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ORIGINAL RESEARCH

Postnatal Right Ventricular Developmental 
Track Changed by Volume Overload
Sijuan Sun, MD*; Yuqing Hu, MD*; Yingying Xiao, MS*; Shoubao Wang, MD, PhD; Chuan Jiang, MS;  
Jinfen Liu, MD; Hao Zhang , MD, PhD; Haifa Hong, MD, PhD; Fen Li , MD, PhD; Lincai Ye , MD, PhD

BACKGROUND: Current right ventricular (RV) volume overload (VO) is established in adult mice. There are no neonatal mouse 
VO models and how VO affects postnatal RV development is largely unknown.

METHODS AND RESULTS: Neonatal VO was induced by the fistula between abdominal aorta and inferior vena cava on postnatal 
day 7 and confirmed by abdominal ultrasound, echocardiography, and hematoxylin and eosin staining. The RNA- sequencing 
results showed that the top 5 most enriched gene ontology terms in normal RV development were energy derivation by oxi-
dation of organic compounds, generation of precursor metabolites and energy, cellular respiration, striated muscle tissue 
development, and muscle organ development. Under the influence of VO, the top 5 most enriched gene ontology terms were 
angiogenesis, regulation of cytoskeleton organization, regulation of vasculature development, regulation of mitotic cell cycle, 
and regulation of the actin filament- based process. The top 3 enriched signaling pathways for the normal RV development were 
PPAR signaling pathway, citrate cycle (Tricarboxylic acid cycle), and fatty acid degradation. VO changed the signaling pathways 
to focal adhesion, the PI3K- Akt signaling pathway, and pathways in cancer. The RNA sequencing results were confirmed by 
the examination of the markers of metabolic and cardiac muscle maturation and the markers of cell cycle and angiogenesis.

CONCLUSIONS: A neonatal mouse VO model was successfully established, and the main processes of postnatal RV develop-
ment were metabolic and cardiac muscle maturation, and VO changed that to angiogenesis and cell cycle regulation.
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The right ventricle (RV) is an extremely versatile 
pumping chamber in children with congenital 
heart disease (CHD). It may be used not only as a 

pulmonary ventricle but as a pivotal systemic ventricle 
as well (for example, hypoplastic left heart syndrome 
and transposition of the great arteries after an atrial in-
version operation).1- 4 RV volume overload (VO), which is 
very common in children with CHD, may cause severe 
consequences. For example, in atrial septal defect, RV 
VO will cause "paradoxical" motion of the interventricu-
lar septum, which has a deleterious impact on left ven-
tricle (LV) filling and systemic output.5 Assessment of 
RV performance in the presence of volume loading is 

important to follow- up after repair of neonatal tetralogy 
of Fallot.6 It has been noted that RV VO caused severe 
RV enlargement and dysfunction after neonatal repair 
of severe tetralogy of Fallot.7 Thus, understanding how 
VO contributes to postnatal RV development is critical 
to treat children with CHD.

Unfortunately, owing to the lack of a neonatal 
mouse VO model, little is known about the neonatal RV 
response to VO, let alone how VO influences postnatal 
RV development.8,9 At the adult stage, RV responds 
to VO with fibrosis and hypertrophy.10,11 However, how 
neonatal RV responds to VO is unknown. Because of 
the huge differences between the neonatal heart and 
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the adult heart, the results obtained from adult hearts 
cannot be applied directly to neonatal hearts.12- 15 For 
example, adult hearts respond to pressure overload 
with fibrosis and hypertrophy,16,17 but neonatal hearts 
respond to pressure overload with proliferation.18,19 To 
establish a neonatal RV mouse model is necessary 
to understand how VO contributes to postnatal RV 
development.

It is well acknowledged that from postnatal day 1 
(P1) to postnatal day 7 (P7) that mouse cardiomyo-
cytes have a strong proliferative and regenerative po-
tential.13,20 At this stage, mouse cardiomyocytes are 
immature and use glycolysis as their primary energy 
source.21,22 At P7, mouse cardiomyocytes begin the 
maturation process. At P21, the cardiomyocytes are 
fully mature and use oxidative phosphorylation as the 
primary energy source. From P7 to P21, according to 
the data obtained from the LV, it is believed that the 
developmental manner of RV is metabolic and cardiac 
muscle maturation; therefore, there is an increase in 
cell size, mitochondria and T- tubules, and calcium 
handling abilities.23- 25 Recently Talman et al combined 
transcriptomics with untargeted proteomic and global 
metabolic analyses to reveal the molecular atlas of 
postnatal mouse heart development, highlighting the 

metabolic maturation process of postnatal mouse 
heart development.26 However, owing to the huge dif-
ferences between LV and RV, it is better to observe 
RV independently.27 To fully understand the postnatal 
RV developmental process and how VO alters the pro-
cess, in this study, a neonatal mouse RV VO model 
is constructed at P7 and followed up with a model at 
P21.

METHODS
Data generated in this study are available from the 
corresponding author upon reasonable request. All 
of the RNA sequencing data have been deposited in 
the GEO database (https://www.ncbi.nlm.nih.gov/geo) 
with accession number GSE15 7396.

All primers, reagents, and antibodies information 
were provided in Tables S1 through S3.

Animal Experiments
C57/BL6 mice were purchased from Xipu’er- bikai 
Experimental Animal Co., Ltd (Shanghai, China). At 
postnatal day 7 (P7), the neonates males were ran-
domized into 2 groups— an experimental group (VO 
group) and a control group (sham group)— who under-
went the same procedure except for the puncture step. 
The fistula surgery protocol was modified according to 
previous publication.28 Briefly, the neonatal mice were 
anesthetized using 4% isoflurane. Under general an-
esthesia, a midline laparotomy was made, and the ab-
dominal aorta (AA) and inferior vena cava (IVC) were 
exposed. A 0.07- mm diameter needle was used to 
puncture fistula from AA into the IVC. The surrounding 
connective tissue was used for hemostatic compres-
sion for 2 minutes. We closed the abdominal wall and 
the pain was relieved with local lidocaine treatment, 
and the pups were returned to their mother. We have 
provided a surgical video of RV VO model in the sup-
plemental materials to enable others to learn the tech-
nique. At the 3 time points: P14, P21, and 12 months, 
6 mice from each group were euthanized, the mice 
were anesthetized with 1.5% isoflurane and then eu-
thanized to obtain the hearts, which were washed with 
cold PBS and stored at −80°C for further analysis. All 
of the procedures conformed to the principles outlined 
in the Declaration of Helsinki and were approved by 
the Animal Welfare and Human Studies Committee 
at Shanghai Children’s Medical Center (Institutional 
Review Board number:SCMCIRB- Y2020094).

Abdominal Ultrasound and 
Echocardiography
At P14, mice were anesthetized with isoflurane and 
allowed to breathe spontaneously through a nasal 
cone (isoflurane/oxygen: 1.5%– 2.0% maintenance). 

CLINICAL PERSPECTIVE

What Is New?
• A neonatal volume overload mouse model was 

successfully established. For the first time, 
postnatal right ventricular developmental tran-
scriptome and how they were changed by vol-
ume overload were revealed.

What Are the Clinical Implications?
• A new platform for the study of volume overload 

during postnatal right ventricular development 
was provided.

• Developmental right ventricular responses to 
volume overload are different from that of adult 
mature right ventricles, highlighting the neces-
sity of different management strategies be-
tween children with congenital heart disease 
and adults with congenital heart disease.

Nonstandard Abbreviations and Acronyms

AVF abdominal aorta and inferior vena cava 
fistula

GO gene ontology
RVCM right ventricular cardiomyocyte
VO volume overload

https://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE157396
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The fistula between AA and IVC (AVF) and pulmo-
nary artery (PA) flow were analyzed with a Vevo 2100 
imaging system (Visual Sonics, Toronto, Ontario, 
Canada). For confirmation of an AVF, the waveform 
in the IVC was recorded using pulse- wave mode. 
To confirm the VO, the velocity time integral (VTI) of 
the PA (PA- VTI) blood flow and the PA- velocity were 
calculated from the mean of 3 consecutive meas-
urements using 2- dimensional and pulse doppler 
echocardiography.

Histology
Mouse hearts were fixed in 10% paraformaldehyde 
overnight at room temperature, then dehydrated in 
an ethanol series, embedded in paraffin, and sec-
tioned into 6- µm slices. Hematoxylin and eosin stain-
ing were performed according to the manufacturer’s 
instructions.

Total RNA Preparation and Real- Time 
Quantitative Polymerase Chain Reaction 
Analysis
For mRNA quantification, mRNA was extracted from the 
RV free wall and purified using a PureLink RNA Micro 
Scale Kit (Catalog No. 12183016; Life Technologies, 
Carlsbad, CA). Reverse transcriptase polymer-
ase chain reaction (PCR) was performed using the 
PrimeScript reagent kit (Takara Bio, Kusatsu, Japan). 
Quantitative real- time PCR was performed using SYBR 
Green Power Premix Kits (Applied Biosystems, Foster 
City, CA) according to the manufacturer’s instructions. 
Quantitative real- time PCR was performed with a 7900 
Fast Real- Time PCR System (Applied Biosystems), and 
the following conditions were used: 1 cycle at 95°C for 
10 seconds, followed by 40 cycles of 95°C for 15 sec-
onds and 60°C for 60  seconds. The primers were 
obtained from Generay Biotech Co., Ltd (Shanghai, 
China). The relative fold change was then calculated 
using the ΔΔCT method.

Library Preparation for Transcriptome 
Sequencing
A total amount of 1 μg RNA per sample was used 
as input material for the RNA sample preparations. 
Sequencing libraries were generated using the 
NEBNext® Ultra™ RNA Library Prep Kit for Illumina 
(NEB, USA) following the manufacturer’s recommen-
dations. Index codes were added to attribute se-
quences to each sample. Briefly, mRNA was purified 
from total RNA using poly- T oligo- attached magnetic 
beads. Fragmentation was performed using divalent 
cations under elevated temperature in NEB Next First 
Strand Synthesis Reaction Buffer (5X). First- strand 
cDNA was synthesized using random hexamer primers 

and M- MuLV Reverse Transcriptase (RNase H – ).  
Second- strand cDNA synthesis was subsequently 
performed using DNA polymerase I and RNase H. 
Remaining overhangs were converted into blunt ends 
via exonuclease/polymerase activities. After adenyla-
tion of the 3’ ends of the DNA fragments, NEBNext 
Adaptors with hairpin loop structures were ligated to 
prepare for hybridization. To select cDNA fragments 
of preferentially 250– 300  bp in length, the library 
fragments were purified with the AMPure XP system 
(Beckman Coulter, Beverly, MA). Then 3  μL USER 
Enzyme (NEB, USA) was used with size- selected, 
adaptor- ligated cDNA at 37°C for 15 minutes followed 
by 5 minutes at 95°C. Then, PCR was performed with 
Phusion High- Fidelity DNA polymerase, Universal 
PCR primers, and Index (X) Primer. Finally, PCR prod-
ucts were purified (AMPure XP system), and library 
quality was assessed on an Agilent Bioanalyzer 2100 
system.

Clustering and Sequencing
The clustering of the index- coded samples was per-
formed on a cBot Cluster Generation System using a 
TruSeq PE Cluster Kit v3- cBot- HS (Illumina) according 
to the manufacturer’s instructions. After cluster gen-
eration, the library preparations were sequenced on 
an Illumina Novaseq platform, and 150 bp paired- end 
reads were generated.

Quality Control, Read Mapping, and 
Quantification of Gene Expression Levels
Raw data (raw reads) in fastq format were first pro-
cessed through in- house Perl scripts. In this step, 
clean data (clean reads) were obtained by remov-
ing reads containing adapters, reads containing 
poly- N, and low quality reads from raw data. At the 
same time, Qphred ≥ 20, Qphred ≥ 30, and Guanine 
Cytosine content of the clean data were calculated. 
All of the downstream analyses were based on clean, 
high- quality data.

Reference genome and gene model annotation 
files were downloaded from the genome website di-
rectly. The index of the reference genome was built 
using Hisat2 v2.0.5, and paired- end clean reads were 
also aligned to the reference genome using Hisat2 
v2.0.5.

The expected number of Fragments Per Kilobase 
of transcript sequence per Million base pairs se-
quenced considers the effect of sequencing depth and 
gene length for the reads counted at the same time. 
FeatureCounts v1.5.0- p3 was used to count the num-
ber of reads mapped to each gene. Then, Fragments 
Per Kilobase of transcript sequence per Million of each 
gene was calculated based on the length of the gene 
and read counts mapped to each gene.
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Differential Expression Analysis and Gene 
Ontology and Kyoto Encyclopedia of 
Genes and Genomes Enrichment Analysis 
of Differentially Expressed Genes
Differential expression analysis was performed 
using the DESeq2 R package (1.16.1). The result-
ing P values were adjusted using Benjamini and 
Hochberg approach for controlling the false discov-
ery rate. Genes with an adjusted P value of <0.05 
found by DESeq2 were considered differentially 
expressed.

Gene ontology (GO) enrichment analysis of differen-
tially expressed genes was implemented by the clus-
terProfiler R package, in which gene length bias was 
corrected. GO terms with corrected P values under 
0.05 were considered to be significantly enriched by 
differentially expressed genes.

The clusterProfiler R package was used to test 
the statistical enrichment of differentially expressed 
genes in Kyoto Encyclopedia of Genes and Genomes 
pathways.

Immunofluorescence
Slides were washed 3 times with PBS, fixed with 
4% paraformaldehyde for 10  minutes, permeated 
with 0.5% Triton X- 100 for 15 minutes, blocked with 
10% donkey serum for 30  minutes, and stained 
with primary antibodies overnight at 4°C. After 
washing the slides 3 more times, we incubated the 
sections or cells with secondary antibodies and 
4’,6- diamidino- 2- phenylindole for 30  minutes. Three 
researchers who were masked to sample identity 
quantified cellular Ki67, pHH3 (phospho- histone 
H3), and aurora B via either manual counting or 
digital thresholding. This included image segmen-
tation and creation of a binary image from a gray-
scale. We analyzed the converted binary images 
using ImageJ software (National Institutes of Health, 
Bethesda, Maryland, USA; Laboratory for Optical 
and Computational Instrumentation, University of 
Wisconsin, Madison, Wisconsin, USA).

Cardiomyocyte Isolation From RV Free 
Wall and Calcium Imaging
Cardiomyocytes were isolated with a Langendorff 
perfusion system as described previously.29 After 
perfusion, only the RV free wall was removed and 
cardiomyocytes from the RV were used for calcium 
image and immunostaining. Calcium imaging was 
performed according to a previous publication.29 
Briefly, before contractility and calcium analyses, 
calcium was re- introduced into isolated cardio-
myocytes by treating cells with a series of 10- mL 
2,3- Butanedione monoxime- free perfusion buffers 

containing 100  nmol/L, 400  nmol/L, 900  nmol/L, 
and 1.2  µmol/L CaCl2. At each step, cardiomyo-
cytes were settled down by gravity for 10 minutes 
at room temperature before cells were transferred 
to the next buffer with a higher calcium concentra-
tion. Cardiomyocytes were loaded with 5- µmol/L 
Rhod- 4 for 20 minutes. The cells were next washed 
with normal Tyrode solution (NaCl, 140 mmol/L; KCl, 
4 mmol/L; MgCl2, 1 mmol/L; CaCl2, 1.8 mmol/L; glu-
cose, 10 mmol/L; and HEPES, 5 mmol/L, pH=7.4, 
adjusted with NaOH) for 20  minutes. The cells 
were next settled in a laminin- coated glass- bottom 
flow chamber at 30°C for 10  minutes and electri-
cally stimulated at 1  Hz to produce steady- state   
conditions. Calcium signals were next acquired 
through confocal line scanning using a ×60 ob-
jective. Line scan was positioned along the long 
axis of the cell in the cytosol, avoiding the nuclear 
area. Calcium signal was quantified manually using 
ImageJ.30

Statistical Analysis
Continuous data, including mRNA expression, pro-
tein expression, and number of Ki67/pHH3/aurora 
B- positive cells, were expressed as means±SD. 
Differences were tested with Student t- test if the data 
were normally distributed; otherwise, they were tested 
with the rank sum test. P<0.05 were considered to be 
statistically significant. Statistical analyses were per-
formed using SAS software version 9.2 (SAS Institute 
Inc., Cary, NC).

RESULTS
RV VO is Significantly Increased in AVF 
Mice
To investigate how VO contributes to postnatal RV de-
velopment, first, we constructed an AVF in P7 mice 
(Figure  1A and Video S1). The results showed that, 
without AVF, there is no pulsatile blood flow in the IVC, 
while there is pulsatile blood flow in the aorta, with 
peak flow velocity up to 400 mm/s (Figure 1B and 1C). 
After AVF, clear flow appeared at the puncture point 
(Figure  1D), with peak flow velocity up to 450  mm/s 
at puncture point (Figure 1E), and a reverse pulsatile 
blood flow appeared in the IVC, with peak flow velocity 
up to 200 mm/s.
Seven days after AVF, at P14, volume load in the 
RV was significantly increased, indicated by the PA- 
velocity and PA- VTI. The PA-  velocity in the sham 
and VO groups were 478.70±65.24  mm/s and 
606.20±38.01  mm/s, respectively (P=0.002, n=6, 
Figure 2A and 2B), and the PA- VTI in the sham and 
VO groups were 19.88±3.25 mm and 26.3±2.8 mm, 
respectively (P=0.0045, n=6, Figure  2A and 2B). 
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Although PA diameter (D) changed with age, there 
were no significant differences between VO and 
sham groups at P14 or P21 (Table  S4). According 
to the formula:RVSV = VTIPA × �

(

D

2

)2

,31 it is reasonable 
to use PA- VTI as a surrogate of RV stroke volume. 
Twelve months after AVF, RV failure appeared, indi-
cating by reduced RV stroke volume (Figure S1), with 
RV free wall thickness significantly increasing and 
ventricular septum moving toward to LV (Figure 2C 
and 2D). The survival rate (the number of mice in 
whom the fistula did not close as detected by echo) 
was ≈90% and the fistula close rate was 10% (60 
mice in total).

VO Changes the Transcriptome of 
Postnatal RV Development
To investigate how VO changes gene expression 
in postnatal RV development from P7 to P21, we 
selected the RVs of the hearts from AVF and sham- 
operated mice at P14 and P21 and performed RNA 

sequencing. Our results showed that during normal 
postnatal RV development, there were 3012 differ-
entially expressed genes between from P21 to P14, 
among which 1405 were downregulated and 1607 
were upregulated (Figure 3A). The VO increased this 
number to 3470, among which 1732 were down-
regulated and 1738 were upregulated (Figure  3A). 
The heatmap results showed that the individual 
mice in the same group were similar to each other 
but differed noticeably from the mice in the other 
group (Figure  3B). The Venn diagram shows that 
the P21_sham group shared 11 459 genes with the 
P14_sham group, 451 genes were only expressed 
in the P14_sham group, and 304 genes were only 
expressed in the P21_sham group. The P21_VO 
group shared 11  523 genes with P14_VO group, 
403 genes were only expressed in the P14_VO 
group, and 451 genes were only expressed in the 
P21_VO group (Figure  3C). These results indicate 
that VO changes the transcriptome of postnatal RV 
development.

Figure 1. Establishment of the abdominal aorta and inferior vena cava fistula.
A, Schematic diagram of abdominal aorta and inferior vena cava fistula model. B, Under normal circumstances, the inferior vena 
cava has no pulsatile blood flow, and the detection point is located in the inferior vena cava. C, Under normal circumstances, there 
are pulsatile blood flow in abdominal aorta, with a peak blood flow velocity of 400 mm/s. D, The representative image of blood flow 
through the puncture point. E, The representative image of pulsating blood flow at the puncture point, with a peak blood flow velocity 
of 450 mm/s, which is higher than that of normal aortic blood flow. F, After puncture, the pulsatile blood flow appeared in the inferior 
vena cava, with a peak blood flow velocity of 200 mm/s. AA indicates abdominal aorta; DP, detection point; IVC, inferior vena cava; 
and PP, puncture point.
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Processes of Normal Postnatal RV 
Development Were Primarily Associated 
With Metabolic and Cardiac Muscle 
Maturation, as Indicated by the GO 
Analysis
To understand normal postnatal RV development 
from P14 to P21, the differentially expressed genes in 
the sham groups were analyzed using GO analysis. 
The results showed that the top 10 most enriched GO 
terms of biological process were energy derivation by 
oxidation of organic compounds, generation of pre-
cursor metabolites and energy, cellular respiration, 
striated muscle tissue development, muscle organ 
development, muscle tissue development, sterol 
metabolic process, cholesterol metabolic process, 
cofactor metabolic process, and lipid homeostasis 
(Figure  4A and 4B). The top 10 most enriched GO 
terms of the cellular component were the mitochon-
drial inner membrane, organelle inner membrane, 
mitochondrial matrix, mitochondrial protein com-
plex, myelin sheath, myofibrils, extracellular matrix, 
contractile fiber components, contractile fibers, and 
sarcomeres (Figure 4A and 4B). The top 10 most en-
riched GO terms of molecular function were cofactor 

binding, extracellular matrix structural constituent, 
coenzyme binding, structural molecule activity, O- 
acyltransferase activity, alpha- actinin binding, oxi-
doreductase activity, acting on the aldehyde or oxo 
group of donors, anion transmembrane transporter 
activity, unfolded protein binding, and active trans-
membrane transporter activity (Figure  4A and 4B). 
These results suggested that the processes of nor-
mal postnatal RV development were primarily associ-
ated with metabolic and cardiac muscle maturation, 
similar to that of the LV.

Process of Postnatal RV Development 
Under the Influence of VO Were Partially 
Changed to Angiogenesis and Cell Cycle 
Regulation, as Indicated by the GO 
Analysis
To understand how the VO changed the postnatal 
RV development from P14 to P21, the differentially 
expressed genes in the VO groups were analyzed 
using a GO analysis. The results showed that the top 
10 most enriched GO terms of the biological pro-
cess were angiogenesis, regulation of cytoskeleton 
organization, regulation of vasculature development, 

Figure 2. Volume overload (VO) increased in the abdominal aorta and inferior vena cava fistula model.
A, The representative echo image showed that 2 weeks after puncture, the pulmonary artery velocity and velocity time integral in 
the VO group increased. B, Quantitative statistics of pulmonary artery- velocity and velocity time integral in sham and VO group, 
n=6, Student t- test. C, Hematoxylin and eosin staining showed that 12 months after of puncture, the free wall of the right ventricle 
was thickened in the VO group, and the ventricular septum shifted to the left. D, Quantification of the thickness of the free wall of the 
right ventricle, n=6, Student t- test. LV indicates left ventricle; PA, pulmonary artery; RV, right ventricle; VO, volume overload; and VTI, 
velocity time integral.



J Am Heart Assoc. 2021;10:e020854. DOI: 10.1161/JAHA.121.020854 7

Sun et al Neonatal Right Ventricular Volume Overload

regulation of mitotic cell cycle, regulation of actin 
filament- based process, regulation of angiogenesis, 
regulation of cell morphogenesis, regulation of cell 
morphogenesis involved in differentiation, mono-
carboxylic acid metabolic process, and regulation 
of cell- substrate adhesion (Figure  5A and 5B). The 
10 most enriched GO terms of the cellular compo-
nent were sarcolemma, extracellular matrix, actin 
cytoskeleton, extracellular matrix component, pro-
teinaceous extracellular matrix, cell leading edge, cell 
cortex, contractile fiber part, contractile fiber, and 
myofibril (Figure  5A and 5B). The top 10 most en-
riched GO terms of the molecular function were cell 
adhesion molecule binding, actin binding, cadherin 
binding, actin filament binding, Rho GTPase bind-
ing, integrin binding, ubiquitin protein ligase binding, 
ubiquitin- like protein ligase binding, tubulin binding, 
and protein heterodimerization activity (Figure  5A 
and 5B). These results suggested that the process 
of postnatal RV development was partially changed 

by the VO. During the change process, angiogenesis 
and cell cycle regulation played a role.

Pathways of the Postnatal RV 
Developmental Trajectory Changed by VO
Kyoto Encyclopedia of Genes and Genomes path-
way analysis was applied to find out what types of 
pathways regulating normal RV development were 
changed by VO. The results indicated that the top 20 
enriched pathways in the normal RV development were 
the PPAR signaling pathway, citrate cycle (Tricarboxylic 
acid cycle), fatty acid degradation, valine, leucine and 
isoleucine degradation, propanoate metabolism, ster-
oid biosynthesis, carbon metabolism, cardiac mus-
cle contraction, fatty acid metabolism, cholesterol 
metabolism, thermogenesis, fatty acid elongation, 
aminoacyl- tRNA biosynthesis, pyruvate metabolism, 
protein digestion and absorption, AMPK signaling 
pathway, Alzheimer disease, butanoate metabolism, 

Figure 3. The transcriptomic changes of postnatal right ventricular development.
A, Volcano map of differentially expressed genes of postnatal right ventricular development in the normal condition (postnatal day 21 
sham vs postnatal day 14 sham) and under the influence of volume overload (postnatal day 21 volume overload and postnatal day 14 
volume overload). B, Cluster analysis of differentially expressed genes. Every group had 3 mice. The redder the color, the higher the 
expression level; the bluer, the lower. The clusters of genes in each group are quite different from each other but similar in the same 
group. C, Venn diagram of differentially expressed genes. P14 indicates postnatal day 14; and P21, postnatal day 21.
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oxidative phosphorylation, and alanine, aspartate, 
and glutamate metabolism (Figure 6A and 6C). These 
results further confirmed that metabolic and cardiac 
muscle maturation were the primary processes of 
postnatal RV development, similar to that of the LV.23- 25

Under the influence of VO, the top 20 enriched 
pathways were focal adhesion, PI3K- Akt signaling 
pathway, pathways in cancer, microRNAs in cancer, 
extracellular matrix- receptor interaction, cell cycle, 
hypertrophic cardiomyopathy, arrhythmogenic right 
ventricular cardiomyopathy, valine, leucine and isole-
ucine degradation, human papillomavirus infection, di-
lated cardiomyopathy, PPAR signaling pathway, fatty 
acid degradation, proteoglycans in cancer, fluid shear 
stress and atherosclerosis, advanced glycation end 
products and their receptors signaling pathway in di-
abetic complications, propanoate metabolism, axon 
guidance, small cell lung cancer, and protein digestion 
and absorption (Figure 6B and 6D). These results fur-
ther confirmed that the primary process of postnatal 
RV development was changed by the VO, in which an-
giogenesis and cell cycle regulation played a role.

Verification of RNA- Sequencing Results 
by Examination of Metabolic and Cardiac 
Muscle Maturation and Cell Cycle 
Markers
To confirm the RNA- sequencing results, top 20- fold 
changed genes were verified by quantitative real- time 
PCR (Figures 7A and 8A).

During normal RV development, among the top 20- 
fold changed genes, 7 of them (Slc41a3, Whrn, Lpin1, 
Wfs1, Slc25a34, Ttll1, and Slc2a4) were closely related 
to muscle development, and 8 of them (Oxct1, Lgals4, 
Pcx, Mfap4, Bckdhb, Pdk4, Mtr, and Txnip) were asso-
ciated with energy metabolism (Figure 7A). The meta-
bolic and cardiac muscle maturation markers, such as 
cardiomyocyte size, mitochondria, and T- tubule inten-
sity, and calcium handling ability were further analyzed. 
The results showed that the width, length, and area 
of cardiomyocytes at P21 were significantly increased 
compared with those at P14 (Figure 7B through 7E). 
The mitochondria and T- tubule intensity were increased 
in the RV at P21 (Figure 7F and 7G). Accordingly, the 

Figure 4. The processes of normal postnatal right ventricular development were primarily associated with metabolic and 
cardiac muscle maturation, as indicated by the gene ontology (GO) analysis.
A, From the results of the GO enrichment analysis, the most significant 10 terms are displayed. The abscissa is the GO term, and 
the ordinate is the significance level of GO term enrichment. The higher the value, the more significant the result, and the different 
colors represent 3 different GO subclasses: biological process, cellular component, and molecular function. B, From the results of 
the GO enrichment analysis, we selected the most significant 30 terms to draw scatter plots for display. The abscissa is the ratio of 
the number of differentially expressed genes on the GO term to the total number of differentially expressed genes, the ordinate is GO 
term, the size of the dots represents the number of genes annotated to the GO term, and the color from red to purple represents the 
significance level of GO term enrichment. BP indicates biological process; CC, cellular component; and MF, molecular function; P14, 
postnatal day 14; P21, postnatal day 2; and VO, volume overload.
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amplitude of calcium transient of cardiomyocytes from 
P21 RV was increased while the time- to- peak of the 
calcium transient of cardiomyocytes from P21 RV was 
reduced (Figure 7H through 7J).

In RV development under the influence of VO, 
among the top 20- fold changed genes, 2 of them 
(Lgr6 and Rab6b) were closely related to the cell cycle 
regulation (Figure 8A). The cell cycle and intensity of 
endothelial cells were further examined to confirm the 
above results. The results showed that cell cycle mark-
ers, including Ki67/pHH3/aurora B, increased at P14 
but was reduced at P21 (Figure 8B through 8G). The 
intensity of the endothelial cells increased at P14 but 
was reduced at P21 (Figure 8H and 8I). These results 
confirmed that the VO changed the postnatal RV de-
velopment, in which angiogenesis and cell cycle regu-
lation played a role.

DISCUSSION
The crucial role of RV in determining functional status 
and prognosis in CHDs has been well recognized in 
recent years.4,6 The level of RV exposure to VO and RV 

intrinsic contractile function largely determine the RV 
adaptation, which are associated with distinct clinical 
courses and therapeutic approaches.6,7 VO can per-
sist throughout the patient’s lifetime even if most CHD 
are repaired at a young age, which means that CHD 
RV development can be affected by VO.7 Improving 
our understanding of RV adaption at a young age may 
ultimately result in improved outcomes. However, to 
the best of our knowledge, there were no neonatal VO 
mouse models, so determining how VO modify RV re-
modeling at a young age is largely unknown.9,10 This 
study was the first to introduce a neonatal VO mouse 
model, providing a platform for studying the effect 
of VO on the neonatal RV. Compared with adult VO 
models,32 the neonatal VO model is unique. Although 
there is increased RV cardiac output early after the 
surgery and decreased cardiac output later on in both 
models, neonatal mice took longer to develop heart 
failure (reduced cardiac output, Figure  S1). This may 
be because the PA is under development and the di-
ameter of the PA is expanding in the neonatal mouse 
model. In addition, the response to VO also differed 
between adult and neonatal RV. Adult RV responds 

Figure 5. The processes of postnatal right ventricular development partially switched to angiogenesis and cell cycle 
regulation, as indicated by gene ontology (GO) analysis.
A, From the results of the GO enrichment analysis, the most significant 10 terms are displayed. The abscissa is the GO term, and the 
ordinate is the significance level of the GO term enrichment. The higher the value, the more significant the result, and the different 
colors represent 3 different GO subclasses: biological process, cellular component, and molecular function. B, From the results of 
the GO enrichment analysis, the most significant 30 terms were selected to draw scatter plots for display. The abscissa is the ratio 
of the number of differentially expressed genes on the GO term to the total number of differentially expressed genes, the ordinate is 
GO term, the size of the dots represent the number of genes annotated to the GO term, and the colors from red to purple represent 
the significance level of the GO term enrichment. P14 indicates postnatal day 14; BP, biological process; CC, cellular component; MF, 
molecular function; and P21, postnatal day 2.
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Figure 6. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of the differentially expressed genes of 
normal postnatal right ventricular (RV) development and the postnatal RV development under the influence of volume 
overload.
A, The KEGG pathways of normal RV development. The most significant 20 KEGG pathways from the KEGG enrichment results 
are displayed. The abscissa is the KEGG pathway, and the ordinate is the significance level of pathway enrichment. The higher the 
value, the greater the significance. B, The KEGG pathway of postnatal RV development under the influence of volume overload. 
The most significant 20 KEGG pathways from the KEGG enrichment results are displayed. The abscissa is the KEGG pathway, 
and the ordinate is the significance level of pathway enrichment. The higher the value, the greater the significance. C, The KEGG 
pathways of normal RV development. From the KEGG enrichment results, the most significant 20 KEGG pathways were selected 
for the scatter plots. The abscissa is the ratio of the number of differentially expressed genes on the KEGG pathway to the total 
number of differentially expressed genes, the ordinate is the KEGG pathway, the size of the dots represents the number of genes 
annotated to the KEGG pathway, and the color from red to purple the represents significance level of KEGG pathway enrichment. 
D, The KEGG pathways of postnatal RV development under the influence of volume overload. From the KEGG enrichment results, 
the most significant 20 KEGG pathways were selected for the scatter plots. The abscissa is the ratio of the number of differentially 
expressed genes on the KEGG pathway to the total number of differentially expressed genes, the ordinate is the KEGG pathway, 
the size of the dots represents the number of genes annotated to the KEGG pathway, and the color from red to purple the 
represents significance level of KEGG pathway enrichment. P14 indicates postnatal day 14; P21, postnatal day 2; and VO, volume 
overload.
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as early hypertrophy and late fibrosis,32 while neonatal 
RV responds as cell cycle regulation and angiogenesis 
(Figures 5 and 8). Further research is required to deter-
mine the underlying mechanism and whether a similar 
phenomenon takes place in human beings.

Moreover, this was the first time that postna-
tal RV development and how the VO changed the 
RV developmental track were revealed. Previously, 
Talman et al showed the molecular atlas of postnatal 
mouse ventricle development by the combination of 

transcriptomics, proteomic and metabolic analyses, 
highlighting the importance of metabolic pathways in 
the cell cycle regulation.26 Our RV results were similar 
to the overall ventricle results with respect to normal 
RV development, such as the upregulation of car-
bon metabolism, fatty acid metabolism, and pyru-
vate metabolism (Figure 6A). However some enriched 
pathways appeared solely in RV, such as the PPAR 
signaling pathway and Tricarboxylic acid cycle (TCA 
cycle) (Figure 6A), highlighting the uniqueness of RV. 

Figure 7. The processes of normal postnatal right ventricular (RV) development are primarily associated with metabolic 
and cardiac muscle maturation.
A, The top 20- fold change genes between postnatal day 21 (P21) sham and postnatal day 14 (P14) sham were selected for verification 
by quantitative real- time polymerase chain reaction. P<0.05, n=3 mice, Mann- Whitney test. B, Representative isolated cardiomyocytes 
from P14 and P21 RV. Sarcomeric α- actinin (SAA, white), 4’,6- diamidino- 2- phenylindole (blue). C, Quantification of cell width from P14 
and P21 RV, Student t test. D, Quantification of cell length from P14 and P21 RV. E, Quantification of cell area from P14 and P21 RV. 
F, Representative of T- tubule and mitochondria from P14 and P21 RV. MM4- 64 (T- tubule, white), mitochondria (red). G, Quantification 
of mitochondria intensity from P14 and P21 RV, Student t- test. H, Representative of the calcium transient image of cardiomyocytes 
from P14 and P21 RV, Student t test. I, Plot representative of the calcium transient image of cardiomyocytes from P14 and P21 RV. 
J, Quantification of the calcium transient parameters (amplitude (Amp) and time to peak), Student t- test. P14, postnatal day 14; and 
P21, postnatal day 2.
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In addition, although it is well acknowledged that from 
P7 to P21, the mouse heart is undergoing a matura-
tion process, this is the first time that the isolated RV 
maturation process was revealed. VO interrupted the 
metabolic and cardiac muscle maturation process of 
normal RV development, which was partially switched 
to angiogenesis and cell cycle regulation. Regarding 
cell cycle regulation, another interesting finding was 
that previously it has been believed that the cardio-
myocyte of a P7 mouse was exited from the cell cycle, 
and hypertrophic growth was its main developmental 
manner. This current study challenges this traditional 
notion, pointing that in some pathological conditions, 
cardiomyocytes are able to reenter cell cycle activi-
ties. Therefore, this study provides another platform for 
heart regeneration research, allowing people to study 
how to make cardiomyocytes reenter into the cell cycle. 
This current study also showed a different response to 
VO between neonatal and adult RVs, highlighting the 

importance of different management strategies for 
childhood and adult CHD.

One limitation of this study is that it only observed the 
RV. The VF increased VO in the RV, and it may increase 
VO in LV correspondingly. Will there be corresponding 
changes in the LV? Because the RV is different from the LV 
in its anatomic, electrical, and cellular configuration,27 fur-
ther research is required to analyze the LV independently. 
Another limitation is that how the RV responded to the 
VO from P1 to P7, the cardiomyocyte proliferative stage, 
is still unknown. The successful establishment of a P1 
RV VO mouse model will help answer this question. The 
third limitation is that longstanding increased VO may 
subject the RV to pressure load, which can confound the 
study results. We found that the effect of VO on the RV 
persisted for 2 months before being dominated by the 
pressure overload, as evidenced by decreased RV stroke 
volume and elevated PA pressure at 3 months (Figure S1). 
Therefore, elevated afterload or pressure overload may 

Figure 8. The processes of postnatal right ventricular development partially switched to cell cycle regulation and 
angiogenesis.
A, The top 20- fold change genes between postnatal day 21 volume overload and postnatal day 14 volume overload were selected 
for verification by quantitative real- time polymerase chain reaction. P<0.05, n=3 mice, Mann- Whitney test. B, Representative Ki67- 
positive cardiomyocytes. Sarcomeric α- actinin (red), 4’,6- diamidino- 2- phenylindole (blue), Ki67 (green). Star indicates Ki67- positive 
non- cardiomyocytes; arrow indicates Ki67- positive cardiomyocytes. C, Quantification of Ki67- positive cardiomyocytes, n=6 mice, 
Student t- test. D, Representative pHH3 (phospho- histone H3)- positive cardiomyocytes from postnatal day 14 volume overload and 
postnatal day 21 volume overload. Sarcomeric α- actinin (red), 4’,6- diamidino- 2- phenylindole (blue), pHH3 (green). E, Quantification of 
pHH3- positive cardiomyocytes, n=6 mice, Student t- test. F, Representative aurora B- positive cardiomyocytes from postnatal day 14 
volume overload and postnatal day 21 volume overload . Sarcomeric α- actinin (red), diamidino- 2- phenylindole (blue), aurora B (green). 
G, Quantification of aurora B- positive cardiomyocytes, n=60 sections from 6 mice, Student t- test. H, Representative CD31- positive 
cells. I, Quantification of CD31- positive cells, n=30 sections from 6 mice, Student t- test. DAPI indicates diamidino- 2- phenylindole; P14, 
postnatal day 14; P21, postnatal day 2; SAA, sarcomeric α- actinin; and VO, volume overload.
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have only a trivial effect or even no effect on RV during 
early stages, such as P14 and P21.

In summary, the current study successfully estab-
lished a neonatal RV VO mouse model and revealed 
how the neonatal RV responds to VO. P1 RV VO and 
LV VO mouse models are required to fully understand 
how the VO will affect postnatal heart development.
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Table S1. Primer information. 

 

Gene  Sequence (5'->3') 

Slc41a3 Forward CTCAGCCTTGAGTTCCGCTTT 

 Reverse GCAGGATAGGTATGGCGACC 

Oxct1 Forward GCCCTGCATAAGGGGTGTG 

 Reverse GCAAGGTTGCACCATTAGGAAT  

Whrn Forward CAGACAGCATCCGCTAAGAAC 

 Reverse ACTTTTCCTCACACGGACCAG  

Lgals4  Forward GGTCGTGGTGAACGGAAATTC 

 Reverse GTGGAGGGTTGTACCCAGGA 

Lpin1 Forward CCTCCGCTCCCGAGAGAAA 

 Reverse CGTTGTCTCCCAACTTCATGT  

Pcx Forward AATGTCCGGCGTCTGGAGTA 

 Reverse ACGCACGAAACACTCGGAT  

Wfs1 Forward CAAACACTACCTACGCCTTGC 

 Reverse GCTGCCAGGATTAGCCAGG 

C130080G10Rik Forward TGAGGATGCCCATTGACAGG 

 Reverse GGGGTGAAAATGGGGTCTTGA 

Slc25a34  Forward ATGAAGCCAACTCAGGCACAG 

 Reverse GCTGCAACAGAAGACACAAAG 

Mfap4 Forward GGCGTGTATCTCATCTACCCC 

 Reverse TCACTGAGCCGTTGAATCTTTT 

Agrn  Forward GCGGTACTTGAAAGGCAAAGA   

 Reverse CTCCAAAGCCACCAATTACCA 

Bckdhb  Forward AGTGCCCTGGATAACTCATTAGC 

 Reverse GCATCGGAAGACTCCACCAAA 

Ttll1 Forward GAAGTGGGTCACTGACATTGAG 

 Reverse ACGTTGCGAATGGTTTGCAC 

Pdk4  Forward AGGGAGGTCGAGCTGTTCTC 

 Reverse GGAGTGTTCACTAAGCGGTCA 

Ccng1 Forward ACAACTGACTCTCAGAAACTGC 

 Reverse CATTATCATGGGCCGACTCAAT  

Snai3 Forward CACTGCCACAGGCCGTATC 

 Reverse CTTGCCGCACACCTTACAG 

Lingo3 Forward GTGGGCGACAATGACCTGG 

 Reverse ACAGTGATGTGAGATTGCAGC 

Mtr Forward ATGATCCAGCGGTACAAACTAAG    

 Reverse CATCCGGTAGGCCAAGTGTTC 

Slc2a4 Forward ACACTGGTCCTAGCTGTATTCT 

 Reverse CCAGCCACGTTGCATTGTA 

Txnip Forward GGCCGGACGGGTAATAGTG 

 Reverse AGCGCAAGTAGTCCAAAGTCT  

Lgr6 Forward ATCATGCTGTCCGCTGACTG 



 Reverse ACTGAGGTCTAGGTAAGCCGT 

Atcayos Forward GGCTTTTCTTCTGACCTGGGA  

 Reverse TGTACCAGCACGGGTTCTTT 

Ppm1k Forward TTATCAGCGGCCTTCATTACTTT 

 Reverse GGATGGAGCTTAACAACACTCTC 

Per3 Forward AACACGAAGACCGAAACAGAAT 

 Reverse CTCGGCTGGGAAATACTTTTTCA 

Rab6b Forward AACCCGCTGCGAAAATTCAAG    

 Reverse CGGTCTTCCAAGTACATGGTTT 

Lama5 Forward CTGGCGGAGATCCCAATCAG 

 Reverse GTGTGACGTTGACCTCATTGT 

Lpl Forward TTGCCCTAAGGACCCCTGAA 

 Reverse TTGAAGTGGCAGTTAGACACAG  

Nrep Forward CCCCCACCTCTGTTAGGGTA 

 Reverse AAAGCCTGCATTTTCGGCAG 

Sntb1 Forward AGCGGACTGCTGGAAGTTTT 

 Reverse GCAGAACGAACCATTGGTGG 

Arntl Forward ACAGTCAGATTGAAAAGAGGCG 

 Reverse GCCATCCTTAGCACGGTGAG 

Hspa5 Forward ACTTGGGGACCACCTATTCCT 

 Reverse GTTGCCCTGATCGTTGGCTA 

Scd1 Forward TTCTTGCGATACACTCTGGTGC 

 Reverse CGGGATTGAATGTTCTTGTCGT 

Cmya5 Forward CAGACAGCACTCTCCTGAGG 

 Reverse AGTGGTATAGACAGGTCTGTTGG 

Gm36827 Forward GGAGTCTGTGGAATGCAGGG 

 Reverse GGTCACATGGTTGCTCGGTA 

Mest Forward AGAGTGGTGGGTCCAAGTAGG 

 Reverse AAGCACAACTATCTCAGGGCT 

Gsn Forward TCACGGGTGATGCCTATGTCA 

 Reverse AGCCAATAGTGGAGGTCATACTG 

Acot2 Forward GTTGTGCCAACAGGATTGGAA 

 Reverse GCTCAGCGTCGCATTTGTC 

mt-Co3 Forward TTAACCCTTGGCCTACTCACC 

 Reverse CAATAGGAGTGTGGTGGCCTT 

Tubb4b Forward CACTTACCACGGAGATAGCGA 

 Reverse ACCTTCTGTGTAGTGCCCCTT 

Tuba4a Forward ATGCGCGAGTGCATTTCAG 

 Reverse TCCACCAATGGTCTTATCGCT 

Itga9 Forward TGCTTTCCAGTGTTGACGAGA 

 Reverse TTAAAGGACACGTTGGCATCATA 

Tuba8 Forward ATCGGTCCATGTGGGTCAAG 

 Reverse TGAGTGCCAAAGGTTCCATCC 

Inka2 Forward GGGATGGCTTGCAGGATCAG 



 Reverse AGCTGTTCCAATGCCGTCTG 

Appl2 Forward ACTGGCAGACACTATGGTTCT 

 Reverse CTGGCAAGTCCAAAGAGATCC 

Gas5 Forward GGAAGCTGGATAACAGAGCGA 

 Reverse GGTATTCCTTGTAATGGGACCAC 

Xdh Forward ATGACGAGGACAACGGTAGAT 

 Reverse TCATACTTGGAGATCATCACGGT 

Rgma Forward CCACACCTCAGGACTTTCACA 

 Reverse AGACGGAAGTTCGTCCATTTC 

2210407C18Rik Forward AAAGCCTCCTCACAGTTTTTGT 

 Reverse TCCATTTTCACACGTAGCTTGT 

Myom2 Forward ACCACCCAGTCATCCTCCC 

 Reverse CGTAAGAAGCCGCTTGAGACC 

Ky Forward CTGCTGCAAAACCGAGGAG 

 Reverse GGTTGTCGTAGGAGGTGATGA 

Shld1 Forward GTGTGACACCAGCAGTTATGA 

 Reverse AGCCAGAAGTTCTCAGAGTCC 

Cyp1a1 Forward CAATGAGTTTGGGGAGGTTACTG 

 Reverse CCCTTCTCAAATGTCCTGTAGTG 

Actc1 Forward CTGGATTCTGGCGATGGTGTA 

 Reverse CGGACAATTTCACGTTCAGCA 

Plcd3 Forward GGCTACGGGCACTGAAGAAG 

 Reverse GCTGCACGAAGAATATGTGCTT 

Adam19 Forward CTCCGCTACAGCATGAACTCA 

 Reverse GCAAAAAGGTGCTCGTTCTTC 

Ntsr2 Forward CGCGCTCTATTCGCTCATCTT 

 Reverse CACAGCTCACGCACGAAGTAA 

Egln3 Forward AGGCAATGGTGGCTTGCTATC 

 Reverse GCGTCCCAATTCTTATTCAGGT 

 



Table S2. Reagents. 

Name Company Catalog No. 

Triton X-100 Sigma-Aldrich T9284 

NaCl Sigma-Aldrich S7653 

KCl Sigma-Aldrich P9541 

MgCl2 Sigma-Aldrich M8266 

CaCl2 Sigma-Aldrich C1016 

Glucose Sigma-Aldrich G8270 

HEPES Sigma-Aldrich PHR1428 

NaH2PO4 Sigma-Aldrich S8282 

BDM Sigma-Aldrich B0753 

Taurine Sigma-Aldrich T8691 

EDTA Sigma-Aldrich EDS 

MgCl2 Sigma-Aldrich M8266 

Glutaraldehyde Sigma-Aldrich G5882 

Collagenase 2 Worthington LS004176 

laminin Thermo Scientific, 23017-15 

Rhod-4AM AAT bioquest 21121 

MM4-64 AAT bioquest 21487 

MitoTracker ThermoFisher Scientific M7512 

Hematoxylin and eosin Kit Beyotime biotech C0105M 

TUNEL Kit Beyotime biotech C1089 

HBSS 

ThermoFisher Scientific, 

Pittsburgh, PA, USA 14175103 

DNase 

Worthington, Lakewood, 

NJ, USA 9003-98-9 

RNase 

Worthington, Lakewood, 

NJ, USA 9001-99-4  

BCA kit ThermoFisher Scientific A53227 

paraformaldehyde(PFA)  Sigma-Aldrich 158127 

4',6-diamidino-2-phenylindole(DAPI) ThermoFisher Scientific) D3571 

PureLink RNA Micro Scale Kit  

Life Technologies, 

Carlsbad, California, USA 12183016 

PrimeScriptTM reagent kit  Takara Bio, Kusatsu, Japan RR037A 

SYBR Green Power Premix Kits 

Applied Biosystems, Foster 

City, California 4368577 

RIPA lysis buffer Beyotime, Shanghai, China P0013B 

NEB Next® UltraTM RNA Library 

Prep Kit NEB, USA E7760 

TruSeq PE Cluster Kit Illumina v3-cBot-HS 



Table S3. Antibodies.  

Name Company Catalog No. 

cardiac troponin T  Abcam ab8295 

sarcomeric α-actinin Abcam ab9465 

Ki67 Abcam ab15580 

phosphorylated histone H3 Milipore 06-570 

aurora B Abcam ab2254 

GAPDH Abcam ab8245 

Dylight 800- labeled affinity 

secondary antibodies 

Kirkegaard & Perry 

Laboratories, Gaithersburg, 

MD 072-07-15-06 

 

 



Table S4. PA diameter (D) at P14 and P21. 

 N VO Sham p  

P14 6 0.777±0.052 0.76±0.079 0.704 

P21 6 0.962±0.090 0.95±0.060 0.713 

 

 

 



Figure S1. RVSV and RVSP at different time points.  

 

 

 

 

(A) RVSV was significantly reduced at 12 months after surgery. P<0.0001, n=6 mice, 

student t-test. (B) Changes in RVSV over time, n=6 mice, student t-test. (C) 

Histogram of RVSP in different time points, n=6 mice, Student’s t-test. 

 

 



Supplemental Video Legend: 

 

Video S1. Surgical process of VO. Best viewed with Windows Media Player. 

 


