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Abstract

Normalization to a reference gene is the method of choice for quantitative PCR analysis. The
stability of reference genes is critical for accurate gene expression analysis, as significant
variations in reference gene expression can alter experimental results and conclusions. In this
study, we evaluated the expression stability of five commonly used reference genes found in
mouse lymphocytes. Using NormFinder and BestKeeper algorithms, we consistently show that
ubiquitin C (Ubc) is the optimal reference gene for normalizing gPCR data obtained from mouse
lymphocytes, whereas beta-actin (Actb) is not a suitable reference gene due to its extensive
variability in expression. Our findings emphasize the importance of validating reference genes for
gPCR analyses. We provide a shortlist of reference genes to use for normalization and recommend
freely available software programs as a rapid approach to validate potential reference genes.
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1. Introduction

Quantitative PCR (qPCR) has become a standard method to compare steady-state mMRNA
expression between control and test samples. It is the most sensitive method for the
detection and quantification of gene expression levels (VanGuilder et al., 2008), making it
especially valuable for working with low RNA concentrations either due to limited tissue
samples or small changes in mRNA expression levels. For example, lymphocytes obtained
from mouse lymph nodes are limited in number, making it difficult to determine cytokine
production via enzyme-linked immunosorbent assay or enzyme-linked immunosorbent spot
assay without pooling multiple lymph nodes. Intracellular cytokine staining is a potential
alternative, but these three methods all require /n vitro stimulation. These methods therefore
evaluate the potential of cytokine production by the isolated lymphocytes but are unsuitable
for measuring actual cytokine production by the lymphocytes /n vivo. Hence, gPCR is an
invaluable technique that is sensitive enough to reliably evaluate cytokine production /n
vivo, albeit indirectly through the measurement of mMRNA expression.
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Major factors that dictate the quality of qPCR results include the integrity of purified RNA,
primer design, quality of reverse transcribed cDNA, and normalization methods. With the
development of commercially available kits, many of these factors can be controlled for
consistently. Normalization, however, remains as one of the most difficult problems to
resolve. Of the various normalization methods, normalizing target gene expression to that of
a reference gene is the method of choice (Huggett et al., 2005; Hruz et al., 2011). Beta-actin
(Actb) and glyceraldehyde-3-phophosphate dehydrogenase (Gapal) are two of the most
commonly used reference genes based on the assumption that their mMRNA expression is
stable throughout experimental conditions (Thellin et al., 1999; Vandesompele et al., 2002;
Huggett et al., 2005; Gilsbach et al., 2006; Mamo et al., 2007; Wang et al., 2010; Hruz et al.,
2011). However, recent reports demonstrate that the stability of reference gene expression
can vary between tissues and be regulated under experimental conditions (Tricarico et al.,
2002; Bemeur et al., 2004; Sugden et al., 2010). Furthermore, extensive variability in
reference gene expression has been shown to significantly alter results and conclusions
(Dheda et al., 2005; Sullivan-Gunn et al., 2011), highlighting the need to validate the
selection of reference genes for every study.

In this study, the stability of gene expression of five commonly used reference genes (Table
S1) was determined for mouse B cells and T cells by using publically available
bioinformatics software. We identified ubiquitin C (Ubc) as the most stable reference gene.
Actb expression, on the other hand, exhibited the most variability and was thus defined
unsuitable as a reference gene for mouse lymphocytes.

2. Materials and methods

2.1. Mice

C57BL/6J mice were obtained from the Jackson Laboratory (Bar Harbor, ME) and housed
in sterile micro-isolator rooms under specific pathogen-free conditions at the Fred
Hutchinson Cancer Research Center animal facility. Animals were handled in accordance
with the protocols by the Fred Hutchinson Cancer Research Center Animal Care and Use
Committee.

2.2. Quantitative Reverse Transcription-PCR

Inguinal lymph nodes (LNs) were harvested from 7-8 week-old C57BL/6 mice. LNs were
individually minced, dispersed, and filtered to collect lymphocytes according to published
methods (Kruisbeek, 2001). B cells from each LN were isolated with CD19 MACS
microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany). The untouched fraction is
termed the non-B cell population, which contains > 97% CD3* T cells (data not shown).
Total RNA was extracted from B and non-B cells using the RNAqueous kit (Ambion,
Austin, TX), and 400 ng RNA per sample were reverse transcribed to cDNA using the
iScript™ cDNA synthesis kit (BioRad Laboratories, Hercules, CA). The collected cDNA
was analyzed via quantitative PCR using iQ™ SYBR® Green Supermix (BioRad
Laboratories) according to the manufacturer’s protocol. Thermal cycling was carried out by
Applied Biosystems 7900HT (Foster City, CA). All primers were designed with Primer
Express 3.0 software (Applied Biosystems). Primer sequences, thermal cycling conditions,
and related details are listed in Table S1.

2.3. Data Analysis

Relative quantification was calculated based on a previously developed mathematical model
(Pfaffl, 2001). Applied Biosystems SDS software 2.3 and RQ Manager 1.2 were used to
determine the threshold cycle (C;) value. BestKeeper
(http://www.gene-quantification.de/bestkeeper.html) and NormFinder
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(http://lwww.mdl.dk/publicationsnormfinder.htm) were used to compare gene expression
stability between selected reference genes. All data are expressed as means SEM. Using
Graphpad Prism 5.0 (La Jolla, CA), Student’s paired t-test was used for inter-group
comparisons.

3. Results and discussion

3.1. B cells and non-B cells express significantly different levels of reference genes

Ideal reference genes are expressed at relatively high but stable levels (Huggett et al., 2005).
A C; value obtained from gPCR is defined as the number of replication cycles needed for the
fluorescence signal to reach a threshold level of detection. A C; value is therefore inversely
correlated with the amount of template cDNA present in the reaction and can be directly
used to compare the expression levels of the tested reference genes isolated from inguinal
LN B cells and non-B cells (Fig. 1). The five reference genes tested exhibited a wide range
of expression, with C; values between 20.6 and 28.96. In general, Actb was the highest and
Hprt1 was the lowest transcribed gene for both B cells and non-B cells. The expression level
of each tested reference gene was significantly different between B cells and non-B cells,
with the smallest difference for Ubc (AC; = 2.23) and greatest for Actb (AC; = 3.99). This
finding suggests that reference gene expression can vary significantly between different cell
types (B vs. T cells) even within the same tissue (inguinal LN). Studies investigating gene
expression alterations between different cell types should therefore take extra care to use
reference genes that are expressed at similar relative levels between these cell types.

3.2. Ubc is the most stably expressed reference gene in mouse lymphocytes

We next used NormFinder and BestKeeper algorithms to determine the expression stability
of the tested reference genes. NormFinder identifies the optimal reference gene among a set
of candidates (Andersen et al., 2004). It calculates a stability value for each candidate gene
according to their expression stability by combining estimates of intra- and inter-group
expression variations. NormFinder ranked Ubcand Gapdh equally as the best reference
genes for both B cells and non-B cells (Fig. 2). Ubc was ranked slightly higher than Gapah
as the reference of choice for analysis of total lymphocytes. Actb was the least stably
expressed reference gene for all the tested cellular populations.

BestKeeper evaluates reference genes based on the geometric mean and standard deviation
(SD) of C; values (Pfaffl et al., 2004). Stability of reference genes are then ranked according
to the SD. Low SD represents low variation or high stability. Any C; value mean with its SD
greater than one is defined as inconsistent, and the corresponding gene should therefore not
be considered as a reference gene. Of the tested reference genes for mouse lymphocytes,
BestKeeper ranked Ubc as the most stably expressed gene for B cells and non-B cells,
followed by Gapdh (Table 1). Actband Hprtl were the least stably expressed genes for B
cells and non-B cells, respectively. For total lymphocytes, Ubc was the reference gene of
choice, while the rest of the tested candidate genes showed high variability and should not
be used as reference genes.

For model systems in which it is not possible to identify a single reference gene due to
biological or experimental processes that modulate expression of reference genes, the use of
three or more highly correlated reference genes are recommended (Vandesompele et al.,
2002; Pfaffl et al., 2004). We thus used BestKeeper to analyze inter-gene relationships for
the tested reference genes (Table S2). Pair-wise correlation analyses were performed for all
possible reference gene combinations to calculate the Pearson correlation coefficient () and
the probability pvalue. Ubcand Ywhaz were best correlated for B cells and lymphocytes,
whereas Ubc and Gapdhwere the best combination for non-B cells. Actb correlated the least
with any of the tested reference genes.
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In addition to determining highly correlated reference genes, BestKeeper can also calculate a
BestKeeper Index based on the weighted expression of at least three reference genes (Table
1). This index can be applied as a reference point in the same way as a single reference gene
to determine whether target genes are differentially expressed. Consistent with earlier
findings, the BestKeeper Index correlated best with Ubc, followed closely by Gapadh (Table
S3). Interestingly, both Ubc and Gapdh outperformed the BestKeeper Index for B cells and
non-B cells, and Ubc outperformed in the total lymphocyte population. This suggests that
BestKeeper Index is most useful when a selection of highly correlated reference genes is
used. If the correlation between the selected reference genes is not high, the use of a single
reference gene may be more suitable.

Our findings conclude that Ubc is an ideal reference gene for normalizing qPCR data of
mouse lymphocytes, and this holds true for various experimental conditions (data not
shown). Similar conclusions were made in a study that evaluated the best overall reference
genes for human lymphocytes (Vandesompele et al., 2002), suggesting that the stability of
optimal reference genes may be conserved between humans and mice. Whether Ubcis an
appropriate reference gene for other murine tissues should be individually evaluated, as the
stability of reference genes vary between different tissues, cell types, and experimental
conditions. For example, Hprt1 is more stable than Ubc in mouse oocytes and embryos
(Mamo et al., 2007), and whereas Gapah is one of the more stably expressed genes in mouse
lymphocytes, it is less so in epithelial and non-epithelial cells of mouse small intestine
(Wang et al., 2010).

3.3 Conclusion

To our knowledge, this is the first systematic analysis of the stability of mMRNA expression
of a selected number of commonly used reference genes for mouse lymphocytes. We and
others (Tricarico et al., 2002; Bemeur et al., 2004; Sugden et al., 2010) show that there are
significant variations in reference gene expression between different cell types within the
same tissue, different tissues within the same mouse, and different experimental conditions.
NormFinder and BestKeeper are freely available and easy-to-use Excel-based programs that
can used to analyze the stability of reference genes. Of the five reference genes evaluated in
this study, both programs identified Ubc as the most stably expressed genes for use as
reference genes in qPCR analyses of mouse B cells and T cells. Despite its popular use as a
reference gene for qPCR analyses, Actbwas ranked the least stable gene, and its extensive
variability excludes it as a suitable reference gene in mouse lymphocytes.

Normalization of gPCR data to reference genes is a simple method, but the analysis is
meaningful only if the selection of the reference genes has been validated. This study
provides a rapid methodology to evaluate reference genes. In situations where the expression
of commonly used reference genes varies significantly, online tools are freely available to
identify novel reference genes by searching from a genome-wide microarray database (Hruz
et al., 2011). These potential reference genes can then be validated by the methodology
presented in this study. If necessary, reference genes can be further validated by additional
methods, such as Northern blot hybridization or advanced technologies that can directly
detect the presence of mMRNAs without amplification, thereby eliminating errors that could
result from reverse transcription and amplification processes that are necessary for g°PCR
analysis (Geiss et al., 2008). Such technologies, however, may be prohibitively expensive
for investigators who are analyzing a small number of genes but can be more cost-efficient
for large-scale genetic studies.

This study highlights the importance of reference gene validation by showing that reference
genes can be cell-, tissue-, and experiment-specific. We therefore provide a short list of
reference genes as a starting point for investigators studying gene expression in mouse
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lymphocytes and propose the use of publically available bicinformatics software as a rapid
approach to identify and validate reference genes for each experimental condition.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Expression levels of reference genes of B cells and non-B cells isolated from inguinal lymph

nodes. Results represent two independent experiment sets, with four mice in each set.
Values are given as gPCR cycle threshold humbers (C; values) and expressed as means
SEM.
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Figure 2.

NormFinder analysis of reference genes. Results represent two independent experiment sets,

with four mice in each set. See text for details.
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