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Abstract 

Background: Real-time quantitative polymerase chain reaction (RT-qPCR) is a widely-used standard assay for assess-
ing gene expression. RT-qPCR data requires reference genes for normalization to make the results comparable. There-
fore, the selected reference gene should be highly stable in its expression throughout the experimental datasets. 
So far, reports about the optimal set of reference genes in murine left ventricle (LV) across embryonic and postnatal 
stages are few. The objective of our research was to identify the appropriate reference genes in murine LV among dif-
ferent developmental stages.

Methods: We investigated the gene expression profiles of 21 widely used housekeeping genes in murine LV from 
7 different developmental stages (almost throughout the whole period of the mouse lifespan). The stabilities of the 
potential reference genes were evaluated by five methods: GeNorm, NormFinder, BestKeeper, Delta-Ct and RefFinder.

Results: We proposed a set of reliable reference genes for normalization of RT-qPCR experimental data in differ-
ent conditions. Furthermore, our results showed that 6 genes (18S, Hmbs, Ubc, Psmb4, Tfrc and Actb) are not recom-
mended to be used as reference genes in murine LV development studies. The data also suggested that the Rplp0 
gene might serve as an optimal reference gene in gene expression analysis.

Conclusions: Our study investigated the expression stability of the commonly used reference genes in process of LV 
development and maturation. We proposed a set of optimal reference genes that are suitable for accurate normaliza-
tion of RT-qPCR data in specific conditions. Our findings may be helpful in future studies for investigating the gene 
expression patterns and mechanism of mammalian heart development.
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Background
The heart is the first functional organ to develop in the 
embryo. The gene expression constantly changes during 
the cardiac development and maturation [1–3]. It is a 

strictly-regulated process, which requires precise control 
of gene expression. Any disruption in cardiac develop-
ment may lead to congenital heart defects, which cause 
significant public health burdens [4]. The main function 
of the heart—pumping blood to make a constant supply 
of oxygen and nutrients for body, is mainly determined 
by the left ventricle (LV) condition [5, 6]. And the LV 
remodeling is the main manifestation of many cardiac 
disorders [7, 8]. Therefore, it is crucial to give special 
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attention to the gene expression of LV during cardiac 
development and maturation.

Transcriptome analysis provides broad insights into 
the molecular regulatory networks [9, 10]. Up to now, 
real-time quantitative polymerase chain reaction (RT-
qPCR) is still the standard assay used for quantification 
of gene expression with high sensitivity and accuracy 
[11]. RT-qPCR data needs reference genes for normali-
zation to make the results comparable [12]. The unsta-
bly-expressed reference genes could lead to erroneous 
results. Thus, selection of appropriate reference gene is 
important in the design of a RT-qPCR experiment [13]. 
The reference genes should hold a high expression stabil-
ity throughout all experimental datasets [14, 15]. So far, 
there is no single ideal reference gene appropriate for all 

conditions [16]. Thus, it is critical to identify suitable ref-
erence genes with relatively stable expression in the spe-
cific context.

Mice have been frequently used as mammalian models 
to study the cardiac development/maturation because of 
their physiological, genetic and anatomical similarities 
to humans [17]. The common reference genes for heart 
samples include glyceraldehyde-3-phosphate dehydroge-
nase (Gapdh), 18S ribosomal RNA (18S), and actin beta 
(Actb) [18]. However, in the process of heart development 
or maturation, the expression levels for some housekeep-
ing genes are significantly altered [19]. A recent study has 
identified some appropriate reference genes for heart tis-
sue of mice at different developmental stages. However, 
only a limited number of candidate reference genes and 

Fig. 1 Flow chart of the study design. Illustration of the developmental stages of the mice left ventricle tissues sampled in this study and the short 
description of the core experiment manipulations. The statistical applications for evaluating the expression stability of reference genes were also 
shown. E = embryonic day; D = postnatal day; M = postnatal month
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a small number of samples at different developmental 
stages were included [20]. So far, information about the 
optimal reference genes sets in murine LV tissues across 
embryonic and postnatal stages is still inadequate.

Our work assesses the expression stability of the 21 
common reference genes in mice LV samples from 
almost all stages of life cycle. In combination of the 
expression variabilities of each candidate genes evalu-
ated by GeNorm [19], NormFinder [21], BestKeeper [22], 
Delta-Ct [23] and RefFinder [24] tools, we propose a set 

of optimal reference genes reliable for normalization of 
RT-qPCR data in different specific conditions.

Methods
Sample collection
The reporting of animal experiments according to the 
the ARRIVE guidelines (Additional file 1). The C57BL/6 
mice were purchased from Vital River Laboratory Ani-
mal Technology Co., Ltd (Beijing, China), and main-
tained in plastic cages at 23 to 25 °C with a 12/12-h light/

Table 1 Candidate reference genes and primer sequences

Gene symbol Gene Name GenBank Accession 5’-Primer Sequences (Forward/Reverse)-3’ Product 
size (bp)

Actb Actin beta NM_007393 GGC TGT ATT CCC CTC CAT CG / CCA GTT GGT AAC 
AAT GCC ATGT 

154

Gapdh Glyceraldehyde-3-phosphate dehydrogenase NM_001289726 AGG TCG GTG TGA ACG GAT TTG / TGT AGA CCA TGT 
AGT TGA GGTCA 

123

Reep5 Receptor accessory protein 5 NM_007874 GGT TCC TGC ACG AGA AGA ACT / GAG AGA GGC 
TCC ATA ACC GAA 

140

Rpl5 Ribosomal protein L5 NM_016980 TTG GTG ATC CAG GAC AAG AATAA / GCA CAG ACG 
ATC ATA TCC CC

125

Psmb4 Proteasome subunit beta 4 NM_008945 ATG GAA GCG TTT TGG GAG TCA / GTT CTG GGT CCG 
AGT GAT GG

144

Vcp Valosin containing protein NM_009503 GCT TGT AAA CTG GCC ATT CG / GAT CTC AGG CAC 
TGG ATC GT

114

B2m Beta-2-microglobulin NM_009735 TTC TGG TGC TTG TCT CAC TGA / CAG TAT GTT CGG 
CTT CCC ATTC 

104

Gusb Glucuronidase beta NM_010368 GGC TGG TGA CCT ACT GGA TTT / GGC ACT GGG AAC 
CTG AAG T

131

Hmbs Hydroxymethylbilane synthase NM_001110251 AAG GGC TTT TCT GAG GCA CC / AGT TGC CCA TCT 
TTC ATC ACTG 

78

Hprt1 Hypoxanthine phosphoribosyltransferase 1 NM_013556 GGT TAA GCA GTA CAG CCC CA / GGC CTG TAT CCA 
ACA CTT CG

81

Ipo8 Importin 8 NM_001081113 ACG TGA CAG TAG ATA CCA ACGC / GCA TAG CAC 
TCG GCA TCT TCT 

115

Pgk1 Phosphoglycerate kinase 1 NM_008828 ATG TCG CTT TCC AAC AAG CTG / GCT CCA TTG TCC 
AAG CAG AAT 

164

Polr2a RNA polymerase II subunit A NM_001291068 AAA TAC CCA GAA ACA ACG GAGG / CCA GTC CGC 
TCA ATC ACC C

83

Ppia Peptidylprolyl isomerase A NM_008907 GAG CTG TTT GCA GAC AAA GTTC / CCC TGG CAC 
ATG AAT CCT GG

125

Rplp0 Ribosomal protein lateral stalk subunit P0 NM_007475 AGA TTC GGG ATA TGC TGT TGGC / TCG GGT CCT AGA 
CCA GTG TTC 

109

Tbp TATA box binding protein NM_013684 GTG GGG AGC TGT GAT GTG A / TCC AGG AAA TAA 
TTC TGG CTCA 

96

Tfrc Transferrin receptor NM_011638 GTT TCT GCC AGC CCC TTA TTAT / GCA AGG AAA GGA 
TAT GCA GCA 

152

Ubc Ubiquitin C NM_019639 GAG GTG GCA TGC AGA TCT TT / CCC TCC TTG TCC 
TGG ATC TT

112

Ywhaz Tyrosine 3-monooxygenase/tryptophan 
5-monooxygenase activation protein zeta

NM_011740 GAA AAG TTC TTG ATC CCC AATGC / TGT GAC TGG 
TCC ACA ATT CCTT 

134

18S eukaryotic 18S ribosomal RNA NR_003278 CTC AAC ACG GGA AAC CTC AC / CGC TCC ACC AAC 
TAA GAA CG

110

Sdha succinate dehydrogenase complex flavoprotein 
subunit A

NM_023281 GGA ACA CTC CAA AAA CAG ACCT / CCA CCA CTG 
GGT ATT GAG TAGAA 

106
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dark cycle. The experimental protocol was approved by 
the Animal Care and Use Committee of Fuwai hospital. 
The animals were mated overnight. Matings were deter-
mined by detection of vaginal plugs (taken as day 0.5 of 
gestation). The mice were euthanized by CO2 inhala-
tion before sample collection. Specifically, mice were 
placed in a standard mouse cage, and euthanized via CO2 
gas asphyxiation with a displacement rate of 20% of the 
chamber volume per min. Subsequently, cervical disloca-
tions were performed to assure euthanasia. The distribu-
tion of samples in each group was as follows: embryonic 
day 14–16 (n = 4), embryonic day 17–20 (n = 5), postna-
tal day 1–3 (n = 6), postnatal day 4–7 (n = 5), postnatal 
month 1 ~ 2 (n = 5), postnatal month 3–5 (n = 7), post-
natal month 6–9 (n = 6) (Fig. 1). LV in embryonic hearts 
were identified and collected by careful microdissection 
under stereomicroscope (Leica).

RNA isolation and cDNA synthesis
RNA was isolated from 30 mg frozen LV tissue. MagNA 
Lyser Green Beads and the MagNA lyser instrument 
(Roche, Switzerland) were used for tissue homogenate. 
Then the standard instructions of Trizol manufacturer 
(Invitrogen, USA) were carried out for total RNA extrac-
tion. The concentration and quality of the extracted 
RNA were evaluated by NanoDrop2000 (NanoDrop 
Technology, USA). First strand cDNA was synthesized 
from 500  ng total RNA by using the Takara Reverse 
Transcription Kit (Takara, Japan). All samples within 
this experiment were processed simultaneously to avoid 
interexperimental variations.

Selection of candidate reference genes and primer design
In this study, twenty-one widely used housekeeping 
genes (Table 1) were analyzed to provide a better refer-
ence guide for identification of molecular mechanisms 
underlying cardiac development and maturation. Those 
candidate genes included the Actb (Actin beta), Gapdh 

(Glyceraldehyde-3-phosphate dehydrogenase), Reep5 
(Receptor accessory protein5), (Ribosomal protein L5), 
Psmb4 (Proteasome subunit beta 4), Vcp (Valosin con-
taining protein), B2m (Beta-2-microglobulin), Gusb 
(Glucuronidase beta), Hmbs (Hydroxymethylbilane syn-
thase), Hprt1 (Hypoxanthine phosphoribosyltransferase 
1), Ipo8 (Importin 8), Pgk1 (Phosphoglycerate kinase 1), 
Polr2a (RNA polymerase II subunit A), Ppia (Peptidyl-
prolyl isomerase A), Rplp0 (Ribosomal protein lateral 
stalk subunit P0), Tbp (TATA box binding protein), Tfrc 
(Transferrin receptor), Ubc (Ubiquitin C), Ywhaz (14–3-3 
protein zeta), 18S (eukaryotic 18S ribosomal RNA) and 
Sdha (succinate dehydrogenase complex flavoprotein 
subunit A). The NCBI primer designing tool was used to 
generate the RT-qPCR primers sequences (Table 1).

RT-qPCR
RT-qPCR was performed on the Viia7 384-well block 
Real Time PCR System (Applied Biosystems). Each 10 µl 
reaction mixture contained the 5  µl 2 × SYBR Green 
Real-Time PCR Master Mix reaction mixture, 0.4 µL of 
each primer (10 µM), 2 μl cDNA (2.5 ng/μl) and 2.2 µL 
double-distilled water. The thermal cycling program: 
95 °C for 10 min, followed by 40 cycles of 15 s at 95  °C 
and 1 min at 60 °C. Each sample was performed in three 
technical replicates.

Evaluation of expression stability
The data analysts were blind to the experimental group-
ings. The gene expression stability was evaluated by 
analyzing the raw cycle threshold (Ct) values in four 
independent statistical applications: GeNorm, Nor-
mfinder, BestKeeper and Delta-Ct method. And a con-
sensual analysis (RefFinder) was performed to make a 
comprehensive variability score for each reference gene.

These methods (GeNorm, NormFinder, and Delta-
Ct) were based on similar principles. Take GeNorm for 
example, the candidate reference genes were ranked 

Table 2 The quality of RNA samples isolated from left ventricles

E = embryonic day; D = postnatal day; M = postnatal month; N = sample size; SD = standard deviation

N RNA concentration 
(ng/ul)

A260 (Abs) 260 nm/280 nm ratio 260 nm/230 nm ratio

Mean SD Mean SD

E 14 ~ 16 4 67.65 ± 2.92 1.70 ± 0.07 1.97 0.03 2.13 0.09

E 17–20 5 66.98 ± 2.40 1.67 ± 0.06 1.99 0.03 2.08 0.13

D 1 ~ 3 6 61.08 ± 4.56 1.53 ± 0.11 2.02 0.01 2.09 0.07

D 4 ~ 7 5 69.12 ± 9.59 1.73 ± 0.24 2.03 0.01 2.05 0.14

M 1 ~ 2 5 83.38 ± 22.58 2.08 ± 0.56 2.05 0.02 2.21 0.05

M 3 ~ 5 7 65.57 ± 4.78 1.64 ± 0.12 2.08 0.02 1.97 0.17

M 6 ~ 9 6 66.17 ± 3.67 1.65 ± 0.09 2.06 0.02 2.16 0.08
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by an expression stability measurement called M-value 
which is based on overall pairwise comparisons with all 
the other reference genes. The stability value (M-value) is 
negatively correlated to gene expression stability. But the 
stability value derived from BestKeeper was based on the 
coefficient of variation (CV) and standard deviation (SD) 
values. So, a consensual statistical analysis of the varia-
bilities of the housekeeping genes was needed. Based on 
previous studies [24], we employed the RefFinder analy-
sis to obtain a comprehensive evaluation of candidate 
reference genes by integrating all above-mentioned four 
algorithm results. The overall rank order of the stable ref-
erence genes is shown in Additional file 2: Table S1 after 
comparisons.

Statistical analysis
Continuous variables are expressed as the mean ± SD 
without special instructions. One-way analysis of vari-
ance (ANOVA) or Kruskal–Wallis test were performed 
to evaluate the difference among three groups or more. 
Differences with a 2-tail P-value < 0.05 were considered 
statistically significant. All statistical analyses were per-
formed using SPSS Statistics, version 23.0 (IBM Corp, 
Armonk, NY), and graphs were generated using Graph-
Pad Prism 7 (GraphPad Software Inc., CA).

Results
Expression characteristics of the candidate reference genes
e showed the full names and corresponding GeneBank 
accession numbers of the 21 candidate housekeeping 
genes in Table  1. Table  2 summarized the total RNA 
concentration obtained at different stages of heart devel-
opment, which ranged from 61.08 to 83.38  ng/μl. The 
extracted RNA quality was assessed by Nanodrop 2000 
Spectrophotometer. Both ratios (260  nm/280  nm ratio 
and 260  nm/230  nm ratio) were close to 2.0, indicating 
the high quality of the extracted RNA samples.

The primer information was shown in Table  1. The 
melting curves for all candidate genes exhibited sin-
gle peaks, indicating decent specificity (Fig.  2A). The 
Ct-values obtained by qPCR were used to quantify the 
gene expression levels. The general abundance and vari-
ation in candidate reference genes were illustrated in 
Fig.  2B–C and Additional file  3:  Figure S1. Ct values 
ranged from 16.16 (Gapdh) to 25.19 (Gusb). As shown in 
Fig. 2C and Additional file 3:  Figure S1, the patterns of 

gene expression of these reference genes were stable at 
same developmental stage. This suggested that the vari-
ability mainly from the different developmental stages, 
not from the individual differences at the same stage. So, 
the conventional normalization genes may still be fine for 
comparison of samples at the same developmental stage. 
We found that some genes have more stable expression 
across different developmental stages (such as Rplp0, 
Tbp, Vcp), than others, e.g., Pgk1, Tfrc, Actb (Additional 
file 2:  Table S1).

For more efficient analysis of the expression pattern of 
these genes between the different development phases, 
we used the hierarchical cluster analysis (HCA) [25] and 
orthogonal projections to latent structures—discrimi-
nant analysis (OPLS-DA) [26] to globally visualize the 
expression classifications. The gene expression features 
could be divided into three periods, that are (A) embryo 
stage, (B) first 7 days after birth, (C) 1 to 9 months after 
birth (Fig. 3).

Stability of candidate reference genes
To assess the stability of gene expression, five different 
tools were used for each specific condition: GeNorm, 
NormFinder, Delta-Ct, BestKeeper, and RefFinder. 
Additional file  2:  Table  S1 demonstrated the results 
of the expression variabilities of the 21 housekeeping 
genes analyzed by different statistical methods. The 
heatmap summarized the stability of candidate refer-
ence genes expression at different conditions (Fig. 4A). 
And the dot plot graph showed the top 5 optimal refer-
ence genes in each condition (Fig. 4B). Rplp0, Tbp, Vcp, 
Gusb, and Rpl5 should be the most suitable gene set out 
of the 21 reference genes for normalizing gene expres-
sion data throughout prenatal to postnatal periods of 
cardiac development. During the embryonic devel-
opmental periods of LV, Ppia, Rplp0, B2m, Vcp, and 
Gapdh were selected as the optimal reference genes. 
However, Ppia and Gapdh were not recommended for 
comparison studies of embryonic and neonatal hearts 
(E14-20 VS. D1-7), while Vcp, Rplp0, Ywhaz, B2m, and 
Hprt1 are better choices (Additional file  2:  Table  S1, 
Fig. 4). Regarding the gene expression stability in LV at 
embryonic (E14-20) and postnatal maturation stages 
(M1-9), the results indicated that Rplp0, Gapdh, Tbp, 
Vcp, Gusb should be the appropriate reference genes. 
Reep5, Rplp0, Polr2a, Pgk1, Rpl5 constituted the best 

Fig. 2 Overall abundance of the reference genes during development of mouse heart. (A) The melting curve assays of the 21 candidate reference 
genes across all samples showed the single peak, indicating the RT-qPCR amplification had good specificity; (B) Expression levels of candidate 
reference gene expression in all heart samples. (C) The expression variabilities of 6 housekeeping genes at 7 different developmental stages. The 
plots represented the gene expression level of each candidate reference gene in heart samples (n = 38). Values are given as cycle threshold values 
(Ct values), mean and standard deviation of the Ct values were indicated in the plot

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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set of reference genes for comparison of the early post-
natal (D1-7) and postnatal maturation stages (M1-9) 
(Additional file  2:  Table  S1, Fig.  4). Our results also 
showed that 6 genes, including 18S, Hmbs, Ubc, Psmb4, 
Tfrc and Act, are not recommended to be used for nor-
malization of RT-qPCR data in developmental murine 
hearts while Rplp0 might serve as an optimal reference 
gene in gene expression analysis.

Gene expression levels normalized by different reference 
gene
We further verified the results by using different inter-
nal reference genes to normalize the RT-qPCR data. The 
most and least stable reference gene (Rplp0 and 18S) 
were used for RT-qPCR data analysis with the same sam-
ple. As shown in Fig. 5, the selection of proper internal 
reference gene posed a profound effect on assessment of 
target gene expression levels. Obvious difference in Vcp 
expression was observed among the groups normalized 
by Rplp0. However, no significant difference in the tar-
get gene expression was observed when using 18S as the 
reference gene (Fig. 5A). Similar trends were also found 
when using Pgk1 as the target gene: Compared with 
the results with reference to Rplp0, the significance of 

difference among the groups is significantly reduced with 
18S as the reference gene (Fig. 5B).

Discussions
Previous literatures pointed out that there is no per-
fect reference gene appropriate to all conditions in 
RT-qPCR experiments [16]. We presented a detailed 
reference gene selection scheme for RT-qPCR studies 
in cardiac development and maturation.

The RT-qPCR is the most common and useful 
method for assessing the gene expression character-
istics. Selecting an appropriate reference gene for 
normalization in RT-qPCR experiments is important 
to reduce the effect of sample heterogeneity and pro-
vide accurate results [11, 27]. The mechanism of heart 
development, which was not completely elucidated, 
was often studied using transcriptomics. Thus, it is 
crucial to identify the stable reference genes through-
out prenatal to postnatal periods of cardiac develop-
ment. The previous studies involving reference genes 
primarily based on myocardial tissues from adult mice 
or whole hearts [28]. Another limitation of previ-
ous studies is that only a limited number of candidate 
reference genes and a small number of samples were 
included [20, 28, 29]. In this study, we investigated the 

Fig. 3 Clustering analysis of the candidate reference genes expression. (A) Heatmap of hierarchical cluster analysis of samples performed on the 
profiles of 21 candidate reference genes to depict the similarity of gene profiles; (B) Supervised Orthogonal partial least squared-discriminant 
(OPLS-DA) score plot. Three phases can be distinguished in the gene expression features, that are (1) embryo stage, (2) first 7 days after birth, (3) 1 to 
9 months after birth
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gene expressions of 21 candidate housekeeping genes at 
7 different developmental stages, which cover almost all 
major stages in the life cycle. We therefore believe the 
results from our study is likely to be more applicable 
and comprehensive.

Previous investigators demonstrated that expression 
of some candidate reference genes significantly varied 
in different conditions [20]. For example, the expres-
sion levels of gene 18S, Actb and Gapdh held consider-
able alterations upon different developmental stages and 

Fig. 4 Stability of candidate reference genes. (A) Heatmap to illustrate the gene expression stability of 21 candidate reference genes in each 
dataset with different condition. Column labels: Numbers at the right of the label are “stability value”, which is inversely correlated to gene 
expression stability. The darker the green the stronger the gene expression stability, the darker the red, the weaker stability; (B) Dot plot graph to 
show the optimal reference genes in each condition
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experimental conditions [30, 31]. It is worth mentioning 
that the expression of Gapdh and Actb apparently fluc-
tuated even during the normal development of heart. In 
our study, 18S and Actb did not hold a sufficiently stable 
expression pattern. Thus, they might not be ideal refer-
ence genes in LV development or maturation-related 
studies. Gapdh may be redeemed as a better candidate 
reference gene only under specific conditions such as 
studying LV at embryonic stages or comparing embry-
onic (E14-20) VS. postnatal maturation stages (M1-9). 
There is a congruence between this data and our tran-
scriptomic data of human heart samples at different 
developmental stages (in-house data), which suggests 
Actb and 18S were unsuitable to serve as reference genes 
in heart development studies. Our results demonstrated 
that Rplp0 is more stable in expression. Rplp0 protein, as 
a component of the 60S subunit, is involved in the regula-
tory process of protein synthesis [32]. It was the only ref-
erence gene that could be applied to all subgroup analysis 
in our study. Based on the results, we propose that Rplp0 
is an optimal reference gene in mice LV development or 
maturation.

Gene expression is dynamic during heart develop-
ment from a linear tube to four-chambered heart. This 
complexity further increases when disease conditions or 

injury models are included. Trond Brattelid et al. evalu-
ated the optimal reference genes in mouse myocardium 
from different developmental stages (fetal and neonatal 
period) and heart failure condition [33]. Similar to our 
results, Gapdh held a wide variation in expression at dif-
ferent developmental stages. They also found Rpl4 and 
Rpl32 were most stable from neonatal to adult myocar-
dium[33]. While we found that Rplp0 gives the best per-
formance. These genes all belong to ribosomal protein 
family and are parts of ribosomal 60 s subunit. In the con-
dition of post-infarction heart failure, Polr2a was the bet-
ter reference gene [33]. Likewise, we also find the Polr2a 
is a stable reference gene for comparison of the early 
postnatal (D1-7) and postnatal maturation stages (M1-
9). Adrián Ruiz-Villalba et al. investigated the expression 
stabilities of reference genes in different subsets of mouse 
myocardium from cardiac development to pathology 
[28]. Ppia was recommended for normalization in com-
parison studies of prenatal hearts, which was the same as 
the results in our study. It is interesting to note that the 
optimal reference genes for analysis in the group “adult” 
or the group “adult pathologies” are the same [28]. Bert R 
Everaert et al. showed Gapdh, Actb, and B2m might not 
suitable for application in myocardial infarction studies 
[31]. These same genes were also not recommended in 

Fig. 5 Relative expression of two target genes in different heart developmental periods. (A) Vcp expression detection normalized by reference gene 
Rplp0 or 18S; (B) Pgk1 expression detection normalized by reference gene Rplp0 or 18S. Values are given as relative gene expression level, mean and 
standard deviation of the values were indicated in the plot
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our study. It demonstrated Hprt, Rpl13a and Tpt1 should 
be the most suitable gene set for normalizing in a mouse 
myocardial infarction model [31].These results are mark-
edly different from ours, which illustrates the expression 
stabilities of reference genes in pathological state signifi-
cantly differ from the normal physiological state. These 
identified reference genes should be regarded as good 
candidates in RT-qPCR experiment, but the expression 
stability in each particular experimental setting is still 
recommended to validate.

Moreover, different reference genes may lead to com-
pletely different results when analyzing the expression 
of target genes. Unsuitable reference gene could lead 
to biased results and even wrong conclusions. This also 
emphasizes the importance of selecting the optimal ref-
erence gene when studying the transcriptomic signatures 
in heart development or maturation process. And the 
research findings from normal heart development and 
maturation are essential foundations for various patho-
logical conditions-induced cardiac damage. Therefore, 
the need for validated stable reference genes in normal 
cardiac development and maturation should be empha-
sized. Nevertheless, we have to acknowledged that our 
study is limited by the fact that we did not take into 
account the other developmental disease conditions or 
injury models. In this respect, additional investigations 
are required.

Conclusions
Our study provides the expression stability of the com-
monly reference genes in process of LV development and 
maturation. We propose a set of optimal reference genes 
under different conditions and suggest Rplp0 could serve 
as a stable reference gene of LV tissue across different 
developmental stages. Our findings may be helpful in 
future studies for investigating the gene expression pat-
terns of mammalian LV development.

Abbreviations
RT-qPCR: Real-time quantitative polymerase chain reaction; LV: Left ventricle; 
Ct: Cycle threshold; SD: Standard deviation; E: Embryonic day; D: Postnatal day; 
M: Postnatal month.
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