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ORIGINAL RESEARCH

Crk and Crkl Are Required in the 
Endocardial Lineage for Heart Valve 
Development
Bingruo Wu, MD, MMed, MS*; Brian Wu, MD*; Sonia Benkaci, MSc; Lijie Shi , PhD; Pengfei Lu , PhD;  
Taeju Park, PhD; Bernice E. Morrow , PhD; Yidong Wang , PhD; Bin Zhou , MD, PhD

BACKGROUND: Endocardial cells are a major progenitor population that gives rise to heart valves through endocardial cush-
ion formation by endocardial to mesenchymal transformation and the subsequent endocardial cushion remodeling. Genetic 
variants that affect these developmental processes can lead to congenital heart valve defects. Crk and Crkl are ubiquitously 
expressed genes encoding cytoplasmic adaptors essential for cell signaling. This study aims to explore the specific role of Crk 
and Crkl in the endocardial lineage during heart valve development.

METHODS AND RESULTS: We deleted Crk and Crkl specifically in the endocardial lineage. The resultant heart valve morphology 
was evaluated by histological analysis, and the underlying cellular and molecular mechanisms were investigated by immu-
nostaining and quantitative reverse transcription polymerase chain reaction. We found that the targeted deletion of Crk and 
Crkl impeded the remodeling of endocardial cushions at the atrioventricular canal into the atrioventricular valves. We showed 
that apoptosis was temporally increased in the remodeling atrioventricular endocardial cushions, and this developmentally 
upregulated apoptosis was repressed by deletion of Crk and Crkl. Loss of Crk and Crkl also resulted in altered extracellular 
matrix production and organization in the remodeling atrioventricular endocardial cushions. These morphogenic defects were 
associated with altered expression of genes in BMP (bone morphogenetic protein), connective tissue growth factor, and WNT 
signaling pathways, and reduced extracellular signal-regulated kinase signaling activities.

CONCLUSIONS: Our findings support that Crk and Crkl have shared functions in the endocardial lineage that critically regulate 
atrioventricular valve development; together, they likely coordinate the morphogenic signals involved in the remodeling of the 
atrioventricular endocardial cushions.
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Congenital heart disease affects ~1% of all live 
births,1,2 and malformation of the heart valves ac-
counts for 20% to 30% of all congenital heart dis-

ease.3 Congenital heart disease, including heart valve 
defects, often requires surgical interventions for sur-
vival and remains the leading cause of infant death.4,5 
In later life, congenital heart valve defects can increase 

the risk of developing cardiac complications, lead-
ing to heart failure.6,7 Studies using human genetics, 
functional genomics, and animal models have made 
significant progress in understanding the cause of 
congenital heart valve malformation through identify-
ing genetic and environmental risk factors.5,8 However, 
the underlying molecular and cellular changes remain 
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incompletely understood. Better understanding of nor-
mal mammalian heart valve formation will help to eluci-
date these changes in the pathogenesis of congenital 
heart valve defects caused by genetic mutations and 
environmental insults.

In mice, formation of the heart valves starts at em-
bryonic day 9.5 when the heart looping is completed. A 
subpopulation of endocardial cells at the atrioventricular 
canal (AVC) undergoes endocardial-to-mesenchymal 
transformation (EndMT) and becomes mesenchymal 
cells that invade the swollen and matrix-rich subendo-
cardial spaces named endocardial cushions.9–11 EndMT 
ceases around embryonic day 11.5, when endocardial 
cushions are fully cellularized and begin to function 
as valve primordia. The valve primordia subsequently 
undergo a complex of morphogenic changes to form 
the valve leaflets. This process is named post-EndMT 
remodeling, which involves cell proliferation, apoptosis, 
and organized extracellular matrix (ECM) production. 
The post-EndMT remodeling of endocardial cushions 

is spatiotemporally regulated by the multiple molecu-
lar signals from the cushion endocardium to the newly 
formed valve mesenchyme.12,13 Therefore, the endo-
cardial cells at AVC are not only the major progeni-
tor cell source giving rise to the mesenchyme of the 
atrioventricular valves but also a main signaling source 
directing the remodeling process that sculpts the en-
docardial cushions into the functional valve leaflets.3,14 
Uncovering the endocardial signaling modulators criti-
cal for the valve remodeling is thus important to reveal 
disease mechanisms of congenital heart valve defects.

Crk and Crkl (Crk-like) belong to the Crk gene family 
that encodes major cellular adaptor proteins containing 
the SRC homology 2 and 3 domains.15–17 Crk and Crkl 
interact with >40 cellular proteins through SH2 and SH3 
domains.18 They mediate tyrosine kinase signals such 
as mitogen-activated protein kinase, which are involved 
in a number of biological processes including cell prolif-
eration, apoptosis, adhesion, and migration.18 Mutations 
in Crk and Crkl are associated with several human dis-
eases.19–24 Importantly, Crkl is localized to 22q11.2, 
which is hemizygously deleted in the 22q11.2 dele-
tion syndrome (22q11.2DS), and ~70% of patients with 
22q11.2DS develop congenital heart disease affecting 
the cardiac outflow tract (OFT).16 In mice, germline loss 
of Crkl results in similar cardiovascular defects affecting 
the cardiac OFT.25,26 Our previous mouse studies fur-
ther showed that Crkl genetically interacts with Tbx1, a 
key 22q11.21 gene, and plays a dosage-dependent role 
in OFT development.23,27 Like Crkl, germline loss of Crk 
in mice also causes cardiovascular defects.28 On the 
other hand, Crk and Crkl express ubiquitously during 
embryogenesis and function redundantly in mediating 
molecular signals such as the Reelin signaling,29 and 
our recent mouse studies indicated that Crk and Crkl 
have shared functions in the cardiac neural crest cells 
for the cardiac OFT septation by regulating vascular 
smooth muscle differentiation and apoptosis, possibly 
through the Notch and integrin signaling.30

These observations promoted us to investigate the 
potential shared functions of Crk and Crkl in the endo-
cardial cells during heart valve development as they are 
a major progenitor population of the heart valves giving 
rise to valve mesenchymal cells. We deleted Crk and 
Crkl in the endocardial cells and their progenies using 
an endocardial cell specific Cre line, Nfatc1Cre, which 
was generated in our laboratory by inserting an IRES-
Cre cassette at the 3′ untranslated region of Nfatc1.31 
We found that deletion of all 4 alleles, that is, both of 
Crk and Crkl, is embryonic lethal and causes severe 
defects in the developing atrioventricular valves. We 
showed that the valve structural defects are preceded 
by decreased cell apoptosis and altered ECM when 
the atrioventricular endocardial cushions undergo the 
post-EndMT remodeling. We also found downregula-
tion of several genes in the BMP (bone morphogenetic 
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protein), connective tissue growth factor, or WNT sig-
naling pathway involved in tissue morphogenesis. 
These findings support a shared function between Crk 
and Crkl in the endocardial lineage that regulates the 
remodeling of endocardial cushions essential for the 
formation of the atrioventricular valves, likely by coordi-
nating tissue morphogenic signals.

METHODS
Data Availability
The data supporting this study’s findings are avail-
able from the corresponding author upon reasonable 
request.

Mice
Mouse housing and experiments were performed ac-
cording to the protocol approved by the Institutional 
Animal Care and Use Committee of Albert Einstein 
College of Medicine. Both Nfatc1Cre 31 and floxed Crk 
and Crkl mice29 were backcrossed to the C57BL/6J 
inbred mice (Jackson Laboratory, Stock Number: 
000664) for >10 generations before being used for this 
study. The Nfatc1Cre mice then were crossed with the 
floxed Crk and Crkl mice to generate the endocardial 
lineage-specific Crk and Crkl double knockout (DKO) 
mice. Adult mice or mouse embryos were genotyped 
by polymerase chain reaction using genomic DNA 
from the tail and yolk sac, respectively. Noontime on 
the day of detecting vaginal plugs was designated as 
embryonic day 0.5. Pregnant female mice were eutha-
nized by isoflurane in a sealed container.

Histology
Mouse embryos from embryonic day 12.5 to embryonic 
day 14.5 were isolated in PBS and fixed in 4% para-
formaldehyde overnight at 4 °C. The samples were then 
dehydrated through an ethanol gradient, treated with 
xylene, and embedded in paraffin wax. Serial sections 
of whole heart were obtained using a Leica microtome 
and subjected to hematoxylin and eosin or Alcian blue 
staining following the standard protocols. The stained 
tissues were imaged using a Zeiss Axioskop 2 plus 
microscope. The length/width ratio of the valve leaflet 
was quantified using Image J, and the hearts from 4 
embryos of each genotype were analyzed.

Immunofluorescence
The tissue sections from embryonic day 10.5 to em-
bryonic day 16.5 embryos, prepared as described 
above, were antigen retrieved by boiling in 10 mM of 
sodium citrate (pH 6.0) and blocked with 5% normal 
horse serum before being incubated with primary and 
secondary antibodies (Table S1). The immunostained 

tissues were visualized and photographed using a 
Leica DMi8 confocal microscope.

RNAscope In Situ Hybridization
Embryos at embryonic day 11.5 were isolated in PBS 
and fixed in 4% paraformaldehyde for at least 24 hours 
and processed for frozen embedding in the optimal 
cutting temperature (OCT) compound. The tissues 
were processed for RNAscope analysis following 
the manufactural protocol for the fixed frozen tissues 
using the RNAscope 2.5 HD Detection Reagent-Red 
Kit (ACDBio). After the RNAscope analysis, the tis-
sues were costained for vascular endothelial–cadherin 
antibodies to mark the endocardial cells. The stained 
tissues were imaged using a Leica DMI8 confocal 
microscope.

Proliferation Assay
Cell proliferation was examined by the 5-ethynyl-​2′-​
deoxyuridine (EdU; Life Technology) assay and immu-
nostaining for the phospho-histone H3. For the EdU 
assay, the pregnant female mice at embryonic day 13.5 
were injected with EdU through intraperitoneal injec-
tion with a dosage of 10 mg/kg. After a 2-hour pulse, 
embryos were collected and processed for the frozen 
sections. Briefly, embryonic day 13.5 embryos were 
fixed in 4% paraformaldehyde at 4 °C for 1 hour, incu-
bated in 15% and 30% sucrose sequentially and em-
bedded in OCT compounds. The 8-μm tissue sections 
were obtained and post-fixed in the cold ethanol and 
acetone (1:1) solution for 5 minutes and stored at −80 
°C. Tissue sections were air dried for 45 minutes before 
staining. The EdU incorporation was detected using the 
EdU Imaging Kit (Life Technology; C10337) and coun-
terstained with DAPI (Vector Laboratories). The stained 
sections were photographed using a Leica DMi8 con-
focal microscope. Positive EdU labeling was quantified 
for the endocardial lineage marked by green fluorescent 
protein expression within AVC cushions using Image J 
software, and the data were presented as the percent-
age of EdU-positive cells. Three individual hearts were 
analyzed for each genotype and subjected to the sta-
tistical calculation. Immunostaining of phospho-histone 
H3 was performed on the paraffin sections, and SOX9 
was costained to mark the valve mesenchymal cells. 
The phospho-histone H3 positive cells within AVC cush-
ions marked by SOX9 staining were quantified by divid-
ing the total cell number with cushion area.

Apoptosis Assay
Cell apoptosis was examined by the terminal deoxynu-
cleotidyl transferase dUTP nick end labeling (TUNEL) 
assay and immunostaining for cleaved Caspase3. 
Frozen sections from embryonic day 10.5 to embryonic 
day 16.5 embryos were prepared as described above 
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for the EdU assay. The apoptotic cells were detected 
using the Dead End Fluorometric TUNEL System 
(Promega) and counterstained with DAPI. Costaining 
for Slug was performed to mark the mesenchymal 
cells. The stained sections were photographed using a 
Leica DMI8 confocal microscope. The quantification of 
TUNEL assays was carried out in Image J. The num-
bers of TUNEL-positive cells were counted, and the 
density was obtained by counting the number of posi-
tive staining cells in the entire cushion area from the 
serial sections for the forming mitral valve and tricuspid 
valve. Three samples were used for each embryonic 
stage from embryonic day 10.5 to embryonic day 16.5.

RNA Extraction and Real-Time 
Quantitative Polymerase Chain Reaction
The hearts were isolated from embryonic day 13.5 
embryos, and the atrioventricular valve tissues were 
micro-dissected for the total RNA extraction using 
Trizol (Invitrogen). First strand cDNA was synthesized 
using the Superscript IV Reverse Transcriptase Kit 
(Invitrogen). Real-time quantitative polymerase chain 
reaction (RT-qPCR) was performed using the Power 
SYBR Green PCR Master Mix (ABI). Gene-specific 
primers (Table S2) were used for quantitative polymer-
ase chain reaction. The expression of Tf2b was used 
as an internal control. The expression of genes was 
calculated using the 2−ΔΔCT method. Four biological re-
peats were performed, and each consisted of 3 pooled 
samples from individual hearts for each genotype. 
The mean relative expression of each gene between 
groups was used for statistically significant analysis.

Statistical Analysis
The graphs were plotted with mean and standard er-
rors using Prism 8 (GraphPad Software). Two-tailed 
unpaired t tests were used for statistical comparison 
between the 2 groups. One-way ANOVA was used for 
statistical comparison among ≥3 groups.

RESULTS
Crk and Crkl in the Endocardial Lineage Is 
Required for Embryonic Survival
Deletion of Crk or Crkl in the endocardial lineage using 
Nfatc1Cre29,31 does not result in obvious heart defects, 
and the individual conditional null mutants survived to 
birth, suggesting that they have shared functions in the 
endocardial lineage during embryonic heart develop-
ment. To test this hypothesis, we generated endocardial 
DKO mice using Nfatc1Cre and the compound floxed 
Crk and Crkl mice (Crkf/f; Crklf/f).30 We confirmed the ef-
ficiency and specificity of deletion by immunostaining for 
CRK and by RNAscope in situ hybridization (ISH) for Crkl. 

The results showed that, while both genes are expressed 
ubiquitously in embryonic day 11.5 hearts of control em-
bryos (Crkf/f; Crklf/f), the DKO embryos have reduced ex-
pression of both genes in the mesenchymal cushions at 
AVC and the proximal OFT derived from the endocardial 
cells (Figure 1A through 1C and Figure S1). We then ex-
amined the embryos collected at multiple developmental 
stages from embryonic day 10.5 to embryonic day 17.5. 
We found that 6 of 10 of the DKO embryos at embryonic 
day 14.5 had developed subepidermal edema (indicative 
of heart failure; Figure 1D), 4 of 14 of the DKO embryos 
inspected at embryonic day 15.5 were already dead and 
necrotic (Figure 1E). At embryonic day 16.5 or embryonic 
day 17.5, all 11 DKO embryos inspected were dead and 
runted. These findings suggest that Crk and Crkl play 
shared roles in the endocardial lineage of the developing 
heart that is necessary for embryonic survival.

Endocardial Crk and Crkl Regulate 
Remodeling of Atrioventricular 
Endocardial Cushion
Heart valve development begins with endocardial cush-
ion formation through EndMT between embryonic day 
9.5 and embryonic day 10.5 in mice. Endocardial cush-
ions then continue growing and remodeling to form the 
thin valve leaflets at birth. We examined the heart mor-
phology between embryonic day 10.5 and embryonic 
day 14.5 by hematoxylin and eosin staining to explore 
the potential roles of Crk and Crkl in EndMT and post-
EMT cushion remodeling. We found that the endocar-
dial cushions at AVC are comparable between control 
and DKO embryos at embryonic day 10.5 (Figure S2) 
and embryonic day 12.5 (Figure  2A), suggesting that 
the deletion does not affect EndMT and initial cellu-
larization of the AVC endocardial cushions. In contrast, 
further development of the AVC endocardial cushions 
into the atrioventricular valves (ie, the remodeling of the 
endocardial cushions) in the DKO embryos is delayed 
at embryonic day 13.5. This is evidenced by their primi-
tive appearance compared with the normal remodeling 
valves in the control embryos that begin to display the 
discrete mitral and tricuspid valves (Figure 2B). By em-
bryonic day 14.5, both atrioventricular valves elongate 
significantly in the control embryos to form the valve 
leaflets, but they remain blunted in the DKO embryos, as 
shown by the reduced length to width ratio of the valve 
leaflets (Figure 2C through 2E). Of note, the remode-
ling defect is restricted to the atrioventricular valves, as 
we did not find obvious morphological changes in the 
semilunar valves (Figures S3 and S4). In addition, 4 of 5 
embryonic day 14.5 DKO embryos examined by hema-
toxylin and eosin staining appear to have an atrioven-
tricular septal defect when compared with 5 littermate 
controls that have normal developing atrioventricular 
septa (Figure  2C and 2E). In contrast, no apparent 
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difference of myocardial development was observed 
between control and DKO embryos at embryonic day 
14.5 (Figure S5). Because the DKO embryos died be-
tween embryonic day 15.5 and embryonic day 16.5, we 
were unable to carry out any meaningful histological 
studies to characterize the cardiac morphology at the 
later stages. These findings support that Crk and Crkl 
have shared functions in the endocardial lineage essen-
tial for the remodeling of the AVC endocardial cushions 
into the atrioventricular valves.

Endocardial Crk and Crkl Regulates 
Apoptosis During AVC Endocardial 
Cushion Remodeling
Spatiotemporally regulated cell apoptosis drives the re-
modeling of endocardial cushions to form the elongated 

heart valves. To better reveal the role of programmed 
cell death in the formation of the atrioventricular valves, 
we performed TUNEL assays to assess the cell apop-
tosis at the AVC endocardial cushions from embryonic 
day 10.5 to embryonic day 16.5 that covers the initial 
cellularized endocardial cushions by EndMT to subse-
quent remodeling of the cushions into the thin valve 
leaflets. The results showed that few apoptotic cells 
are present in the AVC endocardial cushions before 
embryonic day 12.5, but intensive cell apoptosis takes 
place between embryonic day 12.5 and embryonic day 
13.5 when the fully cellularized endocardial cushions 
begin to transform into the elongated valve leaflets 
(Figure  3). After embryonic day 13.5, the number of 
apoptotic cells in the remodeling mitral and tricuspid 
valves is markedly reduced and remained at a low level 
until embryonic day 16.5. These results suggest that 

Figure 1.  Deletion of Crk and Crkl in the endocardial lineage is embryonic lethal.
A and B, Immunostaining shows the expression of Crk in embryonic day 11.5 control and Crk and Crkl 
DKO embryos (Crkf/f; Crklf/f; R26fsGFP/+; Nfatc1Cre; DKO). Note that the DKO heart has diminished expression 
of Crk in the endocardial cushions at AVC (A, labeled by green fluorescent protein and outlined by dashed 
lines) and the proximal OFT cushions (B, marked by the solid line; the dash line indicates the NCC-derived 
distal OFT cushions). C, RNAscope in situ hybridization shows the expression of Crkl (red) is diminished 
in the endocardial cushions at AVC and proximal OFT outlined by the solid and dash lines, respectively. 
Coimmunostaining for cadherin-5 (green) shows the endocardial layer. D and E, Whole embryo views 
show that DKO embryos have the subcutaneous edema (arrow) at embryonic day 14.5 (D); they are runted 
and absorbed at embryonic day 15.5 (E). AVC indicates atrioventricular canal; DKO, double knockout; 
NCC, neural crest cell; and OFT, outflow tract.
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apoptosis is essential to initiate valve remodeling be-
tween embryonic day 12.5 and embryonic day 13.5.

To determine whether loss of Crk and Crkl affected 
cell apoptosis, we then performed TUNEL assays on 
heart sections from embryonic day 13.5 control and 
DKO embryos. The results revealed a markedly reduced 
number of apoptotic cells in the remodeling endocardial 
cushions at the AVC of embryonic day 13.5 DKO em-
bryos when compared with that in the control littermates 
(Figure 4A and 4B). Consistently, immunostaining for the 
activated caspase 3 showed that the DKO embryos had 
significantly reduced cleaved caspase 3 activities in the 
AVC endocardial cushions when compared with the 

control embryos at embryonic day 13.5 (Figure 4C and 
4D). We also examined mRNA expression of the apop-
totic genes in the AVC endocardial cushions isolated 
from embryonic day 13.5 hearts by RT-qPCR and found 
that the DKO embryos had significantly reduced expres-
sion of Casp3 and Bax in the AVC endocardial cushions 
(Figure 4E). In addition, we examined cell proliferation by 
the EdU labeling of cells in the S-phase of the active cell 
cycle as well as immunostaining for phospho-histone 
H3 for cells in the M-phase. The results from both as-
says showed that cell proliferation in the remodeling en-
docardial cushions at AVC is not affected in embryonic 
day 13.5 DKO embryos (Figure S6). Collectively, these 

Figure 2.  Loss of endocardial Crk and Crkl causes defective atrioventricular valves and 
atrioventricular septum.
A through C, Representative images of hematoxylin and eosin staining for embryonic day 12.5, 
embryonic day 13.5, and embryonic day 14.5 hearts show a progressive morphogenic change leading to 
underdeveloped atrioventricular valves (outlined by the solid line) and defective atrioventricular septum 
(indicated by asterisk) in DKO embryos. D, Bar graphs show the significant difference in the length/
width ratio of the tricuspid or mitral valve at embryonic day 13.5 (n=6/group) and embryonic day 14.5 
(n=4/group). The red and green double-sided arrows in C represent the length and width of the valve 
leaflet, respectively. *P<0.05; ΔP<0.01; #P<0.01 by the unpaired Student’s t test. E, A table summarizing 
the penetrance of the valve defect and defective atrioventricular septum observed in embryonic day 14.5 
DKO embryos. AV indicates atrioventricular; DKO, double knockout; and VSD, ventricular septal defect.
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observations support that the reduced programmed cell 
death may contribute to the blunted atrioventricular valve 
leaflets in the DKO hearts, as apoptosis is necessary to 
sculpture the endocardial cushions into the valve leaflets.

Endocardial Crk and Crkl Regulates 
ECM During AVC Endocardial Cushion 
Remodeling
The ECM synthesis and organized deposition, in addi-
tion to cell proliferation and apoptosis, are part of the 
remodeling process essential for transforming the en-
docardial cushions into the heart valves. To better re-
veal the developmental changes in the organized ECM 
deposition or ECM fibrous alignment in the forming 
atrioventricular valves, we examined the expression of 
collagen and elastin in the AVC endocardial cushions 

between embryonic day 10.5 (ie, active EndMT) and 
embryonic day 16.5 (ie, the formation of the valve 
leaflets). The results showed weak collagen I pres-
ence at AVC at embryonic day 10.5 and embryonic 
day 11.5 during the cellularization of the AVC endo-
cardial cushions by EndMT. Beginning at embryonic 
day 12.5, its expression in the cushion mesenchyme 
becomes prominent, and the expression persists at a 
high level from embryonic day 13.5 to embryonic day 
16.5 (Figure 5A). Similarly, elastin is expressed at a high 
level in the mesenchymal cells after embryonic day 
13.5, but its expression is absent in these cells before 
embryonic day 13.5 (Figure 5B).

To explore whether loss of Crk and Crkl affected 
ECM deposition, we then examined the production of 
the major ECM components (proteoglycans, collagens, 
and elastin) in the remodeling atrioventricular valves 

Figure 3.  Spatiotemporally regulated programmed cell death in the developing atrioventricular 
valves.
A, Representative images of TUNEL assay showing the apoptotic cells (green) in the developing 
atrioventricular valves (outlined by solid lines) of wild-type embryos at the stages from embryonic day 10.5 
to embryonic day 16.5. The valve mesenchymal cells were marked by coimmunostaining for SLUG (red). 
The insets show the higher magnification of the boxed region outlined by dashed lines. B, A bar graph 
showing the quantification of the average density of the apoptotic cells in the forming atrioventricular 
valves. n=3/group, #P<0.01 by ANOVA test. TUNEL indicates terminal deoxynucleotidyl transferase dUTP 
nick end labeling.
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isolated from embryonic day 13.5 hearts by RT-qPCR. 
We found that the expression of Acan, encoding for a 
major proteoglycan Aggrecan, is significantly downregu-
lated in the DKO atrioventricular valves when compared 
with the control valves, whereas the expression of other 
proteoglycan genes, Vcan, Habp2, and Hapln1, is not af-
fected (Figure 6A). In addition, Alcian blue staining and 

immunostaining for Vcan and Habp2 showed that pro-
teoglycan deposition is not affected in the DKO atrioven-
tricular valves (Figure S7). On the other hand, the results 
of RT-qPCR showed that the expression of several col-
lagen genes (Col1a1, Col1a2, Col3a1 and col11a1) and 
elastin (Eln) is significantly decreased in the DKO atrioven-
tricular valves (Figure 6A). We confirmed the expression 

Figure 4.  Loss of endocardial Crk and Crkl inhibits programmed cell death.
A, Representative images of TUNEL assay showing reduced TUNEL-labeled apoptotic cells (green) 
in the AVC endocardial cushions (outlined by dashed lines) of embryonic day 13.5 DKO embryos. 
Coimmunostaining for TNNI (red) marks the cardiomyocytes. B, A bar graph showing the quantification 
result of the number of the apoptotic cells. n=4/group. C, Representative images of immunostaining 
showing the reduced expression of cleaved caspase 3 in the AVC endocardial cushions (outlined by 
dashed lines) of embryonic day 13.5 DKO embryos. D, A bar graph showing the quantification result of 
the caspase 3 staining. n=3/group. E, RT-qPCR analysis of gene expression in the atrioventricular valve 
tissues from embryonic day 13.5 control and DKO embryos. n=4/group. Unpaired Student’s t test was 
used for the statistical calculation. *P<0.05. AVC indicates atrioventricular canal; DKO, double knockout; 
RT-qPCR, real-time quantitative polymerase chain reaction; and TUNEL, terminal deoxynucleotidyl 
transferase dUTP nick end labeling.
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changes at the protein levels by immunostaining for col-
lagen I and elastin, 2 major ECM components in the re-
modeling atrioventricular valves (Figure 6B through 6E). 
Significantly, we found that collagen and elastin form 
distinct fibrous networks in the remodeling atrioven-
tricular valves of embryonic day 13.5 control embryos, 

but the fibrous networks appear to be disorganized in 
the DKO embryos (Figure 6B and 6C). These findings 
demonstrate that Crk and Crkl are required for the de-
velopmentally regulated ECM synthesis and organized 
ECM deposition in the remodeling atrioventricular valves 
to acquire the delicate leaflet structure and function.

Figure 5.  Spatiotemporally regulated synthesis and deposition of collagen I and elastin in the developing atrioventricular 
valves.
A and B, Representative immunostaining images showing increased synthesis and deposition of collagen I (A) and elastin (B) in the 
developing wild-type atrioventricular valves. Note that collagen I is weakly in the AVC endocardial cushions between embryonic 
day 10.5 and embryonic day 11.5, and its expression is upregulated from embryonic day 12.5 in the remodeling atrioventricular 
endocardial cushions and valves. Elastin is not expressed in either endocardial or mesenchymal cells before embryonic day 13.5, but 
it is expressed at a high level in the atrioventricular valve mesenchyme from embryonic day 13.5 to embryonic day 16.5. C, Summary 
of the expression of collagen I and elastin during early valve (cushion) growth (embryonic day 10.5 to embryonic day E13.5) and late 
valve remodeling (transformation of endocardial cushions into the valve leaflets [embryonic day 13.5 to embryonic day 16.5]). AVC 
indicates atrioventricular canal; and E, embryonic day.
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Endocardial Crk and Crkl Regulate 
Signaling Genes Involved in Valve 
Morphogenesis
Crk and Crkl play central roles in coordinating and me-
diating diverse cellular signaling at the protein level that 
can directly or indirectly affect cell apoptosis and ECM 
synthesis. Given the complexity of the protein activities 
regulated by Crk and Crkl, we decided to reveal how 

Crk and Crkl regulate programmed cell death and ECM 
production in the remodeling of atrioventricular valves 
at the mRNA level by a candidate gene approach. We 
performed RT-qPCR analysis to reveal the mRNA ex-
pression of key genes involved in mesenchymal mor-
phogenesis in the remodeling atrioventricular valves 
isolated from embryonic day 13.5 control versus DKO 
hearts. We found that the expression of transcription 

Figure 6.  Loss of endocardial Crk and Crkl impairs ECM synthesis and deposition.
A, RT-qPCR analysis shows downregulated expression of major ECM genes encoding collagens, elastin, 
and Acan in the atrioventricular valve regions of embryonic day 13.5 DKO hearts. The expression of Tf2b 
was used as internal control. n=4/group. B through E, Quantitative immunostaining shows dysregulated 
deposition of collagen I (B and C) and elastin (D and E) in the remodeling atrioventricular cushions or valves 
(outlined by solid lines) of embryonic day 13.5 DKO embryos. n=4/group. *P<0.05; ΔP<0.01; #P<0.001 by 
unpaired Student’s t test. DKO indicates double knockout; ECM, extracellular matrix; and RT-qPCR, real-
time quantitative polymerase chain reaction.



J Am Heart Assoc. 2023;12:e029683. DOI: 10.1161/JAHA.123.029683� 11

Wu et al� Endocardial Crk/Crkl in Heart Valve Development

factors (Nf1, Msx1, Nfatc1, Id3, Twist1)9,32–35 and sign-
aling molecules (Bmp4, Bmpr1a, Bmpr2, Tgfbr2, Ctgf, 
Wnt4),10,36–38 all known for valve remodeling, was signifi-
cantly reduced in the remodeling atrioventricular valves 
of the DKO hearts (Figure 7). Additionally, immunostain-
ing revealed that the level of phospho-extracellular 
signal-regulated kinase 1/2, but not pSMAD1/5/9, was 
significantly reduced in the remodeling atrioventricu-
lar valves of DKO embryos when compared with their 
littermate controls (Figure  S8), indicating that loss of 
Crk and Crkl affected extracellular signal-regulated ki-
nase (ERK) signaling. Together, these findings suggest 
that Crk and Crkl may regulate the molecular signals 
at the transcriptional level, in addition to their known 
functions in modulating cell signaling activities at the 
protein level.

DISCUSSION
The heart valves are the gatekeeper for the unidirec-
tional blood flow essential for heart development and 
functions.3,39 Heart valve development is a complex 
process that requires precise cell functions in differen-
tiation, migration, proliferation, and apoptosis, as well 
as the organized ECM deposition that provides the 
proper scaffold and the mechanic signaling; together, 
they sculpture the working heart valves.13 These func-
tions are tightly controlled by multiple interactive sign-
aling pathways; genetic mutations affecting individual 
pathways can cause congenital heart valve disease 
with common structural defects, leading to significant 
clinical consequences. In the present study, we aimed 
to better understand the developmental pathogenesis 

Figure 7.  Characterization of molecular defects in the remodeling atrioventricular endocardial 
cushions and valves.
RT-qPCR analysis of the expression of genes involved in the mesenchymal tissue morphogenesis (ie, the 
valve remodeling) using the AVC endocardial cushions from embryonic day 13.5 control and DKO hearts. 
Note that there are downregulated transcription factors (Nf1, Msx1, Nfatc1, Id3, and Twist1) and signaling 
molecules (Ctgf, Bmp4, Bmpr2, Tgfbr2, Wnt4, Notch1, and Hey3) in the remodeling atrioventricular 
endocardial cushions or valves of embryonic day 13.5 DKO hearts. The expression of Tf2b was used as 
internal control. n=4/group. *P<0.05; ΔP<0.01 by unpaired Student’s t test. AVC indicates atrioventricular 
canal; DKO, double knockout; and RT-qPCR, real-time quantitative polymerase chain reaction.
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of congenital heart valve disease by studying the endo-
cardial specific functions of 2 key signaling and human 
disease genes, Crk and Crkl, in the mouse model. We 
found that the loss of Crk and Crkl in the endocar-
dial lineage causes anomalous atrioventricular valves 
and defective atrioventricular septum due to abnor-
mal remodeling of the AVC endocardial cushions. We 
characterized the underlying cellular defects as the re-
duced developmental programmed cell death as well 
as altered ECM production and alignment. We further 
showed that Crk and Crkl regulate the mRNA level of 
several key genes, including transcription factors and 
signaling molecules involved in the post-EndMT valve 
remodeling (Figure 8). Together, these findings inform a 
previously unknown role for Crk and Crkl in the endo-
cardial lineage for heart valve development.
Crk and Crkl are expressed ubiquitously in the devel-
oping mouse heart, and germline inactivation studies 
have shown that loss of either Crk or Crkl causes car-
diovascular defects in mice.25,28 In our study, we exam-
ined their specific tissue functions in the endocardial 
lineage during mouse heart development by double 
knockouts, as individual endocardial gene inactivation 
did not result in any significant heart valve defect. We 
found that the deletion of all 4 alleles of both genes is 
embryonic lethal around embryonic day 15.5 and em-
bryonic day 16.5, suggesting that Crk and Crkl have 
shared functions and work redundantly in the endo-
cardial lineage during heart development. Overlapping 
functions of Crk and Crkl are found in many biological 
systems, including neuronal and T-cell migration, neu-
romuscular synapse formation, podocyte morphogen-
esis, natural killer cell expansion and differentiation, 
lens fiber cell elongation, and postnatal lens capsule 
development.29,40 In the developing mouse heart, Crk 
and Crkl have shared functions in the cardiac neural 
crest cells for OFT septation by regulating vascular 
smooth muscle differentiation and apoptosis.30

Here, we show that loss of Crk and Crkl in the en-
docardial lineage affects remodeling of AVC endocar-
dial cushion, leading to immature atrioventricular valves 
with defective atrioventricular septa. Surprisingly, we 
did not observe morphological changes at the form-
ing AVC endocardial cushions at embryonic day 11.5, 
indicating that EMT was not affected by the double 
deletion; however, we could not rule out a possibility 
of incomplete deletion and residual protein functions 
that might be sufficient in supporting EMT and early 
endocardial cushion development. Also unexpectedly, 
the double deletion does not affect the remodeling of 
OFT endocardial cushions and the formation of the 
semilunar valves, although the cardiac OFT defects in-
cluding double-outlet right ventricular, overriding aorta, 
and tetralogy of Fallot are common in the Crkl germline 
null mice.25,26,41 This difference may reflect the fact that 
the endocardial cell is the major progenitor cell source 

for the endocardial cushion mesenchyme of the AVC 
and the atrioventricular valves,11 whereas the OFT en-
docardial cushions and the semilunar valves are made 
of 3 progenitor populations in the endocardium,10 the 
cardiac neural crest,9,42–44 and the secondary heart 
field.45–47 Thus, the loss of Crk and Crkl cells and func-
tions in the endocardial lineage at OFT may be compen-
sated by other cell lineages. Future studies are needed 
to attest this possibility. Nonetheless, our findings sup-
port a redundant role for Crk and Crkl in the endocardial 
lineage for the atrioventricular valve formation, whereas 
their functions in the cardiac neural crest and second-
ary heart field are critical for the proper alignment and 
separation of OFT during heart development.

One significant observation made in this study is 
that programmed cell death in the remodeling AVC en-
docardial cushions is tightly and developmentally reg-
ulated, with the peak of apoptosis occurring around 
embryonic day 12.5 and embryonic day 13.5 when the 
endocardial cushions (ie, the valve primordia) are being 
sculptured into the elongated valve leaflets. The loss-of-
function studies indicates that Crk and Crkl are required 
for this developmentally regulated apoptosis in the re-
modeling AVC endocardial cushions. Interestingly, Crk 
and Crkl are also required for the cytoskeletal remodel-
ing following acute podocyte injury in mice, and Crk null 
mouse embryonic fibroblasts are strongly resistant to 
endoplasmic reticulum stress–induced apoptosis, sug-
gesting that CRK can function as a proapoptotic protein 
under certain pathological conditions.48,49

Another important finding in this study is that ECM 
synthesis and deposition are also temporally regulated 
in the remodeling AVC endocardial cushions. This is 
exemplified by the markedly upregulated expression 
of Col1a1 and Eln, which are 2 major ECM proteins in 
the AVC endocardial cushions at embryonic day 12.5 
and embryonic day 13.5, and high expression is con-
tinued to embryonic day 16.5 when the cushions are 
shaped into the valve leaflets. Notably, Crk and Crkl 
are also required for maintaining the high expression 
of Col1a1 and Eln, as well as the proper alignment of 
collagen and elastin fibers that is critical for the heart 
valve remodeling and functions; their dysregulated 
deposition and alignment are associated with congen-
ital and adult heart valve disease.50,51 Whether apopto-
sis and ECM organization are functionally interacted or 
connected is not clear in our study; however, we show 
that both morphological events are dependent on the 
expression of Crk and Crkl in the endocardial lineage, 
and they are dysregulated in the remodeling AVC en-
docardial cushions of the double null hearts.

Crk and Crkl are major adaptor proteins involved in 
multiple cell signals by protein–protein interactions.18 
For instance, Crk proteins mediate the vascular endo-
thelial growth factor signaling through the ERK, AKT, 
and JNK pathways to regulate proliferation, migration, 
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survival of endothelial cells,52 and crosstalk with trans-
forming growth factor-β pathway in tumor cells,53,54 
whereas Crkl is required for fibroblast growth factor 
8–induced ERK activation during OFT development.26 
In our study, we found by immunostaining that loss 
of Crk and Crkl resulted in reduced ERK signaling in 
the developing heart valves, while it had no effect on 
transforming growth factor-β signaling. These results 
suggest that reduced ERK signaling may contribute to 
the atrioventricular valve phenotype.

We did not attempt to dissect out the cell signaling 
changes at the protein or signaling level, as the com-
bined deletion of Crk and Crkl affects the expression of 

genes involved in bone morphogenetic protein (BMP)/
transforming growth factor-β, WNT, and connective tis-
sue growth factor pathways, and all are critical for the 
valve remodeling and likely interact each other. Instead, 
we examined the mRNA expression of 47 candidate 
genes that are involved in cell signaling during tissue 
morphogenesis as the readout for the Crk and Crkl 
dependent coregulations during the valve remodeling. 
We found downregulation of transcription factors (Nf1, 
Msx1, Nfatc1, Id3, Twist 1) and signaling molecules 
(Ctgf, Hey3, Bmp4, Bmpr1a, Bmpr2, Tgfbr2, Tgfbi, 
Wnt4) in the remodeling AVC endocardial cushions re-
sulting from the endocardial deletion of Crk and Crkl. 

Figure 8.  Schematic shows the essential roles of Crk/Crkl in the remodeling of atrioventricular 
endocardial cushions and valves.
A, Transformation of endocardial cushions into valve leaflet starts between embryonic day 12.5 
and embryonic day 13.5. This process is impeded by loss of Crk/Crkl (DKO) in endocardial lineage. 
Spatiotemporally regulated apoptosis (green dots) is required for normal atrioventricular cushion 
remodeling at AVC. Loss of Crk and Crkl leads to markedly reduced apoptosis. Additionally, major 
ECM proteins, collagen and elastin (red lines), are significantly upregulated at atrioventricular cushion 
between embryonic day 12.5 and embryonic day 13.5 to provide the scaffold supporting valve leaflet 
elongation. Loss of Crk/Crkl results in decreased expression of both proteins and misalignment of fibrous 
networks. B, Mechanistically, our results suggest that loss of Crk/Crkl downregulates the expression 
of genes involved in the BMP/TGF-β, CTGF, and WNT signaling pathways, which together may lead to 
the valve morphogenic defects. AVC indicates atrioventricular canal; BMP, bone morphogenetic protein; 
CTGF, connective tissue growth factor; DKO, double knockout; ECM, extracellular matrix; and TGF-β, 
transforming growth factor-β.



J Am Heart Assoc. 2023;12:e029683. DOI: 10.1161/JAHA.123.029683� 14

Wu et al� Endocardial Crk/Crkl in Heart Valve Development

We predict that the sum of these changes may cause 
the signaling collapse, leading to dysregulated apop-
tosis and ECM synthesis, which in turn contribute  to 
the malformation of the atrioventricular valves. Future 
studies are needed to identify the major signaling path-
way(s) regulated by Crk and Crkl during atrioventricular 
valve development.

In summary, our study suggests a critical role for 
Crk and Crkl in the endocardial lineage for heart valve 
development by regulating program cell death and or-
ganized ECM synthesis and the underlying morpho-
genic signaling.
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Table S1. A list of antibodies used in this study. 

 

Antibodies Manufacture Cat # Dilution (IF) 

Caspase3 CST #9664 1:100 

Collagen I Abcam ab34710 1:100 

CRK BD 610036 1:100 

Elastin Abcam ab21600 1:100 

HABP2 Abcam ab181837 1:100 

pERK1/2 CST #9101 1:100 

pH3 CST #9701 1:100 

pSMAD1/5/9 CST #13820 1:100 

SLUG CST #9585 1:100 

SOX9 R&D system AF3075 1:100 

TWIST1 Santa Cruz Sc-8417 1:100 

Versican Abcam ab177480 1:100 

 

  



 

Table S2. A list of primers used in this study. 

 

Gene 
NCBI reference 

number 
Primer 

sequence (Related to Fig. 3E) 

Fasl NM_001205243 
5'-GCAGAGGCACAGAGAAAGAA-3' 

5'-CACCCTGGAAGTGAGTGTAAAG-3'  

Fas NM_007987.2  
5'-CTTGCTGGCTCACAGTTAAGA-3' 

5'-GGGCCTCCTTGATATAATCCTTC-3' 

Tnf NM_013693 
5'-CTACCTTGTTGCCTCCTCTTT-3' 

5'-GAGCAGAGGTTCAGTGATGTAG-3'  

Tnfsf10 NM_009425 
5'-CAGCCCTAAAGTACCCAGTAATC-3' 

5'-CACATCTGTCCTGAGGTTTCTAC-3'  

Tnfsf12 NM_011614 
5'-AGTCCTGTCCTCTCCTCAAA-3' 

5'-TGGTGGGATGGGATGTTAAAG-3'  

Tnfsf15 NM_177371 
5'-GAGGCTCACAGTAGCAAGTAAA-3' 

5'-CAGCCTGTATACCCTCTGAAAC-3'  

Tnfr1 NM_011609 
5'-GCTAGGTCTTTGCCTTCTATCC-3' 

5'-CTTTCCAGCCTTCTCCTCTTT-3'  

Tnfr2 NM_011610 
5'-GAGTTGGATCCCTGACCATAAG-3' 

5'-GTGAGTGTGTGTGCAAGAATG-3'  

Casp3 NM_009810 
5'-CAGTGGACTCTGGGATCTATCT-3' 

5'-TGACATTCCAGTGCTCTTATGG-3'  

Casp8 NM_001080126 
5'-GACAGGAGGAACAAGGGAAAG-3' 

5'-TGTGGAGAGCACACATCATTAG-3' 

Bad NM_007522.3 
5'-AGGATGAGCGATGAGTTTGAG-3' 

5'-TCCCACCAGGACTGGATAA-3' 

Bax NM_007527.4 
5'-GTGGTTGCCCTCTTCTACTTT-3' 

5'-CAGCCCATGATGGTTCTGAT-3' 

Bid NM_007544.4 
5'-GAACAGCTGTCTCCCTATTTCC-3' 

5'-CCGGCGTAAACTCTTCAGATAC-3' 

Bim NM_001284410.3 
5'-TCCAGTACATTGGGATGATGTTAG-3' 

5'-CTCTCCAGAGCTTACGGATAGA-3' 

Bcl2 NM_009741.5  
5'-GAGCAGGTGCCTACAAGAAA-3' 

5'-CTTTGTCCTCTGACTGGGTATG-3' 

Bclw NM_001417491.1 
5'-GTGGGTAGAAGCTTTGGTAGTT-3' 

5'-GCTGGATAGAGAGACCCTAGAA-3' 

Gene 
NCBI reference 

number 
Primer 

sequence (Related to Fig. 4A) 

Col1a1 NM_007742 
5'-TTCTCCTGGCAAAGACGGACTCAA-3'  

5'-AGGAAGCTGAAGTCATAACCGCCA-3'  

Col1a2  NM_007743.3 5'-CCAGAGTGGAACAGCGATTAC-3' 



 

5'-GATGCAGGTTTCACCAGTAGAG-3' 

Col3a1 NM_009930.2  
5'-AGCTTTGTGCAAAGTGGAACCTGG-3'  

5'-CAAGGTGGCTGCATCCCAATTCAT-3'  

Col9a1 NM_007740.3 
5'-GGGAGACAGAGGCATTCAAG-3'  

5'-GTATTCCATCTCGGCCATCTAC-3'  

Col11a1 NM_007729  
5'-AGTTGGTCTGCAGTGGCAATTTCG-3'  

5'-AGATCCCAGATCCACCGTTTCGTT-3'  

Cthrc1 NM_026778.3 
5'-CCCATCGAAGCCATCATCTATC-3' 

5'-CAATCCCTTCACAGAGTCCTTC-3' 

Eln NM_007925 
5'-CTACTGCTTGGTGGAGAATGT-3'  

5'-TTCCTTGTCCTGTGGGTTTC-3' 

Acan NM_007424 
5'-TCTGGCTTTCCAACTGTCTCCCTT-3'  

5'-ACTTCTCCTGAACCACTGATGCCA -3'  

Vcan NM_001081249 
5'-TCCAGGAGAAACAGTTGGGATGCT-3'  

5'-AAGGAAGGAAAGGTTGGCCTCTCA-3'  

Habp2 XM_006527014 
5'-GAACAGAGAGGCCTTCAACTAC-3' 

5'-GAGAGCCCAATGACTGACTTC-3' 

Hapln1 NM_013500.4  
5'-GAGGTGATTGAAGGGCTAGAAG-3' 

5'-GTCCCAGTCGTGGAAAGTAAG-3' 

Scx NM_198885.3  
5'-TCTGCCTCAGCAACCAGAGAAAGT-3'  

5'-ACTCTTCAGTGGCATCCACCTTCA-3'  

Dcn NM_001190451.2 
5'-GGTCGTCTACCTTCACAACAA-3'  

5'-GTAAAGACTCACAGCCGAGTAG-3' 

Fbln1 NM_001347088.1 
5'-GTGCTAATGTCTATGGCTCCTAC-3'  

5'-CAGGGCACACTCATCAATATCT-3'  

Fbn2 NM_010181.2 
5'-GAGCACAATGAGGACGACTAC-3' 

5'-CAAGTCTGCAGAGGGCTAATAC-3' 

Mmp9 NM_013599 
5'-TGAACAAGGTGGACCATGAGGTGA-3'  

5'-TAGAGACTTGCACTGCACGGTTGA -3'  

Mmp13 NM_008607 
5'-TGGCTTAGAGGTGACTGGCAAACT-3'  

5'-TATTCACCCACATCAGGCACTCCA -3'  

Gene 

NCBI 
reference 
number 

Primer 
sequence (Related to Fig. 7) 

Tbx20 NM_194263 
5'-CGCTTTGCTTGCTCTCTGGAACTT-3'  

5'-TGCTCAGGAACCTGGACTGACAAA-3'  

Sox9 NM_011448 
5'-GAAAGGAAGGAAGGAAGGAAGG-3'  

5'-TAAAGCTCACCAATGCTCTATGT-3'  

Nf1 NM_010897 
5'-ATCTGCCTGGCTCAGAATTCACCT-3'  

5'-AACGCAGAATTGGTGATGATGCGG-3'  

Msx1 NM_010835 
5'-TCCTGGTTGTCGCTTCCTAAACCT-3'  

5'-TAAATCTCTTGGCCTCTGCACCCT-3'  



 

Msx2 NM_013601 
5'-TGAGGAAACACAAGACCAACCGGA-3'  

5'-ACAGGTACTGTTTCTGGCGGAACT-3'  

Snail NM_011427 
5'-ACAGCTGCTTCGAGCCATAGAACT-3'  

5'-TGTACCTCAAAGAAGGTGGCCTGA-3'  

Slug NM_011415 
5'-ACTACAGCGAACTGGACACACACA-3'  

5'-AAAGGCCACTGGGTAAAGGAGAGT-3'  

Nfatc1 NM_001164109 
5'-AGATGGTGCTGTCTGGCCATAACT-3'  

5'-TGGTTGCGGAAAGGTGGTATCTCA-3'  

Id1 NM_010495 
5'-TTCTCAGGATCATGAAGGTCGCCA-3'  

5'-TTTGCTCCGACAGACCAAGTACCA-3'  

Id2 NM_010496 
5'-TGCCCAATGTAAGCAGACTTTGCC-3'  

5'-ACAGCATTCAGTAGGCTCGTGTCA-3'  

Id3 NM_008321 
5'-TACTCTCCAACATGAAGGCGCTGA-3'  

5'-AGCAGTGGTTCATGTCGTCCAAGA-3'  

Twist1 NM_011658 
5'-AGTCTGAACACTCGTTTGTGTCCC-3'  

5'-ATGCCTTTCCTGTCAGTGGCTGAT-3'  

Ctgf NM_010217.2 
5'-ACCTGTGCCTGCCATTAC-3'  

5'-GTCCCTTACTTCCTGGCTTTAC-3' 

Bmp2 NM_007553 
5'-TGTGGGCCCTCATAAAGAAGCAGA-3'  

5'-AGCAAGCTGACAGGTCAGAGAACA-3'  

Bmp4 NM_007554 
5'-TGGCTCCCAAGAATCATGGACTGT-3'  

5'-ACCATCAGCATTCGGTTACCAGGA-3'  

Bmpr1a NM_009758 
5'-AATGCAAGGATTCACCGAAAGCCC-3'  

5'-ACAGCCATGGAAATGAGCACAACC-3'  

Bmpr2 NM_007561 
5'-TGGCAGTGAGGTCACTCAAGGAAA-3'  

5'-GCAGTTGACATTGGGTTGACCGTT -3'  

Tgfbr1 NM_009370 
5'-TGTCAAAGTCAGTCCGTTGGGTCT-3' 

5'-ACTTTGAAAGCCACACAAGCCCTG-3'  

Tgfbr2 NM_009371 
5'-AGATGGCTCGCTGAACACTACCAA-3' 

5'-AGAATCCTGCTGCCTCTGGTCTTT-3'  

Tgfbi NM_009369.5 
5'-GCATTGCTGCCCATGATAAG-3'  

5'-CTCCCTTCAGGACATCCATAAC-3' 

Wnt4 NM_009523 
5'-ACTGCCCAGGCCAAAGAAATTCAC-3'  

5'-ATATGCTGAGCTACGTCACGCCTT-3'  

Nrg1 NM_178591 
5'-AAACGACCCAGGAGTATGAGCCAA-3'  

5'-TTGGGTTGCTGTCCATTTCCAACC-3'  

Hbegf NM_010415 
5'-TTATCCTGCTGTTCTTCGGGTGCT-3' 

5'-TCAACTCCAAAGCTCCCTGCTCTT-3'  

Vegfa NM_001025250 
5'-TCACCAAAGCCAGCACATAGGAGA-3'  

5'-TTTCTCCGCTCTGAACAAGGCTCA-3'  

Notch1 NM_008714 5'-AGTGTCAGAGGCCAGCAAGAAGAA-3'  



 

5'-TGATTGTCGTCCATCAGAGCACCA-3'  

Hey1 NM_010423 
5'-GAAACTTGAGTTCGGCGCTGTGTT-3'  

5'-AGATCCCTGCTTCTCAAAGGCACT-3'  

Hey1 NM_013904 
5'-AGGCTACTTTGATGCCCATGCTCT-3'  

5'-ACCTAGCCACTTCTGTCAAGCACT-3'  

 Hey3 NM_013905 
5'-AGCATAGTCCCAATCCCACCATGT-3'  

5'-TGGTTGTGGGAAGTCAGCTCAGAA-3'  

 

  



 

Figure S1. Semi-quantification of CRK protein level (A) and Crkl mRNA level (C) in the 

AVC endocardial cushion.  

 

The bar charts show the semi-quantification results of the CRK protein level (showed in Figure 

1A) and Crkl mRNA level (showed in Figure 1C) in the AVC endocardial cushion. AVC, 

atrioventricular canal. DKO, Crk and Crkl double knockout. 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

Figure S2. Loss of Crk and Crkl in the endocardial lineage does not affect endocardial cushion 

formation at AVC and OFT. 

 

H&E stained serial sections of E10.5 control and DKO hearts across the endocardial cushion 

regions at AVC and OFT outlined by dashed and solid lines, respectively. AVC, atrioventricular 

canal. OFT, outflow tract. DKO, Crk and Crkl double knockout. 

  



 

Figure S3. Loss of Crk and Crkl in the endocardial lineage does not affect the formation of 

OFT endocardial cushions. 

 

H&E stained serial sections across the OFT endocardial cushions of E12.5 control and DKO 

embryos show comparable morphology. OFT, outflow tract. DKO, Crk and Crkl double knockout. 

 

 

 

 

 

 

 

 

 

 



 

Figure S4. Loss of Crk and Crkl in the endocardial lineage does not affect semilunar valve 

development. 

 

H&E stained serial sections across the forming semilunar valves of E14.5 control and DKO 

embryos show comparable morphology. DKO, Crk and Crkl double knockout. 

 

  



 

Figure S5. Loss of Crk and Crkl in the endocardial lineage does not affect myocardial 

development of E14.5 heart. 

 

H&E stained serial sections of E14.5 hearts show morphology of left ventricular region. The bar 

chart shows the quantification for the thickness of ventricular free wall.  n=3/group. DKO, Crk 

and Crkl double knockout. 

 

  



 

Figure S6. Loss of Crk and Crkl in the endocardial lineage does not affect cell proliferation 

in the remodeling AVC endocardial cushions. 

 

A, Representative images of EdU assays showing EdU+ (red) proliferative cells in the forming 

atrioventricular valves derived from endocardial cells positive for the lineage marker GFP (green) 

of E13.5 control and DKO embryos. B, Bar graph showing the quantification of the proliferative 

cells. n=3/group. C, Representative immunostaining images showing the proliferative cells 

expressing pH3 (red) in the remodeling atrioventricular valves expressing mesenchymal marker 

SOX9 (green) of E13.5 control and DKO embryos. D, Bar graph showing the quantification of 

pH3 positive cells (the ratio of pH3 positive cells among all SOX9-expressing mesenchymal cells). 

n=4/group. Unpaired Student’s t-Test was used for statistical calculation. DKO, Crk and Crkl 

double knockout. 

 

 

 

 

 

 

 

 

 

 



 

Figure S7. Loss of Crk and Crkl in the endocardial lineage does not affect the expression of 

major proteoglycans. 

 

A, Representative images of Alcian Blue staining showing a comparable level of proteoglycans in 

the remodeling atrioventricular valves of E13.5 control and DKO embryos. B and C, 

Representative immunostaining images showing a comparable level of VCAN (B) and HABP2 

(C) in the remodeling atrioventricular valves of E13.5 control and DKO embryos. DKO, Crk and 

Crkl double knockout. 

  



 

Figure S8. Loss of Crk and Crkl reduces ERK signaling. 

 

Representative images of immunostaining showing the protein level of pERK1/2 and 

pSMAD1/5/9 in the remodeling atrioventricular valves of E13.5 control and DKO hearts. The 

fluorescence intensity was quantified. n=4/group. Unpaired Student’s t-Test was used for 

statistical calculation.  p<0.01. DKO, Crk and Crkl double knockout. 
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