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Ventricular chamber growth and development during perinatal circulatory transition is critical for functional adaptation of
the heart. However, the chamber-specific programs of neonatal heart growth are poorly understood. We used integrated
systems genomic and functional biology analyses of the perinatal chamber specific transcriptome and we identified
Wnt11 as a prominent regulator of chamber-specific proliferation. Importantly, downregulation of Wnt11 expression was
associated with cyanotic congenital heart defect (CHD) phenotypes and correlated with O2 saturation levels in hypoxemic
infants with Tetralogy of Fallot (TOF). Perinatal hypoxia treatment in mice suppressed Wnt11 expression and induced
myocyte proliferation more robustly in the right ventricle, modulating Rb1 protein activity. Wnt11 inactivation was sufficient
to induce myocyte proliferation in perinatal mouse hearts and reduced Rb1 protein and phosphorylation in neonatal
cardiomyocytes. Finally, downregulated Wnt11 in hypoxemic TOF infantile hearts was associated with Rb1 suppression
and induction of proliferation markers. This study revealed a previously uncharacterized function of Wnt11-mediated
signaling as an important player in programming the chamber-specific growth of the neonatal heart. This function
influences the chamber-specific development and pathogenesis in response to hypoxia and cyanotic CHDs. Defining the
underlying regulatory mechanism may yield chamber-specific therapies for infants born with CHDs.
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Introduction
The embryologic origins of  the right ventricle (RV) and the left ventricle (LV) are different (1–5), preparing 
them to perform different tasks after birth. During fetal development, the RV assumes the dominant pump 
function. At birth, perinatal circulatory transition leads to increased oxygenation and separation of  the 
pulmonary and the systemic circulation rapidly when the LV assumes the dominant pump function (1–3). 
Concomitant with morphological and functional modifications in the LV and RV (4, 5), the neonatal car-
diomyocytes (CMCs) undergo dramatic changes in morphology, respiration, metabolism, contractile func-
tion, and withdraw from the cell cycle (6–13). It is known that distinct key transcription factors drive the 
chamber-specific gene networks during development (14, 15). However, the molecular network involved in 
regulating the differential LV-versus-RV myocardial growth in the postnatal heart is less defined.

Remote developmental signals, dynamic hemodynamic changes, altered metabolic demands, and dif-
ferent environmental stressors may impact the chamber-specific growth and development programs, espe-
cially in the context of  congenital heart defects (CHDs). The altered anatomy of  a CHD heart can be 
further complicated by the persistence of  fetal shunt pathways, pathological flow patterns and hypoxemia 
(16–18). As such, the growing heart is particularly vulnerable to multi-factorial perinatal stresses. Hypoxia 
is a major and commonly encountered stress factor that may delay perinatal circulatory transition (2, 3). 
On the other hand, recent evidence has also demonstrated that hypoxia induces CMC cell cycle reentry and 
cardiac regeneration (19, 20). Lacking the mechanistic resolution, our current approaches to management 
of  failing heart with a CHD have not been fully effective. Consequently, infants born with CHDs, partic-
ularly those with critical forms of  CHDs are at increased risk especially within the first few weeks of  life.

Ventricular chamber growth and development during perinatal circulatory transition is critical for 
functional adaptation of the heart. However, the chamber-specific programs of neonatal heart 
growth are poorly understood. We used integrated systems genomic and functional biology 
analyses of the perinatal chamber specific transcriptome and we identified Wnt11 as a prominent 
regulator of chamber-specific proliferation. Importantly, downregulation of Wnt11 expression 
was associated with cyanotic congenital heart defect (CHD) phenotypes and correlated with O2 
saturation levels in hypoxemic infants with Tetralogy of Fallot (TOF). Perinatal hypoxia treatment 
in mice suppressed Wnt11 expression and induced myocyte proliferation more robustly in the right 
ventricle, modulating Rb1 protein activity. Wnt11 inactivation was sufficient to induce myocyte 
proliferation in perinatal mouse hearts and reduced Rb1 protein and phosphorylation in neonatal 
cardiomyocytes. Finally, downregulated Wnt11 in hypoxemic TOF infantile hearts was associated 
with Rb1 suppression and induction of proliferation markers. This study revealed a previously 
uncharacterized function of Wnt11-mediated signaling as an important player in programming 
the chamber-specific growth of the neonatal heart. This function influences the chamber-specific 
development and pathogenesis in response to hypoxia and cyanotic CHDs. Defining the underlying 
regulatory mechanism may yield chamber-specific therapies for infants born with CHDs.
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Among the different developmental signals (21–23), Wnt signaling pathways play prominent roles in 
cardiac precursor’s commitment, cell proliferation, differentiation, and fate (24–35).Actions by the Wnt 
family molecules can be classified into the canonical Wnt/β-catenin–dependent pathway and the nonca-
nonical pathway, which is generally β-catenin independent, and its function can be mediated by 2 distinct 
modules of  the noncanonical signaling: (a) the planar cell polarity (PCP) pathway; and (b) the Wnt/
Ca2+ pathway, which involves calmodulin-dependent kinase II (CamKII), protein kinase C (PKC), and 
calcineurin. These factors may coordinate important cellular signaling processes including regulating the 
expression of  key cell cycle regulators.

Although substantial overlap exists between the different Wnt signaling pathways during heart devel-
opment, existing evidence has revealed a critical role of  noncanonical Wnt11 in orchestrating early devel-
opment (24–35). Wnt11 expression is dynamically regulated in a temporal-spatial manner (28), playing 
important roles in myocardial development, including the second heart field (SHF) derivatives and the 
outflow tract. Wnt11-null mouse fetuses developed conotruncal defects including pulmonary stenosis and 
double-outlet RV (DORV) (29). Finally, recent evidence suggests that Wnt11 may also drive the late stages 
of  cardiac myogenesis coupled with inhibition of  the canonical Wnt/β-catenin (30–32). However, the func-
tional role of  Wnt11 in postnatal heart chamber–specific development has not been demonstrated.

Figure 1. Transcriptome landscape in neonatal mouse heart chambers. (A) Schematic representation of transcriptome analysis workflow. mRNA expression 
data were derived from deep RNA sequencing data sets of male C57B/6 mouse left ventricles (LVs) and right ventricles (RVs) at postnatal day 0 (P0; before 
the ductal closure), day 3 (P3; transition), and day 7 (P7; terminal differentiation of the vast majority of CMCs). n = 3 replicates per chamber per time point, 
except RVP7 (n = 2 replicates). Weighted gene network coexpression analysis (WGCNA) was performed to construct gene coexpression modules in RVs and LVs 
separately, followed by module preservation analysis and gene ontology analysis to identify chamber-specific genes/gene networks. (B) Principal component 
analysis (PCA) result of the top 1,000 varied genes (left) and the percentage of variation that corresponds to each component (right). PCA was conducted 
using R function prcomp. Top 1,000 varied mRNAs based on Tophat alignment results were used to generate PCAs. (C) Unsupervised hierarchical clustering 
of top 1,000 varied genes derived from 17 RNA-Seq data sets (n = 3 replicates per chamber per time point, except RVP7 [n = 2 replicates]). Experimental con-
ditions of the samples are demarcated by color bars at the top according to chamber: RV (blue) and LV (pink), and time point: P0 (purple), P3 (orange), and P7 
(turquoise). Samples from P3 and P7 clustered closely together away from P0, suggesting sharp transcriptome changes during the P0–P3 window. Transcripts 
from LVs and RVs formed distinct clusters after birth (at P3 and P7), suggesting a temporal chamber-specific transcriptome signature in postnatal heart.
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By integrating systems genomic and functional analysis of  neonatal LV and RV transcriptomes 
independently, we established, to the best of  our knowledge, the first high-resolution landscape of  
neonatal chamber-specific transcriptomes. Remarkably, most dramatic changes between LV and RV 
networks were associated with P3 gene modules, significantly enriched for cell proliferation, DNA 
damage response, cell cycle regulation, and Wnt signaling. In particular, we identified a previously 
unrecognized role of  Wnt11 in chamber-specific proliferation during the early postnatal window and 
in response to perinatal hypoxia. Remarkably, the loss of  Wnt11 expression is associated with perinatal 
hypoxia in neonatal mice and in infants with cyanotic CHD phenotypes. In vivo and in vitro function-
al studies using targeted loss- and gain-of-function approaches implicate, potentially for the first time, 
Wnt11 signaling in chamber-specific control of  proliferation program under normal conditions and 

Figure 2. Weighted gene network coexpression analysis (WGCNA) reveals stage-specific modules (gene network) in neonatal left and right ventricles. 
(A and B) WGCNA dendrograms of right ventricle (RV) (A) and left ventricle (LV) (B) mRNA transcriptome. Genes with mean reads per kilobase of transcript 
per million mapped reads (RPKM) greater than or equal to 3 in at least one sample (3 replicates) of each category and variation greater than or equal to 0.2 
across samples (FDR P value ≤ 0.05) were included from RV and LV data sets separately. Genes are clustered based on the topological overlap, a measure 
of connection strength. Using the R package, gene modules were constructed as groups of genes with highly similar coexpression relationships. Branches 
in the hierarchical clustering dendrograms correspond to modules. Color bars below the dendrograms display gene coexpression modules identified by 
WGCNA in RVs (A) or in LVs (B). The y axes (height) represent module significance (correlation with external trait). (C and D) Heatmaps depict expression 
profiles of stage-specific mRNA modules’ member genes. Thirteen stage-specific modules in RVs (C) and 8 stage-specific modules in LVs (D) are presented 
with upregulated genes in red, and downregulated genes in green. The expression profiles are standardized; changes are expressed in log2 scale. The num-
bers of genes corresponding to each module are shown in color bars. Unique stage-specific modules in LVs and RVs are defined as those with Pearson’s 
correlation coefficient r greater than or equal to 0.7 and P value less than or equal to 0.05 between the module eigengene (expression profile summary) 
and the maturation stage (P0, P3, or P7). Eigengene of a given module is presented (bar graphs). Top gene ontology (GO) term enriched in each module 
along with corresponding adjusted P value is listed to the right of each module. The color code is preserved. (E) Preservation plots of RV modules in LVs, 
and LV modules in RVs. Module size (x axis) and preservation Z-summary scores (y axis) are shown. Z summary less than 2 indicates modules were weakly 
or not preserved, Z summary between 2 and 10 indicates modules were moderately preserved, and Z summary greater than 10 indicates modules were well 
or strongly preserved. Color codes of the modules are preserved.
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during pathological insult by hypoxia. Functional analysis suggested retinoblastoma protein 1 (Rb1) as 
a potential mediator of  Wnt11 function. These insights hold promise for identifying chamber-specific 
therapeutic targets for early ventricular failure in the infants with cyanotic CHD phenotypes.

Results
Spatial-temporal transcriptome landscape revealed by longitudinal RNA-sequencing analyses. To gain insights into 
dynamic changes of  the cardiac transcriptome during the period of  fetal to neonatal transition, we previously 
carried out systematic analysis of  the whole-genome transcriptome of  neonatal LV and RV at P0, P3, and P7 
derived from deep RNA sequencing (RNA-seq) data sets of  the neonatal heart maturation (NHM) SuperSer-
ies (1) (Figure 1A and Methods) and determined that the global signature of  cardiac transcriptome was largely 
dictated by developmental stage rather than chamber identity (Figure 1, B and C, and Supplemental Table 1; 
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.94904DS1). Spe-
cifically, more robust dynamic transcriptome changes were observed during the P0–P3 maturation window in 
both ventricles, while transcripts from the LVs and RVs formed distinct clusters at P3 and P7, but less so at P0, 
indicating a progressive establishment of  chamber-specific molecular identity in neonatal hearts.

Stage-dependent gene coexpression networks. In an attempt to further analyze the chamber-specific tran-
scriptome regulation of  the neonatal heart we reasoned that implementing weighted gene coexpression 
network analysis (WGCNA) in LV and RV transcriptomes separately would allow us to define modules of  
genes that are continuously coregulated and to study their stage-specific variation in each ventricle inde-
pendently along the maturation windows. By including all expressed genes with expression variation great-
er than or equal to 0.2 in this analysis, we identified a total of  17 LV and 38 RV modules defined as groups 
of  genes coordinately expressed across the 9 LV and 8 RV samples. We used the correlation of  the module 
eigengene, which represents a summary expression profile of  the respective module, at the P0, P3, or P7 
time point in LVs or in RVs separately to quantify the overall relationship between a module and a trait 
(maturation stage, chamber). Collectively, we identified 8 LV and 13 RV stage-associated modules, defined 
as modules that significantly correlated with maturation stage (r > 0.7 and P < 0.05) (Figure 2, A–D). 
Details of  correlation statistics and module sizes are presented in Supplemental Tables 2 and 3. Remark-
ably, compared with P0 and P7, the magnitude and significance of  association between a module and a 
maturation stage were relatively weaker at P3, indicating larger variability.

Stage-specific modules are preserved between LVs and RVs. To gain further functional insight into global sim-
ilarities and differences of  stage-specific gene modules identified in neonatal heart chambers, we examined 
whether these modules were preserved between the LV and RV (Figure 2E). Among the developmental 
stage–associated modules, the P0 modules share significant similarity (as measured by preservation scores) 
between the LV and RV, and the same pattern applies to the P7 modules. In contrast, the P3 modules exhib-
ited significant variation between the 2 chambers and were either modestly or poorly preserved. Functional 
enrichment analysis of  the preserved time-dependent modules, using the ingenuity pathway analysis (IPA) 
suite, indicated that the top pathways enriched were also preserved in the LV and RV (Figure 2, C and D).

Intriguingly, among the P3-associated modules, the LV Purple and its counterpart the RV Light Green 
module turned on robustly during the P0–P3 transition to become the most correlated with the P3 time 
point. Genes from these modules were preserved between the 2 ventricles and enriched in fatty acid metab-
olism and PPAR signaling, indicating concordant activation of  the fatty acid metabolism pathway at P3. 
Using quantitative reverse transcription PCR (qRT-PCR) we demonstrated that the expression levels of  14 
selected genes involved in fatty acid β oxidation and glycolysis exhibited reciprocal regulation between the 
P0 and P3 time points, indicating a synchronized molecular switch from glucose metabolism to fatty acid 
utilization pathway, as has been previously reported (36, 37). This suggests that metabolic switch occurs as 
early as P3 in both ventricles in the neonatal mouse heart (Supplemental Figure 1).

Chamber-specific gene networks involving Wnt signaling and cell cycle genes. Noting that P3-associated mod-
ules are the least preserved between the LVs and the RVs, we characterized the poorly preserved P3 mod-
ules in more detail (Figure 3A). In total, 117 cell cycle–related genes exhibited stage- and chamber-depen-
dent downregulation. For example, genes involved in the polo-like kinase mitotic entry pathway (PLK1, 
CCNB1, CCNB2, and Cdc25c) were rapidly suppressed in the RV during the P0–P3 maturation window. 
This transition was slower in the LV, predominantly during the P3–P7 window (Supplemental Figure 
2). Likewise, the ATM/DNA damage response CHK1 pathway displayed different temporal regulation 
between LVs and RVs. Together, the differential expression of  cell cycle progression and control genes at P3 
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Figure 3. Chamber-specific enrichment of cellular proliferation and Wnt signaling revealed by neonatal heart transcriptome analysis. (A) Gene 
ontology (GO) analysis depicting chamber-specific enrichment of Wnt signaling and cell cycle processes in P3 poorly preserved modules. Expression 
heatmap of cell proliferation/cell cycle genes (enriched in left ventricular [LV] modules) and Wnt signaling genes (enriched in right ventricular [RV] 
modules) in P3 neonatal heart is shown. Expression changes are expressed in log2 scale. Red, upregulated; green, downregulated. (B) qRT-PCR analysis 
of proliferation marker Ki67 and mitosis marker aurora kinase B (AurkB) in LV or RV myocardium of WT neonatal mouse (n = 5) at P3. Blue, RV; pink, 
LV. Error bars represent SEM. (C) Representative confocal images of anti–phospho-histone H3 (anti–p-H3) immunohistochemistry (IHC) in RVs or LVs 
of WT neonatal mouse heart at P3. Arrows indicate p-H3–positive cardiomyocytes (CMCs). Original magnification, ×40. (D and E) qRT-PCR analysis 
of Wnt11 and β-catenin in LV or RV myocardium of WT neonatal mouse, P0 through P7 (n = 5). Blue, RV; pink, LV. Error bars represent SEM. (B–E) by 
unpaired, 2-tailed Student’s t test. Data are representative of 3 independent experiments. (F) Wnt11 protein expression in LV and RV myocardium of 
WT neonatal mouse hearts at P3 (Western blot). Gapdh was used as loading control. n = 3 replicates per condition. See related Supplemental Figure 
3. (G) Expression of β-catenin protein and its phosphorylated forms at Ser675 and Ser552 (S675 and S552) in LV and RV myocardium of WT neonatal 
mouse hearts at P3 (Western blot). Gapdh was used as loading control. n = 3 replicates per condition. NS, not significant. *P ≤ 0.05, **P ≤ 0.01.
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modules revealed a temporary lag in cell cycle regulation in LVs compared with RVs during perinatal tran-
sition. Consistent with these observations, the proliferation markers phospho-histone H3–positive (p-H3–
positive) CMCs and Ki67 were increased, and the mitotic marker Aurkb (aurora kinase B) was significantly 
induced in LVs compared with RVs in wild-type neonatal mice at P3 (Figure 3, B and C).

Among the major pathways enriched in the P3 poorly preserved modules, we found that 27 out of  58 
Wnt-related genes were regulated in a chamber-specific manner, including components from the canonical 
and noncanonical signaling pathways (24–35). Remarkably, established inhibitors of  canonical β-catenin–
dependent signaling (Wif1, Dkk3, and Sost1) were upregulated in RVs compared with LVs, while several 
members of  the noncanonical Wnt11 signaling (Wnt11, Wnt5a, Ror2, Sfrp5, and Rock2) were enriched 

Figure 4. Wnt11 may play 
important roles in human 
congenital heart defects (CHDs). 
(A) Expression array of Wnt 
molecules and cell cycle genes 
in cyanotic (hypoxemic) versus 
noncyanotic (nonhypoxemic) 
human CHD phenotypes. Graphs: 
Representative illustrations 
of CHD cases. VSD, ventricu-
lar septal defect (n = 3); TOF, 
Tetralogy of Fallot (n = 3); DORV, 
double-outlet right ventricle 
(n = 2). Red, upregulated; blue, 
downregulated. (B) Correlation 
plot demonstrating Wnt11 
association with preoperative O2 
saturation levels in heart tissue 
specimens from TOF patients 
with different baseline O2 satu-
ration levels (n = 6). r, Pearson’s 
correlation coefficient; P, correla-
tion P value. Wnt11 expression 
data were obtained from M. Tou-
ma’s unpublished observations 
(RNA-Seq data set) of human 
heart tissue of patients with 
TOF. RPKM, reads per kilobase 
of transcript per million mapped 
reads. (C) Correlation plots 
revealed no association between 
the expression of several WNT 
genes (WNT5A, WNT9B, WNT2, 
WNT16, and β-catenin) and 
preoperative O2 saturation levels 
in a new set of TOF patients (n 
= 6) with different baseline O2 
saturation levels. The expression 
data (RPKM) were obtained 
from RNA-Seq of heart tissue of 
patients with TOF (M. Touma’s 
unpublished observations [RNA-
Seq data set]).
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in RVs. Consistently, qRT-PCR and Western blot revealed RV-enriched expression of  the noncanonical 
Wnt11 in P3 neonatal mouse heart (Figure 3, D and F). In contrast, β-catenin and p-β-catenin, as import-
ant markers for the canonical Wnt/β-catenin–dependent signaling activity, did not exhibit significant 
chamber-specific regulation in neonatal heart (Figure 3, E and G). Together, our observations suggest a 
prominent chamber-specific enrichment of  Wnt11 that is reciprocally correlated with cellular proliferation 
in a chamber-specific and developmentally regulated manner.

Wnt signaling in human congenital heart defects. To explore the clinical relevance, specimens from the RV out-
flow tract (RVOT) were obtained from 3 infants with ventricular septal defect (VSD), 3 infants with Tetralogy 
of  Fallot (TOF), and 2 infants with DORV (Figure 4A). Infants with TOF or DORV presented with cyanosis 
and were hypoxemic (O2 saturation < 85%). Intriguingly, the altered expression of  up- or downregulated Wnt 
signaling molecules exhibited distinct patterns in cyanotic (TOF, DORV) versus noncyanotic (VSD) patients. 
Next, we performed RNA-Seq on a new group of  infants (< 1 year old) with isolated, nonsyndromic TOF 
who presented with different degrees of  cyanosis and hypoxemia (M. Touma’s unpublished observations). 
Importantly, among the different Wnt ligands that were expressed in infantile TOF heart (Figure 4, B and C), 
Wnt11 exhibited the most significant correlation with average preoperative O2 saturation levels (lower Wnt11 
expression was associated with lower O2 saturation) in the TOF infants, raising questions about a Wnt11 sig-
naling role in the RV-specific impact of  hypoxia in postnatal infantile heart with cyanotic CHDs.

Perinatal hypoxia induced CMC proliferation and suppressed Wnt11 in a chamber-specific manner. Hypoxia 
is a major stress factor during fetal to neonatal transition, especially in the context of  a CHD. To test the 
impact of  hypoxia on neonatal heart chamber proliferation we exposed newborn mouse pups to systemic 
hypoxia (fraction inhaled O2 [FIO2] 10%) during perinatal transition (Figure 5A). Perinatal hypoxia (FIO2 
10%) suppressed Wnt11 RNA and protein expression more robustly in RVs compared with LVs (Figure 5, 
B and C, and Supplemental Figure 3), while more significantly induced CMC proliferation was observed 
in RVs (Figure 5, D–F). Remarkably, hypoxia-exposed pups developed more robust induction of  cellular 
proliferation in RVs compared with LVs, as demonstrated by the enhanced phosphorylation of  histone H3 
protein, reaching levels comparable to that observed in LVs at P3 (Figure 5D).

Perinatal hypoxia modulates Rb1 activity in a chamber-specific manner. Among several cell cycle regulatory 
genes and Wnt11 signaling mediators that we screened (Figure 5, G and H), Rb1, a key negative regulator 
of  cell cycle entry (38–40), was found to be temporally regulated and differentially altered in RVs compared 
with LVs in response to hypoxia treatment (data not shown). Rb1 was lower in protein abundance in RVs 
versus LVs throughout P0 to P7. However, total Rb1 protein increased substantially following hypoxia 
in both ventricles at P0 and P3, leading to diminished differences between RVs and LVs. Remarkably, 
enhanced p-Rb1 at Ser807 (S807), S811, and S780 sites was observed in both ventricles in response to 
hypoxia treatment. Specifically, p-Rb1 at S807 and S811 in RVs reached levels similar to those observed in 
LVs at P3 (Figure 5H). Collectively, these data suggest that perinatal hypoxia modulates Rb1 activity in a 
chamber-specific manner, predominantly affecting RVs, at mRNA, protein, and posttranslational modifica-
tion levels, leading to decreased Rb1 activity and enhanced cell proliferation.

Chamber-specific roles of  Wnt11 in cardiac proliferation. To assess Wnt11 function in neonatal myo-
cardium growth, we performed Wnt11-specific inhibition via Wnt11-Vivo-Morpholino injection 
into pregnant mice at late gestation (Figure 6A), which did not immediately affect cardiac function 
(Supplemental Figure 4). As shown in Figure 6B, the number of  p-H3–positive CMCs was increased 
following Wnt11 inhibition to reach similar numbers in both ventricles. However, the p-H3–positive 
CMC increment was more robust in RVs. Likewise, the proliferation markers were induced significant-
ly in RVs, and trended up in LVs (Figure 6C), including mitosis genes AurkB, Plk1, and their mitotic 
substrates, Cdc25c and ECT2. Mitotic spindle assembly–marker genes Bub1 and Cenpf  were also 
induced more robustly in RVs compared with LVs. Collectively, these data suggest that noncanonical 
Wnt11 regulates neonatal heart proliferation in a chamber-specific and temporally regulated manner.

Wnt11 regulates neonatal CMC proliferation. Wnt11’s role in postnatal chamber growth may involve any 
of  the different cell types that reside in the growing chambers. To determine the cell-autonomous function 
of  Wnt11 in neonatal CMCs specifically, suppression of  Wnt11 was achieved in neonatal rat ventricular 
myocytes (NRVMs) in culture (Figure 7, A and B). The cells exhibited elongated shape with increased 
p-H3–positive CMC number and induced Ki67 expression (Figure 7, A, C, and D). In contrast, the myo-
cytes remained quiescent in response to exogenous recombinant Wnt11 (rWnt11) and the binucleation 
index was increased in rWnt11-treated cells, measured after excluding all p-H3–positive CMCs in this 
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Figure 5. Hypoxia regulates neonatal cardiomyocyte proliferation in a chamber-specific manner. (A) Schematic illustration of experimental design for 
perinatal systemic hypoxia exposure. Neonatal pups were reared with their dams in either normoxia or hypoxia (10% FIO2) and maintained until the predecided 
end points (P0, P3, or P7). The dams carrying the experimental group (hypoxia) were acclimatized in the hypoxia chamber by decreasing FIO2 by 2% daily for 
at least 5 days preceding the experiment starting at E14.5 to reach 10% on E19.5. (B) Wnt11 mRNA expression in left ventricular (LV) and right ventricular (RV) 
myocardium of WT neonatal mouse at P3 in normoxic and hypoxic conditions (qRT-PCR). n = 5 replicates per condition. (C) Wnt11 protein expression in LV 
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analysis in order to determine the accumulated effect of  karyokinesis without following cytokinesis as a 
hallmark of  neonatal CMC maturation (Figure 7, A and E). No significant changes were observed in Ki67 
expression following rWnt11 treatment (data not shown); however, cyclin D1 was suppressed (Figure 7F).

Together, these data indicate that Wnt11 regulates proliferation programs of  neonatal CMCs. Remark-
ably, loss of  endogenous Wnt11 was associated with suppressed total Rb1 protein expression and phosphor-
ylation without impacting JNK and PKCα expression or phosphorylation (Figure 7, G and H), suggesting 
that Rb1 is a possible target for Wnt11, potentially mediating Wnt11 roles in neonatal CMC proliferation.

Wnt11 loss in cyanotic TOF infants is associated with reduced Rb1 expression and induction of  a mitotic mark-
er. Intriguingly, our human studies suggested significant correlation between hypoxia degree, or oxygen 
saturation level, and Wnt11 expression level in human TOF patients, raising the question whether Wnt11 
suppression in these hypoxemic infants can contribute to cell cycle regulation and potential regenerative 
activity in their hearts. Using qRT-PCR we validated reduced Wnt11 expression in a new group of  cyanotic 
(hypoxemic) TOF infants compared with TOF infants with normal oxygen saturation level. Next, we exam-
ined the expression of  Rb1 and proliferation marker genes. Remarkably, Wnt11 loss was associated with 
Rb1 reduction. In contrast, the mitotic marker gene Plk1 was enhanced in cyanotic TOF patients, inversely 
associating with both Wnt11 and Rb1 (Figure 8A). Furthermore, p-H3–positive CMCs were enhanced in 
heart specimens from cyanotic TOF infants (Figure 8B).

Discussion
In this study, we performed genome-wide transcriptome analysis within specific cardiac chambers (LV 
vs. RV) at perinatal maturation time points. We identified 13 LV and 8 RV coexpression gene modules 
that were significantly associated with maturation stages and enriched with several cellular and signaling 
processes. In particular, we found that Wnt11 displayed chamber-specific expression patterns. Loss- and 
gain- of-function studies in vitro and in vivo demonstrated a direct impact of  Wnt11 on myocardial pro-
liferation. More importantly, Wnt11 expression was modulated by hypoxic stress in neonatal hearts and 
its expression was highly associated with hypoxemic (cyanotic) conditions in the CHD infantile hearts. 
Therefore, we utilized a systems biology approach followed by functional validation analysis to elucidate 
a, to our knowledge, novel Wnt11-mediated molecular network that governs cardiac chamber–specific 
growth during the perinatal maturation window, which may contribute to hypoxia-induced pathological 
maturation of  heart chambers among CHD patients.

LV and RV chambers undergo dramatically different growth patterns in postnatal stages. However, 
while several previous analyses focused on neonatal heart transcriptome changes during the postnatal 
period (36, 37), chamber-specific transcriptome profiling during perinatal (fetal to neonatal) transi-
tion is currently lacking. To our knowledge, our current study provides the first analysis of  neonatal 
heart ventricle–specific transcriptome during perinatal circulatory transition at a high level of  resolu-
tion. Our comprehensive analysis reveals that a developmentally driven core transcriptional program 
is shared in both LVs and RVs despite the differences in morphological, hemodynamic, and functional 
characteristics. Nevertheless, some of  the key gene expression programs, such as cell proliferation, 
diverge in their temporal specificity between LVs and RVs, showing chamber-specific gene induction 
or suppression waves in critical development windows. This is particularly obvious for P3, which 
appears to be an auxiliary stage when RV and LV time-associated modules either converge, reflecting 
a developmental program, or diverge, reflecting chamber specificity and adaptation to hemodynamic 
and environmental changes. These insights may implicate a chamber-specific regenerative window and 
proliferative capacity, or outcome to stress at a given postnatal time point.

and RV myocardium of WT neonatal mouse at P3 in normoxic and hypoxic conditions (Western blot). Gapdh was used as loading control, n = 3 replicates per 
condition. See related Supplemental Figure 3. (D) Expression time course of histone H3 protein and p-H3 at Ser10 (S10), P0 through P7, in LV or RV myocardium 
of WT neonatal mouse hearts in normoxic or hypoxic condition (left panel). n = 5 replicates per condition. (E) Expression of proliferation marker Ki67 for LV or 
RV myocardium of WT neonatal mouse hearts in normoxic or hypoxic conditions (qRT-PCR). n = 5 replicates per condition. (F) Representative confocal images 
of anti–phospho-histone H3 (anti–p-H3) immunohistochemistry (IHC) in LVs and RVs of WT neonatal mouse heart at P3 in normoxic and hypoxic conditions. 
Arrows: representative p-H3–positive cardiomyocytes. Original magnification ×60. Graph: quantitative analysis of p-H3–positive cells (cell number/area [μm2], 
n = 5 replicates per condition. (G) Expression of cyclin D1 and P21 proteins in LV or RV myocardium of P3 WT neonatal mouse hearts in normoxic or hypoxic 
condition. β-Actin was used as loading control. n = 5 replicates per condition. (H) Expression time course of Rb1 protein and phosphorylated Rb1 (p-Rb1) at 
Ser807/811 and Ser780 (S807/811 and S780), P0 through P7, in LV or RV myocardium of WT neonatal mouse hearts in normoxic or hypoxic condition (n = 5 
replicates per condition). Error bars represent SEM. *P ≤ 0.05, **P ≤ 0.01 by unpaired, 2-tailed Student’s t test.
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Figure 6. Systemic Wnt11 inhibition induces cardiomyocyte proliferation in a chamber-specific manner. (A) Schematic illustration of experimental 
design for in vivo Wnt11 knockdown. Analysis of inhibition efficiency (Western) is shown (right panel). Mor-Wnt11 (Vivo-Morpholino-Wnt11): Wnt11-specific 
modified antisense oligonucleotide. (B) Representative confocal images of anti–phospho-histone H3 (anti–p-H3) immunohistochemistry (IHC) in scramble 
control or Mor-Wnt11–injected neonatal mouse hearts at P3. Arrows indicate representative p-H3–positive cardiomyocytes (CMCs). Original magnification, 
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The noncanonical Wnt11 is a relatively new and underexplored member of  the Wnt family, and 
its role in postnatal heart maturation or disease has not been reported. It was previously shown that 
Wnt11 is required for proper cardiogenesis, myocardium development, and outflow tract morpho-
genesis (27–29), while a recent study also implicated Wnt11 in reducing heart scaring after infarction 
(41). Our current report proves, to our knowledge for the first time, that endogenous Wnt11-mediated 
signaling directly regulates neonatal CMC proliferation. Wnt11 expression is suppressed by moder-
ate hypoxia and is associated with enhanced CMC proliferation in a chamber-specific manner. Fur-
thermore, a global perinatal inhibition of  Wnt11 using Vivo-Morpholino knockdown is sufficient to 
induce myocyte proliferation in a chamber-specific manner. To our interest, despite systemic and glob-
al Wnt11 knockdown, we observed induction of  proliferation markers predominantly in RVs. There-
fore, the data collectively suggest that Wnt11-mediated signaling is a promising pivotal modulator of  
chamber-specific myocardium growth and adaptation to postnatal hypoxia. However, there are clear 
limitations in specificity and efficiency of  the Vivo-Morpholino approach. Future rigorous analysis 
using an inducible CMC-specific Wnt11-deficient mouse model will be needed to fully establish the 
chamber-specific role of  Wnt11 in neonatal CMC proliferation in vivo.

Our findings raise the question of  whether relatively temporal and subtle changes in Wnt11 are 
sufficient to evoke significant changes at the cellular level. Prior studies have demonstrated critical 
roles of  the temporal regulation of  Wnt11 in cardiac lineage commitment and differentiation (25, 
26). In addition, Wnt11 has been implicated as an important modulator for neuronal maturation and 
identity (42, 43). However, the downstream signaling mechanism for Wnt11-mediated regulation of  
myocyte proliferation needs to be further investigated. Our data neither support a chamber-specific 
distribution of  β-catenin (as a surrogate marker of  the canonical Wnt signaling activity) nor reveal 
a chamber-specific degradation of  β-catenin via phosphorylation (Figure 3, F and H). In contrast to 
β-catenin and other known players in cellular proliferation (P21 and cyclin D1), Rb1 was clearly impli-
cated in Wnt11-mediated regulation of  CMC proliferation in our study. Rb1, a well-established sup-
pressor of  cell cycle entry, has been implicated in controlling terminal differentiation in many tissues, 
including the heart (38–40). Importantly, Rb1 is known to be regulated by hypoxia in cancer cells (44). 
Here we demonstrated that hypoxia modulates Rb1 activity, leading to chamber-specific induction of  
cell cycle genes in neonatal heart. Our study establishes that Wnt11 modulates Rb1 expression and 
activity, and potentially mediates hypoxia-induced proliferation.

How Wnt11 signaling regulates Rb1 activity and neonatal CMC proliferation in neonatal heart 
chambers remains to be fully investigated. Our preliminary screening of  known Wnt11 mediators, 
JNK, PKCα, and p38, did not support their direct involvement (Figure 7G). However, it is well known 
that Wnt11 function may be mediated via Ca2+ signaling (45, 46), which, in turn, coordinates cellular 
proliferation genes via regulating the Rb1/E2F1 pathway. In its hypophosphorylated state Rb1 binds 
to E2F1 and represses the expression of  E2F1 target genes. In doing so, Rb1 restricts the expression of  
cell cycle entry genes. In contrast, phosphorylation of  Rb1 leads to release of  the E2F1 transcription 
factor which, in turn, activates G1-S transition and promotes cell cycle progression. The coordination 
of  these events is critical for appropriate regulation of  cell cycle leading to mitosis in cancer. Impor-
tantly, calcineurin, an established intercellular mediator of  Wnt11/Ca2+ signaling, may dephosphor-
ylate Rb1 at S795, leading to its interaction with E2f1, recruitment of  Hdac1, and suppression of  cell 
cycle entry, as demonstrated previously in neuronal cells (42, 43). It would be interesting to determine 
whether calcineurin could dephosphorylate Rb1 at S795, leading to Rb1 activation and enhanced 
Rb1/E2f1 interaction, thereby restricting cell cycle entry in neonatal myocardium.

Perinatal hypoxia induces myocyte proliferation more robustly in RVs and suppresses Wnt11 expression in 
a chamber-specific manner, eliminating the differences in myocyte proliferation between LVs and RVs observed 
under normal conditions. More importantly, we discovered, to our knowledge for the first time, differential 
activation of Wnt pathways in infants with cyanotic (hypoxemic) versus noncyanotic (nonhypoxemic) CHDs 
(Figures 4 and 8). Specifically, Wnt11 significantly correlate with O2 saturation in TOF phenotypes. Previous 
studies (19, 20) have demonstrated that hypoxic (low oxygen tension) microenvironment, or niches, may play a 

×40. Graphs: Quantitative analysis of p-H3–positive cells (cell number/area [μm2]. (C) Expression analysis of several proliferation and mitosis markers 
using mRNA from LV or RV myocardium of Mor-Wnt11– or scramble-treated neonatal mouse (qRT-PCR). n = 3 per condition. Data are representative of 2 
independent experiments. Error bars represent SEM. *P ≤ 0.05, **P ≤ 0.01 by unpaired, 2-tailed Student’s t test (Mor-Wnt11 compared with control).
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role in survival and maintenance of cardiac stem/progenitor cells and regeneration of adult heart. Further, pre-
vious studies have shown that systemic hypoxia induces neonatal CMC proliferation and regeneration. There-
fore, chamber-specific Wnt11 expression and its suppression under hypoxic conditions may implicate its role in 
chamber-specific regenerative capacity and pathological response to ischemic injury or hypoxic stress.

In this study, we focused on neonatal CMC proliferation. However, other potential Wnt11 functions in 
neonatal heart adaptation to hypoxic stress may involve fibroblasts, endothelium, or other non-myocytes in 
heart. Further, Wnt11 function may involve other biological processes such as apoptosis, fibrosis, angiogen-
esis, and extracellular matrix remodeling in heart. These are very intriguing and important determinants 
that need be investigated under normal and hypoxic conditions in combination with targeted genome edit-
ing in animal models, and in a larger patient cohort. These insights will be necessary for potential transla-
tional considerations in CHDs.

Figure 7. Wnt11 regulates neonatal ventricu-
lar myocyte proliferation. (A) Manipulation 
of Wnt11 in neonatal rat ventricular myocytes 
(NRVMs). Immunohistochemical (IHC) analysis 
of control (untreated), Wnt11-RNAi–treated, and 
exogenous recombinant Wnt11 (rWnt11)–treated 
NRVMs illustrates elongated mononucleated and 
phospho-histone H3–positive (p-H3–positive) 
cardiomyocytes (arrow) in Wnt11-suppressed 
NRVMs, and triangle-shaped, binucleated 
cardiomyocytes (arrow heads) in exogenous 
rWnt11-treated NRVMs. Original magnification, 
×60. (B) Wnt11 inhibition efficiency analysis 
(qRT-PCR) is shown (right). (C) p-H3–positive 
cell number/area (μm2) in scramble-treated, 
Wnt11 siRNA–treated, or rWnt11-treated NRVMs. 
(D) Expression analysis of proliferation mark-
er (Ki67) using RNA from scramble-treated or 
Wnt11 siRNA–treated NRVMs (qRT-PCR). (E) 
Binucleation index (binucleated cardiomyo-
cyte number × 100/total cardiomyocytes/area 
[μm2]) analysis of scramble-treated, Wnt11 
siRNA–treated, or rWnt11-treated NRVMs. n = 3 
replicates per condition. Data are representative 
of 3 independent experiments. (F) Expression 
of proliferation marker (cyclin D1) using RNA 
from scramble-treated or rWnt11-treated NRVMs 
(qRT-PCR). (G) Western analysis of Rb1 protein 
abundance and phosphorylation (S807/S811) in 
neonatal myocytes in response to Wnt11 inhibi-
tion suggests that Wnt11 loss is associated with 
Rb1 suppression and reduced p-Rb1. (H) Western 
analysis of JNK and PKCα protein expression and 
their phosphorylated forms p-JNK and p-PKCα 
in NRVMs in response to Wnt11 suppression. *P 
≤ 0.05; **P ≤ 0.01 by 1-way ANOVA and post-
hoc Kruskal-Wallis test (C and E) and 2-tailed 
Student’s t test (B, D, and F) were used for 
intergroup analyses. NS, not significant.
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Methods
Experimental animals. The experiments were conducted as part of  an ongoing study under an active animal 
protocol approved by the Institutional Animal Care and Use Committee of  UCLA. Animal handling and 
care followed the standards of  the Guide for the Care and Use of  Laboratory Animals. Pathogen-free male 
and female C57BL/6J mice from the inbred C57BL/6 strain were obtained from Charles River Labora-
tories. After establishment of  breeding groups, successful mating was confirmed by plug detection. Timed 
pregnant dams were kept in cages under a 12-hour light/dark regime with food and water ad libitum. At 
E19.5, caesarian section delivery was performed and the hearts from male pups were excised to achieve P0 
time point (as specified below). The remaining litters were allowed to deliver normally. Male pups and their 
mothers were kept in the same condition until the predecided specific end point.

Time points. Male pup hearts were excised at 3 time points of  perinatal circulatory transition: P0 (birth 
before the ductal closure), P3 (establishing postnatal circulation), and P7 (terminal differentiation of  the 
vast majority of  CMCs based on current literature evidence) (on average n = 6 male pups per biological 
replicate per time point were used). The RV and LV tissues were separated en bulk from each heart, leaving 
the septum out. The samples were snap frozen in liquid nitrogen and stored separately at –80°C.

Perinatal systemic hypoxia exposure. Neonatal pups were reared with their dams in either normoxia or hypoxia 
(10% FIO2) using a BioSpherix OxyCycler normobaric hypoxia chamber and maintained until the predecided 
end points. The dams carrying the experimental group (hypoxia) were acclimatized by decreasing FIO2 by 2% 
daily for at least 5 days preceding the experiment starting at E14.5 to reach 10% on E19.5, as previously described 
with minor modification (20), and maintained with their offspring until the predefined time point (P0, P3, or 
P7), whereas the dams carrying the control neonates (normoxia) were maintained in a normal environment.

Perinatal Wnt11 knockdown in perinatal mouse using Vivo-Morpholino. Wnt11-specific antisense oligonu-
cleotide (0.5 mM Wnt11 Vivo-Morpholino stock) was administered by 2 days of  i.v. injections at 12.5 mg/
kg. For a typical 20-g mouse the dose was approximately 25 nmoles (50 μl) per injection. For a 2-g pup 
the dose was approximately 2.5 nmoles (5 μl) per injection. The sequences of  negative control or Wnt11 
Vivo-Morpholino are as follows: negative control, 5′-cctcttacctcagttacaatttata-3′; Wnt11, 5′-tgcaggagccg-
caccgaactccgcc-3′ (Gene Tools).

Figure 8. Wnt11 loss in hypoxemic TOF infants is 
associated with Rb1 suppression and induction 
of Plk1. (A) Expression of Wnt11, Rb1, and Plk1 
in TOF patients (qRT-PCR), n = 5 TOF cases were 
hypoxemic (O2 saturation < 85%), and n = 3 cases 
with normal O2 saturation (>95%). (B) Represen-
tative confocal images of anti–phospho-histone 
H3 (anti–p-H3) immunohistochemistry (IHC) in 
TOF infants. Arrows indicate representative p-H3–
positive cardiomyocytes. Original magnification, 
×60. Note: The studies presented in this figure 
were performed in a new group of TOF patients 
that were not included in the studies presented in 
Figure 4. Error bars represent SEM. *P ≤ 0.05 by 
unpaired, 2-tailed Student’s t test.
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RNA-Seq and bioinformatics analysis. In this study we used the mRNA expression data derived from deep 
RNA-Seq data sets of  male C57B/6 mouse LVs and RVs at P0 (before the ductal closure), P3 (transition), and 
P7 (terminal differentiation of  the vast majority of  CMCs). Data preprocessing, RNA-Seq, and bioinformat-
ics analysis steps follow exactly the procedure we previously described (1). The RNA-Seq data were previous-
ly deposited in the NCBI’s Gene Expression Omnibus repository under Neonatal Heart Maturation SuperS-
eries GSE85728 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE85728) PMID: 27591185 (1).

WGCNA. Genes with mean reads per kilobase of  transcript per million mapped reads (RPKM) greater 
than or equal to 3 in at least one sample (3 replicates) of  each category and variation greater than or equal 
to 0.2 across samples were included to construct the signed network from LV and RV data sets separately. 
Soft power parameter was estimated and used to derive a pairwise distance matrix for selected genes. Based 
on the resulting adjacency matrix, we calculated the topological overlap, a concept defined for weighted net-
works by Zhang and Langfelder (47), which is a robust and biologically meaningful measure of  network 
interconnectedness (that is the strength of  2 genes’ coexpression relationship with respect to all other genes 
in the network). Using the R package, gene modules were constructed as groups of  genes with highly similar 
coexpression relationships by performing average linkage hierarchical clustering on the topological overlap. 
The dynamic hybrid tree cut algorithm was used to cut the hierarchical clustering tree and define the modules 
as branches (clusters) from the tree cutting as previously described (48). The average expression profile of  
each module was summarized and presented as the first principal component (referred to as module eigen-
gene). Modules whose eigengenes were highly correlated were merged. Modules were detected independently 
in LVs and RVs and the correlation between a module and a trait (P0, P3, or P7) was calculated. Unique 
stage-specific modules in LVs and RVs were defined as those with correlation coefficient r greater than or 
equal to 0.7 and P value less than or equal to 0.05 between the module eigengene and the maturation stage 
(P0, P3, or P7). Functional enrichment was determined by gene ontology analysis using database for anno-
tation, visualization, and integrated discovery (DAVID). Pathway analysis of  the expression data was done 
with QIAGEN’s Ingenuity Pathway Analysis (IPA), www.qiagen.com/ingenuity. Pathways with FDR P less 
than or equal to 0.05 (Benjamini-Hochberg method) were found to be significantly differentially expressed.

Module preservation analysis. Preservation between LV- and RV-WGCNA-derived modules was exam-
ined. The module overlap was evaluated using Fisher’s exact test for each pair of  LV/RV modules and 
Z-score summary plots were generated. Z summary less than 2 indicates that modules were weakly or not 
preserved, Z summary between 2 and 10 indicates that modules were moderately preserved, and Z summa-
ry greater than 10 indicates that modules were well or strongly preserved.

Other bioinformatic and computational methods. The statistical significance for differential gene expression 
was assessed by Fisher’s exact test. Pearson’s correlation coefficients for gene expression were calculated 
in R. Principal component analysis (PCA) was conducted using R function prcomp. The top 1,000 varied 
mRNAs based on Tophat alignment results were used to generate PCAs. The heatmap function of  R, 
which employs a hierarchical cluster algorithm, was used to draw heatmap figures. The log2-transformed 
data were preprocessed by median centering of  the data for each set and then hierarchically clustered using 
centered correlation as the similarity metric and average linkage as the clustering method.

Validation of  gene expression by qRT-PCR. Total RNA was isolated from pooled male pups’ LV free walls 
and RV free walls separately, using an RNeasy Mini Kit (QIAGEN), according to the manufacturer’s pro-
tocol. DNA contamination was eliminated using an RNase-Free DNase Set (QIAGEN), according to the 
manufacturer’s instructions. For reverse transcription, 1 μg of  total RNA was used to generate first-strand 
cDNA with oligo-dT primers. Real-time PCR was performed using the SYBR Green Mix (Bio-Rad) on the 
CFX96 Real-time System (Bio-Rad). qRT-PCR was performed using housekeeping genes GAPDH, S26, or 
B2M for normalization and significant differences in gene expression were reported based on fold change. 
Primer sequences of  validated mRNAs are listed in Table 1.

Immunohistochemistry. Cells were fixed in 4% (v/v) formaldehyde in PBS for 20 minutes. After 
rinsing with PBS, the cells were incubated with 0.1% Triton X-100 in PBS for 15 minutes at room tem-
perature and rinsed. Heart tissue was fixed in 4% (v/v) formaldehyde, embedded into paraffin, and cut 
into 5-μm-thick tissue sections. After deparaffinization, slides were subjected to antigen retrieval. After 
blocking in PBS containing 10% bovine serum albumin for 1 hour, the cells and tissue sections were 
incubated with primary antibodies overnight and then appropriate AlexaFluor-conjugated secondary 
antibodies (Life Technologies) for 1 hour. Cell nuclei were eventually counterstained by DAPI in the 
mounting medium (Life Technologies). Images were recorded on a Nikon confocal microscope. To 
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count p-H3–positive CMCs, we carefully examined the sections under confocal microscopy to ensure 
the counted p-H3–positive nuclei were fully imbedded in sarcomeres as expected for CMCs. The binu-
cleation index was increased in rWnt11-treated cells (Figure 6C), measured after excluding all p-H3–
positive CMCs in this analysis in order to determine the accumulated effect of  karyokinesis without 
following cytokinesis as a hallmark of  neonatal CMC maturation. Primary antibodies used to detect 
the expression of  the proteins of  interest are listed in Table 2.

Western blot analysis. After protein quantification, protein samples were electrophoresed in 4%–12% SDS 
polyacrylamide gels before transfer to PVDF membranes (Millipore). HRP-conjugated secondary antibodies 
(Bio-Rad) were used followed by ECL reaction to develop the blots according to the manufacturer’s instruc-
tions. Band intensities from film were analyzed by IMAGEQUANT 5.2 software (Molecular Dynamics) if  
needed. Primary antibodies used to detect the expression of  the proteins of  interest are listed in Table 2.

NRVM culture, rWnt11, and Wnt11 siRNA treatment. NRVMs were isolated from 2-day-old rat pups and 
cultured in DMEM/5% (vol/vol) FBS with antibiotics at 37°C and 5% CO2. On the next day, cells were 
incubated with 200 ng/ml rWnt11 (R&D Systems) for 48 hours. For Wnt11 siRNA treatment, NRVMs were 
transfected in 6-well plates with 30 nM siRNA and 6 μl Lipofectamine RNAiMAX Transfection Reagent 
(Life Technologies) in Opti-MEM (Life Technologies). Culture medium was changed to DMEM/5% FBS 
after 4 hours. After 48 hours, total RNA was obtained using TRIzol reagent (Life Technologies) and total 
protein was isolated using cell lysis buffer (Life Technologies). For identification of  phosphorylated pro-
teins, Phosphatase Inhibitor Cocktail (Sigma-Aldrich) was added to the lysis buffer (Table 3).

Human studies. Pediatric patients with clinical diagnosis of  a CHD were enrolled in the Congenital 
Heart Defect Bio-banking core (the CHD-BioCore) using a protocol approved by the UCLA Institution-
al Review Board. Written informed consents were obtained from all participants. Infants with isolated 
(nonsyndromic) TOF, VSD, or DORV and normal primary genetic screening results, including karyotype 
to rule out chromosomal abnormalities, florescence in situ hybridization (FISH) to rule out Di George 
Syndrome, and SNP microarray to rule out copy number variations were selectively included in this study. 
Human heart specimens from the RVOT were collected during clinically indicated cardiac operations. The 
specimens were immediately snap frozen using liquid nitrogen. Total RNAs were isolated using standard 
methods. Quantitative expression array (RT-PCR array) was performed in the UCLA GenoSeq Core. The 
housekeeping gene GAPDH was used for normalization. The expression data are presented as a heat-
map to visualize the pattern of  expression. Wnt gene expression (RNA-Seq data) were obtained from M. 
Touma’s unpublished observations. Pearson’s correlation, linear regression module, was implemented for 
correlation studies and a P value less than or equal to 0.05 was considered significant.

Table 1. List of primers used for quantitative RT-PCR

Gene Forward Primer Reverse Primer 
Wnt11 (Mouse, Rat) GCTGGCACTGTCCAAGACTC CTCCCGTGTACCTCTCTCCA 
Wnt11 (Human) GCCAATAAACTGATGCGTCTACA GTATCGGGTCTTGAGGTCAGC
β-Catenin (Mouse, Rat) ATGGCTACTCAAGCTGACCTGATGGA TCATCTAGCGTCTCAGGGAACATGG 
S26 (Mouse, Rat, Human) TCATTCGGAACATTGTAGAAGCC ACCTTGACATAGAGCTTGGGA 
Ki67 (Mouse) ATCATTGACCGCTCCTTTAGGT GCTCGCCTTGATGGTTCCT
Ki67 (Rat) TCAGCTCGCCTGGTCACCATCAA CCATGTTTCAGCTGCACAGGCTCA
Aurkb (Rat) GGCTCAGAAAGAGAACGTCTACCCG CAGTCAACTTCTGACCAGGGACAGC
Cdc25c (Mouse) GGAGTCTTCGCTTACGTCCAGTCCT CTTCAGAGTCTTCACCGAGGGAGGT
Bub1 (Mouse) AAGCCCAGGGAGAGCTGCAGCAT TTGCTGAGCCTCAGGCTTGGGTG
Plk1 (Mouse) ATGAATGCAGTGGCCAAAGCTGG CGTCTGAGATCTCGAAGCATTTGGC 
Plk1 (Human) AAAGAGATCCCGGAGGTCCTA GGCTGCGGTGAATGGATATTTC
Ect2 (Mouse) AACTTGTGCTTGGCGTCTACT TTCCTCCGATTTTCCAGGACA
Cyclin D1 (Mouse) AGCTCCTGTGCTGCGAAGTGGA AGAGGCCACGAACATGCAGGTG
Cyclin D1 (Mouse, Rat) AGCTCCTGTGCTGCGAAGTGGA AGAGGCCACGAACATGCAGGTG
Gapdh (Mouse, Rat, Human) TCCTGCACCACCAACTGCTTAG GATGACCTTGCCCACAGCCTTG
Rb1 (Mouse) ATGGTTCACCTCGAACACCC ACTCCGATGTCAACACAGCC
Rb1 (Rat) TGGGGCAGGGATGTATTGAC TTCCCCATCCTTGGACTGCT
Rb1 (Human) CTCTCGTCAGGCTTGAGTTTG GACATCTCATCTAGGTCAACTGC
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Echocardiography. To evaluate cardiac function of  neonatal pups, 
a Vevo2100 high-frequency probe (30/45 MHz, Visual Sonics) was 
used as previously described (49, 50). Briefly, ultrasound images were 
obtained in the transverse and sagittal planes for each pup. Scanning 
B-mode images were used to identify basic cardiac structures. LV and 
RV chambers were annotated using the longitudinal 4-chamber view. 
M-mode cardiac scanning was performed using the 30-MHz transduc-
er. M-mode images were obtained from the short-axis view and were 
further analyzed to measure ventricular wall thickness and chamber 
dimensions and to calculate percentage ejection fraction. Temporal 
changes between LV end-systolic dimension (LVESD) and LV end-di-
astolic dimension (LVEDD) throughout the cardiac cycle were used for 
the calculation of  percentage fractional shortening as follows: percent-
age fractional shortening = (LVESD/LVEDD) × 100.

Primer design. Primer sequences of  validated mRNAs are listed in 
Table 1.

Antibodies and other reagents. Primary antibodies used to detect 
the expression of  the proteins of  interest are listed in Table 2. Other 
resources are listed in Table 3.

Statistics. Quantified results are presented as mean ± SEM. Student’s 
t test (unpaired, 2-tailed) and ANOVA with post-hoc Kruskal-Wallis 

were used for comparing 2 groups and more than 2 groups, respectively; P less than or equal to 0.05 was 
considered significant, unless specified otherwise. The correlation of  gene expression for each mRNA/trait 
pair was calculated using Pearson’s correlation and Benjamini-Hochberg correction methods. A Benjami-
ni-Hochberg–adjusted correlation P value less than or equal to 0.05 was considered significant.

Study approval. All animal-related experimental protocols were approved by the UCLA Animal Care 
and Use Committee.

All human studies were conducted in accordance with regulation of the UCLA Institutional Review Board. 
Patients’ parents/legal guardians provided written informed consent prior to their participation in the study.
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Table 2. List of antibodies and their sources

Gene Antibodies (Source) 
Wnt11 OriGene, TA308507

β-Catenin Zymed, 71-2700
p-β-Catenin S675, S552 Cell Signaling, 4176, 5651 

Rb1 Abcam, ab181616 
p-Rb1 (S807/811) Cell Signaling, 8516 

p-Rb1 (S780) Cell Signaling, 8180 
Cyclin D1 Invitrogen, MA5-14512 

P21 Santa Cruz Biotechnology, sc-397 
p-P21 Santa Cruz Biotechnology, sc-20220-r 
JNK Santa Cruz Biotechnology, sc-571 

p-JNK Santa Cruz Biotechnology, sc-12882 
PKCα Cell Signaling, 2056 

p-PKCα Cell Signaling, 9375 
p-Histone H3 (Ser10) Millipore, 06-570 

β-Actin Thermo Fisher Scientific, MA5-15739

 

Table 3. List of other reagents and their sources

Reagent Source
Rat Wnt11 siRNA QIAGEN, SI01604428
Scramble siRNA Bioland Scientific
Antisense Oligo Nucleotide (Vivo-
Morpholino-Wnt11)

Gene Tools

Scramble Morpholino Gene Tools
Recombinant Human Wnt11 R&D Systems, 6179-WN
Phosphatase Inhibitors Cocktail Cocktail, Sigma-Aldrich
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