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Abstract

CRK and CRKL encode cytoplasmic adaptors that contribute to the etiology of congenital heart disease. Neural crest cells (NCCs) are
required for cardiac outflow tract (OFT) septation and aortic arch formation. The roles of Crk/Crkl in NCCs during mouse cardiovascular
development remain unknown. To test this, we inactivated Crk and/or Crkl in NCCs. We found that the loss of Crk, rather than Crkl,
in NCCs resulted in double outlet right ventricle, while loss of both Crk/Crkl in NCCs resulted in severe defects with earlier lethality
due to failed OFT septation and severe dilation of the pharyngeal arch arteries (PAAs). We found that these defects are due to altered
cell morphology resulting in reduced localization of NCCs to the OFT and failed integrity of the PAAs, along with reduced expression
of Integrin signaling genes. Further, molecular studies identified reduced differentiation of vascular smooth muscle cells that may
in part be due to altered Notch signaling. Additionally, there is increased cellular stress that leads to modest increase in apoptosis.
Overall, this explains the mechanism for the Crk/Crkl phenotype.

Introduction

CRK and CRKL (CRK-like) together comprise the CRK adap-
tor gene family, and they encode intracellular cytoplas-
mic adaptor molecules, which act in many signaling
pathways (1). CRK/CRKL have src homolog region 2 (SH2)
and SH3 domains that are needed for protein-protein
interactions that transduce extracellular signals (2,3).
Both CRK and CRKL are ubiquitously expressed in all
cells and tissues (4,5). These proteins are involved in
many biological processes including cell migration, pro-
liferation, survival and differentiation (1). Overexpres-
sion of CRK/CRKL serve as cancer oncogenes (6); however,
our main interest is in their function in cardiovascular
development, particularly, the molecular pathogenesis of
congenital heart disease (CHD) caused by inactivation of
CRK and CRKL.

Both CRK and CRKL are human congenital disease
genes. CRK is in the chromosome 17p13.3 region and
haploinsufficiency of genes in this region causes Miller—
Dieker syndrome (MDS). Some affected MDS individu-
als have CHD including double outlet right ventricle
(DORV), tetralogy of Fallot (TOF), D-transposition of the
great arteries, atrial septal defect and ventricular septal
defects (VSDs) (7-10). CRKL is in the chromosome 22q11.2
region and haploinsufficiency of genes in this region
causes 22q11.2 deletion syndrome (22q11.2DS). Approxi-
mately 65% of affected 22q11.2DS individuals have CHD,

and among them, most have cardiac outflow tract (OFT)
defects such as persistent truncus arteriosus and TOF as
well as aortic arch anomalies (11,12). Since most affected
individuals have cardiac OFT defects, it is important to
explain their embryonic origin.

The cardiac OFT, including the aortic arch, forms
within the embryonic pharyngeal apparatus. This tempo-
rary structure is composed of individual arches on either
side that form dynamically, each containing a pharyngeal
arch artery (PAA). The PAAs join the cardiac OFT at the
aortic sac in which PAAs 3-6 become remodeled to form
the aortic arch with arterial branches (13). The cardiac
OFT undergoes septation by fusion of the dorsal aortic
sac wall protrusion (ASP) and distal cardiac OFT cushions
to form the aorta and pulmonary trunk (14,15).

Studies of mouse models showed that both Crk=/-
or Crkl= global null mutant embryos exhibited late-
gestation embryonic lethality with cardiac OFT defects
and vascular abnormalities (16-19). Dilation in the aortic
arch was observed in Crk~~ null mouse embryos (16).
The embryonic mesoderm is required for normal cardiac
OFT and vascular formation in the pharyngeal appa-
ratus (20). Inactivation of both genes in mouse meso-
dermal cells results in early-gestation embryonic lethal-
ity with severe cardiac OFT and vascular angiogenesis
defects (19). Taken together, these observations suggest
that Crk/Crkl play unique and shared roles in mouse
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cardiovascular development. Neural crest cell (NCC) defi-
ciency causes some of the observed defects in Crk/Crkl
null mutant mice (21-23). However, the NCC-specific
functions of Crk and Crkl for mouse cardiovascular devel-
opment are unknown thus far.

NCCs delaminate from the neural tube and migrate to
various regions of the embryo, and they can differentiate
into many cell types, including vascular smooth muscle
cells (24-26). In this study, we used the Wntl-Cre line
(27) to inactivate Crk and/or Crkl in the NCC lineage in
the mouse. We found that cardiovascular development
is sensitive to the dosage of Crk and Crkl in NCCs. Inac-
tivation of Crk, but not Crkl, in NCCs resulted in cardio-
vascular defects, but inactivation of both Crk/Crkl caused
lethality during early mid-gestation with failed cardiac
OFT septation and dilated PAAs. We examined the NCC
lineage as they migrated to the distal pharyngeal arches.
We found that the distal pharyngeal arches appeared
normal, but there was severely reduced NCC number in
the dorsal wall of aortic sac and cardiac OFT. We noticed
that the cellular shape became rounded with less pro-
trusions, along with reduction of expression of Integrin
signaling genes in the OFT and PAAs. We further identi-
fied reduced differentiation of vascular smooth muscle
cells that may occur due to altered Notch signaling. We
also identified modest increase in apoptosis downstream
of increased expression of cellular stress markers. These
cellular and molecular changes result in the lack of OFT
septation and dilation of PAAs observed in these embryos.

Results
Inactivation of both Crk and Crkl in NCCs results
in failed cardiac OFT septation and dilation of
PAAs in mouse embryos
To investigate the function of Crk and Crkl in NCCs, we
generated Crk and Crkl single and double conditional
knockout (cko) embryos using the Wnt1-Cre driver and
floxed alleles (16,27). Wntl is an early expressed NCC
marker gene and the Wntl1-Cre line is commonly used
to mediate gene inactivation in NCCs (27,28). Approx-
imately 60% of Crk cko embryos had DORV with an
obligate VSD (N =15; Fig. 1A). All Wnt1-Cre/+; Crk/* lit-
termates had normal hearts (N =5; Fig. 1A). We obtained
only 6.8% Crk cko mice compared to the expected 25% at
postnatal day P20 (total N=103; Table 1). This is consis-
tent with the frequency of DORV in Crk cko embryos. All
Crk~/~ embryos had a DORV (19) as we confirmed (N =7,
100% penetrance; Supplementary Material, Fig. S1). Thus,
Crk cko embryos had the same heart defect but with
reduced penetrance as compared to global null embryos.
A Crkl flox allele was generated before analyzing Crkl
cko mutants (Supplementary Material, Fig. S2). The Crkl
cko embryos had normal hearts at E15.5 (N=7; Fig. 1B)
and we obtained a normal Mendelian ratio of Crkl cko
mice at P20 (N =143; Table 2). This contrasts with the
phenotype in Crkl~/~ embryos, which die by E16.5 and
half of them had either DORV or an overriding aorta

(17,18). The data indicate that inactivation of Crkl in NCCs
alone is not sufficient to cause a cardiac phenotype.
We found that the relative expression of Crk is 2-fold
higher than Crkl in cardiac NCCs in Wnt1-Cre/+; GFP/*+
embryos at E10.5 (Supplementary Material, Fig. S2B and
C), which may partially explain why Crk cko mutants
had a cardiovascular phenotype, while Crkl cko mutants
did not.

To test for shared functions of Crk and Crkl in NCCs,
we examined the cardiovascular phenotypes of Wntl-
Cre/+; Cref; Crkl”f (Crk/Crkl cko), Wntl-Cre/+; CrkS;
Crkl/+, Wnt1-Cre/+; Crkf/+; Crkl’f and Wnt1-Cre/+; Crkf/+;
Crkl’* embryos. Both Crk and Crkl are ubiquitously
expressed in all cells at all developmental stages
(Supplementary Material, Fig. S3A). We confirmed that
the genes were inactivated in Crk/Crkl cko embryos at
E10.5 (Supplementary Material, Fig. S3).

We found that Crk/Crkl cko embryos died between
E11.5 and E12.5 (Table 3, Supplementary Material, Table
S1), which is earlier than in global Crk or Crkl null mutant
embryos. Histological analysis showed that Crk/Crkl cko
embryos exhibited dilated third and fourth PAAs, dilated
aortic sac as well as OFT septation defects (N=9, 100%
penetrance) at E11.5, compared to the Wnt1-Cre/4; Crkf/+;
Crkl/*+ double heterozygous littermates (N=6) which
exhibited normal structures, were viable and survived
normally (Fig. 1C; Table 3). The Wnt1-Cre/4; Crkf/+; Crkl/+
and Crk/Crkl cko embryos could be obtained from the
same litter; therefore, we used Wnt1-Cre/+; Crk//+; Crkl/+
double heterozygous embryos as the control in most of
the experiments.

Most of the Wntl-Cre/+; Crkf; Crkl’+ and Wnti-
Cre/+; Crk/+; Crkl”f three allele mutant embryos died
by E14.5 (Table 3, Supplementary Material, Tables
S1-3). Those embryos also exhibited dilated PAAs and
an OFT septation defect at E11.5 but were less severe
as compared to the Crk/Crkl cko littermates (Fig. 1C;
Supplementary Material, Fig. S4C). The third PAA forms
the common carotid arteries (CCAs) and the fourth
PAA forms a critical part of the aortic arch and the
subclavian arteries (13). The distal cardiac OFT is
physically connected to the third and fourth PAAs via the
aortic sac. The presence of both dilated PAAs/aortic sac
and OFT septation defects in Wnt1-Cre/4; Crk/f; Crkl/+,
Wntl-Cre/+; Crkf/+; Crkl’f three allele and Crk/Crkl cko
embryos made us wonder if the dilated vessels and OFT
septation defects occurred equally. At E12.5, Wnt1-Cre/+;
Crf; Crkl/+ and Wntl-Cre/+; Crk/+; Crkl”f three allele
mutant embryos exhibited severely dilated CCAs and
an OFT septation defect (Fig. 1D; Table 3). The aorta and
pulmonary trunk failed to become separated, and they
shared valves that are derived from cardiac OFT cushions
(Fig. 1D). All six Wnt1-Cre/+; Crkf; Crkl/+ embryos
examined had dilated CCAs and an OFT septation defect,
while nine Wnt1-Cre/+; Crk/+; Crkl”f embryos examined
had an OFT septation defect but only seven of them
had dilated CCAs (78% penetrance; Fig. 1D; Table 3). We
found that Wnt1-Cre/+; Crkf; Crkl’+ embryos exhibited
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Figure 1. Dosage-dependent requirement of Crk and Crkl in NCCs for cardiac OFT and aortic arch development. (A) Cardiac OFT alignment defects in
H&E sections from Crk cko embryos. DORV with VSD was observed in Crk cko embryos (A3; N =15). (B) Normal heart in Crkl cko embryos (N=7). (C) All
Wnt1-Cre/+; Crk’+; Crkl/+ double heterozygous embryos had normal anatomy (C1-C2; N =6). OFT septation defect with dilated PAA3 (C3) and dilated
aortic sac (C4) were found in Crk/Crkl cko embryos (N =9, 100% penetrance). (D) Cardiac OFT septation and vascular defects in Wnt1-Cre/+; Creff; Criif/+
(N=6) and Wnt1-Cre/+; Crk/+; Crkl”f three allele mutant embryos (N=9). Dilated common carotid arteries were shown in (D7, D10). Defective OFT
septation was shown (D8, D9, D11, D12, D14, D15). Black arrows in (D) indicate shared valves for the aorta and pulmonary trunk. VSD, ventricular septal
defect; PAA3, third pharyngeal arch artery; AS, aortic sac; Ao, aorta; Pt, pulmonary trunk; RV, right ventricle; LV, left ventricle. Scale bar: 250 um.
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Table 1. Analysis of the Mendelian ratio of Wnt1-Cre/+; Crk”f pups at postnatal day 20

Wnt1-Cre/+; Crkff Wnt1-Cre/+; Crkf/+ crkff Crkf/+ Total number
Number 7 31 42 23 103
Percentage 6.8% 30.1% 40.8% 22.3%
Table 2. Analysis of the Mendelian ratio of Wnt1-Cre/+; Crkl”f pups at postnatal day 20

Wnt1-Cre/+; Crkl’f Wnt1-Cre/+; Crklf/+ creif Crkl/+ Total number
Number 36 42 31 34 143
Percentage 25.2% 29.3% 21.7% 23.8%

Table 3. Summary of cardiovascular phenotypes in Crk and/or Crkl null and NCC cko embryos

Genotypes Embryonic lethality Dilated common carotid artery Cardiac OFT defect
Crkl~/= E16.5 No DORYV, TOF, VSD
(17,18) (50% penetrance) (17,18)
Crk=/~= E13.5-E15.5 (16) Yes (16) DORV, VSD (19)
(N=7,100% penetrance at E15)
Wnt1-Cre/+; Crel’f No No (N=7) No (N=7)
Wnt1-Cre/+; Cr/f E16.5-P20 No (N=5) DORV, VSD
(N=15, 60% penetrance at E15.5)
Wnt1-Cre/+; Cref/+; Crel/+ No No (N=7,E12.5) No (N=7,E12.5)
Wnt1-Cre/+; Crkf/f; Crklf/+ E12.5-E14 Yes OFT septation defect
(N=6, 100% penetrance at E12.5) (N=6, 100% penetrance at E12.5)
Wnt1-Cre/+; Cref/+; Crklf E12.5-E14 Yes OFT septation defect
(N=9, 78% penetrance at E12.5) (N=9, 100% penetrance at E12.5)
Wnt1-Cre/+; CrkS; crelf E11.5-E12.5 Yes OFT septation defect
(N=9, 100% penetrance at E11.5) (N=9, 100% penetrance at E11.5)

more severely dilated CCAs and an OFT septation defect
than Wnt1-Cre/+; Crkf/*; Crklf littermates (Fig. 1D). The
data suggest that Crk is more important than Crkl in
NCCs and that the OFT septation defect and dilated
CCAs do not always co-occur. The Wnt1-Cre/+; Crk/+;
Crkl’+ double heterozygous (N = 7) and control (Wnt1-Cre
negative, N=11) embryos had normal structures (Fig. 1D;
Table 3).

Besides the cardiac OFT and aortic arch, we found that
Crk and Crkl are also required for peripheral vascular
development in the head, neural tube and craniofacial
regions leading to blood hemorrhages when inactivated
(Supplementary Material, Fig. S5). As for other aspects of
cardiovascular development, peripheral vascular devel-
opment is more sensitive to Crk than Crkl in NCCs (Sup-
plementary Material, Fig. S5). Craniofacial hemorrhages
have been noted previously in global Crk null embryos
(16).

Crk and Crkl are required for allocating NCCs to
form the dorsal ASP and cardiac OFT cushions

Next, we tested whether NCCs are present in the aortic
sac and cardiac OFT in mutant embryos (Fig.2). The
dorsal ASP (also known as the dorsal wall protrusion of
aortic sac) (23) forms between ES.5 and E10.5 (Fig. 2A).
Following this, the aortopulmonary septum forms by

E11.5 (Fig. 2A). We used the Rosa26-GFP flox allele as
a reporter to label NCCs (29). In control embryos, few
NCCs were observed in the dorsal aortic sac wall and
distal cardiac cushions at E9.5 (Fig. 2A). By E10.5 and
later, many more NCCs were observed in those regions
and the ASP is present (Fig. 2A). At E9.5, there was no
obvious difference in these structures between Crk/Crkl
cko and control embryos (both N=4, Supplementary
Material, Fig. S4A). At E10.5, Crk/Crkl cko embryos (N =6)
exhibited a much thinner dorsal aortic sac wall, absent
or shorter dorsal ASP and hypoplastic OFT cushions, ver-
sus the control littermates (N =6, Fig. 2B). At this stage,
less NCCs were observed in the dorsal aortic sac wall,
dorsal ASP and OFT cushions in Crk/Crkl cko (N=15)
versus control (N =9) embryos (Fig. 2B). The Crk/Crkl cko
(N=7) and Wnt1-Cre/4; Crkf; Crkl/+/Wnt1-Cre/+; Crkf/*;
Crkl”f three allele mutant embryos (N=8) exhibited a
thinner dorsal aortic sac wall, shorter dorsal ASP and
hypoplastic OFT cushions, compared to either the Wnt1-
Cre/+; Crkf*; Crkl’+ double heterozygous or Wnt1-Cre
negative embryos at this stage (Supplementary Material,
Fig. S4B). Defects were usually more severe in Crk/Crkl
cko than Wntl-Cre/+; Crkf; Crkl/+/Wntl-Cre/+; Crkf/+;
Crkl”f three allele mutant littermates. As compared to
PAA defects, there was no obvious difference between
Wntl-Cre/+; Crf; Crkl/+ and Wntl-Cre/+; Crkf/+; Crklf
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Figure 2. Crk and Crkl are required for allocating NCCs to form the dorsal ASP and cardiac OFT cushions. (A) Transverse H&E and immunofluorescence
(stained with anti-GFP antibody) sections from wild-type embryos at E9.5-E12.5. Red arrows in (A) indicate dorsal ASP. Stars in (A) indicate position of
the aortopulmonary septum. (B) Defective formation of dorsal ASP and hypoplastic OFT cushions in Crk/Crkl cko embryos. Transverse sections with
same methods as for 2A, from control and Crk/Crkl cko embryos, respectively. Red arrows with long tails in (B) indicate dorsal ASP and red arrows with
short tails in (B) indicate one of OFT cushions. We observed a thinner dorsal aortic sac wall, much shorter dorsal ASP with less NCCs and fewer NCCs
in OFT cushions in Crk/Crkl cko embryos (B14, B15). At least six embryos for each genotype were analyzed. VSD, ventricular septal defect; PAA3, third
pharyngeal arch artery; PAA4, fourth pharyngeal arch artery; AS, aortic sac; Ao, aorta; Pt, pulmonary trunk. Scale bar: 250 um.
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Figure 3. Greatly reduced NCC localization in the aortic sac wall and OFT in Crk/Crkl cko embryos. (A) Sagittal view and the three-dimensional (3D)
reconstruction of whole mount GFP (green) embryos. Slightly fewer migratory NCCs in streams in Crk/Crkl cko versus Wnt1-Cre/+; Crkf/+; Crkl/+ double
heterozygous control embryos. White and red arrows in (A) indicate migrating NCC streams and cardiac OFT, respectively. Defective migrating NCC
streams were shown in (A4, A8). N =4 for each genotype. (B, C) Less NCCs in cardiac OFT and dorsal aortic sac wall regions in Crk/Crkl cko versus control
embryos at E9.5 (B) and E10.5 (C) as shown by immunofluorescence (B1-2, C1-2). Quantification of NCC numbers in cardiac OFT and dorsal aortic sac
wall regions in Crk/Crkl cko versus control embryos at E9.5 (B3) and E10.5 (C3). Each dot in graph represented one embryo (B3, C3). The graphs (B3, C3)
were plotted with mean and standard deviation. Two-tailed Student’s t-test was used for the statistical analysis. *: 0.01 <P < 0.05. ****: P <0.0001. The
genotype of the control embryos in (A-C) is Wnt1-Cre/+; Crk/+; Crkl”+. PAA3, third pharyngeal arch artery; AS, aortic sac. Scale bar in (A1-4, C1-2):

200 pm. Scale bar in (A5-8): 500 um. Scale bar in (B1, B2): 100 pm.

three allele mutant embryos and between two types of
controls (Wnt1-Cre/4; Crk+; Crkl’+ or Wnt1-Cre negative)
littermates.

Abnormal migration of NCC lineages in Wnt1-Cre/+;
Crkff; Crkl’*+, Wnt1-Cre/+; Crk’+; Crkl”f and
Crk/Crkl cko embryos

We then examined NCC distribution in mutant versus
control embryos (Fig. 3). NCCs were present normally
in the pharyngeal arches in Crk/Crkl cko and control
embryos at E8.5 and E9 (Supplementary Material, Fig. S6).
Whole mount immunofluorescence staining followed
by clearing of embryos was performed at E9.5 and
E10.5 to better visualize the NCC populations. NCC
migratory streams caudal to the otic vesicle are termed
post-otic NCC streams. There were slightly fewer NCCs
in the post-otic streams at E9.5 and E10.5 in Crk/Crkl
cko versus control embryos (N=4 for each genotype;
Fig. 3A; Supplementary Material, Fig. S6). There was no

obvious difference in the NCC populations in the distal
pharyngeal arches in Crk/Crkl cko versus control embryos
at E9.5 and E10.5 (Fig. 3A; sSupplementary Material,
Fig. S6). We then more carefully analyzed the NCC num-
ber in pharyngeal arches 3-6 plus the cardiac OFT after
FACS purification. There was a small reduction (~17%
reduction calculated by mean of two groups) of the total
number of NCCs in these regions in Crk/Crkl cko versus
Wnt1-Cre/+; GFPf* embryos at E10.5 (Supplementary
Material, Fig. S7). Thus, the small reduction of NCC
number in the distal pharyngeal arches alone might not
explain the severe phenotype in Crk/Crkl cko embryos.
We next focused on the aortic sac and cardiac OFT
regions. The distal cardiac OFT appeared dilated in
Crk/Crkl cko versus control embryos (Fig. 3A). We next
quantified NCC numbers in the aortic sac and cardiac
OFT on tissue sections. At E9.5, we observed few NCCs in
the dorsal aortic sac wall and cardiac OFT in Crk/Crkl cko
versus control embryos (Fig. 3B). At E10.5, we observed
far fewer NCCs in the dorsal aortic sac wall (plus
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Figure 4. Analysis of proliferation and apoptosis NCCs in Crk/Crkl cko versus control embryos at E10.5. (A) Transverse immunofluorescence sections
stained with anti-GFP, anti-pH3 antibodies and for EQU from Crk/Crkl cko versus Wnt1-Cre/+; Crkf/+; Crkl+ double heterozygous control embryos (A1-6).
(B, C) Quantification of the ratio of EAU (B) and pH3 (C) positive NCCs with respect to the total NCC cell number in the cardiac OFT of Crk/Crkl cko versus
control embryos. (D) Immunofluorescence TUNEL assay of apoptosis (D1-D6) from Crk/Crkl cko versus control embryos, with zoomed in images (D2,
D3, D5, D6) indicated in white box in (D1) and (D4), respectively. White arrows indicate the TUNEL positive NCCs. (E) Quantification of TUNEL positive
NCCs with respect to the total NCC cell number in the OFT. Each dot in graph represented one embryo (B, C, E). The genotype of the control embryos in
(A-E) is Wnt1-Cre/+; Crkf/*; Crkl/+_ (F) qQRT-PCR shows that Ddit4 and Bnip3 were significantly increased in FACS purified NCCs from Crk/Crkl cko versus
Wnt1-Cre/+; GFP/+ embryos. Each dot for qRT-PCR represents one biological replicate (pooled 4-6 embryos). The graphs (B, G, E, F) were plotted with
mean and standard deviation. Twwo-tailed Student’s t-test was used for the statistical analysis. *: 0.01 < P < 0.05. ns, no significance; PAA3 and PAA4, third
and fourth pharyngeal arch arteries; AS, aortic sac. Scale bar in (A and D): 200 pm.

dorsal ASP) and cardiac OFT in Crk/Crkl cko versus
control embryos (Fig. 3C; Supplementary Material, Fig.
S8). These observations suggest that NCCs are present
in the distal pharyngeal arches but significantly fewer
NCCs entered the dorsal wall of aortic sac, dorsal ASP and
cardiac OFT region in Crk/Crkl cko embryos. For the Wnt1-
Cre/+: Crkff: Crkl/+ and Wnt1-Cre/+; Crk/+: Crkl’f three
allele mutant embryos, significantly reduced number
of NCCs was also seen in the dorsal aortic sac wall
and cardiac OFT regions at E10.5, compared to controls
(Supplementary Material, Fig. S8).

Normal cell proliferation and increased apoptosis in
Crk/Crkl cko embryos

We tested whether the reduced number of NCCs
observed in the cardiac OFT and dorsal aortic sac wall

in Crk/Crkl cko embryos was due to defective NCC
proliferation (Fig.4). Using 5-ethynyl-2’-deoxyuridine
(EdU) labeling and anti-phospho-histone H3 (pH3)
antibody staining methods, there was no significant
difference between Crk/Crkl cko and control embryos
in the cardiac OFT and dorsal aortic sac wall regions at
E10.5 (Fig. 4A-C; Supplementary Material, Fig. S9A and
B).
Next, we checked whether apoptosis of NCCs was
increased by TUNEL staining. At E10.5, in mutant and
control embryos, very few cells underwent apoptosis
(Fig. 4D). Nonetheless, we saw a small but significant
increase in apoptosis of NCCs in the cardiac OFT in
Crk/Crkl cko versus control littermates (Fig. 4E). We did
not see any significant difference in the dorsal aortic
sac wall region (Supplementary Material, Fig. S9C). Both


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab313#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab313#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab313#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab313#supplementary-data

1204 | Human Molecular Genetics, 2022, Vol. 31, No. 8

DDIT4 (DNA damage inducible transcript 4) and BNIP3
(Bcl-2 family protein BCL2/adenovirus E1B interacting
protein 3) have been reported to induce cell apoptosis
under cellular stress, including hypoxia and DNA damage
(30,31). We examined Ddit4 and Bnip3 expression by qRT-
PCR using FACS purified NCCs from the distal pharyngeal
apparatus plus heart, and the data showed that both
genes were significantly increased in cardiac NCCs in
Crk/Crkl cko versus controls (Fig. 4F). Overall, our data
indicate that the reduced number of NCCs cannot be
explained exclusively by increased apoptosis.

Besides NCCs, the second heart field (SHF) mesoderm
is critically important in forming the cardiac OFT and
aortic arch. SHF progenitors are adjacent to migrating
NCCs in the OFT, and it is critical for elongating the
OFT and forming the myocardium surrounding the sep-
tated aorta and pulmonary trunk (32-34). To examine
whether inactivation of Crk/Crkl in NCCs will affect the
myocardium of the OFT, we performed immunofluores-
cence staining of alpha-smooth muscle actin (¢SMA),
which marks muscle cells (Supplementary Material, Fig.
S10). Our data showed that there were no obvious dif-
ferences of myocardium wall thickness and fluorescent
intensity of «SMA staining in the OFT in Crk/Crkl cko
versus control embryos at E10.5, indicating that the SHF
development in Crk/Crkl cko embryos was grossly normal.

Defective NCC differentiation into vascular smooth
muscle cells in Crk/Crkl cko embryos

To determine whether PAA defects observed in Crk/Crkl
cko embryos were caused by defective differentiation of
NCCs into vascular smooth muscle cells, we examined
aSMA expression at E11.5 (Fig. 5). We found that aSMA
expression in PAAs 3-6 and the distal cardiac OFT were
decreased in Crk/Crkl cko versus control embryos (both
N =4; Fig. 5A). There was some expression of «SMA in
non-NCCs in the fourth PAA in Crk/Crkl cko embryos
(Fig. 5A). Further, «SMA was unevenly expressed in PAAs
3-6 and distal cardiac OFT in Crk/Crkl cko embryos
(Fig. 5A). In addition, Acta2 («SMA), Tagln (SM22) and
Actcl (Actin, alpha cardiac muscle 1) were significantly
decreased in expression in NCCs isolated from the distal
pharyngeal apparatus plus cardiac OFT in Crk/Crkl cko
versus controls at E10.5 (Fig. 5B). Taken together, Crk and
Crkl are required for smooth muscle differentiation in
the cardiac OFT and PAAs.

Cell morphology changes in Crk/Crkl cko embryos

Reduced differentiation alone may not explain the pres-
ence of severely dilated PAAs. Further, mildly increased
apoptosis cannot explain the severe reduced numbers
of NCCs in the OFT. In the literature, there is strong in
vitro evidence for changes in cell shape (shrunken and
rounded shape) that disrupts cell-cell interactions and
can cause reduced migration when CRK and/or CRKL
is inactivated (35,36). To test for cell shape changes, we
performed a detailed histological analysis, and we found
that the cells in the dorsal aortic sac wall and cardiac OFT
in Crk/Crkl cko versus control embryos had more rounded

shape with less cytosol at E10.5 (both N=4; Fig. 6A).
We further stained filamentous actin with phalloidin,
and there were less and shorter cellular protrusions in
NCCs in the cardiac OFT region in Crk/Crkl cko versus
control embryos at this stage (both N =4; Fig. 6B). Integrin
signaling is well known for its role in regulating focal
adhesion formation with cell shape changes and cell
migration (37,38). We examined expression of Integrin
signaling genes Flna (ligand; filamin/ECM), Fnl (ligand,
fibronectin); Itga5 (subunit of integrin), Itghl (subunit
of integrin) and Ik (key mediator of Integrin signaling)
and found that all were significantly reduced except for
Fnl,in cardiac NCCs isolated from the distal pharyngeal
apparatus plus cardiac OFT of Crk/Crkl cko embryos,
compared to controls at E10.5 (Fig. 6C).

Reduced Notch signaling in both smooth muscle cells
and endothelial cells in Crk/Crkl cko embryos

Notch signaling mediates NCC differentiation to vascu-
lar smooth muscle needed for cardiovascular develop-
ment (39-41). In vitro studies showed that «SMA acts as
the direct downstream target of Notch signaling (42,43).
Since we observed reduced aSMA expression, we inves-
tigated whether Notch signaling is altered in Crk/Crkl
cko embryos. For this, we examined the cleaved NOTCH1
intracellular domain (NICD; marker for activated Notch
signaling). At E9.5, no obvious change of NICD expression
was observed in the distal cardiac OFT and PAAs between
Crk/Crkl cko and control embryos (data not shown). At
E10.5, decreased NICD expression was observed in the
endothelial cells (OFT only; inner single cell layer around
the vessel lumen) and surrounding smooth muscle cells
in the distal cardiac OFT as well as third and fourth
PAAs in Crk/Crkl cko versus control embryos (both N=4;
Fig. 7A). Alternation of NICD expression in the endothe-
lium in Crk/Crkl cko embryos may be secondary since
they are not derived from the NCC lineage. By gRT-
PCR, we found that Notch signaling pathway genes Jag1l
(ligand) and Notchl (receptor), as well as downstream
effectors, Hes1 and Hey1, were significantly reduced but
not two other downstream effectors, Hes5 and Hey?2, in
cardiac NCCs from the distal pharyngeal apparatus plus
cardiac OFT in Crk/Crkl cko embryos versus controls at
E10.5 (Fig. 7B). Hes5 and Hey2 were downregulated in the
Crk/Crkl cko versus control samples in most biological
replicates. However, the relative changes of Hes5 and
Hey2 in control versus Crk/Crkl cko samples did not show
statistically significant differences. This is in contrast
to Hes1 and Hey1, which were significantly reduced. We
suggest that lack of a statistically significant reduction of
expression of Hes5 and Hey2 might be due to large vari-
ations among replicates, which is caused by low expres-
sion of Hes5 and Hey?2 in NCCs. The gRT-PCR data showed
that the relative expression of Hes5 and Hey2 as detected
by a higher delta Ct value were much lower compared to
the expression of Hesl and Heyl in the control samples
(data not shown). Overall, our data suggest that Notch
signaling is reduced in NCCs in Crk/Crkl cko embryos.
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Figure 5. Reduced smooth muscle differentiation of NCCs in Crk/Crkl cko versus control embryos. (A) Frontal immunofluorescence sections stained
with anti-GFP, anti-«SMA antibodies showing reduced vascular smooth muscle differentiation of NCCs in Crk/Crkl cko versus control (Wnt1-Cre/+;
Crkf/+; Crkl/+) embryos at E11.5. (A2-5), (A7-10), (A12-15) and (A17-20) are zoomed in images of white boxes indicated in (A1), (A6), (A11) and (A16),
respectively. Red arrows in (A1, A11) and (A6, A16) indicate PAA4 and distal cardiac OFT, respectively. White arrows in (A2, A12) and (A7, A9, A17, A19)
indicate NCC-derived smooth muscle cell layer around PAA4 and distal cardiac OFT, respectively. Reduced smooth muscle cells among NCCs could be
seenin Crk/Crkl cko embryos (A12, A17, A19). Scale barin (A): 200 um. (B) gRT-PCR shows the relative fold change of Acta2, Tagln and Actcl in FACS purified
NCCs from Crk/Crkl cko versus Wnt1-Cre/+; GFP/+ embryos. The graph was plotted with mean and standard deviation. Each dot in graphs represented
one biological replicate (pooled 4-6 embryos). Two-tailed Student’s t-test was used for the statistical analysis. *: 0.01 <P < 0.05.

Discussion

In this report, we show that Crk/Crkl have shared, essen-
tial dosage sensitive functions in NCCs needed to form
the cardiac OFT junctional complex and the aortic arch.
When both genes are inactivated, NCCs fail to migrate
to the OFT, further the PAAs become severely dilated.
Cellular and molecular studies suggest that changes in
cell shape, perhaps due to decreased Integrin signaling
causes reduced localization of NCCs in the OFT and
dilated PAAs. Further, decreased vascular smooth mus-
cle differentiation may be caused by impaired Notch

signaling. We also identified increase in cellular stress
and modest increase in apoptosis in NCCs. When taken
together, these changes may explain the basis of the
observed phenotypes.

NCCs are more sensitive to loss of Crk than Crkl
for cardiovascular development

We found that NCC inactivation of Crk alone disrupts car-
diac OFT development, but mice with NCC inactivation of
Crkl are normal. The cause of DORV observed in the Crk
cko embryos may be due to reduced numbers of NCCs
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Figure 6. Altered NCC cell morphology in Crk/Crkl cko versus control
embryos at E10.5. (A) Transverse H&E sections from Wnt1-Cre/+; Crif/+;
Crkl/+ (control) (A2, A3) and Crk/Crkl cko (A5, A6) embryos showing more
rounded shape in four-allele cko embryos. (A2, A5; A3, A6) are zoomed in
images of white or red boxes from (A1) and (A4), respectively. Based on
the analysis of NCC distribution using immunofluorescence staining on
sections at E10.5, all cells in A2 as well as A5 (cells in region marked by
yellow dashes) and most cells in A3 as well as A6 (cells in region marked
by yellow dashes) are NCCs. (B) Sagittal immunofluorescence sections
stained with anti-GFP antibody and Phalloidin from Crk/Crkl cko and
control embryos. (B2-4) and (B6-8) are zoomed in images of white boxes
indicated in (B1) and (BS), respectively. Four embryos for each genotype
were analyzed in (A, B). PAA4, fourth pharyngeal arch artery. Scale bar:
200 pm. (C) gRT-PCR shows the relative fold change of expression of
several Integrin signaling genes in FACS purified NCCs from Crk/Crkl cko
versus Wnt1-Cre/+; GFP/+ embryos. The graph was plotted with mean
and standard deviation. Each dot in graphs represents one biological
replicate (pooled 4-6 embryos). Two-tailed Student’s t-test was used for
the statistical analysis. *: 0.01 <P <0.05.

that contributed to the cardiac OFT. We suggest this
because the same cardiac defect was also observed in
NCC-deficient Splotch? mutants (23). Although both Crk
and Crkl are ubiquitously expressed, one reason for the
above phenotypic difference observed could be because
Crk is expressed 2-fold higher than Crkl in NCCs. Fur-
ther, Crk encodes two alternative splicing variants, CRK
I and CRK II, while Crkl only encodes one protein, and

therefore, these two forms may have additional functions
(1). Supporting slightly different functions, global inacti-
vation of either Crk or Crkl results in somewhat different
cardiac phenotypes (16,17). To further identify different
functions, gene expression profiling was performed in
primary mouse embryonic fibroblasts in which either
Crk, or Crkl, or both genes were inactivated with some
differences in gene ontology terms noted (19).

We suggest that CRK may contribute to CHD in individ-
uals affected with MDS. MDS is an extremely rare disease
with limited cases reported. Deletion sizes vary with
most including deletion of CRK. The majority of affected
individuals have lissencephaly, which is a type of severe
brain defect, and they rarely survive beyond 2 years
of age. We found that in the mouse, Crk is expressed
higher than Crkl. This would suggest that individuals
with deletion or mutation of CRK would be more strongly
associated with CHD than for CRKL. However, this has not
been the case for MDS versus 22q11.2DS. We suggest that
this may be due to the rarity and severity of MDS. Cardiac
defects have been reported in some cases, but perhaps
secondary to brain malformations (7-10,44). Therefore,
we do not know yet for sure whether CRK is the major
gene contributing to CHD in MDS individuals.

For 22q11.2DS, haploinsufficiency of TBX1 seems to be
the main driver of CHD, while CRKL contributes to the
overall phenotype (45-47). Further, 20-30% of affected
individuals with smaller nested deletions around CRKL
that do not include TBX1 have cardiac malformations
(18). This supports the idea that CRKL is a disease gene
on its own. Although, in the mouse, Crkl is expressed
at a lower level than Crk, 22q11.2DS occurs much more
commonly and is better described than MDS. Therefore,
it is possible that differences in CHD frequency in both
diseases could be due to ascertainment biases. Further,
we found differences in Crk versus Crkl expression in
mouse models but this does not mean that the rela-
tive expression of these genes are the same in humans.
Future studies will need to be done to identify individuals
with isolated mutations in CRK and CRKL in association
with sporadic CHD. This would help to provide direct
evidence that CRK and CRKL are causative genes for heart
malformations in humans.

Cellular mechanism for Crk/Crkl function in
cardiovascular development

Based upon our phenotypic and cell behavioral analyses,
we generated a model for Crk/Crkl function in cardio-
vascular development (Fig. 8A). In Fig. 8A, we show the
region in the embryo where the PAAs join the aortic sac
and cardiac OFT. Within the aortic sac, a dorsal ASP
forms and migrates to fuse with the distal cushions
of the cardiac OFT to form the separated aorta and
pulmonary trunk (14,15). These are defective when
Crk/Crkl are inactivated, due to the presence of fewer
NCCs entering these structures (Fig. 8A). It is important
to know the cellular mechanisms as to why there are
fewer NCCs in the OFT when Crk/Crkl are inactivated. Our
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Figure 7. Reduced Notch signaling in both smooth muscle cells and endothelial cells in Crk/Crkl cko versus control embryos at E10.5. (A) Sagittal
immunofluorescence on sections stained with anti-GFP, anti-NICD antibodies of cardiac OFT and PAAs from Crk/Crkl cko and Wnt1-Cre/+; Crkf/+; Crkl/+
(control) embryos. White arrows (A2, A3, A6, A7) indicate NICD staining in distal cardiac OFT endothelial cells. We observed reduced NICD staining in
distal cardiac OFT endothelial cells and NCC derived smooth muscle cells in Crk/Crkl cko embryo (A5-8). White arrows in (A10-12, A14-16) indicate
NICD staining in smooth muscle cells from PAA3 and PAA4. Note reduced NICD staining in smooth muscle cells from PAA3 and PAA4 regions in Crk/Crkl
cko embryo (A13-16). Blood cells with autofluorescence signals were seen in Al-4 and A13-16. Four embryos for each genotype were analyzed. Scale
bar in (A): 100 um. (B) gRT-PCR shows that several Notch signaling genes were increased in expression in FACS purified NCCs from Crk/Crkl cko versus
Wnt1-Cre/+; GFP//+ embryos. The graph was plotted with mean and standard deviation. Each dot in graph (B) represented one biological replicate (pooled
4-6 embryos). Two-tailed Student’s t-test was used for the statistical analysis. *: 0.01 <P < 0.05.

data support the idea that cellular shape is altered, and
this affects migration of NCCs into the OFT. Since NCCs
are present in the pharyngeal arches but are reduced
in the OFT, we suggest that these changes are due
to defective response to localized signaling medicated
by CRK/CRKL. Many in vitro studies have showed that

inactivation of either Crk or Crkl or both genes causes
decreased or totally blocked cell migration due to their
crucial roles in regulating the cellular cytoskeletal net-
work and cell shape (6). We also found modest increase
in apoptosis of NCCs in the cardiac OFT of Crk/Crkl
cko embryos together with significant upregulation of
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Figure 8. Schematic models of Crk/Crkl function in the development of cardiac OFT and aortic arch. (A) Model showing rounded cell shape, altered
gene expression (green color) and reduced NCC contribution to the dorsal aortic sac wall, dorsal ASP and cardiac OFT in Crk/Crkl cko versus control
(Wnt1-Cre/+; Crkf/+; Crkl/+) embryos at E10.5. We observed a shorter or missing ASP and dilated aortic sac in Crk/Crkl cko embryos. Red arrows indicate
direction of migration of NCCs from the pharyngeal arches to either the dorsal aortic sac wall or cardiac OFT, with thinner lines in Crk/Crkl cko embryos
representing less migration. AS: aortic sac. (B) Model showing molecular mechanism of CRK/CRKL function for cardiac OFT and PAA formation. (B1)
Summary of the cardiovascular phenotypes for the mutants with NCC inactivation of Crk/Crkl as well as genes in Integrin [Itgb1, Ilk, Lims1 (PINCH1), Rac1;
blue color], TGEB (Tqgfbr2; green color) and Notch signaling pathways (red color) (39,49-53,67,89). Dilated PAAs and/or aortic sac were observed in Crk/Crkl
as well as Integrin signaling gene mutants with Itgbl mutants showed the most severe phenotype. OFT septation defects were observed in Crk/Crkl, Ilk,
Lims1, Racl and Tgfbr2 mutants. Altered cell morphology/shape was observed in the OFT cushions in Ilk and Racl mutants. Impaired vascular smooth
muscle differentiation was observed in Crk/Crkl, Ilk, Lims1 and Tgfbr2 mutants as well as Notch mutants. Dil AS, dilated aortic sac; Difftn, differentiation;
PO, postnatal day O (at birth); AA defects, aortic arch defects. (B2) Model of signaling pathways mediated by CRK/CRKL in cardiac NCCs (gray box) during
the cardiovascular development. We suggest that CRK/CRKL mediate Integrin, TGFB and Notch signaling required for proper cardiac NCC behaviors.
Integrin signaling regulates many cellular activities by modulating the cellular cytoskeletal network downstream of the extracellular matrix (ECM)
(37,38). CRK/CRKL and Integrin signaling regulate the cytoskeleton network and gene expression via either small GTPase RAC1 or other molecules
(60-62), which might affect cell migration, survival as well as differentiation (indicated as black arrows). The black dashed arrow indicates that the
connection is not proven in vivo in our study. Notch and TGFp signaling are required for vascular smooth muscle cell differentiation (39,67). Our data
and the literature (64-66,90-92) support that CRK/CRKL indirectly regulates Notch signaling (indicated in red arrows) and may act downstream of TGFB
signaling pathway (indicated in green arrow) as well as the Integrin signaling pathway (indicated in black arrows) for smooth muscle differentiation.

TGFBR, TGFB receptor.



cellular stress-induced apoptosis genes, Ddit4 and Bnip3.
The observed increased apoptosis in NCCs is likely
the primary defect since loss of Crk/Crkl in cultured
fibroblasts also resulted in an increase of cell death (48).
The impaired cell migration reduced differentiation to
vascular smooth muscle in NCCs along with modest
increase in apoptosis that could, when taken together,
contribute to the overall phenotype.

Molecular mechanism for cardiac OFT and PAA
formation mediated by Crk/Crkl

The severely dilated PAAs and aortic sac in Crk/Crkl dou-
ble conditional mutants are the main factors causing
their death by early mid-gestation. We searched the lit-
erature for mice with similar phenotypes to identify the
genetic pathway that these genes function. Interestingly,
mutant mouse embryos with loss of several genes in
the Integrin signaling pathway including Itgb1 (integrin
B1), Ik (integrin linked kinase), Lims1 (LIM and senescent
cell antigen-like domains 1; also name as ‘Pinch1’) and
Racl (Rac family small GTPase 1) in NCCs displayed
defective cardiac OFT septation, aortic sac and/or PAA
dilation with various severity, the similar as in Crk/Crkl
cko embryos (Fig. 8B1) (49-53). In this report, we found
several Integrin signaling pathway genes decreased in
expression including Flna, Itga5, Itghl and Ilk in Crk/Crkl
cko embryos. Therefore, it is possible that the defects in
common between integrin and Crk/Crkl genes could be
because they act in the same genetic pathway.

Integrin signaling regulates multiple cellular behav-
lors that are relevant to Crk/Crkl function. The main cel-
lular function is to organize the cytoskeletal network and
to activate downstream intracellular signaling (Fig. 8B2)
(37,38). Integrins are heterodimeric cell surface receptors
containing « and B subunits. In mammals, half of the
@, B subunit combinations contain the g1 subunit (54).
ILX is an intracellular serine/threonine protein kinase,
and it physically interacts with integrin g1 (55). ILK also
physically interacts with the cellular adaptor protein
PINCH1 (56), thereby mediating Integrin/ILK dependent
signaling (57-59) (Fig. 8B2). The small Rho GTPase pro-
tein, RAC1, can be activated through Integrin signal-
ing that affects transcription and cell behavior (60,61)
(Fig. 8B2). In addition to transcriptional changes, translo-
cation of CRK/CRKL to focal adhesions mediates integrin-
induced cell migration via activating RAC1 (62). Thus,
literature and mouse studies on these genes suggest the
important roles of integrin 81—CRK/CRKL—RAC1 signal-
ing for PAA/aortic sac development. It is also possible that
CRK/CRKL instead act through other proteins, as noted
by the dashed line in Fig. 8B2. Also, CRK/CRKL seems to
act in parallel or more broadly than ILK/PINCH1 because
CRK/CRKL mutant embryos have more severe defects.

We found that loss of Crk/Crkl in NCCs resulted in
impaired smooth muscle differentiation (Fig. 8B1). There
are several possible molecular mechanisms that can
explain this, and three include Integrin, Notch and
Tegfp signaling (Fig. 8B2). Conditional inactivation of Ilk
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and Lims1 resulted in impaired differentiation (Fig. 8B1).
Notch signaling is also required in NCCs for normal
vascular smooth muscle differentiation (39,40,63). We
found impaired Notch signaling in Crk/Crkl cko mutants.
These pathways also intersect, with evidence for Integrin
and Notch interactions. Studies in Drosophila also showed
that Integrin signaling modulates Notch activity during
epithelial cell differentiation via regulating intracellular
trafficking and/or processing of Notch (64). Chick studies
showed that Integrin signaling regulates Notch activity
via controlling downstream Wnt signaling during the
genesis of somites (65). In addition to Integrin and
Notch signaling, both in vitro and in vivo studies showed
that TGFB signaling plays important role in inducing
NCC differentiation into smooth muscle cells (66,67).
Increased CRKL phosphorylation was observed in a NCC
stem cell line during smooth muscle differentiation
in response to TGFB signaling (67). Further, reduced
Smad?2/3 phosphorylation, which mediates TGFB sig-
naling, was observed in the cardiac OFT cushions of
embryos with NCC mediated inactivation of Integrin
signaling pathway genes, Limsl and Ilk (49,53). This
suggests that there is a connection between Integrin
and TGFp signaling. We found that when Crk/Crkl is
inactivated, proper signaling cannot take place leading
to reduced differentiation (Fig. 8B2). Another possible
pathway is mitogen-activated protein kinases (MAPK)
that promote differentiation and other cell behaviors
(68). ERK1/2 (extracellular signal regulated kinases 1/2)
and JNK (c-JUN N-terminal kinases) signaling are two
canonical intracellular MAPK pathways in mammals
mediated by CRK/CRKL (69-73). However, we did not see
obvious alternation of the phosphorylation of ERK1/2
and c-JUN in Crk/Crkl cko embryos, supporting the other
pathways above in mediating signaling, although more
work in the future needs to be done to rule out this and
other possible signaling pathways.

One question is whether decreased smooth muscle
differentiation in NCCs can result in dilation of the PAAs
and aortic sac. Upon examination of the literature, it
seems that defective vascular smooth muscle differenti-
ation can occur without vascular dilation in mouse mod-
els (39-41,67,74-77). Another possibility is reduced cell
number can cause dilation. However, even when smooth
muscle cell number was reduced in half by diphtheria
toxin treatment, vessel dilation did not occur (78). This
suggests other mechanisms besides failed differentia-
tion or reduced smooth muscle cell number must be
responsible for the vascular dilation phenotype in this
model. One possibility is that there is a reduction of
focal adhesions between cells. It is known that Integrin
signaling is important to form and maintain focal adhe-
sions (38). Although we did not specifically examine focal
adhesions, we found that in Crk/Crkl cko embryos, cells
had more rounded shapes, and this is consistent with
such defects. Another possibility is that mutant cells
have a defective response to change in the local ECM
environment. Mouse studies indicate that loss of integrin
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B1in vascular smooth muscle cells affect ECM assembly
which, in part, causes less resistance to the high shear
stress in PAAs and the distal cardiac OFT leading to
dilation (51,79-81). In humans, mutations in ECM pro-
teinsin the TGFB pathway cause aneurysm (dilated blood
vessels) in adults (Fig. 8B2) (82-86). CRKL might act as a
downstream molecule of TGFg signaling and mediate a
possible crosstalk between TGFg and Integrin signaling
for differentiation and to support blood vessel integrity
(Fig. 8B2).

In conclusion, our work highlights the dosage require-
ments of Crk and Crkl in NCCs for normal development
of the cardiac OFT and aortic arch. We also provide a
cellular and molecular model to explain the mechanisms
leading to failed OFT septation and dilation of the aortic
sac with PAAs. Since both CRK and CRKL are human CHD-
related genes for Miller-Dieker and 22q11.2 deletion syn-
drome, respectively, our work provides a molecular basis
for better understanding the pathogenesis of the heart
defects in those deletion syndromes.

Materials and Methods
Mouse strains

The following mouse alleles used in this study have been
previously described: Wnt1-Cre/+ (27), Crk’f (flox = f) (16),
Crklf (18), Rosa26-GFP/f (29) and Crkl™+ (18). Crkl”f and
Crk null alleles were generated in our lab. To generate
the Crk null allele, we crossed Crk”f mice with Zp3-
Cre mice (Jackson laboratory, stock No: 003651) and
screened resulting animals by PCR. Homozygous Crk*/~
mice were obtained in F2 generation (Supplementary
Material, Fig. S1), backcrossed with the wild type (Swiss
Webster background) for two generations and then
maintained in a mixed background (C57BL/6, 129SvEv
and Swiss Webster). Mouse crosses and PCR strategies for
generating Crkl”f and Crk*/~ mouse alleles are available
upon request.

Crk=~ embryos were generated by intercrossing
Crk*/~ mice. Wnt1-Cre/4; Crk”f embryos (or mice) were
generated by crossing male Wnt1-Cre/+; Crk/* mice
with female Crk”f mice. Wnt1-Cre/+; Crkl”f embryos (or
mice) were generated by crossing male Wntl-Cre/+;
Crkl7+ mice with female Crkl/ mice. Most Crk/Crkl cko
embryos were generated by crossing male Wntl-Cre/+;
Crkf/+; Crkl*mice with female Crk”f; Crkl’f or Crk/f;
Crkl’f; GFPf mice. Few Wntl-Cre/+; Crkf; Crkl/+ and
Wntl-Cre/+; Crk/+; Crkl’f embryos were generated by
crossing male Wnt1-Cre/+; Crk”* or Wnt1-Cre/+; Crkl/+
mice with female Crkf; Crkl”f mice. The Crkf; Crklf mice
were intercrossed for 2 years and maintained in a mixed
background (C57BL/6, 129SvEv and Swiss Webster).

All mouse studies were carried out according to
NIH protocols approved by the Institutional Animal
Care of Use Committee at Albert Einstein College of
Medicine (Albert Einstein College of Medicine, Bronx, NY;
https://einsteinmed.org/administration/animal-care-
use-committee/). The protocol number is #00001034.

Carbon dioxide (CO2) inhalation was used for euthanasia
as directed by the NIH and Albert Einstein College of
Medicine.

Primers used for RT-qPCR

Details of each primer is listed in Supplementary Mate-
rial, Table S4.

Mouse embryo heart histology

Mouse embryos were collected at various embryonic
stages by vaginal plug checking; EO.5 indicates plug
date. For E10.5 and younger embryos, their stages were
defined by counting numbers of somite pairs: E8.5 (7-
10 somite pairs), E9.0 (14-18 somite pairs), ES.5 (20-26
somite pairs) and E10.5 (30-35 somite pairs). For E11.5
and older embryos, their stages were defined by checking
females for vaginal plugs in the morning.

Mouse embryos were collected in phosphate-buffered
saline (PBS), then fixed by 4% paraformaldehyde (PFA)
in PBS for 1 h (for E9.5 and E10.5 embryos) or 2 h
(for E11.5-E12.5 embryos) at 4°C. After fixation, the
embryos were dehydrated through graded series of
ethanol (70, 95 and 100% ethanol x 2), then cleared
in xylene and embedded in paraffin. The thickness of
all paraffin sections was 10 um. All hematoxylin and
eosin (H&E) stained histological sections were performed
in the Einstein Histology and Comparative Pathology
Core Facility (Albert Einstein College of Medicine, Bronx,
NY; https://einsteinmed.org/research/shared-facilities/
cores/15/histology-and-comparative-pathology/) using
standard protocols. All mutant and control embryos
analyzed were obtained from at least three independent
mice crosses and male mice (father). Images were taken
by using scanners from Einstein Analytical Imaging
Facility (Albert Einstein College of Medicine, Bronx,
NY; https://einsteinmed.org/research/shared-facilities/
analytical-imaging-facility/) or by light microscopy.

Immunofluorescence staining on paraffin
sections

Embryos at different stages were isolated and imbedded
in paraffin the same way as above. The paraffin sec-
tions were deparaffinized in xylene, then rehydrated in
graded series of ethanol (100% x 2, 95%, 70%, distilled
water) and followed by boiled in citric acid-based anti-
gen retrieval unmasking solution (Vector laboratories, H-
3300) for 15 min. Then sections were washed by 0.1%
PBST (0.1% Triton X-100in PBS) and blocked in 5% donkey
serum (Sigma, D9663; diluted in 0.1% PBST) for 1 h at
room temperature (RT). After blocking, sections were
incubated in primary antibodies for overnight at 4°C,
washed by 0.1% PBST, incubated in secondary antibodies
for 1h atRT, washed by 0.1% PBST again and mounted by
mounting medium (Vector laboratories, H-1500). Primary
antibodies used included: goat anti-GFP (1:200; Abcam,
ab6673), rabbit anti-phospho-Histone H3 (Ser10) (1: 200;
Millipore, 06-570), mouse anti-Crk (1: 200; BD, 610036),
rabbit anti-alpha smooth muscle actin (¢SMA) antibody
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(1: 200; Abcam, ab5694) and rabbit anti-cleaved Notch1
(1: 200, cell signaling technology, 4147). Secondary anti-
bodies used included: donkey anti-goat IgG Alexa Fluor
488 (1: 200, Invitrogen, A11055), donkey anti-rabbit IgG
Alexa Fluor 647 (1: 200, Invitrogen, A31573), donkey anti-
mouse IgG Alexa Fluor 568 (1: 200, Invitrogen, A10037),
donkey anti-rabbit IgG Alexa Fluor 555 (1: 200, Invitrogen,
A31572) and donkey anti-rabbit IgG biotin (1:200, Invitro-
gen, 31821).

For immunofluorescence staining of anti-cleaved
Notch1 antibody, tyramide signal amplification (TSA)
was performed. Sections were treated with 3% hydrogen
peroxide (H,0,) for 10 min at RT to quench the endoge-
nous peroxidase activity after the antigen retrieval
step. After secondary antibody (donkey anti-rabbit IgG
biotin) incubation, sections were washed by 0.1% PBST
and incubated with Streptavidin-HRP Conjugate (1:200,
PerkinElmer, NEL750001EA) for 1 h at room temperature.
Then sections were washed by 0.1% PBST and incubated
with Cyanin 3 for 5 min diluted in TSA Plus Fluorescein
detection kit (1:500, PerkinElmer, NEL741001KT). Images
were taken from an apotome light microscope.

Immunofluorescence staining on whole mount
embryos

The protocol of whole mount immunofluorescence
staining on embryos was described (87). Briefly, embryos
with desired stages were isolated and fixed in 4%
PFA in PBS overnight at 4°C. After washing with PBS,
embryos were incubated in 0.1% PBST overnight, blocked
in 10% donkey serum overnight and incubated in
primary antibody for 3-4 days. Then embryos were
washed with 0.1% PBST (1 h x 5). Then embryos were
incubated with secondary antibody together with DAPI
(Thermo Scientific, 62248) for 3-4 days. Embryos were
then dehydrated through graded series of methanol
and cleared in BABB solution (benzyl benzoate: benzyl
alcohol =2: 1 in volume). All steps were done at 4°C.

For phalloidin immunofluorescence staining, embryos
were stained with phalloidin (0.05 mg/ml, Sigma, P1951)
for 2 h after secondary antibody incubation. Then after
washing with 0.1% PBST, embryos were cryoprotected in
30% sucrose in PBS for overnight at 4°C and embedded in
OCT. Frozen sections were washed in PBS to remove OCT
and then mounted by mounting media (Vector laborato-
ries, H-1500).

Images of embryos and sections were taken from
either Nikon CSU-W1 Spinning Disk confocal micro-
scope or Leica SP8 confocal microscope from Einstein
Analytical Imaging Facility (Albert Einstein College of
Medicine, Bronx, NY; https://einsteinmed.org/research/
shared-facilities/analytical-imaging-facility/).  Images
were processed by ImarisView 9.6.0 software.

TUNEL and cell proliferation assays on paraffin
sections

Apoptotic cell death was examined by TdT-mediated
dUTP-X nick end labeling (TUNEL) method. TUNEL
assays on sections were performed after secondary
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antibodies staining by using In Situ Cell Death Detection
Kit TMR red (Millipore, 12156792910). Sections were
incubated for 1 h at RT to develop fluorescent signals.

Cell proliferation was assessed by two methods: one
was immunofluorescence of using anti-phospho-Histone
H3 (Ser10) antibody, which is a mitosis marker, and the
other was immunofluorescence staining of 5-Ethynyl-
2’-deoxyuridine (EdU), which is used to detect cells
undergoing DNA synthesis. EQU was injected in pregnant
females (intraperitoneal injection; 5 ug EdU/gram of mice
weight) 2 h before dissection. Detection of EQU signal
on sections was performed after secondary antibody
staining using the Click-iT™ EdU Cell Proliferation
Kit (Thermo Fisher Scientific, C10338). Sections were
incubated for 30 min at RT to develop fluorescent
signals.

RNAscope in situ hybridization on paraffin
sections

RNAscope in situ hybridization was performed on
paraffin sections as previously described (88). Embryos
at E10.5 were fixed in 4% PFA in PBS for overnight at
4°C and imbedded in paraffin. Crkl probe was custom
designed from Advanced Cell Diagnostics. The eGFP
probe (400281) probe was also from Advanced Cell
Diagnostics. RNAscope Multiplex Fluorescent Reagent
kit v2 (Advanced Cell Diagnostics, 323100) and TSA Plus
Fluorescein detection kit were used for the detection of
the fluorescent signal.

Cell number quantification on tissue sections

Cell numbers were counted for all NCCs, phospho-
histone H3 (pH 3) positive NCCs, EAU positive NCCs
and TUNEL positive NCCs in OFT and dorsal aortic sac
wall regions on serial transverse sections of embryos at
ES.5 and E10.5. When counting cells, sections from all
embryos at same stage were matched by position within
the embryo. For embryos at E10.5, for the OFT region, we
counted all GFP+ (positive: +), pH 3 + GFP+, EAU + GFP+
and TUNEL+GFP+ cells in each section within OFT of
embryos with various genotypes as desired. For embryos
at E9.5, for the OFT region, we counted all GFP+ in each
section within OFT of embryos with various genotypes
as desired. For embryos at E10.5 for the dorsal aortic
sac wall region, we counted all GFP+, pH 3+ GFP+,
EdU + GFP+ and TUNEL+GFP+ cells in five serial sections
(total 50 um thickness) along both third and fourth
PAAs of embryos with various genotypes as desired. And
there were no overlapping sections counted between
third and fourth PAAs. For the analysis of apoptosis, we
also counted 16 serial sections (total 160 um thickness)
between third and fourth PAAs of embryos with various
genotypes as desired. For embryos at E9.5, for the dorsal
aortic sac wall region, we counted all GFP+ cells in four
serial sections (total 40 um thickness) along third PAAs
positions of embryos with various genotypes as desired.
Image] software was used for counting cell numbers. At
least three embryos per genotype from at least three
independent litters were used for each experiment.
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Cell sorting and qRT-PCR

The tissue including pharyngeal arches 3-6 and whole
heart was micro-dissected from E10.5 (30-35 somite)
embryos and then incubated in 0.25% Trypsin-EDTA
(Gibco, 25-200-056) together with DNase I (50 units/ml)
for 8 min to dissociate tissue to cell suspension. NCCs
were collected by flow cytometer from the Einstein
Flow Cytometry Core Facility (Albert Einstein College of
Medicine, Bronx, NY; https://einsteinmed.org/research/
facilities/facs/page.aspx) and directly stored in —80°C
freezer for short-term storage. Total RNA was isolated
using TRIzol reagent (Invitrogen, 15596018) and cDNA
was synthesized using the Cells-to-cDNA II Kit (Invitro-
gen, AM1722). Approximately 100000 NCCs (from 4 to
6 embryos) were pooled and used for per RNA sample.
For analysis of gqRT-PCR results, Rplp0 was used as the
internal control and the control/cko samples pair used
for calculating relative fold change had similar somite
numbers.

Statistical analysis

The graphs were plotted with mean and standard devi-
ation using Prism 9 software. Two tailed unpaired t-tests
were used for statistical analysis.

Supplementary Material

Supplementary Material is available at HMG online.
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