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Abstract
Relative quantification by normalization against a stably expressed reference gene is a widely used
data analysis method in microarray and quantitative real-time polymerase chain reaction (qRT-
PCR) platforms; however, recent evidence suggests that many commonly utilized reference genes
are unstable in certain experimental systems and situations. The primary aim of this study,
therefore, was to screen and identify stably expressed reference genes in a well-established rat
model of vocal fold mucosal injury. We selected and evaluated the expression stability of nine
candidate reference genes. Ablim1, Sptbn1 and Wrnip1 were identified as stably expressed in a
model-specific microarray dataset and were further validated as suitable reference genes in an
independent qRT-PCR experiment using 2-ΔCT and pairwise comparison-based (geNorm)
analyses. Parallel analysis of six commonly used reference genes identified Sdha as the only stably
expressed candidate in this group. Sdha, Sptbn1 and the geometric mean of Sdha and Sptbn1 each
provided accurate normalization of target gene Tgfb1; Gapdh, the least stable candidate gene in
our dataset, provided inaccurate normalization and an invalid experimental result. The stable
reference genes identified here are suitable for accurate normalization of target gene expression in
vocal fold mucosal injury experiments.
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Introduction
Quantification of gene expression has become increasingly important in biological and
medical research and is now considered an essential tool for investigating the molecular
mechanisms of disease under various environmental, biological and therapeutic conditions.
Microarray offers a high throughput platform for identifying differentially expressed genes
across the entire transcriptome, whereas quantitative real-time polymerase chain reaction
(qRT-PCR) offers higher assay sensitivity and precision in studying specific transcripts of
interest. There are primarily two methods used for analyzing qRT-PCR data: Absolute and
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relative quantification. Absolute quantification provides an exact transcript copy number or
concentration following data transformation via a standard curve [1]. Although many
normalization strategies can be employed for relative quantification [2], the comparative
cycle threshold (CT) method, also known as the 2-ΔΔCT method [3-7], is the most widely
used. In this approach, data obtained by qRT-PCR are normalized against an internal
reference gene (often referred to as a housekeeping gene) to control technical and biological
variation due to differences in source RNA integrity, cDNA input concentration, enzymatic
efficiency, and overall transcription levels in cells or tissues of interest [8]. An ideal
reference gene should exhibit constantly stable expression under various experimental
conditions (such as different stages of injury or disease progression) as well as comparable
transcript abundance to that of the target gene [9].

A number of genes, such as Gapdh, B2m and Actb, are commonly utilized as reference
genes for qRT-PCR data normalization across a wide variety of experimental systems;
however, many have been demonstrated to be unstable under certain conditions [10-15].
Moreover, several studies have shown that a reference gene that is stable in one
experimental system might be unstable in another [11,16,17]. Therefore, selection and
systematic validation of an experimental model-specific stable reference gene is a key
requirement for reliable qRT-PCR normalization and accurate results. Despite this fact,
careful validation is largely overlooked and countless studies continue to use arbitrarily
selected reference genes, leading to inappropriate data normalization and potentially
erroneous results. In response to this problem, several statistical approaches have been
developed to identify stable reference genes (or a basket of reference genes) from a panel of
candidate genes [4,18-22] and have been applied across a number of experimental systems
(for recent examples see [10,23-25]). Additionally, evaluation of variance within microarray
datasets has been utilized in an attempt to identify new candidate reference genes from the
entire genome [25-29].

Vocal fold mucosal injury culminating in scar formation is a common cause of recalcitrant
dysphonia and voice handicap [30,31]. This challenging clinical disorder has spurred a body
of work focused on improving understanding and management of the local inflammatory
response, alteration in extracellular matrix production and degradation, and the effect of
various therapeutic interventions on injury outcomes; much of the literature in this area has
utilized qRT-PCR [32-40]. To date, the majority of these studies (and many others in
mucosal biology) have been performed using traditional reference genes for qRT-PCR
normalization, under the assumption that the expression of these genes is stable across
experimental conditions. It is unclear, however, whether these putative reference genes are
truly stably expressed, given that the system undergoes such dramatic physiological and
pathological changes post-injury [41,42].

Given these concerns, the identification and validation of stably expressed reference genes is
critical to ensuring minimal analytical noise and valid data interpretation in widely-used
models of mucosal injury, such as the vocal fold; however, there are currently no empirical
reports of reference gene validation in any mucosal injury model, either in vivo or in vitro.
The primary aim of this study, therefore, was to screen and identify stably expressed
reference genes in a well-established rat model of vocal fold mucosal injury [41,43-45].
First, we generated and screened a microarray dataset for candidate genes demonstrating
minimal expression variance across a range of injury and non-injury conditions. We then
implemented a previously reported pairwise comparison-based approach (geNorm [19]) to
rank gene stability and selected three novel candidates representing different functional
categories and transcript abundance levels. Next, these three candidates were combined with
six commonly used reference genes identified in the primary biomedical research literature;
the expression stability of all nine candidate genes was evaluated in an independent qRT-
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PCR experiment and data were analyzed using both 2-ΔCT and geNorm algorithms. Finally,
in a third independent experiment, we used the least and most stable candidate genes
identified in our primary analyses to normalize expression of a target gene (Tgfb1) at several
post-injury time points, demonstrating that reference gene selection can have a significant
influence on data interpretation in this model.

Materials and Methods
Animals and mucosal injury procedures

All animal experiments were performed in accordance with the Public Health Service Policy
on Humane Care and Use of Laboratory Animals, and the Animal Welfare Act (7 U.S.C. et
seq.); the animal use protocol was approved by the Institutional Animal Care and Use
Committee of the University of Wisconsin-Madison.

Four-month-old Fischer 344 inbred male rats (Charles River, Wilmington, MA) were used
for all experiments. Bilateral vocal fold mucosal stripping injuries were created under
endoscopic guidance as previously reported [41,43]; experimentally naïve rats were used as
non-injury controls. Rats were euthanized via CO2 asphyxiation at each post-injury time
point and vocal fold mucosae were harvested using microdissection in an RNAse-free
environment. Bilateral mucosae from each animal were pooled and immersed in 10 μL
RNAlater (Qiagen, Valencia, CA). Samples were stored at 4° C overnight and then at -80° C
until RNA isolation.

Animals intended for the microarray experiment were euthanized at three time points to
capture global expression profiles characteristic of the early inflammatory phase (3 days
post-injury), active proliferation phase (14 days post-injury), and maturation/remodeling
phase (60 days post-injury) of wound healing. Twenty post-injury rats (5 arrays, 4 pooled
animals per array) and 12 age-matched naïve control rats (3 arrays, 4 pooled animals per
array) were allocated to each time point.

Animals intended for the qRT-PCR experiment were euthanized at four time points during
the inflammatory wound healing phase (1, 3, 5 and 7 days post-injury). Five post-injury rats
were allocated to each time point. Five additional naïve control rats were age-matched to the
7 day post-injury time point.

RNA isolation
Total RNA was isolated using the RNeasy Micro (microarray experiment) and RNeasy
Micro Plus (qRT-PCR experiment) kits (Qiagen) according to the manufacturer's
instructions. RNA yield and integrity were initially evaluated using a NanoDrop ND-1000
spectrophotometer (NanoDrop, Wilmington, DE). Samples with a concentration above 40
ng/mL, OD260:280 of 1.8-2.0, and OD260:230 above 1.8 were retained. Samples intended for
microarray were further evaluated using the Agilent 2100 Bioanalyzer and RNA 6000 Pico
kit (Agilent, Santa Clara, CA) according to the manufacturer's instructions. Samples with
electropherograms exhibiting sharp 18S and 28S rRNA peaks and no evidence of
degradation were retained.

Microarrays
Total RNA yield in the 60 day post-injury group was sufficient to run just four of the five
arrays intended for this condition. All other arrays and conditions were run as planned.
Biotinylated antisense cRNA was prepared by single round in vitro amplification of 1.2 μg
input RNA using the MessageAmp II-Biotin Enhanced aRNA kit (Ambion, Austin, TX)
according to the manufacturer's instructions (the in vitro transcription reaction was
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performed at 37° C for 14 h). Poly-A RNA controls (Affymetrix, Santa Clara, CA) were
spiked into each reaction. Fragmented cRNA sample quality was confirmed using 2%
agarose gel electrophoresis, Agilent 2100 Bioanalyzer analysis (Pico kit), and hybridization
to Affymetrix GeneChip Test3 arrays. Samples were hybridized to Affymetrix GeneChip
Rat Genome 230 2.0 arrays at 45° C for 16 h. Post-processing was performing using the
GeneChip Fluidics Station 450, arrays were scanned using the GC3000 G7 scanner, and
fluorescent intensity data were background-corrected and extracted using Expression
Console software (Affymetrix). All hybridization, post-processing and scanning procedures
were performed according to Affymetrix protocols; all control parameters for Test3 and Rat
Genome arrays were within manufacturer guidelines.

qRT-PCR
Reverse transcription prior to qRT-PCR was performed using the iScript cDNA Synthesis
kit (Bio-Rad, Hercules, CA) with 20 ng input total RNA per 20 μL reaction according to the
manufacturer's instructions. Negative control samples were performed in parallel by
omitting RNA template or reverse transcriptase.

Commercial rat specific primers used for PCR amplification were purchased from Qiagen
with guaranteed 100% amplification efficiency. The following QuantiTect Primer Assays
were used for each primer set: QT01801905 (Ablim1), QT00193473 (Actb), QT00176295
(B2m), QT00199633 (Gapdh), QT00365722 (Hprt), QT00195958 (Sdha), QT01578017
(Sptbn1), QT00183344 (Wrnip1), QT01798412 (Ywhaz), QT00187796 (Tgfb1). qRT-PCR
was performed on a 7500 Fast Real-Time PCR system (Applied Biosystems, Foster, CA)
using the QuantiTect SYBR Green PCR kit (Qiagen). Each 25 μL total volume reaction
contained 12.5 μL 2× QuantiTect Master Mix, 2.5 μL 10× QuantiTect Primer Assay and 10
μL cDNA template diluted with nuclease free H2O. Amplifications were performed in
MicroAmp Fast Optical 96-well reaction plates with optical adhesive film covers (Applied
Biosystems) according to cycling conditions suggested for the Applied Biosystems 7500
instrument in the QuantiTect SYBR Green handbook (initial activation at 95° C for 15 min;
40 cycles of 94° C for 15 s, 55° C for 30 s, 72° C for 30 s).

All PCR reactions were performed in triplicate using cDNA synthesized from the same
batch and starting amount of total RNA. Negative controls containing no cDNA template
were included for each gene within each PCR run. To avoid variation in amplification
conditions across runs, reactions for all experimental conditions (i.e., all non-injury controls
and post-injury time points) for each gene of interest were performed in the same 96-well
plate. Amplification specificity for each gene was confirmed by a single distinct melting
curve. PCR products were separated using 1.5% agarose gel electrophoresis to confirm the
presence of a single band at the expected amplicon size.

Data analysis
Microarray fluorescent intensity data were log2 transformed and sorted by coefficient of
variation (CV) for each gene across experimental conditions. qRT-PCR data representing
candidate reference gene expression stability over time were analyzed using the 2-ΔCT

method; data representing normalization of target gene Tgfb1 were analyzed using the
2-ΔΔCT method (efficiency was maintained at 2 based on the 100% guaranteed efficiency of
the primer sets used in this study) [4]. Mean CT values from triplicate runs were used as
input data (CT value range for all triplicates was below 0.5).

Statistical comparisons of fold change in relative gene expression level were performed
using one-way analysis of variance (ANOVA) with post-hoc pairwise comparisons (Fisher's
least significant difference) between experimental groups of interest. Pairwise comparisons
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of candidate reference gene stability and calculation of geometric mean-based normalization
factors were performed using the geNorm algorithm as previously described [19]. Briefly,
the average expression stability measure (M-value) represents the average pairwise variation
of one candidate reference gene compared to all other genes in the test panel. Genes with the
lowest M-values are considered the most stably expressed. The stability ranking of each
candidate gene is determined by stepwise exclusion of the gene with highest M-value,
followed by recalculation of average expression stability for the remaining genes. The
developers of the geNorm algorithm argued that target gene normalization is significantly
improved by calculating a normalization factor based on the geometric mean of relative
expression levels for multiple reference genes. To determine the optimal number of
reference genes for accurate normalization, the pairwise variation (Vi/Vi + 1) between
sequential normalization factors (NFi and NFi + 1) is calculated. Once Vi/Vi + 1 drops below
0.15 for a given basket of reference genes, inclusion of the (i + 1)th gene provides no gain in
normalization accuracy.

The geNorm algorithm was implemented using the SLqPCR package for R
(http://www.bioconductor.org/packages/2.2/bioc/html/SLqPCR.html) developed by Matthias
Kohl (SIRS-Lab, Jena, Germany). ANOVA were implemented using SAS 9.1.3 for
Windows (SAS Institute, Cary, NC). An alpha-level of .01 was used for all statistical
comparisons; all p-values were two-sided. Data were graphed showing mean ± standard
error. Heat maps were generated using Heat Map Builder 1.0 [46].

Results
Microarray-based selection of candidate reference genes

We generated and screened a vocal fold mucosal injury expression microarray dataset to
identify stably expressed genes across a number of post-injury conditions. A total of 23
arrays containing 31,042 probe sets (∼28,000 genes) were screened, representing the early
inflammatory phase (3 days post-injury; 5 arrays), active proliferative phase (14 days post-
injury; 5 arrays), and maturation/remodeling phase (60 days post-injury; 4 arrays) of wound
healing; nine age-matched non-injury control arrays were included in the dataset (three per
post-injury time point). Background-corrected fluorescent intensity values were converted to
the log2 scale and genes were sorted by CV across all arrays: The 50 genes exhibiting the
lowest CVs in the dataset (0.0030-0.0197) were partitioned for further analysis (Figure 1A).
These 50 stably expressed genes represented a wide range of transcript abundance levels and
functional categories; notably, genes with low CVs tended to be high abundance, and vice
versa. Six of the eight most stable genes transcribe for ribosomal proteins important to
protein synthesis (Rps3a, Rps4×, Rpl9, Rps6, Rpl3).

Next, we tightened our selection criteria to eliminate genes with mean fluorescent intensities
in the upper or lower vigintiles across all arrays, in order to avoid potential qRT-PCR
normalization issues in subsequent experiments due to extremely high or low abundance
candidate reference genes. This filter eliminated 42 of the 50 most stable genes in the
dataset; eight genes with mid-90% fluorescent intensities remained (Ablim1, Efha1,
Ldhal6b, Magi2, Mterf, Sptbn1, Tbc1d22a, Wrnip1; Figure 1A). These eight genes exhibited
tightly clustered abundance levels across arrays (Figure 1B). Analysis using the pairwise
comparison-based geNorm algorithm [19] revealed Wrnip1 as the most stably expressed
gene within the group, followed by Mterf and Magi2 (lowest M-values in the stepwise
procedure presented in Figure 1C). Analysis of pairwise variation (Vi/Vi+1) between
sequential geometric mean-based normalization factors (NFi and NFi+1) suggested that two
reference genes (Wrnip1 and Mterf2) are sufficient to accurately normalize expression of a
target gene in this dataset and experimental model (Figure 1D).
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Given the relatively high stability of all genes identified in our array screen, we selected
three candidate genes for further validation in qRT-PCR experiments based on relative
abundance and functional categorization. Wrnip1 [47] was selected as the most stable gene
exhibiting relatively high abundance (Figure 1B) within the mid-90% of our dataset. Ablim1
[48] and Sptbn1 [49] were selected as additional stably expressed candidate reference genes
with relatively low and midrange abundance respectively (Figure 1B). The full name,
accession number and functional category for each candidate gene are provided in Table 1.

Literature-based selection of additional candidate reference genes
The three novel candidate reference genes identified in our array dataset were evaluated
alongside six traditional reference genes identified in a review of the primary biomedical
research literature in the areas of wound healing and tissue repair. Hprt1, Sdha and Ywhaz
were selected based on a recent validation study reporting stable expression in an in vivo
ischemic brain injury model in rat [23]. Actb, B2m and Gapdh were selected as they are
commonly utilized reference genes in vocal fold mucosal injury studies [32-39] but have
never undergone formal validation. The full name, accession number and functional
category for each candidate gene are provided in Table 1.

Effect of vocal fold mucosal injury on the expression of candidate reference genes during
the inflammatory wound healing phase

We used qRT-PCR to measure the mRNA expression of our nine candidate reference genes
in rat vocal fold mucosa 1-7 days post-injury, and in non-injury controls. Relative
expression levels were calculated using the 2-ΔCT method. Gapdh and Actb exhibited an
immediate injury response, characterized by a 4-fold increase in expression at 1 day post-
injury followed by gradual tapering of expression between 3 and 7 days post-injury (p < .01,
Figure 2C and F). Ywhaz followed a similar time course to Gapdh and Actb with less
dramatic upregulation (2.5-fold) at 1 day post-injury (p < .01; Figure 2H). Hprt and B2m
also demonstrated significant perturbation following injury, with peak expression at 3 days
(p < .01, Figure 2G and I). All five of these candidate reference genes trended toward
baseline expression levels at the 7 day post-injury time point. Pairwise comparisons between
the control and 7-day post-injury conditions revealed no significant differences for any
candidate gene.

Four candidate reference genes, including the three novel candidates identified using our
array dataset, exhibited no significant difference in expression across post-injury time points
compared to control: Sdha (Figure 2A), Sptbn1 (Figure 2B), Ablim1 (Figure 2D), and
Wrnip1 (Figure 2E). These four genes were therefore considered the most stably expressed
over time, according to 2-ΔCT analysis.

Pairwise comparison-based (geNorm) analysis and stability ranking of candidate reference
genes

Evaluation of the distribution of CT values obtained from the amplification curves of all
samples analyzed by qRT-PCR revealed a range of ∼24-31 across all candidate reference
genes (Figure 3A). CT values were most tightly clustered for Wrnip1 and Sdha (CVs =
0.0159 and 0.0175 respectively) and least tightly clustered for Gapdh and Actb (CVs =
0.0344 and 0.0339 respectively). Gapdh and Actb were also identified as the least stable
genes using the geNorm algorithm [19], whereas Sdha and Sptbn1 were tied as the two most
stably expressed genes with identical M-values of 0.31 (Figure 3B). The overall stability
ranking of the nine candidate reference genes was as follows (from most to least stable):
Sdha/Sptbn1 (tied), Wrnip1, Ablim1, B2m, Ywhaz, Hprt, Actb and Gapdh. Analysis of
pairwise variation (Vi/Vi+1) between sequential geometric mean-based normalization factors
(NFi and NFi+1) suggested that the two most stably expressed genes (Sdha and Sptbn1) are
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sufficient to accurately normalize expression of a target gene in this dataset and
experimental model (Figure 3C). The addition of Wrnip1 as a third reference gene yielded a
pairwise variation value of 0.12, which is below the recommended cut-off value of 0.15,
indicating that the addition of this gene to a geometric averaging basket provides no gain in
normalization accuracy [19].

Relative expression of a target gene is significantly influenced by reference gene stability
following vocal fold mucosal injury

Having validated and ranked the stability of our pool of candidate reference genes, we next
investigated the consequence of using a stable or unstable reference gene for normalization
of a target gene in our vocal fold mucosal injury model. We selected Tgfb1 as a target gene
as it is a well characterized fibrotic cytokine with clearly documented upregulation in
response to injury [50]. We used the 2-ΔΔCT method to examine the relative expression of
Tgfb1 at 1 and 3 days post-injury, normalized to Gapdh, Sdha, Sptbn1, and the geometric
mean of Sdha and Sptbn1 (the geometric mean normalization factor was derived using
geNorm). Normalization against Gapdh (the least stable candidate reference gene) revealed
no significant difference in Tgfb1 expression versus non-injury control at 1 or 3 days post-
injury, whereas normalization against Sdha or Sptbn1 (tied as the most stable candidate
reference genes) or their geometric mean revealed significant upregulation of Tgfb1 versus
non-injury control at both post-injury time points (p < .01; Figure 4). Pairwise comparisons
within each experimental time point revealed no significant difference between Tgfb1
expression normalized against Sdha, Sptbn1 or the geometric mean of Sdha and Sptbn1;
however, each of these reference genes (and the geometric mean) yielded significantly
different Tgfb1 expression values compared to the Gapdh normalized condition at the same
time point (p < .01; Figure 4).

Discussion
qRT-PCR is an indispensable technique in biological and medical research, however the
appropriate implementation of this technique is highly dependent upon normalization with a
stably expressed reference gene (or basket of reference genes). Unfortunately, the
importance of appropriate reference gene selection is often ignored in gene expression
studies; therefore, systematic and experimental condition-specific validation of carefully
selected candidate reference genes is necessary, especially in model systems such as vocal
fold mucosal injury, where global gene expression may be dramatically altered in the
context of rapid physiological and pathological changes [41,42]. Here we report a
microarray-driven systematic study of candidate reference gene stability in a rat vocal fold
model of mucosal injury. To our knowledge, this is the first report of reference gene
validation in any mucosal injury experimental system.

To select candidate reference genes for validation, we first conducted a genome-wide screen
to identify stably expressed genes in a vocal fold mucosal injury microarray dataset
generated in our laboratory. Stably expressed genes exhibiting mid-90% mean fluorescent
intensity compared to the entire genome were evaluated using a pairwise comparison-based
approach (geNorm). Three candidate genes (Ablim1, Sptbn1 and Wrnip1) representing
distinct functional categories and low, midrange and high transcript abundance were
selected for further validation. An independent qRT-PCR experiment using 2-ΔCT analysis
confirmed that all three genes exhibited stable mRNA expression throughout the acute
inflammatory wound healing period (1-7 days post-injury), with no significant differences
compared to non-injury controls. Parallel analysis of a sub-panel of traditional reference
genes identified just one stably expressed gene (Sdha) among six candidates. Hprt1 and
Ywhaz, two candidates previously validated alongside Sdha as stably expressed in an
ischemic brain injury model [23], were significantly upregulated following vocal fold
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mucosal injury. Actb, B2m and Gapdh, three candidates commonly employed (but
previously unvalidated) as reference genes in vocal fold and other mucosal injury models
[32-39,51,52], were also unstable post-injury. These findings support the predictive value of
microarray screening for identifying suitable candidate genes for further validation,
demonstrate that a reference gene that is stable in one in vivo tissue injury system may not
necessarily be stable in another, and highlight the experimental noise that may accompany
the adoption of a putative reference gene without careful validation.

Stepwise ranking of expression stability using the geNorm algorithm provided additional
validation of our 2-ΔCT analysis: Sdha, Sptbn1, Wrnip1 and Ablim1 were ranked as the four
most stable genes; Gapdh and Actb were ranked as the two least stable genes. Normalization
of target gene Tgfb1 using stable (Sdha and Sptbn1) and unstable (Gapdh) reference genes
led to significantly different experimental results. The erroneous interpretation of no change
in Tgfb1 expression 1 and 3 days post-injury with Gapdh normalization (under-representing
actual Tgfb1 upregulation by 5- to 7-fold) is a striking example of the potential impact of
inappropriate reference gene selection in this model system.

The geNorm approach to reference gene selection is driven by the argument that geometric
averaging using a basket of stably expressed genes results in superior normalization
compared to use of a single gene [19]. Pairwise variation evaluation of our panel of
candidate genes demonstrated that the geometric mean of Sdha and Sptbn1 was sufficient to
provide accurate normalization of a target gene, without the addition of Wrnip1. Given the
low cell density [41] and therefore low amount of recoverable RNA in the native rat vocal
fold mucosa (∼150-300 ng per animal in this study), and our finding that Sdha and Sptbn1
were tied as the two most stably expressed genes in our dataset, we also evaluated the
individual normalization performance of these two reference genes compared to their
geometric mean. We found no significant difference in the expression of target gene Tgfb1
whether normalized against Sdha, Sptbn1 or the geometric mean of Sdha and Sptbn1,
suggesting that in experiments with especially limited RNA (e.g., those involving a large
number of target genes), accurate normalization and quantification of target gene expression
can be practically obtained using a single (appropriately validated) reference gene.

In addition to exhibiting stable expression across all experimental conditions, an ideal
reference gene should have comparable transcript abundance to a target gene of interest [9].
For this reason, we intentionally excluded genes with extremely high or low mean
fluorescent intensities (upper or lower vigintiles) across arrays and focused our qRT-PCR
validation experiments on candidates in the mid-90% of the dataset. Additionally, the three
candidate genes selected from our array dataset represented low (Ablim1), midrange
(Sptbn1) and high (Wrnip1) transcript abundance within the mid-90%. This strategy
improved the likelihood of validating stably expressed reference genes with comparable
transcript abundance to a wide range of possible target genes; however, it is important to
note that a number of genes with high transcript abundance (upper vigintile) demonstrated
even greater stability than our candidate selections; many of these genes encode ribosomal
proteins (e.g., Rps3a, Rps4×, Rpl9, Rps6, Rpl3). This observation is consistent with a
number of recent microarray-based publications that have identified ribosomal protein genes
as stably expressed reference gene candidates across a range of experimental systems
[25,26,29]. Hence, in the vocal fold mucosal injury system reported here, a ribosomal
protein gene may be a suitable choice in experiments requiring normalization of a target
gene with comparable high transcript abundance.
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Figure 1. Microarray-based selection of candidate reference genes
An expression microarray dataset was generated representing rat vocal fold mucosa 3, 14
and 60 days post-injury. Age-matched non-injury controls were included at each time point.
A total of 23 arrays (14 post-injury, 9 non-injury controls) were included in the dataset. (A)
Heat map showing log2 fluorescent intensity for the 50 genes with the lowest coefficient of
variation across all arrays representing both injury and non-injury experimental conditions.
Genes are ranked by ascending coefficient of variation. Eight genes exhibited mean
fluorescent intensity within the mid-90% of all genes on the arrays; these genes were
subjected to further analysis. (B) Distribution of log2 fluorescent intensity for the eight
genes of interest identified in panel A. Twenty-three data points are shown for each gene,
inclusive of injury and non-injury experimental conditions. (C) Average expression stability
of a basket containing the eight genes of interest during stepwise exclusion of the least stable
gene (geNorm algorithm). The abscissa reflects the number of genes under consideration
throughout the stepwise procedure; the ordinate reflects the average expression stability (M-
value) of the remaining genes after exclusion of the least stable gene (indicated by name on
the plot). (D) Pairwise variation (Vi/Vi+1) between two sequential normalization factors (NFi
and NFi+1) calculated to determine the optimal number of reference genes for accurate
normalization (geNorm algorithm). Ctl, non-injury control; PI, post-injury; d, day.
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Figure 2. Effect of vocal fold mucosal injury on the expression of candidate reference genes
RNA was extracted from rat vocal fold mucosa 1-7 days post-injury and non-injury controls
and qRT-PCR was performed for nine candidate reference genes: (A) Sdha, (B) Sptbn1, (C)
Actb, (D) Ablim1, (E) Wrnip1, (F) Gapdh, (G) B2m, (H) Hprt and (I) Ywhaz. Gene
expression levels were calculated using the 2-ΔCT method and are presented as mean fold
change ± standard error. n = 5 animals per time point. p-values reflect one-way ANOVA
across all time points. Ctl, non-injury control; d, day post-injury; n.s., non-significant
difference.
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Figure 3. Pairwise comparison-based (geNorm) analysis of candidate reference genes
(A) Distribution of expression levels (cycle threshold values) for all samples and all
candidate reference genes. Twenty-five data points are shown for each gene, inclusive of
injury and non-injury experimental conditions. (B) Average expression stability of a basket
containing all candidate reference genes during stepwise exclusion of the least stable gene.
The abscissa reflects the number of genes under consideration throughout the stepwise
procedure; the ordinate reflects the average expression stability (M-value) of the remaining
genes after exclusion of the least stable gene (indicated by name on the plot). (C) Pairwise
variation (Vi/Vi+1) between two sequential normalization factors (NFi and NFi+1) calculated
to determine the optimal number of reference genes for accurate normalization.
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Figure 4. Relative expression of the target gene Tgfb1 is significantly influenced by reference
gene stability following vocal fold mucosal injury
Tgfb1 expression was normalized against reference genes Gapdh, Sdha, Sptbn1 and the
geometric mean of Sdha and Sptbn1. Gene expression levels were calculated using the
2-ΔΔCT method and are presented as mean fold change ± standard error. n = 5 animals per
time point. *, p < .01 versus both the non-injury control condition and Gapdh normalized
condition at the same time point; d, day post-injury.
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