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Numb family proteins are essential for cardiac morphogenesis

and progenitor differentiation
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ABSTRACT

Numb family proteins (NFPs), including Numb and numb-like
(Numbl), are cell fate determinants for multiple progenitor cell types.
Their functions in cardiac progenitor differentiation and cardiac
morphogenesis are unknown. To avoid early embryonic lethality and
study NFP function in later cardiac development, Numb and Numbl
were deleted specifically in heart to generate myocardial double-
knockout (MDKO) mice. MDKOs were embryonic lethal and
displayed a variety of defects in cardiac progenitor differentiation,
cardiomyocyte proliferation, outflow tract (OFT) and atrioventricular
septation, and OFT alignment. By ablating NFPs in different cardiac
populations followed by lineage tracing, we determined that NFPs in
the second heart field (SHF) are required for OFT and atrioventricular
septation and OFT alignment. MDKOs displayed an SHF progenitor
cell differentiation defect, as revealed by a variety of methods
including mRNA deep sequencing. Numb regulated cardiac
progenitor cell differentiation in an endocytosis-dependent manner.
Studies including the use of a transgenic Notch reporter line showed
that Notch signaling was upregulated in the MDKO. Suppression of
Notch1 signaling in MDKOs rescued defects in p57 expression,
proliferation and trabecular thickness. Further studies showed that
Numb inhibits Notch1 signaling by promoting the degradation of the
Notch1 intracellular domain in cardiomyocytes. This study reveals
that NFPs regulate trabecular thickness by inhibiting Notch1
signaling, control cardiac morphogenesis in a Notch1-independent
manner, and regulate cardiac progenitor cell differentiation in an
endocytosis-dependent manner. The function of NFPs in cardiac
progenitor differentiation and cardiac morphogenesis suggests that
NFPs might be potential therapeutic candidates for cardiac
regeneration and congenital heart diseases.

KEY WORDS: Numb family proteins, Cardiac progenitor cell,
Cardiac morphogenesis, Mouse

INTRODUCTION

Congenital heart defects (CHDs) occur in ~1% of live births
(Hoffman and Kaplan, 2002), yet knowledge of the underlying
genetic causes of the specific structural defects involved is still
limited (Olson, 2006; Bruneau, 2008). Moreover, the lack of
understanding of how cardiac progenitor cells renew and
differentiate in vivo has impeded progress toward treating
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cardiovascular disease by cardiac regeneration using endogenous
cardiac progenitors.

Drosophila Numb, an intracellular adaptor protein, was the first
molecule discovered to influence cell fate by its asymmetric
segregation during cell division (Rhyu et al., 1994) and by inhibiting
Notch signaling (Uemura et al., 1989; Frise et al., 1996; Spana and
Doe, 1996; Petersen et al., 2002). In mice, Numb has two homologs,
Numb and numb-like (Numbl), collectively known as Numb family
proteins (NFPs). NFPs are nearly ubiquitously expressed during
embryogenesis (Zhong et al., 1997) and are known to function as
cell fate determinants by maintaining neural stem cell fate and
regulating its differentiation (Verdi et al., 1996; Petersen et al., 2002;
Li et al., 2003; Petersen et al., 2004). NFPs are also involved in the
specification and differentiation of hematopoietic stem cells (Wu et
al., 2007), muscle satellite cells (Conboy and Rando, 2002), cancer
stem cells (Ito et al., 2010) and hemangioblasts (Cheng et al., 2008).
Recently, additional mechanisms of Numb signaling at the
molecular level have been revealed. Numb functions as a component
of the adherens junction to regulate cell adhesion and migration
(Rasin et al., 2007; Wang et al., 2009; Wu et al., 2010), and is
involved in the ubiquitylation of p53 (Trp53) (Colaluca et al., 2008)
and Glil (Di Marcotullio et al., 2006) to regulate cancer initiation.
Numb has also been reported to complex with B-catenin (Rasin et
al., 2007; Wu et al., 2010; Kwon et al., 2011) to regulate Wnt
signaling. Additionally, Numb interacts with integrin 8 subunits
(Calderwood et al., 2003) and promotes their endocytosis for
directional cell migration (Nishimura and Kaibuchi, 2007).

Cardiac development is a spatiotemporally regulated multistep
morphogenetic process that depends on the addition of progenitor
cells from four different sources, including cells from the first
heart field and second heart field (FHF and SHF), cells derived
from cardiac neural crest cells (CNCCs) and cells derived from the
pro-epicardial organ (Kelly et al., 2001; Mjaatvedt et al., 2001,
Waldo et al., 2001; Verzi et al., 2005; Vincent and Buckingham,
2010). The SHF progenitor cells migrate to the pre-existing
scaffold of the linear heart tube and contribute to the right
ventricle, outflow tract (OFT) myocardium and to some
endocardium at embryonic day (E) 8.5-10.25 (Kelly and
Buckingham, 2002; Buckingham et al., 2005; Verzi et al., 2005,
Ward et al., 2005). Perturbation of SHF deployment and progenitor
differentiation leads to a spectrum of CHDs (Kelly, 2012) and is
responsible for the majority of CHDs (Buckingham et al., 2005;
Bruneau, 2008). The posterior SHF contributes to the dorsal
mesenchymal protrusion (DMP), an essential structure for
chamber septation (Snarr et al., 2007a). Abnormal differentiation
and development of the posterior SHF has been associated with
cardiac morphogenesis defects, such as atrial septal defect (ASD)
and atrioventricular septal defect (AVSD) (Briggs et al., 2012).
However, the molecules and the mechanisms that regulate
posterior SHF development are not entirely clear.
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Knowledge of NFP function in the mammalian heart is limited
and the specific role of NFPs in cardiac development is still unclear.
In Drosophila, Numb is implicated in controlling myogenic cell fate
by interfering with Notch signaling (Han and Bodmer, 2003). In
zebrafish, Numb is required for heart left-right asymmetric
morphogenesis via regulation of Notch signaling (Niikura et al.,
2006). In mice, Numb is reportedly expressed in adult cardiac
progenitor cells and is asymmetrically distributed during progenitor
asymmetric division (Cottage et al., 2010; Mishra et al., 2011).
Additionally, we have shown that NFPs are essential for epicardial
cells entering into myocardium (Wu et al., 2010). Very recent work
has shown that NFPs regulate myocardial compaction by inhibiting
Notch2 (Yang et al., 2012).

We previously reported that conditional deletion of NFPs in
epicardial cells caused epicardial cell epithelial-mesenchymal
transition defects (Wu et al., 2010). In this study, we deleted NFPs
via Nkx2.5" to generate Numb and Numbl myocardial double-
knockout (MDKO) mice, and found that NFPs are required for
myocardial trabeculation, cardiac progenitor cell differentiation,
cardiomyocyte proliferation, OFT and atrioventricular septation and
OFT alignment. Deletion of NFPs in the SHF recapitulated the
morphogenetic defects of the MDKO. Further biochemical and
genetic studies revealed that Notchl signaling is upregulated in the
myocardium of MDKOs and suppression of Notchl signaling
partially rescued the defects of trabeculation and proliferation in
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Fig. 1. MDKO hearts display a
variety of morphogenetic
defects. (A) Numb (Nb) and
Numbl (NI) deletions in the MDKO
and control mouse hearts at
different embryonic stages were
examined by Q-PCR. The control
is set at 1.0. (B) Numb deletion in
the MDKO was confirmed by
western blot using E12.5
ventricles. (C,D) Numb was
deleted in cardiomyocytes, but not
in epicardial and endothelial cells
(arrows). (E) MDKO hearts
displayed an outflow tract (OFT)
delayed septation defect at E12.5.
(F) MDKO hearts displayed
pulmonary artery and aortic
alignment defects, with both aortic
and pulmonary valves in the same
plane and both arteries extending
from the right ventricle (RV). The
blue arrows indicate aorta (Ao),
pulmonary artery (PA) and their
valves. (G,H) MDKO displayed
double outlet right ventricle
(DORV) and atrioventricular septal
defect (AVSD), as indicated by the
blue arrows. Scale bars: 50 ym in
C,D; 100 ym in E-H.

MDKOs. In summary, NFPs inhibit Notchl to regulate
cardiomyocyte proliferation and trabecular thickness, and mediate
cardiac progenitor cell differentiation in an endocytosis-dependent,
Notchl-independent manner.

RESULTS

NFPs are essential for cardiac development and
morphogenesis

Numb and Numbl were deleted in mouse heart by Nkx2.5%*, which
is active in myocardium (Moses et al., 2001) and some endocardial
cells based on the Rosa26-mTmG (mTmG) reporter line
(supplementary material Fig. S1IA-C, Movie 1) (Muzumdar et al.,
2007). We refer to these mice as Numb and Numbl myocardial
double knockout (MDKO). Loss of expression of Numb and Numbl
in E9.5-13.5 MDKO ventricles was 70-90% as determined by Q-
PCR (Fig. 1A) and western blot (Fig. 1B). Immunofluorescence (IF)
staining confirmed the deletion of Numb in the myocardium of the
MDKO (Fig. 1C,D) and indicated that the 10-30% residual
expression was due to Numb expression in epicardial and
endocardial cells (Fig. 1C,D).

No MDKO animals from 20 litters survived to birth, whereas
deletion of up to three alleles of Numb and Numbl in any
combination resulted in animals that survived to adulthood and
displayed no gross morphological or cardiac morphogenetic defects
(Table 1; supplementary material Fig. S1D), indicating that Numb
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Table 1. Survival rate of MDKO mice and embryos

Age n Heterozygous MDKO Harvested/expected percentage of MDKO
P1 or older 124 30 0 0/25

E15.5-18.5 260 68 15 6/25

E14.5 182 46 18 10/25

E13.5 320 82 53 17/25

E12.5 355 88 69 19/25

E11.5 320 79 82 25/25

E10.5 426 106 108 25/25

E9.5 226 56 54 25/25

Data were generated from a minimum of 20 litters at each time point. Nkx2.5-Cre*~; Numb™*; NumbI™ or Nkx2.5-Cre*~; Numb™: Numbl”* males were crossed
to Numb™; Numb/™ females to generate the MDKO. Nkx2.5-Cre™~; Numb™*; NumbI" and Nkx2.5-Cre*~; Numb™; NumbI"* are designated as heterozygous

and Nkx2.5-Cre*~; Numb™: Numb/™" is designated as MDKO.
n, total number of offspring or embryos.

and Numbl function redundantly during cardiac morphogenesis.
MDKO embryos were indistinguishable from their littermates until
E12.5, at which point they began to show edema that became more
severe at E13.5 (supplementary material Fig. S1IE,F).

MDKO hearts displayed a variety of morphogenetic defects. By
E11.5, MDKO heart size was larger than that of the control and the
OFT of MDKO hearts exhibited abnormal alignment with the right
ventricle (supplementary material Fig. S1G). At E12.5, the aortic
and pulmonary artery in the distal OFT (Webb et al., 2003) were
separated in control but not in MDKO hearts, indicating an OFT
septation defect (Fig. 1E, Table 2). At E13.5, the aorta and
pulmonary artery in MDKO hearts were finally separated, but
displayed an alignment defect with the aortic and pulmonary valves
being in the same plane (Fig. 1F). The alignment defect at E14.5 in
MDKOs was visible by gross morphology as both aortic and
pulmonary arteries extended from the right ventricle in a parallel
pattern (supplementary material Fig. SIH), which resulted in a
double outlet right ventricle (DORV) (Fig. 1G, Table 2). MDKO
hearts also displayed an AVSD, permitting both atrial and
ventricular shunting (Fig. 1H, Table 2).

NFPs regulate ventricular trabeculation in a cardiomyocyte-
autonomous manner

We then examined the formation of trabeculae, which are sheet-like
structures extending from the compact zone, in control and MDKO
hearts. E10.5 MDKO, mTmG and Nkx2.5%*; mTmG embryos, in
which Nkx2.5-expressing cells were GFP positive, were stained for
PECAM (Pecaml) to identify endocardial/endothelial cells. When
whole hearts were three-dimensionally (3D) imaged by confocal
microscopy we found that control trabecula had a diameter of one
or two cells, whereas the MDKO trabecula had a diameter of two or
three cells at E10.5 (Fig. 2A,B; supplementary material Movie 2,
Fig. S3). The number of trabeculaec and the thickness of the
trabeculae and the compact zone were quantified. Beginning at
E10.5, MDKO hearts displayed fewer trabeculae per unit length but
thicker trabeculae compared with controls (Fig.2C-E). The
thickness of the compact zone was not significantly different
between control and MDKO from E10.5 to E13.5, whereas at E14.5

Table 2. MDKO morphogenetic defects at E13.5 and 14.5

the compact zone of MDKO was thinner than that of the control
(Fig. 2C-E), indicating a non-compaction defect, consistent with a
previous report (Yang et al., 2012). Dual-fluorescence staining of
heart sections with MF20 (which recognizes myosin II heavy chain)
and PECAM antibodies (Chen et al., 2009) showed that endocardial
cells could invade the cardiac jelly and surround the myocardium in
both  MDKO and control (Fig.2A-D), indicating that the
trabeculation defect was not due to a defect in endocardial cell
invasion.

The variety of defects in the MDKO might be caused by the loss
of NFP function in different cardiac cell types. To determine the
population that is responsible for these morphogenetic defects,
SM22-Cre, Tie2-Cre, Wntl-Cre, WT1*ERT2 and Mef2c-Cre were
applied to delete NFPs in cardiomyocytes, endothelial cells, CNCCs,
epicardial cells and cells derived from the SHF, respectively. The
deletion of NFPs in cardiomyocytes via SM22-Cre, which is
expressed in cardiomyocytes at the early stage of heart development
in addition to its expression in smooth muscle cells (Li et al., 1996;
Umans et al., 2007; Stankunas et al., 2008), resulted in trabeculation
defects with thicker trabeculae and a decreased number of trabeculae
per unit length at E14.5 (supplementary material Fig. S2A,B),
whereas NFP deletion mediated by Tie2-Cre, Wntl-Cre or
WT1*ERT? did not display any trabeculation defects (supplementary
material Fig. S2A-D; data not shown), indicating that NFPs regulate
trabeculation in a cardiomyocyte-autonomous manner.

NFPs in the SHF are required for OFT and atrioventricular
septation

We further determined that NFP deletion mediated by SM22-Cre,
Tie2-Cre and WT1*ERT in cardiomyocytes, endocardial/endothelial
cells and epicardial cells, respectively, did not display any defects in
morphogenesis (supplementary material Fig. S2A; data not shown),
indicating that the function of NFPs in differentiated
cardiomyocytes, endocardial cells or epicardial cells does not
contribute to cardiac morphogenesis. Wntl-Cre-mediated NFP
deletion in CNCCs caused cranial facial defects (supplementary
material Fig. S2C), but no obvious cardiac morphogenesis defect
(supplementary material Fig. S2D), indicating that NFP function in

Age Trabeculation defect Valvular defect AVSD PTA DORV
E13.5 17/17 17/17 17117 2/12 17/17
E14.5 8/8 8/8 8/8 0/8 8/8

Nkx2.5-Cre*~; Numb™*; NumbI™ or Nkx2.5-Cre*~; Numb™; NumbI”* males were crossed to Numb™; Numb/™ females to generate the MDKO. Shown in each
case is: total number of mutants that displayed the defect/total number of mutants that were examined.
AVSD, atrioventricular septal defect; PTA, persistent truncus arteriosus; DORV, double outlet right ventricle.
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Fig. 2. NFPs are required for myocardial
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CNCCs does not contribute to cardiac morphogenesis. Instead,
Mef2c-Cre-mediated deletion in the SHF recapitulated the OFT
septation defect and alignment defect in six out of ten E13.5 mutant
hearts (supplementary material Fig. S2E), AVSD in eight out of ten
mutant hearts (Fig. 3A) and trabeculation defect in the right ventricle
in four out of four mutant hearts (data not shown). Mef2c-Cre is not
active in the endocardial cells of the atrioventricular cushion (AVC)
(Fig. 3B), indicating that the AVSD is not caused by the lack of
NEFPs in endocardial cells of the AVC, which is consistent with the
observation that Tie2-Cre-mediated NFP deletion did not cause any
defects.

Both Nkx2.59¢* -mediated and Mef2c-Cre-mediated mutants lacked
the DMP (Fig. 1H, Fig. 3A), which is required for atrioventricular
septation (Snarr et al., 2007b; Hoftfmann et al., 2009). Using lineage
tracing and 3D imaging, we observed that cells derived from the SHF
migrated to the AVC and formed the DMP in the control, but fewer
(data not shown) or no cells (Fig. 3C,D; supplementary material
Movies 4, 5) were observed in the DMP in the knockout, indicating
that NFPs are required for the migration of cells in the posterior SHF
to form the DMP and the atrioventricular septum. In control hearts,
Mef2c-Cre-labeled cardiomyocytes displayed myocardial spikes
protruding towards the cushion in the OFT region (Fig. 3E), indicating
a polarized migration toward the cushion. In the mutants, most of the
NFP-null cells lacked myocardial spikes and fewer cells invaded the
OFT cushion (Fig. 3E).

MDKOs display differentiation defects

Whole-mount in situ hybridization of E9.5-12.5 embryos with probes
of the heart chamber markers ANP (Nppa — Mouse Genome
Informatics) and Handl demonstrated that their expression patterns
in the ventricles did not differ between control and MDKO hearts
(supplementary material Fig. S3A), indicating that there are no
chamber specification defects. We then screened for genome-wide
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PECAM and then 3D imaged. The control trabecula
has a diameter of one or two cells, whereas the
MDKO trabecula has a diameter of two or three
cells (trabeculae indicated by arrows). Images are
one section from z-stacks (the whole 130 pm stacks
are shown in supplementary material Movies 2, 3).
(C,D) Control and MDKO hearts were stained with
MF20 and PECAM antibodies. Endocardial cells in
MDKOs can invade the cardiac jelly and contact
cardiomyocytes. The control heart displayed more
trabeculae per unit length than the MDKO. Arrows
indicate the trabeculae. (E) Quantification of
trabeculae density, trabeculae thickness and
compact zone thickness. The MDKO hearts had
fewer trabeculae per unit length, but the trabeculae
were thicker than those of the control hearts. Error
bars indicate s.d.; n values are shown within each
bar. Scale bars: 100 ym.

transcriptional differences between control and MDKO E10.5
ventricles via mRNA deep sequencing (supplementary material Table
S1). There were 340 genes with an expression ratio of MDKO to
control that was higher than 1.7 (P<0.05) and 474 genes with a ratio
of MDKO to control that was lower than 0.6 (P<0.05) (supplementary
material Table S2). Of the 814 dysregulated genes, 42 have been
reported to be involved in heart morphogenesis and heart diseases
(Fig. 4A). Notably, genes that are involved in the differentiation of
progenitors in the SHF, such as Is//, Shox2, Fgf8, Hoxa3 and Thx1,
were expressed at significantly higher levels in MDKO than in control
(Fig. 4A). The transcriptional differences were consistent with the Q-
PCR results (Fig. 4B). The expression of Is// (Cai et al., 2003) was
consistently upregulated 2- to 4-fold in E9.5-11.5 MDKO hearts
(Fig. 4C). The transcription of Is/] in OFT, where the Isl1-expressing
cells accumulate, was ~30-fold higher than in the ventricles (Fig. 4D).
Isl] expression in the OFT of the MDKO is about double that in the
OFT of the control, similar to its upregulation in the ventricles
(Fig. 4D). Isl] transcription, as assessed by in situ hybridization, did
not show any obvious expansion from right to left ventricle in the
MDKO (data not shown). Instead, we observed more Is//-expressing
cells in the OFT of the MDKO based on IF staining (Fig. 4E).
Cardiomyocyte differentiation is a sequential process and to
further define the differentiation defect we examined the expression
of genes that encode cardiac differentiation regulators and structural
proteins in E12.5 and E13.5 hearts by Q-PCR. Irx3, Irx4, Irx5 and
Myh6 were significantly downregulated in the MDKO, whereas
Myhl1l and Bmpl0 were upregulated and Myh7, Myl2 and Tnnt2
were not significantly different from the control (Fig. 4F). The ratio
of Mhc7:Mhc6 after being normalized to cyclophilin A
(peptidylprolyl isomerase A) was ~2-fold greater in the MDKO than
in the control at both E12.5 and E13.5, indicating a cardiomyocyte
differentiation defect. Transcriptional patterns of /rx3 and Irx4 were
investigated by in situ hybridization. /rx3 was uniformly expressed
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Mef2c-Cre;Nb";NI"";mTmG Mef2c-Cre;Nb™;NI"*;mTmG

Fig. 3. NFPs in the SHF are required for dorsal mesenchymal protrusion development and atrioventricular septation. (A) Mef2c-Cre-mediated NFP
knockout displayed absence of the dorsal mesenchymal protrusion (DMP) (arrows). (B) Mef2c-Cre is active in endocardial cells of the OFT but not AVC of the
inflow tract (IFT) and left ventricle (LV) region. Arrows indicate IFT. (C,D) Lineage tracing indicated that cells from the SHF contribute to the DMP in the control,
whereas in the knockout Mef2c-Cre-labeled cells do not migrate to the AVC to form the DMP. Arrows indicate endocardial cells of the AVC. One section from a
3D imaged z-stack is shown in C and D (for whole stacks see supplementary material Movies 4, 5). The lower magnifications (10x) are shown to indicate their
orientation (which can also be determined from A). PAS, primary atria septum. (E) Mef2c-Cre-labeled control cells form myocardial spikes that are oriented
perpendicular to the wall (red arrows indicate the spikes), whereas NFP-null cells do not show spike formation. Scale bars: 100 um.

in the trabeculae of the control heart, whereas the MDKO pattern
was less uniform and there was no [rx3 expression in some
trabeculae (Fig. 4G). Irx4, which specifies cardiomyocytes in
ventricles (Bao et al., 1999; Bruneau et al., 2001), was expressed in
the compact and trabecular zones in controls, whereas in MDKOs
the compact zone exhibited weaker or no expression of [rx4
(Fig. 4G). We found that 88% of the trabeculae in the control
displayed organized sarcomere arrays at E12.5 (n=4 hearts), whereas
in the MDKO only 15% of the trabeculae displayed sarcomeric
arrays (n=3 hearts) (Fig. 4H). In summary, MDKO hearts displayed
defects in the differentiation of cardiac progenitors and in the
maturation of sarcomeres.

Numb regulates cardiac progenitor differentiation through
its function in endocytosis

Cardiomyocyte differentiation in cultured mouse embryoid bodies
(EBs) recapitulates the genetic network that regulates this process
in vivo (Smith, 2001; Mummery et al., 2002). To study NFP
regulation of cardiac progenitor differentiation, we took advantage
of a pluripotent P19 embryonal carcinoma cell line (P19CI6-GFP)
(McBurney and Rogers, 1982; Habara-Ohkubo, 1996), in which
GFP is under the transcriptional control of the rat Mlc-2v promoter
and therefore functions as a marker for differentiated
cardiomyocytes (Moore et al, 2004). Adenovirus-mediated
expression of Numb (p65 isoform) in the EB increased the number

of GFP" cells (Fig. 5A-C) and the number of beating cultures (data
not shown), suggesting that Numb overexpression promotes
cardiomyocyte differentiation. We examined the expression of genes
that are involved in cardiac progenitor differentiation and those that
encode structural proteins. Nkx2.5, Gata6, ANP, Irx3, Myh7 and
Myh6 were all upregulated 2- to 4-fold (Fig.5D), whereas
progenitor cell markers Is// and Gata4 were significantly
downregulated (Fig. 5SD).

Numb interacts with endocytic adapters such as a-adaptin and
Epsl15 via the NPF and DPF motifs in the C-terminus (Salcini et al.,
1997; Santolini et al., 2000) to selectively promote clathrin-
dependent endocytosis of transmembrane proteins including Notch1
and the EGF receptor (Traub, 2003; Sorkin, 2004). To determine if
Numb regulates cardiomyocyte differentiation via endocytosis, EB
cultures were treated with Bafilomycin A1 (BafAl), an inhibitor of
endocytosis. BafAl abolished the Numb-induced increase in cardiac
progenitor differentiation (Fig. SE). When the a-adaptin or Eps15
binding sites (NPF and DPF, respectively) of Numb were mutated
to generate NDNPF™ and NbDPF™ they failed to promote
differentiation, as evidenced by fewer GFP' cells and no
upregulation of Nkx2.5, Gata6 and Myh7 (Fig.5F,G). We then
examined whether Numb can normalize Isll expression in E9.5
MDKO hearts using an ex vivo culture system. Ad-Numb, but not
Ad-NbDPF™, reduced Is//, Fgf8 and Shox2 expression significantly
in the MDKO (Fig. SH). These results demonstrate that NFPs
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Fig. 4. MDKOs display cardiomyocyte differentiation and maturation defects. (A) mRNA deep sequencing showed that multiple genes involved in cardiac
morphogenesis and disease are dysregulated in the MDKO. (B) Q-PCR showing the upregulation of Thx1, Fgf8 and Shox2. (C) Transcription of Is/1 was
upregulated in the MDKO ventricles from E9.5 to E11.5 as compared with controls based on Q-PCR. (D) Compared with control, /s/7 expression in the OFT of
the MDKO increased to a similar extent as in the ventricles. (E) There are two or three layers of Isl1 protein-positive cells in the control OFT, whereas there are
three or four layers in MDKO OFT (red arrows and white bars). White arrows indicate endocardial cells. The inset shows quantification of IsI1* cells in control

and MDKO hearts, with four sections for each heart and a total of three hearts.

(F) Cardiomyocytes in E12.5 and E13.5 MDKO hearts displayed differentiation

defects, with significantly lower expression of Irx3, Irx4, Irx5 and Myh6 but higher expression of Bmp10 and Myh11. (G) The trabecular cardiomyocyte
specification gene Irx3 was not expressed in some trabeculae, and the ventricular cardiomyocyte specification gene Irx4 was not transcribed in some regions
based on in situ hybridization. The arrows indicate zones that did not transcribe Irx3 or Irx4. (H) MF20 staining demonstrated that the MDKO displayed a
sarcomere array formation defect. Error bars indicate s.d. Asterisks indicate statistical significance at P<0.05. Scale bars: 100 ym in E,G; 10 pmin H.

regulate cardiac progenitor differentiation in an endocytosis-
dependent manner.

Both CBF1-dependent and -independent Notch signaling are
upregulated in MDKO hearts

Numb negatively regulates Notchl signaling, and the MDKO
phenotype is comparable to that of transgenic mice expressing
activated Notchl in cardiogenic mesoderm (Watanabe et al., 20006),
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which led us to investigate Notchl signaling in MDKO hearts. We
examined the level of Notchl intracellular domain (NICD1), the
activated form of the Notch1 receptor, in control and MDKO hearts.
MDKO hearts displayed higher levels of NICD1 protein (Fig. 6A).
IF staining showed that endocardial cells were positive for NICD1
(Fig. 6B; supplementary material Fig. S4A), consistent with a
previous report (Grego-Bessa et al., 2007), whereas in MDKOs
NICDI staining was also observed in some cardiomyocyte nuclei at
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Fig. 5. Numb regulates cardiac

progenitor differentiation via
endocytosis. (A-C) Numb
overexpression in EB culture
promotes the differentiation of P19ClI-
6GFP cells, in which GFP is under the
control of rat Mlc-2v, as evidenced by
increased numbers of GFP* cells
compared with B-gal-overexpression
EB cultures. The percentage of GFP*
cells was quantified by flow cytometry.
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E9.5 (Fig. 6B) and in all nuclei at E12.5 (supplementary material
Fig. S4A).

To determine whether upregulation of Notch signaling in MDKO
hearts is dependent on CBF1/canonical Notch signaling, the
transgenic Notch reporter (TNR) line (Duncan et al., 2005), in which
GFP expression is under the control of CBF1 (Rbpj — Mouse
Genome Informatics), a downstream target of Notch signaling, was
used to generate the MDKO; TNR strain. GFP intensity was stronger
in MDKO; TNR hearts than in the control (supplementary material
Fig. S4B). Western blot indicated that GFP levels were higher in
eight out of nine MDKO; TNR hearts than in littermate controls
(Fig. 6C), indicating upregulated canonical Notch signaling in
MDKO hearts. We observed GFP in some cardiomyocytes as well
as endocardial cells in MDKO; TNR hearts at E9.5 (Fig. 6D).

10! 10° 10° e FSC, forward scatter channel.
(D) Numb overexpression EB cultures
(n=3) showed higher expression of Nkx2.5,
n=.

3m Gata6, ANP (Nppa), Irx3, Myh7 and
p=0.0037 Myh6, but lower expression of /s/1
and Gata4. (E) The endocytosis
2 inhibitor BafA1 abolished Numb
overexpression-induced EB culture
differentiation. (F,G) Endocytosis-
defective Numb variants: both
NbDPF™ and NbNPF™ failed to
enhance cardiomyocyte differentiation
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‘@(‘“ system. (H) Using an ex vivo culture
system, Numb, but not NbDPF™ and
control virus GFP, could rescue the
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However, at E12.5, although all cardiomyocytes expressed NICD1
(supplementary material Fig. S4A), not all of them were TNR/GFP*
(supplementary material Fig. S4C). The discrepancy is due to TNR
incompletely representing all NICD1" cells, indicating that NFPs
regulate both canonical and non-canonical — or CBF1-dependent and
-independent — Notch signaling (Hellstrom et al., 2007; Mizutani et
al., 2007; Sanalkumar et al., 2010).

Expression levels of Notch target genes, including Heyl, Hey2,
Heyl and Hesl, were used to assess the activation of Notch
signaling in MDKO hearts. Q-PCR showed that Hey! and Hes!
expression levels were slightly higher in MDKO hearts than
controls at certain ages (supplementary material Fig. S4D). To
confirm that Notch signaling was upregulated in NFP-null
cardiomyocytes, we used a lentivirus RBP-Jk luciferase reporter
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to measure Notch signaling activation in cardiomyocytes that were
isolated from control or aMHC-Cre-mediated cardiomyocyte-
specific NFP knockout hearts. The NFP knockout showed higher
Notch signaling activation, indicating upregulated Notch signaling
in cardiomyocytes (Fig. 6E).

To determine whether upregulated Notchl signaling was
responsible for the defects in morphogenesis in MDKO hearts,
Notchl signaling was suppressed by deleting one of the Notchl
alleles (Garg et al., 2005) in the MDKO to generate MDKO; Nt"*.
This resulted in reduced NICDI1 staining intensity (supplementary
material Fig. S4A). However, this reduction did not rescue the OFT
septation defect or AVSD (data not shown). Instead, Notchl
suppression did reduce the thickness of the trabeculae, although it
did not increase the number of trabeculae per unit length (Fig. 6F;
supplementary material Fig. SSA,B). This suggests that NFPs
regulate trabecular thickness through Notchl signaling.

NFPs regulate cardiomyocyte proliferation through
inhibition of Notch1 signaling

To examine if the thicker trabeculae and the larger size of MDKO
hearts are due to an increase in cell proliferation, the cardiomyocyte
proliferation rate was assessed by BrdU pulse labeling (Fig. 7A,B).
In the compact zone, the percentage of BrdU-positive
cardiomyocytes in the MDKO was significantly higher than in the
control from E9.5 to E12.5 (Fig. 7C), consistent with the increased
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higher levels of NICD1 protein
than controls. (B) IF showed that
some cardiomyocytes in E9.5
MDKO but not control hearts were
NICD1 positive (white arrows).
(C) E12.5 ventricles were lysed
for GFP quantification and eight
out of nine MDKO; TNR hearts
displayed higher levels of GFP
protein than the control. (D) GFP
staining in sections from E9.5
TNR control and MDKO; TNR
hearts showed that Notch
signaling is active in endocardial
cells in the control, whereas in the
MDKO some cardiomyocytes are
also positive (blue arrows).

(E) Lenti RBP-Jk luciferase
reporter assay showed that
cardiomyocytes from aMHC-Cre-
mediated NFP knockout hearts
displayed higher Notch signaling
activation than the control.

(F) The thickness of trabeculae of
MDKO; Nt"* hearts was
significantly decreased compared
with that of MDKO. The
incomplete Numb deletion in
MDKO in Aand C was due to its
expression in epicardial and
endocardial cells. V, ventricle.
Scale bars: 50 pm.

heart size in MDKOs. This result was also apparent specifically in
the trabecular zone, where there was a 3-fold increase in the
percentage of BrdU-positive cells in the MDKO compared with the
control at E12.5 (Fig. 7D), consistent with the thicker trabeculae in
MDKOs.

We examined the mRNA deep sequencing data and found, among
the known cell cycle regulators, that only p57 (Cdknlc or p574?),
a cyclin-dependent kinase inhibitor, was significantly different.
Expression levels of cyclin D1 (Cendl), Cdknla (p21) and p57 were
further examined by Q-PCR and only p57 was significantly different
from the control in E9.5-13.5 MDKO hearts (Fig. 7E). We then
examined whether reduced p57 expression in MDKOs was caused
by increased Notchl signaling. MDKO; Nt/" mice showed
increased p57 expression compared with the MDKO (Fig. 7F).
Consistent with the higher expression of pS57 and the thinner
trabeculae, cardiomyocyte proliferation in the trabeculae of MDKO;
Nt/ mice was significantly reduced compared with the MDKO
(Fig. 7G). To further study how NFPs regulate p57, embryonic
cardiomyocytes from control, Numb™%;  Numbp"o*flox  or
Notch "% Numb"*/x: Numbl"°* were cultured and treated
with Ade-Cre to induce recombination. We found that p57 was
downregulated in Cre”; Numb™/x; Numbl** cardiomyocytes,
but was upregulated in Cre"; Notch 7% : Numb"~; Numbiox/lex
cardiomyocytes (Fig. 7H,I), indicating that downregulation of p57
in NFP-null cardiomyocytes is Notch1 dependent.
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Fig. 7. NFPs regulate cardiomyocytes proliferation via Notch1. (A,B) BrdU pulse labeling indicated that cardiomyocytes in the MDKO proliferated at a
higher rate than those in the control. Cardiomyocytes were identified by collagen 1V, a marker for the basement membrane. (C,D) MDKO displayed higher
proliferation rates of cardiomyocytes in the compact zone (C) and in the trabecular zone (D) at various ages. (E) Transcription of the cell cycle inhibitor p57
(p57"?) was significantly reduced in the MDKO. (F) p57 expression was partially rescued in MDKO; Nt"*. The expression of Numb (Nb), Numb/ (NI) and
Notch1 (Nt1) in MDKO; Nt”* was comparable to their expression in MDKO. (G) Trabecular cardiomyocyte proliferation was reduced in E12.5 MDKO; Nt1*"
compared with the control. (H,1) p57 expression was downregulated in Nb™; NI cardiomyocytes but upregulated in Nb™; NI Notch 1™ after Cre-mediated
recombination for 72 hours. (J) Numb and Notch1 antibody can immunoprecipitate Numb using P4 heart lysates. IP, immunoprecipitate; WB, western blot.
(K) DAPT inhibited Notch1 cleavage to produce NICD1, and overexpressing Numb:GFP but not NoDPF™:GFP reduced NICD1 in cultured embryonic
cardiomyocytes. E12.5 mouse brain and Nb™; NI"; Notch1™ cardiomyocytes treated with pAd-Cre were used as positive and negative control, respectively.
*A weak band in the positive control, DAPT and GFP lanes that is non-specific. “*The Numb antibody can detect all four Numb isoforms. (L) Quantification of
NICD1 in different treatments from three independent experiments. Error bars indicate s.d. Scale bar: 50 um.

To study how NFPs regulate Notchl signaling, we first
determined whether Notchl and Numb interact in the heart. Both
Numb and Notchl antibodies could pull down Numb based on co-
immunoprecipitation using whole heart lysates (Fig.7J) or

endocardial cell-specific NFP-null heart lysate (Wu et al., 2012)
(supplementary material Fig. S6A), indicating that Numb interacts
with Notchl in the mouse heart. To determine how Numb inhibits
Notchl signaling, Numb was overexpressed in cultured embryonic
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cardiomyocytes. Western blot indicated that Numb:GFP
overexpression reduced the level of NICDI. However,
overexpressing GFP or the endocytosis-defective NbDPF™:.GFP did
not reduce the level of NICD1 (Fig. 7K,L), indicating that Numb
promotes NICD1 degradation via endocytosis.

DISCUSSION
NFPs play multiple roles during cardiac development and
their disruption results in multiple CHDs
The defects in trabeculation, proliferation, progenitor
differentiation, OFT and atrioventricular septation and OFT
alignment in MDKO hearts, together with the recent report that
NFPs inhibit Notch2 to regulate compaction (Yang et al., 2012),
demonstrate that NFPs are essential for cardiac development and
morphogenesis. These findings extend our previous analysis which
found that NFPs are essential for epicardial development (Wu et al.,
2010). Our present analysis using NFP knockout models mediated
by Tie2-Cre, Wntl-Cre, SM22-Cre, WTI1ER2 | Mef2c-Cre and
Nkx2.5" suggests that the key functions of NFPs in cardiac
development are stage- and cell type-specific. NFP knockouts
mediated by Tie2-Cre, WT1*RT? and Wntl-Cre did not display
any obvious cardiac morphogenetic defects (supplementary
material Fig. S2), indicating that NFP functions in endocardial cells,
epicardial cells and CNCCs are not essential for heart
morphogenesis.  SM22-Cre-mediated NFP  knockout in
cardiomyocytes partially phenocopied the MDKO, with disrupted
trabeculation, but did not display differentiation and morphogenetic
defects (supplementary material Fig. S2). Mef2¢c-Cre-mediated NFP
knockouts recapitulated the morphogenesis defects of the MDKO,
indicating that NFPs in the SHF are essential for cardiac
morphogenesis (Fig. 3; supplementary material Fig. S2). The
difference in phenotypes between SM22-Cre-mediated and
Nkx2.59¢* -mediated mutants might be due to the different timing
and cell types in which NFPs were deleted. Nkx2.5" was active
in cardiomyocytes derived from the FHF and SHF, some
endocardial cells of the OFT and AVC (supplementary material
Fig. S1A,B), and very few endocardial cells of the ventricles
(supplementary material Fig. SIC, Movie 1) and was active
beginning at E7.5 based on Nkx2.5¢* ; mTmG. By contrast, SM22-
Cre is active in some cardiomyocytes in the E8.5 heart tube, but not
in all cardiomyocytes until ~E9.0, a stage at which cardiac
progenitor cells have already initiated the differentiation process.
However, the expression of Nkx2.5¢* in the endocardial cells
appears not to be the cause of the AVSD and OFT septation in the
MDKO, as Tie2-Cre-mediated NFP deletion did not cause any
defect. Furthermore, NFP deletion via Mef2¢c-Cre, which is not
active in the endocardial cells of the AVC (Fig. 3B), caused the
AVSD, indicating that NFP absence in endocardial cells of the AVC
is not responsible for the AVSD in the mutants. Instead, the
morphogenesis defects in MDKOs might be caused by the SHF
progenitor cell differentiation defect, as evidenced by the
upregulation of Isl1, Fgf8, Hoxa3 and ThxI in MDKOs. This is
consistent with previous reports that down- or upregulation of
Fgf8/Fgf10 (Kelly et al., 2001; Ilagan et al., 2006; Park et al., 2006),
Isl1 (Ai et al., 2007; Kwon et al., 2007; Lin et al., 2007; Ueno et al.,
2007) and Thx1 (Vitelli et al., 2002) interferes with SHF progenitor
cell differentiation and subsequently causes cardiac morphogenetic
defects or CHDs (Buckingham et al., 2005; Black, 2007; Rochais et
al., 2009). Further studies showed that NFP-null cells fail to form
myocardial spikes that orient perpendicularly to the heart wall
(Fig. 3E) and fail to migrate into the OFT cushion, which might
result in the OFT septation defect.
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NFPs regulate ventricular trabeculation and compaction
Ventricular trabeculation and compaction are two related but
different biological processes during cardiac morphogenesis.
Trabeculation initiates at E9.0-9.5 and myocardial compaction
occurs at ~E14.5 (Samsa et al., 2013; Zhang et al., 2013). Lack of
trabeculation causes embryonic lethality in mice and excess
trabeculation causes cardiomyopathy and heart failure in humans
(Jenni et al., 1999; Weiford et al., 2004; Breckenridge et al., 2007).
Despite the fundamental nature of these morphogenic processes, the
molecular and cellular mechanisms controlling trabeculation and
compaction are not fully understood. Pathways that regulate
trabeculation include the Notchl and Notch2 signaling pathways.
Global or endothelial-specific Notchl deletion causes ventricular
hypoplasia and trabeculation defects (Grego-Bessa et al., 2007).
Notchl activation in early cardiac cell lineages by Mespl-Cre-
mediated overexpression of NICD1 leads to several cardiac
morphogenetic defects, including abnormal ventricular morphology
similar to ventricular non-compaction (Watanabe et al., 2006).
However, NICD1 overexpression in cardiomyocytes at a later stage
via Mlc-2v-Cre does not cause obvious trabecular morphogenesis
(Croquelois et al., 2008). The discrepancy could be caused by
Notchl activation at different developmental stages or in different
cell populations.

Notch?2 intracellular domain (N2ICD) is detected throughout the
myocardium before E11.5, but at a later stage Notch2 activity is
specifically downregulated in the compact zone and is restricted in
trabecular myocardium during ventricular compaction (Yang et al.,
2012). Notch?2 global knockout displays ventricular hypoplasia
(McCright et al., 2001). Notch2 deletion in heart via SM22-Cre
displays cyanosis at birth due to narrow arteries, but whether or not
the knockout displays a trabeculation defect was not reported
(Varadkar et al., 2008). However, loss-of-function analysis for
Notchl or Notch2 in cardiomyocytes cannot determine whether they
are involved in trabecular morphogenesis, as all four Notch
receptors are expressed at relatively high levels in the heart
(supplementary material Fig. S6B) and the deletion of one Notch
receptor in cardiomyocytes may be compensated by the function of
another, although they might not be expressed in cardiomyocytes
under normal conditions. Yang et al. (Yang et al., 2012) reported that
N2ICD continues to be present in the compact zone at E12.5 and
E13.5, which was not observed in the control, and we observed that
NICDI1 is present in cardiomyocytes in both the compact and
trabecular zones of the MDKO, indicating that NFPs regulate
trabecular morphogenesis via inhibition of both Notchl and Notch2.

Trabecular morphogenesis is a multistep process that includes, but
is not limited to, trabecular initiation, proliferation/growth,
differentiation and compaction. Notchl and Notch2 might regulate
different steps of trabecular morphogenesis. Genetic epistasis studies
can determine whether Notch receptors function downstream of
NFPs in the regulation of a particular trabecular morphogenesis step.
MDKOs displayed lower p57 expression, higher proliferation rates
and thicker trabeculac. When one of the Notchl alleles was deleted
in the MDKO, p57 expression and proliferation were partially
rescued (Fig. 7F,G) and the thickness of the trabeculae was reduced
compared with that of the MDKO (Fig. 6F). However, Notchl
deletion did not rescue the defects in trabecular initiation and non-
compaction (supplementary material Fig. SSA,B; data not shown).
This indicates that NFPs inhibit Notchl to regulate cardiomyocyte
proliferation and trabecular growth/thickness, but not trabecular
initiation and compaction. NICD2 overexpression in cardiomyocytes
mediated by aMHC-Cre results in hypertrabeculation and non-
compaction, indicating that Notch2 is involved in compaction and
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that NFPs might inhibit Notch2 to regulate compaction (Yang et al.,
2012). However, many questions regarding the regulation of
trabecular morphogenesis by Notchl and Notch2 remain. Notch2
activity is restricted to trabeculae, where cells are more
differentiated, more mature and less proliferative compared with
cardiomyocytes in the compact zone, raising a number of questions
for future research, such as whether Notch?2 inhibits the proliferation
of cardiomyocytes and promotes their differentiation to regulate
compaction, and what the unique Notch2 downstream targets
regulating compaction are. The observation that both Notchl
deletion (Grego-Bessa et al., 2007) and overexpression (Venkatesh
et al., 2008) in endocardial cells reduced trabeculation indicates that
further work is needed to reveal how Notchl regulates trabeculation.

NFPs regulate Notch1 signaling during cardiac development
One of the well-known pathways that NFPs regulate is Notchl
signaling. It has been shown that Numb inhibits Notch1 signaling in
Drosophila and mammalian cells (Guo et al., 1996; Spana and Doe,
1996; Zhong et al., 1996; McGill and McGlade, 2003; Cheng et al.,
2008; McGill et al., 2009; Beres et al., 2011). However, the Numb-
Notchl relationship during vertebrate embryogenesis remains an
enigma (Zhong et al., 1996; Petersen et al., 2006). Although the
phenotype of the NFP global knockout is similar to that of Notchl
pathway disrupted mutants, leading to the hypothesis that Numb and
Notchl signaling are associated, Notchl targets were not upregulated
in the NFP global knockout during mammalian development, as
would be predicted if Numb inhibits Notch1 signaling (Petersen et al.,
2006). The exact relationship between Numb and Notchl during
embryogenesis is therefore unclear. Genetic tools to test the interaction
between Numb and Notchl should be applied to reveal the
relationship. We used a transgenic Notch reporter line and other assays
to clearly show that canonical Notch signaling is upregulated in
MDKO hearts. Significantly, deletion of one Notchl allele partially
rescued the MDKO phenotype, including the expression of p57,
cardiomyocyte proliferation and trabecular thickness (Fig. 6). This
indicates that NFPs regulate trabecular proliferation/growth and
thickness via Notchl signaling.

Notchl signaling is local and only cells that are adjacent to the
ligand will be activated. Notchl transcription was highest in
endocardial cells and weak in cardiomyocytes. It has been proposed
that jagged 1 in cardiomyocytes can activate Notchl in endocardial
cells, so NICD1 is usually detected in endocardial cells (Grego-
Bessa et al., 2007). The activated Notchl signaling in endocardial
cells then can enhance cardiomyocyte proliferation by inhibiting p57
through Bmp10 in the myocardium (Chen et al., 2004; Grego-Bessa
et al., 2007; Chen et al., 2013; Luxan et al., 2013). In MDKO hearts,
the Notchl transcriptional level did not differ from that of the
control based on mRNA sequencing and Q-PCR (data not shown),
and NICD1 was detected in both endocardial cells and
cardiomyocytes, indicating that Notchl 1is expressed in
cardiomyocytes and that NFPs are required to inhibit NICD1 in a
post-transcriptional manner, consistent with their functions as
endocytic proteins. Furthermore, Nkx2.5¢" -mediated Notchl™
deletion reduced NICD1 to ~46% of control levels based on western
blot using lysates of E12.5 ventricles (supplementary material
Fig. S6C,D), and presumably the remaining Notchl protein was
contributed by endocardial and epicardial cells. This suggests that
Notchl is expressed in cardiomyocytes at E12.5, considering that
Nkx2.5" is active in all cardiomyocytes and in very few
endocardial cells in the ventricles. This is consistent with a previous
report that NICD1 is detected in cardiomyocytes in E13.5 and older
hearts (Kratsios et al., 2010). We propose that Notchl in
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Fig. 8. The deletion of NFPs abolishes NICD1 degradation, resulting in
activation of Notch1 signaling. (A) In the control heart, jagged 1 (Jag1) in
cardiomyocytes activates Notch1 in endocardial cells to produce NICD1,
which in turn can inhibit p57 expression via Bmp10 in cardiomyocytes.
Notch1 expression in cardiomyocytes is weak, and can be activated by
Delta4 (DI4) in endocardial cells and/or Jag1 in cardiomyocytes; however,
NICD1 will be degraded via NFPs. In NFP-null cardiomyocytes, NICD1
degradation by NFPs is disrupted, resulting in activation of Notch1 and
inhibition of p57 expression.

cardiomyocytes is activated by Delta4 (delta-like 4) in the
endocardial cells and/or jagged 1 in cardiomyocytes to produce
NICD1, which is degraded by NFP-mediated endocytosis and is not
detectable in cardiomyocytes in the control hearts. In the
cardiomyocytes of MDKO hearts, NFP-mediated NICDI
degradation is abolished, which results in NICD1 accumulation to a
detectable level. This NICD1 accumulation in cardiomyocytes
activates Notchl-related signaling, including the inhibition of p57
expression to promote cell proliferation in a myocardium-
autonomous manner in the MDKO (Fig. 8A).

NFPs regulate Notch1-independent signaling pathways

NFPs play a variety of roles during normal and disease conditions
in a cell context-dependent manner (Gulino et al., 2010). Numb is
an endocytic protein (Santolini et al., 2000), and NFPs execute their
functions mainly through their involvement in endocytosis and
interaction with other proteins. Numb functions as a component of
the adherens junction to regulate cell adhesion and migration in
neural epithelium and epicardium (Rasin et al., 2007; Wang et al.,
2009; Wu et al., 2010), regulates cancer initiation by controlling the
stability of p53 (Colaluca et al., 2008) and Glil (Di Marcotullio et
al., 2006), regulates neuroblast specification in Drosophila SOP cells
by inhibiting Notch signaling (Guo et al., 1996), and regulates axon
growth in neural cells (Nishimura and Kaibuchi, 2007). Numb also
interacts with Notch and Wnt signaling to specify the hemangioblast
to the primitive erythroid lineage (Cheng et al., 2008). Of all the
pathways with which NFPs interact, the best-studied is the Notchl
pathway. However, suppression of Notchl did not rescue all the
defects of MDKOs, indicating that NFPs function upstream of
Notchl-independent signaling pathways to regulate cardiac
morphogenesis and cardiac progenitor differentiation.

To reveal the mechanisms that cause the defects in morphogenesis
and progenitor differentiation, we examined mRNA deep sequence
data. Of the 814 dysregulated genes in the MDKO, 36.9% encode
membrane-associated proteins, 30.4% encode glycoproteins and
26.8% encode signal peptides (supplementary material Fig. S7A),
indicating that NFPs are involved in multiple signaling pathways,
which is consistent with previous findings that Numb is an adaptor
protein involved in the endocytosis of multiple proteins (Santolini
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et al., 2000; Krieger et al., 2013). Indeed, it is possible that NFPs
regulate cardiac morphogenesis and progenitor differentiation
through the endocytosis of multiple proteins. Analysis of transgenic
lines expressing endocytosis-defective Numb might help to
determine how NFPs regulate cardiac morphogenesis and progenitor
differentiation.

MATERIALS AND METHODS

Mice

Mouse strains Numb™', Numb!™ (Zilian et al., 2001; Wilson et al., 2007),
transgenic Notch reporter (TNR) (Duncan et al., 2005), Tie2-Cre (Kisanuki
et al., 2001), Rosa26-mTmG (mTmG) (Muzumdar et al., 2007), SM22-Cre
(Holtwick et al., 2002; Boucher et al., 2003), CMV-Cre (Schwenk et al.,
1995), WntI-Cre (Danielian et al., 1998), WT1¢812 (Zhou et al., 2008),
aMHC-Cre (Oka et al., 2006) and Notch! (Yang et al., 2004) were
purchased from Jackson Lab. Dr Robert Schwartz provided Nkx2.5¢*
(Moses et al., 2001) mice. Dr Brian Black provided Mef2c-Cre (Verzi et al.,
2005). Nkx2.59¢* ; Numb"*; Numbl™ or Nkx2.5¢"" ; Numb™": NumbI"*
males were mated to Numb™; NumbI™ females to generate Nkx2.5¢";
Numb™: Numb!™" designated as MDKO; their sibling embryos without the
Cre allele are designated as controls. All animal experiments were approved
by the Institutional Animal Care and Use Committee (IACUC) at Albany
Medical College and performed according to the NIH Guide for the Care
and Use of Laboratory Animals.

Paraffin and frozen section immunohistochemistry
Immunohistochemistry, immunofluorescence (IF) and Hematoxylin and
Eosin (H&E) staining were performed as described (Lechler and Fuchs,
2005; Mellgren et al., 2008). Primary antibodies were: BrdU (1:50; Becton
Dickinson, 347583), collagen IV (1:1000; Chemicon, AB756P), B-tubulin
(1:1000; BD Pharmingen, 556321), active caspase 3 (1:100; Cell Signaling,
9661S), WT1 (1:100, DAKO, M3561; or 1:50, Santa Cruz Biotechnology,
sc192), PECAM (1:50; BD Pharmingen, 550274), MF20 [1:100;
Developmental Studies Hybridoma Bank (DSHB), MF20], 3-catenin (1:400;
BD Pharmingen, 610153), NICD1 (1:50; Cell Signaling, 4147S), GFP
(1:10,000; Abcam, ab290), Isl1 (1:50; DSHB, 39.4D5) and Numb (1:600,
Abcam, ab14140; or 1:600, Cell Signaling, 2756s); the third Numb primary
antibody was provided by Dr Weimin Zhong at Yale University (1:1000).

mRNA deep sequencing

Total RNA was isolated with Trizol (Invitrogen) from ten E10.5 ventricles
from both control and MDKO for each experiment. As an indication of
quality, the RNA had an integrity number of 8 or greater by Bioanalyzer
(Agilent Technology). Samples for mRNA deep sequencing were prepared
according to the manufacturer’s protocol (mnRNASeq 8-Sample Prep Kit,
[llumina). The samples were sequenced by the Microarray Core Facility at
the University of Texas, Southwestern Medical Center at Dallas. A HiSeq
2000 system (Illumina) was used for SE-50 sequencing (single-ended 50 bp
reads), with over 30x10° ‘reads’ per sample. Basic data analysis was
performed with CLC-Biosystems Genomic Workbench analysis programs
to generate quantitative data for all genes. The quality filtered and trimmed
reads were aligned to an annotated mouse reference genome downloaded
from the Ensembl Genome Browser. cDNA fragments were mapped back
to individual transcripts. After normalization, the RNA-Seq fragment count
was used as a measure of relative abundance of transcripts, and CLC BIO
measured transcript abundances in reads per kilobase of transcript per
million mapped reads (RPKM). The experiment was repeated three times.
Relative expression levels of genes (ratio of MDKO to control) with P<0.05
were considered significantly different.

Cardiomyocyte isolation

Ventricles (E15.5-17.5) were washed with cold Hank’s balanced salt
solution, snipped and then digested with warmed 0.2% collagenase B
solution. The digestion was repeated four times of four minutes each. The
digested mixtures were combined and centrifuged to collect the cardiac cells,
which were then plated in a culture dish for 1 hour to allow non-
cardiomyocytes to adhere, followed by the transfer of unattached cells to
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another dish; these last two steps were repeated three times to enrich
cardiomyocytes. The cardiomyocyte-enriched cells were cultured and cells
that were beating were counted as cardiomyocytes on day four. The
enrichment procedure resulted in more than 95% of the cells being
cardiomyocytes. The cardiomyocytes were transduced with various viruses
or treated with different chemicals for 1, 2 or 3 days. mRNA or proteins
were isolated and used for analysis.

Imaging

The following systems were used: for confocal imaging, Zeiss LSM510
META and Zeiss 510 META NLO; for color imaging, Zeiss Observer Z1
with a Hamamatsu ORCA-ER camera; for fluorescence imaging, Zeiss
Observer Z1 with an AxioCam MRm camera. 3D images were produced by
Zeiss 510 META NLO with 0.9 pum per section and reconstructed with
Imaris software (Bitplane).

Cardiomyocyte proliferation assay by BrdU pulse labeling
Pregnant females were intraperitoneally injected with BrdU for 1 hour
before embryo harvesting. The proliferation rate was assessed by the
percentage of BrdU-positive cells among total cells as described (Wu et al.,
2010). Collagen IV was used to stain the basement membrane to distinguish
cardiomyocytes from non-cardiomyocytes.

Western blot and co-immunoprecipitation (Co-IP)

Lysates from E12.5 or E13.5 ventricles of each genotype were processed for
western blot as described (Mellgren et al., 2008). Lysates from postnatal day
(P) 4 hearts were used for Co-IP according to the protocol of uMACS
Protein A/G Microbeads (Miltenyi Biotec). Antibodies used for western
blots and Co-IP included Numb (1:1000; Cell Signaling, 2756s), NICD1
(1:500; Cell Signaling, 4147s), Notchl (1:1000; Cell Signaling, 4380s),
Notchl (1:500; Santa Cruz Biotechnology, sc-6014), GFP (1:10,000;
Abcam, ab290) and Gapdh (1:1000; Santa Cruz Biotechnology, sc-25778).

RNA isolation and quantitative PCR (Q-PCR)

For Q-PCR analysis, total RNA was isolated from three ventricles for each
experiment using Trizol and the RNeasy Micro Kit (Qiagen). The
experiments were repeated at least three times for each age. At least 300 ng
total RNA was used for reverse transcription (iScript cDNA Synthesis Kit,
Bio-Rad). Gene expression was analyzed using standard Q-PCR methods
with iTAQ SYBR Green Master Mix on a CFX96 instrument (Bio-Rad).
Each sample was run in triplicate and normalized to cyclophilin A. Primer
sequences are listed in supplementary material Table S3. Transcription of
Isll and Heyl was confirmed using two sets of primers.

In situ hybridization

Digoxigenin-labeled RNA probes were made as described (Xu et al., 2009).
In situ hybridization of whole-mount mouse embryos and paraffin sections
was as described (Xu et al., 2011). Briefly, after fixation, embryos were
treated with 10 pg/ml proteinase K, refixed in a 0.2% glutaraldehyde/4%
paraformaldehyde (PFA) solution, and prehybridized at 65°C for 1 hour. The
samples were then transferred into hybridization mix containing 0.5 pg/ml
digoxigenin-labeled probes. Post-hybridization washes and antibody
incubation were as described (Xu et al., 2009). Color development employed
BM Purple solution (Roche).

Trabecular density and thickness quantification and whole-
mount IF staining

One in every four sections from E10.5-13.5 hearts was stained with PECAM
and MF20 antibodies. At least six sections from the medial part of the heart
were quantified for the number of trabeculae per unit length and for the
thickness of trabeculae or compact zone in both left and right ventricles.
Trabecular thickness was defined as the average thickness of the base,
middle and top of an individual trabecula. Compact zone thickness was
defined as the average thickness of six different spots in left and right
ventricle in each section. The data presented in figures include both left and
right ventricles.
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Whole embryos were stained as described (Wu et al., 2010). Briefly,
whole embryos were fixed for 2 hours in 4% PFA, permeabilized for 8 hours
in PBS-Tween 20, blocked with 3% BSA, and then incubated with primary
antibody for ~24 hours. After three washes, the embryos were incubated
with secondary antibody for 24 hours, followed by washing with PBS. After
staining, embryos were cleared in glycerol and then 3D imaged.

Embryoid body (EB) culture and analysis

EB culture was as described (Moore et al., 2004). Briefly, 800 P19CI16-GFP
cells in 20 pul medium (passage number less than 20) were used for each
hanging drop culture. Forty-eight hours after hanging drop formation,
adenovirus at a multiplicity of infection (MOI) of 100, DAPT at a final
concentration of 10 uM, or BafAl at a final concentration of 0.1 pM, or an
equal amount of vehicle (DMSO) mixed in medium was added to the
hanging drop without disturbing the cell aggregates. The hanging drops were
allowed to grow for another 4 days. Then, the EB or cell aggregates were
transferred to culture plates to grow for another 5 days. On day 6, the EB
cultures were harvested and dissociated into single cells for flow cytometry
analysis or RNA isolation. The percentage of GFP" cells was analyzed by
FACScan (Becton Dickinson).

Site-directed mutagenesis

Numb mutant variants including NumbP""A2A (NbDPF™ or NbDPF™:GFP)
and Numb™""AAF (NBNPFE™), in which DPF and NPF were mutated to AAA
and AAF, respectively, were generated by site-directed mutagenesis
following protocols provided with the Phusion Site-Directed Mutagenesis
Kit (Thermo Scientific). Primers used for NbDPF™ and NbNPF™ generation
are (5'-3', forward and reserve): NumbP™, CCAGGCACCTGCCCA-
GTGGCTGCTGCCGAAGCTCAGTGGGCCGCA and AGGGACTTCT-
GCATGCCTGTTTCCTGAGGCTAGCCCACCATT; Numb™*f, CGTA-
CAAATCCTTCTCCTACCGCCGCTTTCTCCAGTGACTTACAGA and
CTGCTTGGACTTGCTTTCTAGTGCGGCC.

Ex vivo culture system

The ex vivo culture protocol was developed in Dr Brian Black’s laboratory.
Briefly, embryos lacking the head and tail with the heart exposed to medium
were cultured in medium containing Ad-Nb, Ad-GFP or Ad-NbDPF™ for 48
hours. Then, the heart was used for Q-PCR analysis.

Statistics
Data are shown as mean * s.d. An unpaired two-tailed Student’s z-test was
used for statistical comparison. P<0.05 was considered statistically
significant.

Lenti RBP-Jk luciferase reporter assay

The Lenti RBP-Jk reporter is a preparation of ready-to-transduce lentiviral
particles for monitoring the activity of Notch signaling pathways in virtually
any mammalian cell type (Qiagen, CLS-014L). Cardiomyocytes from
E16.5-18.5 control or aMHC-Cre-mediated NFP knockout hearts were
cultured in 48-well plates for 4 days. Then, the cells were infected with Lenti
RBP-Jk luciferase and Lenti renilla luciferase, which functions as a control.
Seventy-two hours after infection, the lysate was used to measure luciferase
activity according to the supplied protocol.
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Figure S1. Expression patterns of Nkx2.5** and phenotype of MDKO.

(A-C) Nkx2.5%* was active in cardiomyocytes and endocardial cells of the IFT and OFT, but in very few endocardial cells of ventricles,
indicated by green arrows. Sections through the whole heart of E9.5 (A+B) and E10.5 (C) embryos were examined (n=3 for each age).
The section in (C) is from a 3D imaged E10.5 whole heart and all of its sections are shown in Movie 1. (D) Heterozygotes heart did
not display obvious cardiac defects. (E&F) MDKO embryos displayed edema at E13.5. (G) OFT of MDKO hearts displayed abnormal
alignment with ventricles at E11.5. Dotted line delineates the OFT curve. (H) MDKO displayed alignment defect, as both aorta and
pulmonary arteries extend from right ventricles. Scale bar in A-C, D, G and H are 20 um, in E&F are 300um.



Figure S2. Functions of NFPs in different cardiac cell types.

(A) SM22-Cre™"; Numb™; Numbl™ (SDKO) displayed trabeculation defects, showing thicker trabeculae and slight fewer number of
trabeculae per unit length. The endocardial cell double knockout (EnDKO) (Tie2-Cre™"; Numb™; Numbl"") displayed normal trabec-
ulation and morphogenesis. (B) Shows the quantification of the thickness of trabeculae and the number of trabeculae per unit length in
control and SDKO hearts at E14.5. Error bars indicate s.d. (n=5). (C&D) WntI-Cre mediated NFPs knockout displayed a cranial facial
defect, but no cardiac morphogenesis defect. (E) Mef2c-Cre-mediated NFPs knockout displayed an OFT alignment defect. Scale bars
in A, C, D are 100 pm.



Figure S3. MDKO hearts did not display chamber specification defects.

(A) Expression of ANP and Handl in MDKO hearts at E10.5 and E11.5 hearts appears normal based on In situ hybridization. Scale bar
in A is 200 ym.



Figure S4. MDKO displayed CBF1 dependent and independent Notch signaling activation.

(A) Control hearts showed NICD1 positive staining in the endocardial cells indicated by white arrows, while MDKO and MDKO; N+
hearts additionally displayed NICD1 staining in cardiomyocytes as indicated by blue arrows. (B) Whole heart imaging showed that
Notch signaling was up-regulated in MDKO based on the GFP staining of MDKO; TNR heart. (C) MDKO hearts display more TNR
positive cells (GFP+) compared to control, but not all cells are TNR positive. (D) Expression of Hey! and Hes! in MDKO is 1.1 to 1.7-
fold higher than control based on Q-PCR at certain ages. Error bars indicate s.d.; n values are shown within each bar.



Figure S5. Notchl suppression decreased the thickness of trabeculae, but not the number of trabeculae per unit length in MDKO.

(A) MDKO; Nt*" displayed less thick trabecula compared to MDKO. (B) Notch1 suppression in MDKO did not increase the number of
trabeculae per unit length. Error bars indicate s.d. (n=5). Scale bar in A is 100 um.



Figure S6. Notch expression in the embryonic heart.

(A) Immunoprecipitation shows that both Numb and Notch1 can pull down Numb from lysate of the heart, in which NFP in endocardial/
endothelial cells were deleted via NfatcI-Cre. This indicates that Numb and Notchl in cardiomyocytes can bind each other. (B) shows
the relative expression of Gatra6, Irx3, Isl] and all four Notch receptors based on mRNA deep sequencing using E10.5 hearts. (C&D)
Nkx2.5*+-mediated-Notchl deletion reduced the NICDI to 46% of the control hearts based on Western blot using lysates of E12.5
ventricles. This indicates that the Notchl is expressed in cardiomyocytes, considering that Nkx2.5** is active in very few endocardial
cells in the ventricles.



Figure S7. NFPs are involved in multiple signaling pathways during cardiac development.

(A) The percentage of each category of genes that are dysregulated in the MDKO and their-log(p) values are shown. This indicates that
NFPs regulate multiple signaling pathways during cardiac morphogenesis.

Movie 1. E10.5 Nkx2.5¢*; mTmG whole hearts were stained with PECAM (blue) and 3D imaged. The movie shows a Z stack of an
E10.5 heart with 3 um per section. This movie indicates that very few endocardial cells of the ventricles are Cre active.


http://www.biologists.com/DEV_Movies/DEV093690/Movie1.mov

Movies 2 and 3. E10.5 Nkx2.5*; mTmG and MDKO; mTmG whole hearts were stained with PECAM (blue) and 3D imaged. The
movie shows a Z stack of an E10.5 heart with 3 um per section. The movies indicate that the trabecula of MDKO is thicker than that of
the control.

Movies 4 and 5. Mef2c-Cre-mediated-NFP deletion failed to form Dorsal Mesenchymal Protrusion (DMP) and displayed AVSD.
E13.5 Mef2c-Cre; mTmG control and knockout hearts were stained with PECAM (Blue) and then 3D imaged. Movies show the Z
stack of Mef2c-Cre labeled control (Movie 2) and NFPs-null cells (Movie 3) around the DMP region with 3 pm per section. One
section of Movie 4/5 is shown in Fig. 3C/D. The genotypes are Mef2c-Cre; Numb"*; Numbl"*; mTmG for Movie 4 and Mef2c-Cre;
Numb™; Numbl™: mTmG for Movie 5

Table S1. The results of mRNA deep sequencing. RNA-Seq data of Con vs MDKO at E10.5 including all genes with p-value < 0.05
are listed (15273 genes in total). This experiment was repeated three times and the data of the average of the three were shown. The
ratio of MDKO:WT with p-value is presented.

Download Table S1
Table S2. The results of mRNA deep sequencing. Genes whose transcriptional levels were significantly changed are listed. Genes
highlighted in red are downregulated, whereas genes highlighted in blue are upregulated.

Download Table S2


http://www.biologists.com/DEV_Movies/DEV093690/Movie2.mov
http://www.biologists.com/DEV_Movies/DEV093690/Movie3.mov
http://www.biologists.com/DEV_Movies/DEV093690/Movie4.mov
http://www.biologists.com/DEV_Movies/DEV093690/Movie5.mov
http://www.biologists.com/DEV_Movies/DEV093690/DEV093690TableS1.xlsx
http://www.biologists.com/DEV_Movies/DEV093690/DEV093690TableS2.xls

Table S3. Primers used for Q-PCR. Both Hey! and Is// used two sets of primers.

Gene
Nkx2.5
Hey2
Heyl
Heyl
Hesl
HeyL
Hes5
cyclophilin
Jagl
Wnt2
Tanni2
Gata4
Gatas
Gata6
Isl]
Isl]
Thx2
Thx1
Thx3
Tbx5
Handl
Hand2
Mef2c
Myh7
Myh6
Veaml
Numb
cyclin D1
Numbl
Bmpl0
Irx5
Irx3

Hop

Forward

GACGTAGCCTGGTGTCTCG

GTGGGGAGCGAGAACAATTA

ACGACATCGTCCCAGGTTTTG

CATGAAGAGAGCTCACCCAGA

ACACCGGACAAACCAAAGAC

CTGAATTGCGACGATTGGT

CCAAGGAGAAAAACCGACTG

GGAGATGGCACAGGAGGAA

GAGGCGTCCTCTGAAAAACA

CCTGATGAACCTTCACAACAAC

CAGGATGGGAGATGAGGAGA

GGAAGACACCCCAATCTCG

CCTTCGACAGCAGCATCC

GGTCTCTACAGCAAGATGAATGG

AGCAACCCAACGACAAAACT

CCACAAGCAGCCGGAGAAGAC

GAACGGCCGTCGGGAGAAAAG

TTTGTGCCCGTAGATGACAA

TTGCAAAGGGTTTTCGAGAC

CGAAGTGGGCACAGAGATG

CAAGCGGAAAAGGGAGTTG

GGAGAAGAGGAAGAAAGAGCTGA

TCTGCCCTCAGTCAGTTGG

CGCATCAAGGAGCTCACC

CGCATCAAGGAGCTCACC

TGGTGAAATGGAATCTGAACC

CCACATCAGTGGCAGACAGA

TCTTTCCAGAGTCATCAAGTGTG

CTGCAGCTTCCCTGTTAGGT

TGGTGAGGGATAGACACATTG

ACAGAAGCCCGAGGACAAG

AAAAGTTACTCAAGACAGCTTTCCA

ACCACGCTGTGCCTCATC

Reverse
GTGTGGAATCCGTCGAAAGT
GTTGTCGGTGAATTGGACCT
GGTGATCCACAGTCATCTGCAAG
CGCCGAACTCAAGTTTCC
CGCCTCTTCTCCATGATAGG
GCAAGACCTCAGCTTTCTCC
TGCTCTATGCTGCTGTTGATG
GCCCGTAGTGCTTCAGCTT
ACCCAAGCCACTGTTAAGACA
TCTTGTTTCAAGAAGCGCTTTAC
TCTGGAGCATCACACTCTTCAG
CATGGCCCCACAATTGAC
TCCTCCAAGAAGTCAGGTACG
TGGCACAGGACAGTCCAAG
CCATCATGTCTCTCCGGACT
GAGGGTTGGCGGCATAGCAG
TGGGGGAGGGCGGTGGTT
CTCGGCCAGGTGTAGCAG
TGCAGTGTGAGCTGCTTTCT
CACCTTCACTTTGTAACTAGGAAACA
GTGCGCCCTTTAATCCTCTT
ATGAGGCCCTACTGCTTGAG
CGTGGTGTGTTGTGGGTATC
CTGCAGCCGCAGTAGGTT
CCTGCAGCCGCATTAAGT
CCCAGATGGTGGTTTCCTT
TTCTACGTGGCCGAGGTACT
GACTCCAGAAGGGCTTCAATC
TCTTCACAAACGTGCATTCC
CGGAGCTTCAAGAACGAAGA

AAAATCCGAGTCGCTGAGG

CGATTTAAAAATGGTTGAAAAGTTAAG

GCGCTGCTTAAACCATTTCT



p57
ANF
Irx4
FoxH]I
Cxcli2

Nrgl

CAGGACGAGAATCAAGAGCA
CACAGATCTGATGGATTTCAAGA
AGGGCTATGGCAACTACGTG
TTCCTCTAATCGGTGCTTCC
CTGTGCCCTTCAGATTGTTG

GTTAGGAAACGACAGTGCCTCT

GCTTGGCGAAGAAGTCGT
CCTCATCTTCTACCGGCATC
CTTGGACTCGAAGCTGTTCA
AGCAGGAATCAGGCTCACAT
TAATTTCGGGTCAATGCACA

TTCAGTTGAGGCTGACATGC
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