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Abstract 
Selection of proper reference genes (RGs) is an essential step needed for accurate normalization 
of results from genomic studies. Expression of RGs is regulated by many factors such as species, 
age, gender, type of tissue, the presence of disease, and the administration of therapeutic treat-
ment. The aim of the present study was to identify optimal RGs in a set of blood samples collected 
at different time points (0, 24, 48, 72 h) from horses following administration of extracorporeal 
shock wave therapy (ESWT). The mRNA expression of twelve RGs: HPRT1, ACTB, HSP90A, SDHA, 
GUSB, B2M, UBC, NONO, TBP, H6PD, RPL32, GAPDH was determined using real time quantitative 
polymerase chain reaction (qPCR). An SAS program developed on the algorithm of geNorm, 
SASqPCR, was used to determine stability of the expression and the number of optimal RGs. The 
results showed that the range of quantification cycle (Cq) values of the evaluated genes varied be-
tween 17 and 26 cycles, and that one optimal RG, ACTB, was sufficient for normalization of gene 
expression. Results of stability of expression demonstrated that ACTB was the optimal choice for 
all the samples studied. Notably, in samples collected at 72 h post ESWT, TBP showed a significant 
change in the expression level, and was not suitable for use as a RG. These results substantiate the 
importance of validating and selecting an appropriate RG. 
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Wave Therapy 

 
 

1. Introduction 
Extracorporeal Shock Wave Therapy (ESWT) has been used for treatment of a wide variety of bone and tendon 
injuries. Shockwaves are high-energy pressure waves that are transmitted to the injured tissue via a probe placed 
on the surface of the skin overlying the affected area [1]. ESWT triggers repair mechanisms that accelerate 
healing of orthopedic injuries [2] such as stress fractures [3], tendon injuries [4], and stimulation of bone forma-
tion in nonunion fractures.  

It has been reported that expression levels for some genes, such as ERK and p38 [5], GF-β1 and IGF-1 [6], 
BMP-2 [7], VEGF [8], were significantly altered by ESWT in animal models. In equine research, it was reported 
that ESWT increased Cx43 expression in in-vitro mesenchymal stem cells [9], suppressed TGF-β1 and increased 
IGF-1 expression in surgically created wounds [10]. Exposure of normal tendinous tissue to ESWT led to down- 
regulation of MMP3 and up-regulation of COL1 and MMP14 [11]. However, to date, there is no report on the 
effects of ESWT on the equine white blood cell (WBC) transcript-ome. To investigate the effect of ESWT on 
this transcriptome, a microarray platform was chosen to determine the transcriptome profile in equine WBC be-
fore and after ESWT. For this reason a number of potential candidate genes with significant changes in expres-
sion were screened for and validated using real time qPCR. 

Quantitative polymerase chain reaction is a very powerful technique for comparing gene expression profiles 
under different biological conditions. When comparing gene expression profiles before and after treatment, it is 
critical to consider factors that confound expression levels, such as different quantities and quality of starting 
material, RNA extraction and reverse transcription efficiencies. Among several normalization approaches pro-
posed [12], housekeeping genes as RGs are accepted and frequently used to normalize qPCR and thus, reduce 
possible errors generated during quantification of gene expression. An ideal RG should be expressed in the cells 
and tissues of interest without alteration by the experimental conditions or by disease status. However, such an 
ideal universal RG does not exist [13]. Commonly used RGs have variability in the expression levels in different 
tissues and/or disease states [14]-[17], emphasizing the importance of evaluation studies for the identification of 
the most stable RGs in different tissues and/or disease states before undertaking a qPCR study. Currently, there 
are no studies that have systematically compared the stability of RGs in ESWT-treated equine WBC samples. 

In the present study, the expression levels of twelve candidate RGs in equine WBC collected at different 
times post-ESWT were analyzed using qPCR, and the stability of the expression and the number of optimal RGs 
were determined. The most stable RG used in the analysis of gene expression in ESWT was identified. 

2. Material and Methods 
2.1. Ethics Statement  
The protocols were approved by the University of Pennsylvania Institutional Animal Care and Use Committee. 

2.2. Extracorporeal Shock Wave Therapy and Sample Collection 
All horses underwent routine dental and foot care and scheduled administration of appropriate vaccinations and 
de-worming agents. The horses were no longer actively racing. These horses were pasture fit and not exercised 
on a routine basis. Based on physical examination and routine blood chemistry analysis, all the horses in the 
study were in good health. Horses were housed on pasture and brought into temperature controlled stalls 7 days 
before ESWT. Twelve horses were administered a total of 2700 impulses at an energy density of 0.55 mJ/mm2 
to one of the dorsal metacarpal bones using a ESWT unlimited, Duolith SD1 T-Top, Vet, F-SW (STORZ 
MEDICAL AG, Tägerwilen, Switzerland). Blood samples (10 mL aliquots) were collected in heparinized tubes 
by venipuncture of the jugular vein before ESWT (0 h) and at 24, 48 and 72 h post ESWT. 

2.3. RNA extraction and Transcription  
RNA was extracted from fresh blood samples using LeuKoLOCK™ total RNA isolation procedure (Applied 
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Biosystems, Foster City, CA, USA) as previously described [18]. Genomic DNA was eliminated by RNase-free 
DNase I digestion during the isolation procedure. The quality and quantity of extracted RNA samples were ass- 
ayed using the Agilent Bioanalyzer system (Agilent Technologies, Inc., Santa Clara, CA, USA). All samples 
were quantified using a NanoDrop 2000 spectrometer (Thermo Fisher Scientic, Pittsburgh, USA). Complemen- 
tary DNA (cDNA) was synthesized using hexanucleotide primers and Multiscribe Reverse Transcriptase (Ap-
plied Biosystems, Foster City, CA, USA) in a final reaction volume of 20 µL containing 2 µL reverse transcrip-
tase buffer, 5.5 mM MgCl2, 0.5 mM deoxyribonucleoside triphosphate, 2.5 mM random hexamers, 0.4 U RNase 
inhibitor, 1.25 U Multiscribe Reverse Transcriptase and 200 ng RNA. All reactions were performed under the 
following conditions: initial primer incubation step was performed for 10 min at 25˚C, followed by reverse 
transcriptase incubation for 2 h at 37˚C, terminated by reverse transcriptase inactivation for 5 min at 95˚C, and 
cooled to 4˚C before storage at −80˚C pending analysis. 

2.4. Quantitative Real Time PCR 
Twelve RGs were selected from commonly used in equine research [8]-[10] and commercially available prod- 
ucts (Table 1). All primers were designed with Primer Express 3.0.1 (Applied Biosystems, Foster City, CA, 
USA) to amplify at 60˚C and to bind specifically to different exons of equine cDNA sequences. The qPCR effi-
ciency ranged from 92% - 99% (Table 2). 

Amplification of specific PCR products was detected using SYBR Green PCR Master Mix (Applied Biosys- 
tems, Foster City, CA, USA). All primers employed were custom-synthesized by Applied Biosystems, Inc. Am-
plification efficiency of each primer pair was evaluated by the standard curve method. Gene expression study for 
all twelve genes was performed in 96-well plates using ABI 7500 real time PCR System (Applied Biosystems, 
Foster City, CA, USA). PCR step was carried out in 20 μL, including 10 μL 2x SYBR Green PCR Master Mix, 
50 nM of each primer and 5 μL cDNA samples. The reaction mixtures were heated at 95˚C for 10 min and then 
subjected to 40 cycles at 95˚C for 15 sec, and 60˚C for 1 min. Each PCR reaction was performed in triplicate 
paralleling with no template control. 

2.5. Data Analysis  
qPCR data were analyzed using SDS Software, and standard curves were fit using linear regression (v 2.0.6; 
Applied Biosystems, Foster City, CA, USA). Real-time PCR amplification efficiencies were calculated using the  
 
Table 1. Candidate reference genes.                                                                        

Symbol  gene name Function  Accession number 

ACTB β-actin Cytoskeletal structural protein NM_001081838 

GAPDH Glyceraldehyde-3-phosphate dehydrogenase Glycolytic enzyme  NM_001163856 

B2M beta-2-Microglobulin Cytoskeletal protein involved  
in cell locomotion NM_001082502 

GUSB beta-Glucuronidase Exoglycosidase in lysosomes XM_001493514 

H6PD hexose-6-phosphate dehydrogenase Glycolytic enzyme  XM_001490933 

HPRT1 Hypoxanthine ribosyltransferase Metabolic salvage of purines XM_001490189 

HSP90A heat shock protein 90 kDa alpha (cytosolic),  signal transduction, protein folding  NM_001081938 

 class B member 1 and degradation and morphological evolution.  

TBP TATA-binding protein Transcription by RNA polymerases xM_001499329 

RPL32 60S ribosomal protein L32-like protein synthesis xM_001492042 

NONO non-POU domain containing, octamer-binding transcriptional regulation and RNA splicing xM_001492800 

SDHA succinate dehydrogenase complex, subunit A, 
flavoprotein (Fp) catalyzes the oxidation of succinate xM_001490889 

UBC Ubiquitin C intracellular ATP-dependent  
protein degradation NM_001081862 
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Table 2. The primer sequences and qPCR efficiencies for the evaluated reference genes.                              

Gene Forward primers 5’-3’ Reverse primers 5’-3’ qPCR efficiency (%) 

ACTB CGAGGCCCCCCTGAAC GTCTCAAACATGATCTGGGTCATC 99 

GAPDH CAAGGCTGTGGGCAAGGT GGAAGGCCATGCCAGTGA 95 

B2M ACTCTCAAAGACCCCCTGATAGTTAA GGCCTTTCATGATGCTGGTT 98 

GUSB CCCTGCCTACCTATACTCATTGGA GACACGGGCCCAGCTTCT 96 

H6PD TGAAAGAGACGGTGGATGCA GAATGACGCCGTACTTCTCGTA 95 

HPRT1 TCCATTCCTATGACTGTAGATTTTATCAG AATCACTTTTATGTCCCCTGTTGAC 92 

HSP90AB1 GAGGCATTCTCTAAAAACCTAAAGCTT GAAAGGCGTCGCCGATTA 97 

TBP GGGTGTCGTTTCTGCACAGA GCAGCACAGTGTGAGCAACTTAC 94 

RPL32 CCCTCGTGAAGCCCAAGA CTGACTGGTGCCGAATGAACT 99 

NONO TTATCCGCTTGGAAACACGAA GCATGTTGTCCAGCTCCACTT 97 

SDHA CATCCATCGCATAAGAGCAAAG GAAGTAGGTGCGCCCATAGC 94 

UBC TGTGGTATTGCTGAGGTGATTTG TGGTGACGGACACGAAGAAA 95 

 
slope of the standard curve.  

All analyses were performed using SAS 9.3 (SAS Institute Inc. Cary, NC, USA). The normality test was per-
formed by the Shapiro-Wilk method combining a graphic method: normal probability plot. Data were presented 
as mean ± SD. Pair-wise comparisons of gene expression levels among four groups of subjects were performed 
using one-way ANOVA when expression levels were normally distributed, and a non-parametric (Wilcoxon) 
test was applied when expression levels were not normally distributed. Bonferroni correction was used to adjust 
for multiple comparisons. Results were considered statistically significant when p < 0.05. 

The stability of the selected RGs and the number of optimal RGs were determined using SASqPCR [19], a 
SAS macro-program that was developed according to the algorithm of geNorm [13]. 

3. Results 
3.1. Expression Levels of Candidate RGs 
For comparison of RGs transcription levels, the quantification cycle (Cq) values were plotted directly, assuming 
the same threshold for all genes evaluated. Cq is defined as the number of cycles needed for fluorescence to 
reach a specific threshold of detection and is inversely correlated with the number of RNA template present in 
the reaction. The twelve RGs analyzed in this study displayed a wide range of expression, with Cq values be-
tween 17 and 26 (Figure 1). The normality of Cq values for all the genes evaluated was tested using the Shapi-
roWilk method combining a graphic method: normal probability plot. Five genes, ACTB, HSP90A, HPRT1, TBP 
and UBC showed normal distribution in all samples collected at different time points. The remaining seven 
genes did not show normal distribution in one or more samples.  

The twelve RGs were clearly distributed into different categories of expression level. Most genes coded for 
highly expressed mRNAs with the majority of Cq values between 17 and 22 cycles; five other genes, GUSB, 
SDHA, H6PD and HPRT1 and TBP, were moderately expressed with Cq values between 23 and 26 cycles. It 
should be noted that TBP had slightly higher expression levels in the 72 h samples than in the remaining samples 
(Figure 1). 

As suggested by Ohl et al. [16], pairwise comparisons on raw Cq values among 4 different samples were per-
formed, and there were significant differences in gene expression of TBP between 72 h and the other 3 samples 
(72 h vs. control. p = 0.0003; 72 vs. 24 h, p = 0.0002; 72 vs. 48 h, p = 0.0004). These results indicated varia-
bility in TBP gene expression level by ESWT, even though it had previously been considered a house-keeping 
gene. 

3.2. Identification of the Best Candidate 
The main objective of this study was to identify RGs in the white blood cells with minimal variability following 
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treatment of horses with ESWT. In order to determine the least variable RGs, we evaluated expression stability 
of the twelve candidate RGs in the panel of samples using SASqPCR. Gene expression stability measurement 
(M) was calculated based on the average pairwise variation between a particular gene and all other genes studied. 
The suggested cut-off value of M was 1.5 [13].  

In the control samples, M values for all genes were between 0.2 and 0.6, and the expression stability from the 
most stable to the least stable was as follows: HPRT1 > ACTB > HSP90A > SDHA > GUSB > B2M > UBC > 
NONO > TBP > H6PD > RPL32 > GAPDH (Figure 2(a)). 

In the 24 h samples, the M values for all genes were also between 0.2 and 0.6, and the order of expression 
stability from the most stable to the least stable was as follows: ACTB > HSP90A > HPRT1 > TBP > GUSB > 
H6PD > B2M > NONO > GAPDH > SDHA > UBC > RPL32 (Figure 2(b)).  

In the 48 h samples, the M values for all the genes were still between 0.2 and 0.6, the expression stability 
from the most stable to the least stable was as follows: ACTB > HPRT1 > HSP90A > GUSB > H6PD > SDHA > 
RPL32 > TBP > NONO > UBC > GAPDH > B2M (Figure 2(c)).  

In the 72 h samples, M values for all genes were still between 0.2 and 1.6, showing a much wider range com-
pared to the rest of the samples, the expression stability calculated for the genes analyzed was from the most 
stable to the least stable: ACTB > HPRT1 > H6PD > NONO > RPL32 > SDHA > GAPDH > HSP90A > GUSB > 
UBC > B2M > TBP (Figure 2(d)). It should be noted that the M value for TBP was 1.505, which was above the 
cut-off value of 1.5, suggesting that TBP was not a suitable reference gene in the 72 h samples. This was con- 
sistent with the pairwise comparison results. 

3.3. Determination of the Optimal Number of RGs for Genes Expression Normalization 
To determine the number of stable RGs needed for normalization, a pairwise variation Vn/n+1 (n = number of 
RGs) was calculated for two sequential normalization factors (NF) NFn and NFn+1 for all samples. A large V 
value indicates that the added gene had a significant effect and should probably be included for calculation of 
the normalization factor. In the present study, the relative quantities of all candidate RGs in all samples were 
used to calculate V. As shown in Figure 3, all the pairwise variations, Vn/n+1, were below the 0.15 cut-off value 
[13], an additional RG did not significantly contribute to improving accuracy. Since V1/2 values for all samples 
were less than 0.15, one most stable RG was sufficient for accurate calibration, and an additional RG was not 
required as an internal control. 
 

 
Figure 1. Expression levels of candidate RGs in samples collected at 
different time points post ESWT. Boxes represent lower and upper 
quartiles of quantification cycle range with medians indicated, whiskers 
represent the 10th and 90th percentiles. Graph was plotted using 
GraphPad Prism 5 software.                                     
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(a)                                                 (b) 

     
(c)                                          (d) 

Figure 2. Stability of reference gene expression (M) calculated using SAS qPCR.                     
 

 
Figure 3. Determination of the optimal number of RGs for 
genes expression normalization.                          

4. Discussion 
When selecting optimal RGs, three Visual Basic Applications (geNorm, BestKeeper and NormFinder) are 
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available. GeNorm is a currently preferred program for selection of the most stable reference genes using the 
principle that the expression ratio of two ideal reference genes is identical in all tested samples [13]. Using this 
program, candidate RGs for normalization were ranked according to their expression stability M values. The 
program NormFinder is another tool for identifying the optimal normalization genes among various candidate 
reference genes using a model-based approach. Norm-Finder ranks the various candidate reference genes ac-
cording to their expression pair-wise variation Vn/n+1, and more stably expressed genes have lower average ex-
pression stability values [20]. The BestKeeper program is another Excel-based software tool such as geNorm 
and NormFinder software programs, and it determines the optimal reference gene using the coefficient of corre-
lation analysis for all pairs of candidate reference genes (up to 10 genes), and calculation of the geometric mean, 
SD, and % CV for each candidate gene’s Cq values [21].  

In the present study, we evaluated expression stability of candidate RGs with SASqPCR [18]. This program 
was developed primarily based on the algorithm of geNorm. The key variable indexing the relative expression 
stability of reference genes is the M value, which is calculated as the mean standard deviation of the log-trans- 
formed expression ratios across samples for a particular gene relative to other genes remaining in the gene panel 
of reference candidates. The calculation is iteratively performed by stepwise exclusion of individual genes with 
the highest M value (i.e. the least stable gene) from the panel until the last three genes are reached. The most 
stable gene with the smallest M value is identified as a single gene in SASqPCR rather than two genes tied for 
the best stability. In addition, the expression stability of candidate genes was ranked based on their reverse order 
of stepwise exclusion in iterative calculation of cycles rather than the absolute M values as used in the geNorm 
program. These modifications provide more accurate assessment on the relative expression stability of candidate 
genes compared to geNorm. 

The candidate RGs analyzed in present study are generally used as internal controls, because they are consi-
dered to have relatively stable expression in many tissues. However, examples exist to demonstrate that this as-
sumption is not always correct. Two commonly used RGs, ACTB and GAPDH, were decreased in cells obtained 
by bronchoalveolar lavage and in biopsy samples from asthmatics not receiving inhaled corticosteroids, when com-
pared with normal controls and asthmatic subjects receiving inhaled corticosteroids [16]. RGs clearly require 
careful validation before use for normalization of quantitative mRNA assay before and after a therapeutic treatment.  

Previous studies on equine gene expression have used GAPDH as an internal RG for normalization [9]-[11]. 
Though in the present study, M values for GAPDH in all the four samples were below the cutoff value (<1.5), it 
was not the most stable RG. In fact, the M value of GAPDH was higher in control samples than that of any other 
RG, suggesting that GAPDH is not the best choice for ESWT studies. Notably, expression level of TBP was sig- 
nificantly (p < 0.05) increased 72 h post-ESWT, the M value for TBP in the 72 h samples was 1.505 > 1.5, sug- 
gesting that TBP was not suitable as a RG in the 72 h samples. All these, taken together, emphasized the impor-
tance of selecting optimal RG for qPCR normalization in ESWT study. 

The results on the optimal number of RGs suggested that one most stable RG was sufficient for use in the 
present study. For all 4 samples studied, the three most stable RGs were ACTB, HSP90A and HPRT1 (Figure 2). 
Except control samples, ACTB was the most stable RG of the remaining 3 samples, obviously, ACTB would be 
the first choice for those samples. For the control samples, the most stable RG was HPRT1, followed by ACTB. 
Considering very slight difference between the M values in the control sample (ACTB was 0.225, and HPRT1 was 
0.222), ACTB would be selected for control samples, too. Therefore, in present study, ACTB will be used as RG. 

5. Conclusion 
In the present study, a reliable strategy was outlined to identify the optimal RGs in ESWT study by combining 
analyses of expression stability and the number of optimal RGs. The results showed that one most stable RG 
was sufficient for normalization in the present study, and ACTB was the first choice for all the samples studied. 
Remarkably, TBP was not suitable as a reference gene in the 72 h samples post ESWT. The result of this study 
emphasized the importance of selecting optimal RGs in gene expression analysis using qPCR, provided a more 
reliable strategy to evaluate the appropriate RGs in the study of the effects of ESWT on gene expression is em-
ployed. 
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