative real-time PCR

To measure the transcript levels of selected genes by RT-qPCR,
a protocol using Power SYBR Green Master Mix (Applied
Biosystems) was applied and analysis was performed on an ABI
Prism 7900HT sequence detector system. Each reaction was
performed in triplicates in a reaction volume of 10 pL in 384-
well microtitre plates (Applied Biosystems). All reactions contained
2 nL of cDNA (20 ng), 5 pL of 2X SYBR Green Master Mix and 1
pL of 10 wM of each primers and 2 pL of DEPC-treated water. The
reaction protocol starts with 2-min activation step at 50°C, 10 min
template denaturation step at 95°C, followed by 40 cycles of 95°C
for 15 sec and 60°C for 1 min. SYBR Green assay also included
a melt curve at the end of the cycling protocol, with continuous
fluorescence measurement from 60°C to 95°C. Nontemplate
controls were also run in triplicate for each primer master mix.
Baseline and threshold values were automatically determined
for all reactions in the plate using SDS 2.1 software (Applied
Biosystems), and results were imported to Microsoft Excel for
further analysis. The mean values from triplicates were obtained for
further calculations. In some cases, where extreme differences were
seen in C, values among triplicates, errors were corrected appro-
priately. Raw C, values were transformed to quantities in the excel
spreadsheet based on AC,; method. The data obtained have been
converted to appropriate input files, according to the requirements
of the program, and analyzed using geNORM (version 3.4),
NormFinder (version 0.953), and BestKeeper VBA applets.

MIQE standards

All qPCR experiment data comply with the Minimum Informa-
tion for Publication of Quantitative Real-Time PCR Experiments
(MIQE) guidelines (Bustin et al. 2009), and can be found in the
MIQE checklist (Supplemental Table 1).

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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