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SUMMARY

Defining the pathways that control cardiac development facilitates understanding the pathogenesis
of congenital heart disease. Herein, we identify enrichment of a Cullin5 Ub ligase key subunit,
Asb2, in myocardial progenitors and differentiated cardiomyocytes. Using two conditional murine
knockouts, Nkx*/¢"¢. Asb2™f and AHF-Cre.Asb2™f, and tissue clarifying technique, we reveal Asb2
requirement for embryonic survival and complete heart looping. Deletion of Asb2 results in upregu-
lation of its target Filamin A (FIna), and concurrent Flna deletion partially rescues embryonic lethality.
Conditional AHF-Cre.Asb2 knockouts harboring one Flna allele have double outlet right ventricle
(DORV), which is rescued by biallelic FIna excision. Transcriptomic and immunofluorescence analyses
identify TgfB/Smad as downstream targets of Asb2/Flna. Finally, using CRISPR/Cas9 genome editing,
we demonstrate Asb2 requirement for human cardiomyocyte differentiation suggesting a conserved
mechanism between mice and humans. Collectively, our study provides deeper mechanistic under-
standing of the role of the ubiquitin proteasome system in cardiac development and suggests a pre-
viously unidentified murine model for DORV.

INTRODUCTION

Congenital heart diseases (CHDs) are prenatal defects that affect the heart’s structure and/or function and
are the leading cause of infant mortality under 1 year of age. Approximately 1%-2% of human babies are
born with cardiac malformations that pose as major risk factors for adult cardiovascular problems (Bruneau,
2008; Nemer, 2008). The heart, the first functional organ in the developing embryo, starts to form early on
during development, before the end of gastrulation. The first and second heart fields (FHF and SHF,
respectively) as well as the proepicardial organ and the cardiac neural crest are the major contributors
to the forming heart (Martinsen and Lohr, 2015). The FHF gives rise primarily to the left ventricle and
most of the atria; the SHF contributes to the right ventricle, outflow tract, and parts of the atria (Srivastava,
2006; Yamak and Nemer, 2015). Induction of the cardiac fate and the proper morphogenesis of the verte-
brate heart are controlled by a well-characterized and highly conserved combinatorial network of transcrip-
tion factors and signaling molecules that act together to orchestrate the embryonic development of the
four-chambered mammalian heart and the subsequent post-natal maturation. Of important note, the adult
heart has minimal intrinsic regenerative capacity (Mercola et al., 2011). As a result, significant stressors on
the heart can result in loss of viable or functional myocardial tissue and ultimately heart failure. This renders
cardiovascular disease a leading cause of death worldwide and highlights an unmet clinical need for novel
approaches for heart regeneration. One major approach is the use of stem cells that can be induced to give
rise to the different cell types that constitute the heart. Understanding the cellular processes and signaling
pathways that govern in vivo heart formation and maturation is necessary for the generation of functional
mature cardiac tissue for clinical and preclinical applications (Hu et al., 2018).

Targeted protein degradation by the ubiquitin proteasome system (UPS) is important for the regulation of
cellular physiology and is required for normal organ formation (Glickman and Ciechanover, 2002). The UPS
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Figure 1. Asb2 Is Expressed in the Developing and Adult Heart and Undergoes Isoform Switching during Differentiation

(A) gPCR analysis of embryonic cardiomyocytes reveals predominant Asb2a expression in the R-G+ and the R+G+ populations. R-G+: Mef2c-.Nkx2-5+;
R+G+: Mef2c+.Nkx2-5+; R+G-: Mef2c+.Nkx2-5-; NEG: Mef2c-.Nkx2-5-.

(B) gPCR analysis of Asb2a and Asb2B on RNA from murine hearts of different embryonic stages as well as neonates and postnatal day 8-9. Note that the o
isoform is equally expressed at all stages, whereas the B isoform expression increases with development.

(C) Western blot analysis on whole tissue extracts from embryonic and adult heart, spleen, and skeletal muscle using Asb2-specific antibody. Note that Asb2
corresponding band in the embryonic heart co-migrates with that in the spleen where only the a isoform is expressed, whereas that in the adult heart
co-migrates with that in the skeletal muscle that is known to express on the B isoform. These data are consistent with the gPCR data in (B).
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Figure 1. Continued

(D) In situ hybridization on E9.5 mouse embryo showing robust Asb2 expression in the LV, RV, and OFT and to a lesser extent the IFT. LV, left ventricle; RV,
right ventricle; OFT, outflow tract; IFT, inflow tract.

(E) Immunohistochemistry on E10.5 and E12.5 mouse embryos using Asb2-specific antibody (green) and Troponin T (red). DAPI (blue) marks nuclei. Note
Asb2 expression colocalizes with Troponin T in the myocardium (arrows) and no expression is seen in the endocardial cells (arrow heads). Scale bar is
equivalent to 250 pm in the first three heartimages left to right at E10.5 (top) and E12.5 (bottom), 25 um in the E10.5 heart image top far right, and 50 pm in the
E12.5 heart image bottom far right as indicated in the figure.

ischemia-reperfusion injury (Pagan et al., 2013). Pharmacological inhibition of the proteasome is a new and
promising means for cardioprotection (Pagan et al., 2013). Paradoxically, enhancing UPS activity has in
some cases also provided protection against heart disease (Bulteau et al., 2001; Li et al., 2011; Powell
et al., 2007) highlighting the importance of defining the role of the UPS as a therapeutic target in cardiac
disease. In addition to its role as a protein quality control, the UPS has also been shown to regulate the
turnover of sarcomere proteins, including the myofibrillar proteins myosin, actin, and troponin. Examples
of this include the E3 Ub ligases MuRF1 (muscle-specific RING finger 1, targeting troponin I) and F box pro-
tein Fbx122 (targeting a-actinin and filamin C) (Kedar et al., 2004; Spaich et al., 2012). E3 ligases have also
been shown to regulate important signaling pathways in the heart, such as the JNK (c-Jun N terminal
kinase) (Laine and Ronai, 2005), calcineurin (Fan et al., 2008), and the VEGF (vascular endothelial growth
factor) signaling pathways (Murdaca et al., 2004). This important role of the UPS in the heart and its poten-
tial for a therapeutic target in cardiac disease brings about a need to understand its specific function in
heart development and disease. Using our previously described transgenic reporter system (Domian
et al., 2009), we identified Asb2 (ankyrin repeat-containing protein with a suppressor of cytokine signaling
box [SOCS box] 2) as being enriched in FHF and SHF cardiac progenitors. Asb2, which encodes specificity
subunit of Cullin 5RING E3 Ub ligase, exists in two isoforms: Asb2a and Asb2p in mouse, corresponding to
variants 2 and 1 in humans, respectively (Bello et al., 2009). It has previously been shown to regulate differ-
entiation of myeloid leukemia cells and skeletal myogenesis through proteasomal degradation of filamin
proteins (Bello et al., 2009; Guibal et al., 2002; Heuzé et al., 2008). Filamins (FIna, FInb, and FInc in mice)
are actin-binding proteins important for the stabilization of the actin-cytoskeleton (van der Flier and Son-
nenberg, 2001). FInc is the only isoform expressed in the heart muscle where it is required for normal
contractility (Fujita et al., 2012). FIna expression in the heart is restricted to endocardial and mesenchymal
cells of the cardiac cushions during development and to valve leaflets in the adult heart (Norris et al., 2010).
FLNA and FLNC mutations have been linked to cardiac defects in humans (de Wit et al., 2011, 2009; Kyndt
et al., 2007; Valdés-Mas et al., 2014). In zebrafish, an additional Asb2 target TCF3 was very recently identi-
fied where TCF3 was negatively regulated by Asb2 during cardiogenesis (Fukuda et al., 2017). Asb2 down-
regulation was also shown to be a mediator of follistatin-induced muscle hypertrophy and SMAD2/3 regu-
lation of skeletal muscle mass in young adults in mice. The repression of Asb2 was, however, ameliorated in
aging mice, some of which also displayed increasing Asb2 baseline levels (Davey et al., 2016). Asb2 over-
expression was also shown to drive skeletal muscle atrophy in mice (Davey et al., 2016). A recent study also
showed that Asb2 knockout is embryonic lethal and that Asb2a targets FIna for proteasomal degradation
during early cardiomyocyte differentiation (Métais et al., 2018). The embryonic lethality of Asb2 mutants
was shown to be primarily due to heart defects (Métais et al., 2018).

Herein, we show that Asb2 knockout in the FHF and SHF are both embryonic lethal by E10.5 and E12.5,
respectively. Using tissue clearing combined with immunofluorescence technique, we show that Asb2
mutant hearts have incomplete looping. Moreover, Asb2 regulates cardiac morphogenesis partly through
Flna turnover, and we hereby propose a model where Asb2-FIna controls TGFB-SMAD signaling to drive
early cardiac formation. Additionally, Asb2 lethality in the anterior heart field (AHF) is partially rescued
by FIna removal from these hearts. We also show that Asb2 ablation in the AHF leads to double outlet right
ventricle (DORV), which is corrected upon further deletion of FIna from these hearts. Finally, we reveal that
Asb2 role in cardiomyocyte differentiation is conserved in human cardiomyocytes as well. Collectively, our
results shed light on the UPS regulation of heart development and its role as a cardio-therapeutic target
and provide evidence for the first time for the role of the UPS in the rare congenital heart defect, DORV.

RESULTS
Asb2 Is Highly Enriched in the Embryonic Heart
We have previously characterized a transgenic reporter system for the isolation of three distinct mouse

cardiac progenitor cells from developing embryos: FHF population, marked by Nkx2.5+.Mef2c- expression,
and two SHF population subsets: Nkx2.5-.Mef2c+ and Nkx2.5+.Mef2c+ (Domian et al., 2009). Genome-wide
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Figure 2. Asb2 Is Essential for Early Cardiac Development

(A) Nkx2-5*/€" Asb2 E9.5 and E11.5 knockout (KO) embryos (fI/fl) versus wild-type littermates (Wt). Note the resorbing KO embryo at E11.5. Scale bar is
equivalent to 0.4 mm for E9.5 and 0.5 mm for E11.5 as indicated.

(B) AHF-Cre.Asb2 E10.5 and E12.5 knockout (KO) embryos (fl/fl) versus wild-type littermates (Wt). Note the resorbing KO embryo at E12.5. Scale bar is
equivalent to 0.5 mm for E10.5 and E12.5 as indicated in the figure.

(C) 3D reconstruction of CUBIC-cleared, Troponin-T-stained E9.5 whole control and Asb2 mutant embryos showing both ventral and dorsal views. Note the
bulging in the right ventricle of the control heart that is lacking in the mutant (indicated by the red arrow heads). Scale bar is equivalent to 200 um as
indicated.
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Figure 2. Continued

(D) Measurement of the heart tube of control and Asb2 mutant hearts. Note the statistically significant shorter heart tubes of the mutants. N = 5 per
group. Data are represented as mean + SEM. * = p < 0.005. Unpaired t test was used using GraphPad Prism; p < 0.05 is considered statistically significant.
(E) Heatmap analysis of a subset of cardiac looping differentially expressed genes in RNA-seq data from control (Nkx2-5/C" Asb2*) versus Nkx2-5*/¢ Asb2
knockout E9.5 murine hearts. N = 3 in each group (each sample is in itself a combination of three to four hearts to account for heterogeneity among different litters).

transcriptional profiling and real-time PCR (gPCR) reveal Asb2 transcripts enrichment in the three popula-
tions (Figure 1A) (Domian et al., 2009). To investigate the temporal expression of Asb2 in the developing
heart, we performed qPCR analysis on RNA from mouse hearts at different stages of embryonic develop-
ment. Our data show that Asb2a. is expressed similarly throughout heart development, whereas Asb2p
expression increases with development (Figure 1B). This is further confirmed by western blot analysis, which
shows thatthe Asb2 band in the embryonic heart co-migrates with thatin the spleen (which expresses Asb2a
[Spinner et al., 2015]), whereas the Asb2 band in the adult heart co-migrates with that in the skeletal muscle
(known to express Asb2B [Bello et al., 2009]) (Figure 1C). To further investigate in vivo spatial cardiac expres-
sion of Abs2, we performed in situ hybridization on E9.5 embryos. Our data reveal robust expression of Asb2
transcripts predominantly in the left (LV) and right ventricles (RV) and to a lower extent in inflow (IFT) and
outflow tracts (OFT) (Figure 1D). Furthermore, immunostaining of E10.5 and E11.5 (Figure 1E, upper and
lower panels, respectively) embryonic sections using Asb2-specific antibody shows that, in the heart,
Asb2 expression (green) is restricted to the myocardium overlapping with cardiac Troponin T (red). White
arrows in the zoomed merged image at E10.5 (right panel) indicate overlap of Asb2 and Troponin T in
the myocardial layer, but no expression is seen in the endocardial layer indicated by arrow heads.

Asb2 Is Required for Early Cardiac Formation

To investigate the role of Asb2 during cardiac development, we generated two conditional knockout lines
(KO): Nkx2-5"/¢"® (a mouse line with the Cre recombinase knocked into the Nkx2-5 locus) and AHF-Cre (a
mouse line with a transgene placing Cre under the transcriptional control of the AHF enhancer of the Mef2c
gene). These mouse lines allow for the targeted removal of (Lombardi et al., 2009) Asb2 from the whole
heart and the SHF, respectively (Lombardi et al., 2009). The floxed alleles are in common region and
inactivate both Asb2 isoforms. Both conditional KOs have pericardial edema and are embryonic lethal:
Nkx2-5"/<"¢ Asb2?f mice die at E10.5-11 and AHF-Cre.Asb2?f die at E11.5-12 (Figures 2A and 2B, respec-
tively). AHF-Cre.Asb2"" mice analyzed at E10.5 also have shorter OFT compared with their control litter-
mates (Figure S1D). For Nkx2-5%/¢ Asb2™f mice were analyzed at E8.5 (3 litters), E9.5 (23 litters), E10.5
(3 litters), and E11.5 (2 litters); for AHF-Cre.Asb2™" mice were analyzed at E9.5 (3 litters), E10.5 (4 litters),
and E12.5 (2 litters). Each litter consists of 8-11 embryos in total. All embryos were genotyped. Figure STA
shows the reduced level of Asb2 in the heterozygotes (Nkx2-5*/<"¢ Asb 2%/ *) and the complete loss of Asb2
in the knockouts (Nkx2-5"/C¢ Asb 2™/,

In order to perform a phenotypic analysis of the Nkx2-5*/"-Asb2"" mutant embryos, we used state-of-
the-art tissue clearing technique CUBIC combined with immunostaining. CUBIC can effectively clear
mice embryos and embryonic hearts while preserving immunolabels (Kolesova et al., 2016; Tainaka
et al., 2014). Nkx2-57/C_Asb2 and control littermates €9.5 mice embryos were cleared with CUBIC
and stained for Troponin T to mark cardiomyocytes as well as DAPI for nuclei. Confocal microscopy with
optical sectioning followed by 3D-reconstruction allowed the precise visualization of the developing hearts
without disruption of underlying anatomy. During cardiac morphogenesis, the straight heart tube
undergoes sequential looping steps to get to the fully looped heart. The fully looped heart acquires a he-
lical shape in mice that is also referred to as the mature S-loop in chicks (Le Garrec et al., 2017; Méanner,
2009). In Le Garrec et al. paper, they used computer modeling to simulate the biological process of mouse
cardiac looping, incorporating in their model the left-right asymmetry and mechanical constraints seen in
the looping heart. Their findings suggest that the lack of any of these parameters would lead to a C-shaped
heart loop rather than the helical structure. In the chick, the heart is first transformed into a C-shaped heart,
a process known as dextral looping. The C-loop is then converted into an immature S-loop that then trans-
forms into a mature S-looped heart where the ventricular segments are curved outward to generate the left
and right chambers (Ménner, 2009). As shown in Figure 2C, the mutant embryos do not form the full helical
structure seen in the control littermates. Instead, they have partially looped hearts that resemble the
C-shaped hearts in the chick (Manner, 2009). Moreover, measurement of the heart tube length in mutant
versus control hearts reveals statistically significant shorter tubes in the mutant hearts (Figure 2D). Video
S1is a z stack of stained control and mutant €9.5 embryos showing the incomplete looping in the mutant
embryo. Figure S1C represents four images from the z stack at different depth in the embryo. Four to five
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Figure 3. Asb2 Targets Flna for Proteasomal Degradation in the Developing Heart and Asb2-Mutant Hearts Have an Altered Gene Expression
Profile

(A) Immunohistochemistry on E9.5 Abs2 heterozygote (Nkx2-5%/¢" Asb21* middle pane) and mutant hearts (N kx2-57/¢" Asb2™f lower panel) as well as Wt
controls (top panel) using Fina (red) and Troponin-T (green)-specific antibodies. Note that FInA expression is restricted to the endocardial layer (white arrow
heads) in the Wt heart, whereas it is abnormally expressed in the myocardial layer in the Asb2-mutant hearts co-localizing with Troponin-T expression there
(white arrows). Moreover, some cardiomyocytes in the outflow tract of the Asb2-heterozygous hearts also express FIna (yellow arrows) suggesting a dose-
dependent regulation. Scale bar is equivalent to 250 um in the first column (left), 100 um in the second, third, and fourth columns, and 25 um in the fifth
(far right) column as indicated in the figure.

(B) Heatmap analysis of RNA-seq data from control (Group1: Nkx2-57/¢" Asb21/%), Asb2 mutant (Group2: Nkx2-57/¢® Asb2®f), Flna mutant (Group3:
Nkx2-57/€" FIna™), and Asb2-Flna double mutant (Group4: Nkx2-5"/¢"¢ Asb2" FIna) E9.5 murine hearts. Note the high level of differentially expressed
genes in the Asb2-mutant and Asb2-FIna double mutant versus the control groups. A small subset of genes (indicated by arrows) that are perturbed in the
Asb2-mutant hearts are restored to normal in the Asb2-FIna double mutants. N = 3 in each group (each sample is in itself a combination of three to four
hearts to account for heterogeneity among different litters).

(C) Heatmap analysis of a subset of genes from the RNA-seq data in (B) that are part of the Tgfp/Smad signaling pathway. Note that the Foxa genes
expression levels (indicated with a yellow line) that are downstream of the Tgfp/Smad are restored to normal in the Asb2-FIna double mutants versus the
Asb2-mutant hearts.

embryos were analyzed for each condition. The efficiency of the CUBIC/immunostaining technique on €9.5
mouse embryo is evidenced by the clearly visible striations of the cardiac muscle fibers (Figure S1B).

In order to identify Asb2 downstream targets in the heart, RNA sequencing (RNA-seq) analysis was per-
formed on Nkx2-57/¢"® Asb2"® and control littermates (Figure 3B) (Figure S2C shows reduced levels of
Asb2 transcripts in the Nkx2-57<" Asb2"® knockout compared with the Nkx2-5*/<"¢ Asb 21+ heterozygote
control). The gene expression profile was greatly altered in the Asb2 mutant hearts compared with their
control littermates (Group 2 versus Group 1) (Figure 3B). Of note, a number of genes that are mis-expressed
in the Asb2 cardiac mutant hearts have been previously linked to abnormal cardiac looping in mice (Figure
2E) (Azhar et al., 2003; Bardot et al., 2017; Chen et al., 1997; Le Garrec et al., 2017; Mine et al., 2008; Ribeiro
etal., 2007; Vincentz et al., 2011). Ingenuity Pathway Analysis also shows that “cardiovascular system devel-
opment and function” as well as “cardiovascular disease” are among the top pathways altered in the Asb2
mutant hearts (Table S1, yellow highlights). Table S2 is an upstream analysis with the ones with a positive
activation Zscore > 1.5 highlighted in yellow. This list shows the pathways whose downstream targets are
altered (upregulated or downregulated) in our knockouts versus controls. Targets with a positive Z score
suggest upregulation pathways in the Asb2 mutant hearts.

Asb2 Controls Cardiac Morphogenesis Partly through Regulating Filamin A

Since Asb2 targets filamin proteins for degradation (Métais et al., 2018) and Flna perturbations lead to car-
diac defects and embryonic lethality (Feng et al., 2006), we investigated cardiac FIna expression in the
Nkx2-57/€re Asb21 Flna expression in the control heart (Figure 3A, top panel) is restricted to endocardial
and pericardial layers (red staining, white arrow heads). In the knockout embryos (Figure 3A, third panel),
Flna's expression domain is abnormally expanded to include the myocardial layer (white arrows), co-local-
izing with Troponin T expression (green for Troponin and yellow for the co-localization). Moreover, in
Nkx2-5"/Cre Asb2/* heterozygous hearts (Figure 3A, second panel), FIna is abnormally expressed in
some cardiomyocytes of the OFT myocardium (yellow arrows) suggesting that Asb2 regulation of FIna turn-
over is dose dependent. We then hypothesized that, if Asb2 cardiac mutant phenotype is due to
overexpression of Flna, then concurrently deleting Flna along with Asb2 should suppress the Asb2
phenotype. (Please note that Fina is an x-linked gene so a knockout is denoted by fl/fl for female or fl/y
for male, whereas a heterozygous is denoted by fl/x or fl/+.) To examine this hypothesis, we developed
Nkx2-5*/¢"¢ Asb2?f FIna™¥ double mutants. Removal of Fina from the hearts of Nkx2-5*/<"¢ Asb2™f did
not rescue lethality (Figure S2A). Approximately 16 litters were analyzed at E9.5 and 3 litters at E10.5. As
expected, Nkx2-5"/¢"¢ Asb2™f FIna™" double knockouts no longer harbor ectopic Fina expression in the
myocardium (Figure S2B) as was previously seen with the Nkx2-5/¢" Asb2™" single knockouts (Figure 3A).
Instead, the double knockouts have normal endocardial expression of Flna similar to their control litter-
mates (Figure S2B). RNA-seq analysis on 9.5 hearts from these mice show that their gene expression pro-
file is closely related to the Nkx2-57¢ Asb2"! group (Group 2 versus Group 4) (Figure S2C shows
reduced levels of Asb2 transcripts in the Nkx2-5*/¢" Asb2™f FIna™¥ double knockout compared with
the Nkx2-57/" Asb2"* heterozygote control). However, some genes whose expression was altered in
the Nkx2-5*/¢"¢ Asb 2" group are restored to normal in the Nkx2-5*/¢"® Asb2™ FIna™¥ hearts (indicated
by arrows and shown in Table S3). These results suggest that FIna concurrent deletion can restore the
normal expression level of a subset of genes in the Asb2 mutant hearts. Among these genes are the
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Figure 4. Tgff/Smad Signaling Activity Is Downstream Asb2-Flna in the Developing Heart

(A) Schematic representation of Asb2-FIna-Smad2 interaction network using MetaCore Clarivate Analytics software. Note that Asb2 ubiquitinates and
negatively regulates Flna, whereas FIna binds directly to and positively regulates Smad2.

(B) Immunohistochemistry on Nkx2-5%/€" Asb2 mutant (middle panel) and Nkx2-57/€"¢ Asb2-Flna double mutant (last panel) murine hearts as well as wild-
type controls (top panel) using pSmad2-specific antibody (green) and Troponin T (red). Note the nuclear localization of pSmad?2 as a sign of Tgfp/Smad2
cycle activation. Examples of positive (purple arrowhead) and negative (yellow arrowheads) nuclei are indicated in the Wt sample (red box). DAPI marks all
nuclei (AV, atrioventricular canal; V, primitive ventricle; OFT, outflow tract; Myo, myocytes; Endo, endocardial cells). Myocardial cells are marked by white
arrows; endocardial cells are marked by white arrowheads. Scale bar is equivalent to 75 um in the first two columns from the left and 25 pm in the third, fourth,
and fifth columns as indicated in the figure.

(C) Quantification of the immunostaining in (B) of percentage of pSmad2-positive nuclei in cardiomyocytes (AV+V) Myo and OFT Myo) as well as endocardial cells (AV
endo). Note the increased level of pSmad2-positive nuclei in Asb2-mutant myocytes that are restored to normal in the Asb2-FInA double mutants. This regulation is
not seen in the endocardial cells that do not express Asb2 (Figure 1E). n = 7 for Wt; n = 4 for Nkx2-57¢" Asb2™; n = 3 for Nkx2-5"/"® Asb2™ FIna™. Data are
represented as mean + SEM. * = p < 0.05 Control versus Nkx2-5"/<" Asb2™™: # = p < 0.05 Nkx2-5"/"®. Asb 2™ versus Nkx2-57/¢"¢ Asb2™ Fina™; NS = not
significant. Two-way ANOVA was used for analysis using GraphPad Prism. p < 0.05 is considered statistically significant.

Foxa genes, which are downstream of the TgfB/Smad signaling (Figure 3C, yellow line) (Tang et al., 2011).
Other genes in the TgfB/Smad pathway are also altered in both Asb2-mutant and Asb2.FIna double mutant
hearts (Figure 3C). Figure S2D is a gPCR analysis confirming some of these altered genes. Tgfpr1 and InhA
(which encodes a member of the TgfB superfamily) are also among the positively regulated targets in the
upstream analysis of the RNA-seq data of Asb2-mutant hearts versus control (Table S2). Both genes are no
longer positively regulated in the upstream analysis of the list of genes corrected in the Asb2-FIna double
mutant hearts (Table S3, yellow highlights). These data prompted further analysis of the Asb2/FIna regula-
tion of TGFB/Smad signaling in the heart of these mice.

Asb2 Regulates TGFB/Smad Signaling through Regulating Filamin A Protein

TGFB signaling is initiated upon ligand-stimulated activation of serine/threonine receptor kinases that in
turn lead to phosphorylation and activation of Smad proteins. Activated Smads interact with common
signaling transducer Smad4, translocate to the nucleus, and activate downstream targets (Shi and
Massagué, 2003). Flna directly associates with Smad2 and Smad2 phosphorylation, and TGFB/Smad2
signaling is impaired in FIn-null human melanoma cells (Sasaki et al., 2001; Zhou et al., 2011). Moreover,
FLNA mutations were linked to x-linked myxomatous valvular dystrophy, a multivalve degeneration disor-
der, and disrupted TGFB/Smad2/3 signaling was implicated in the disease pathogenesis (Geirsson et al.,
2012; Norris et al., 2010). Using the “Build Network” module in MetaCore Clarivate Analytics software, we
investigated the Asb2-FIna-Smad?2 interaction. As shown in Figure 4A, Asb2 negatively regulates Flna
through ubiquitination and Flna positively regulates Smad2 through direct binding. Asb2, Flna, and
Smad2 are shown in red for visualization. In order to investigate further Asb2/FIna regulation of TGFB/
Smad?2 signaling in cardiac development, we immunostained E9.5 Asb2-mutant hearts with antisera
directed against pSmad?2 (Figure 4B) and then quantified the pSmad2-positive nuclei. Figure 4C shows
significant increase in the percentage of pSmad2-positive nuclei in the Nkx2-5%/¢" Asb2™! myocytes (pre-
viously shown to have overexpression of Flna [Figure 3A]) compared with their littermate controls. This
increase was not seen in the endocardial cells where Flna expression is normal (Figure 3A). Interestingly,
pSmad2 levels were restored to normal in the Nkx2-57¢"¢ Asb 2" Fina™f (double mutant) myocytes further
confirming that Asb2 regulates pSmad2 in the heart through the regulated turnover of Fna.

FIna Removal from AHF-Cre.Asb2 Mutant Hearts Partially Rescues Embryonic Lethality

To examine Flna expression in the AHF-Cre.Asb2™f hearts (where Asb2 is knocked out in the RV and OFT
only), Flna immunostaining was performed. As shown in Figure 5A, FIna expression (red) is restricted to the
endocardial and epicardial layers in the control hearts (top panel, white arrow heads), whereas it is aber-
rantly expressed in the myocardial layer of the OFT and RV only (red staining lower panel, white arrows),
co-localizing with TroponinT expression (yellow staining lower panel) there. FIna expression was normal
in the myocardial layer of the primitive left ventricle (PV) that harbors normal Asb2 expression and acts
as an internal control in these mice. We then sought to examine the effect of further knocking out Flna
from the AHF-Cre.Asb2-mutant hearts. To do this, we crossed Asb2"® FIna®® with AHF-Cre.Asb2/*
mice. Our results show that AHF-Cre.Asb2" FIna™¥ are born with the expected Mendelian ratios
(Figure 5B); however, newborn pups die between PO.5 and P1.5. These results show that FIna deletion
partially rescues Asb2 lethality. The AHF-Cre. Asb2!f FIna™* also survive to birth albeit at a lower percent-
age from what is expected by Mendelian ratios; these mice also die right after birth at PO.5.
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Figure 5. Flna Removal from AHF ", Asb2 Mutant Hearts Partially Rescues Their Lethality

(A) Immunohistochemistry on E9.5 AHF-Cre.Abs2 mutant hearts (AHF-Cre.Asb2"" lower panel) and littermate controls (AHF-Cre.Asb2%/*, top panel) using
Flna (red)- and Troponin-T (green)-specific antibodies. Note overexpression of FIna in the OFT (white arrows) of the AHF-Cre.Asb2 mutant hearts but not the
primitive left ventricle (PV) that harbors normal Asb2 levels thus serving as an internal control. FIna expression in the control hearts is restricted to the
endocardial layer (white arrow heads). Scale bar is equivalent to 250 um in the first column (left); 100 um in the second, third, and fourth columns; 25 pm in the
fifth column (far right) as indicated.

(B) Table showing the survival of AHF-Cre.Asb2 mutant (top) and AHF-Cre.Asb2-FIna double mutant (bottom) mice. Note that no AHF-Cre.Abs2 mutant mice
are observed at PO.5. However, the AHF-Cre.Asb2-FIna double mutant (Asb2™f FIna™¥) mice are born at the expected Mendelian ratios. AHF-Cre.Asb2-
mutant mice harboring one copy of Flna (Asb2™" FIna*) are also born yet at lower percentage than what is expected by Mendelian genetics. These mice
die, however, right after birth. P0.5, postnatal day 0.5.

Asb2 Removal from the Anterior Heart Field Leads to Double Outlet Right Ventricle) in Mice

To determine the cardiac defects of the AHF-Cre Asb2™" FIna™*, we examined these mice at e16.5-e17.5 after
the completion of cardiac morphogenesis but prior to the perinatal mortality associated with this genotype. Five
litters were analyzed. Figure 6A shows the survival rate of these mice at E16.5. Gross examination of these hearts
revealed that both the aorta and the pulmonary artery originate in the RV (Figure 6B, middle panel, yellow circle).
In contrast, both the control hearts (Figure 6B, left panel) and those with AHF-Cre.Asb2-FIna double mutant (Fig-
ure 6B, right panel) were grossly normal with the pulmonary artery originating in the RV and the aorta originating in
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Figure 6. AHF-Asb2 Mutant Hearts Have Double Outlet Right Ventricle and Ventricular Septal Defect

(A) Table showing the survival of AHF-Cre.Asb2-FIna double mutant mice at E16.5.

(B) E16.5 whole hearts of AHF-Cre.Asb2-mutant embryos with one copy of FIna (AHF-Cre.Asb2"! FIna), AHF-
Cre.Asb2.Flna double mutants (AHF-Cre.Asb2/# FIna™f), and wild-type control. Note that both the pulmonary artery (PA)
and the aorta (Ao) are open in the right ventricle (RV) of the AHF-Cre Asb2™ FIna™* hearts (yellow circle). Scale bar is
equivalent to 0.02 mm as indicated.

(C) Masson trichrome staining of E16.5 heart sections of control (Wt) (top), AHF-Cre.Asb2™ FIna™* (middle), and AHF-
Cre.Asb2™ FIna™™ (bottom) embryos. Note that both the pulmonary artery and the aorta open in the right ventricle of the
AHF-Cre.Asb2"! FIna™* hearts (yellow circle, middle panel) but not the Wt or the AHF-Cre.Asb2™ FIna™" hearts. The
AHF-Cre.Asb2" FIna™* also have a VSD indicated by asterisk (middle panel, right). Ao, aorta; PA, pulmonary artery; RV,
right ventricle; LV, left ventricle; IVS, interventricular septum. Scale bar is equivalent to 250 um.

(D) Number of E16.5 hearts with DORV in Wt, AHF-Cre.Asb2™"® FIna™*, and AHF-Cre.Asb2? FInaf/f embryos. Note that
5/5 Asb2" FIna™* have DORV accompanied by a VSD suggesting 100% disease penetrance in these mice.

the LV. Serial sections of mutant and control hearts (Figure 6C) further confirm that the AHF-Cre.Asb2" Flnaf
mice have DORV (Figure 6C middle panel, yellow oval). This is also accompanied by a ventricular septal defect
(Figure 6C middle panel right, indicated by asterisk), a feature commonly associated with DORV in patients
with congenital heart disease (Obler et al., 2008). As shown in Figure 6D, the DORV phenotype appeared to
be fully penetrant in the AHF-Cre.Asb2"™ Fina™* hearts. Notably, the DORV phenotype is corrected in the
AHF-Cre.Asb2-FIna double mutant hearts (AHF-Cre.Asb2™ Fina™, Figure 6C lower panel).

Asb2 Is Required for Human Embryonic Stem Cell-Derived Cardiomyocyte Differentiation

Tofurtherinvestigate if the requirement for Asb2 for cardiac development is conserved during human cardiomyo-
cyte differentiation, we turned to human embryonic stem cell (hESC)-derived cardiomyocyte in vitro
differentiation. Both ASB2 variants 1 (Asb2f in mice) and 2 (Asb2a. in mice) are expressed at different stages of
cardiomyocyte differentiation (Figure 7A, top and bottom graphs, respectively). Using CRISPR/Cas? genome ed-
iting technology, we then generated ASB2-null hESCs. The guides were designed in exon 2 (targeting variant 1
specifically) or exon 4 (targeting variants 1 and 2) (Figure S3A). Four wild-type (Wt) (received the CRISPR/Cas? con-
structs but failed to generate an in/del) and four knockout (KO) lines were generated. The genotype of all lines was
confirmed by sequencing (refer to Transparent Methods), and the knockouts were confirmed by gPCR (Figure 7B,
right panel). Wt clones were able to differentiate into beating cardiomyocytes, whereas all four KO lines failed to
doso (Video S2, top panels for Wt clones and bottom panels for KO clones). Calcium cycling was also impaired in
the Asb2-null derived hESCs (Video S3, left panel for Wt and right panel for KO, and Figure S3B). Two Wt and two
KO lines were used for further investigation. gPCR analysis on RNA from cardiomyocytes derived from these cells

iScience 23, 100959, March 27, 2020 1"



iIScience

ASB2 V1 d7
2.5

(=3
(=3
o

000

RNA levels to D0
a2 N W b

000
[
a

Relative m
) S
o
D15[__HH
p20| __HH

0.0

MESP1 NKX2-5 ASB2V1  ASB2V2 _TNNT2_

Wt KO Wi KO Wt KO Wt KO Wt KO

= N
EEKO1 [JKO2

Relative mRNA levels to Wt1
Relative mRNA levels to Wt1

O
z

Relative mRNA levels to D0

d15
g
o
o 2
2 o
= s
WOEm
—
- c
c S
8 5
=] =
=

10um

Figure 7. ASB2 Is Essential for Human Embryonic Stem Cell (hESC)-derived Cardiomyocytes Differentiation

(A) gPCR analysis of RNA from hESC-derived cardiomyocytes at different stages of differentiation. Note that both ASB2 variants are expressed at the
different stages. N = 4 for DO, n = 5 for all other stages. Data are represented as mean + SEM.

(B) gPCR analysis of RNA extracted from two different wild-type (Wt) clones and two ASB2 mutant (KO) clones d7 (left) and d15 (right) differentiated hESCs.
Note reduced Troponin T (differentiation marker) transcripts in the mutants at d15 and no difference in MESP1 and NKX2-5 (cardiac progenitor markers)
levels atd7. N = 3 per sample for d7 and N = 4 per sample for d14. Data are represented as mean + SEM. * = p < 0.05. Two-way ANOVA was used for analysis
using GraphPad Prism. p < 0.05 is considered statistically significant.

(C and D) Immunostaining of d8 (C) and d15 (D) differentiated Wt and ASB2 mutant cells (KO). Note reduced Troponin T (red)-positive mutant cells at d15 but
no difference in NKX2-5 (green) levels between Wt and mutant cells at both stages. DAPI (blue) marks all nuclei. Scale bar is equivalent to 8 pm in (C) and
10 pm in (D) as indicated.

shows that cardiac Troponin T transcript levels (TNNT2, marker of cardiomyocyte differentiation) are greatly
reduced in the KO lines at d15 of differentiation (Figure 7B, right). On the other hand, both NKX2-5 and
MESP1 (markers of cardiac progenitors) are normally expressed at d7 of differentiation (Figure 7B, left). This
was further confirmed at the protein level by immunostaining that shows great reduction in cardiac Troponin T
(red) expression at d15 (Figure 7D) and normal NKX2-5 levels (green) at days 15 and 8 (Figures 7C and 7D, respec-
tively). These data suggest that Asb2-null hES cells can commit to the cardiac lineage but arrest in differentiation
prior to the generation of functional cardiomyocytes.

We then examined if ASB2 regulation of the TGFB/SMAD signaling seen in mice hearts is conserved in the
human cells. As discussed above, upon TGFB/Smad activation, the signaling transducer Smad4 is
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Figure 8. ASB2 Is an Upstream Regulator of TGFb/SMAD Pathway in hESC-derived Cardiomyocytes

(A) Immunostaining of d15 Wt and ASB2 mutant (KO) hESC-derived cardiomyocytes using SMAD4-specific antibody
(green). Note reduced level of nuclear but not total mean fluorescence intensity of SMAD4-positive cells in the KOs
(quantification graphs on the right). DAPI (blue) marks all nuclei. Scale bar is equivalent to 75 pm in the first column and
25 um in the second and third columns as indicated. *: p < 0.005 significant versus Wt. Unpaired t test was used for analysis
using GraphPad Prism.

(B and C) (B) Western blot analysis of Wt and ASB2 mutant (KO) hESC-derived cardiomyocytes using SMAD4, SMAD2, and
pSMAD?2 antibodies. Note increase of SMAD4 and pSMAD?2 in the mutant clones. Data are representative of three
separate experiments (C) Quantification of the western blot analysis in (B). Data are average of quantification from three
separate experiments. *: significant versus Wt1 and Wt2. p < 0.05 is considered statistically significant. One-way ANOVA
was used for analysis using GraphPad Prism.

translocated to the nucleus to activate downstream targets. Figure 8A shows an increase in nuclear SMAD4
(green) in the ASB2-null hES-derived cardiomyocytes. The nuclear versus total SMAD4 was quantified (Fig-
ure 8A, right graph) showing that nuclear SMAD4 signal is doubled in the ASB2-null cells, whereas total
Smad4 levels remain the same. Western blot analysis on total protein extracts from these cells also confirms
significant increase in both SMAD4 and pSMAD?2 protein levels (Figures 8B and 8C). This further confirms
that the TGFB/SMAD signaling pathway is activated in Asb2-null cardiomyocytes.

DISCUSSION

In this study, we provide strong evidence for the role of Asb2 in controlling heart morphogenesis partly
through its regulation of the actin-binding protein, Filamin A (FIna), and Tgfp/Smad signaling. We further
show that this regulation is part of the DORV disease pathogenesis.

Using CUBIC clearing technique combined with immunofluorescence and confocal microscopy, we show

that the Asb2-mutant hearts have shorter heart tubes and do not form the fully looped helical structure.
RNA-seq analysis also reveals that a number of genes that have been linked to cardiac looping defects
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are altered in the Asb2-mutant hearts. Recent morphological analysis of Asb2 null embryos suggested that
cardiacloopingin the total body null is largely intact (Métais et al., 2018). To examine this more carefully, we
exploited recent advances in tissue clearing coupled to optical sectioning and 3D reconstruction. This anal-
ysis of the intact embryos, however, allows us to refine these findings and to examine the Asb2 mutant
hearts more thoroughly and at a slightly later point in development. Although the hearts do start to
loop, they arrest early on before making it to the helical fully looped heart. Measurement of the heart
tube length reveals shorter heart tubes in the mutant hearts, which could explain the inability of the heart
to fully form the helical structure. These data further reveal the important role of Asb2 regulation of cardi-
omyocyte differentiation on the normal growth of the heart tube. We show that the CUBIC technique
combined with immunofluorescence/confocal microscopy has distinct advantages over traditional
morphological analysis for the phenotypic analysis of mouse embryos and allows for the detection of subtle
phenotypes and morphological abnormalities.

Our data further reveal that Filamin A (FIna) is aberrantly overexpressed in the Asb2-mutant cardiomyo-
cytes that normally do not express Flna protein. This is consistent with the data that Metais et al. reported.
We also show that this regulation is dose dependent. We further show that Asb2-Flna regulate Tgf-Smad
signaling. Nuclear pSmad2 is overexpressed in the Asb2-mutant hearts consistent with the upregulation of
this signaling pathways. Its levels are restored to normal in the Asb2.FIna double mutants further showing
that Asb2 regulates SMAD signaling through the Fina pathway. RNA-seq analysis also reveals that regula-
tion of the TgfB-Smad pathway in the Asb2-mutant hearts and the Foxa genes, which are downstream
effectors of the TgfB/Smad signaling (Tang et al., 2011), is in fact restored to normal in the Asb2-FIna dou-
ble mutants. Flna has been previously shown to associate with Smad?2 signaling (Sasaki et al., 2001).
Moreover, TgfB/Smad2/3 signaling is impaired in the multivalve degeneration disorder, X-linked myxoma-
tous valvular dystrophy, in which FLNA mutations were reported (Geirsson et al., 2012; Norris et al., 2010).
Our data provide further evidence for regulation of the Tgfp/Smad cycle by FIna and show that Asb2 is
upstream of this regulatory pathway in the developing heart.

Using human embryonic stem cell (RESC)-derived cardiomyocytes, we further show that the Asb2 role in
embryonic heart differentiation is conserved in humans. Although ASB2-null hESCs are able to form cardiac
progenitor cells (marked by expression of MESP1 and NKX2-5), they have an impaired ability to differen-
tiate into beating TNNT+ cardiomyocytes. It is important to note here that the difference between
Troponin T levels in the Asb2-null hESCs and the Asb2 mutants in vivo could be due to the total knockout
in the cells that is more severe than the conditional in vivo knockout. Additionally, the cell system lacks
signaling coming from the endocardium, which could also explain this difference. These results demon-
strate that, in human PSCs differentiating in vitro, ASB2-mediated targeted degradation is required for
the differentiation from NKX2-5+ progenitors to beating TNNT+ cardiomyocytes and that deletion of
ASB2 results in a differentiation arrest at the progenitor stage. Moreover, the finding that these cells
have increased levels of SMAD4 and pSMAD2, markers of TGFB/SMAD pathway activation, provides
further evidence that ASB2 is an upstream regulator of the TGFB/SMAD pathway during the differentiation
of human cardiomyocytes. These considerations become increasingly important given the potential of
pluripotent stem cell-derived CMs to serve as a renewable cell source for cardiac regeneration in the
injured heart.

Given that Flna is a direct target of Asb2 that is aberrantly upregulated in Asb2-mutant cardiomyocytes, we then
investigated whether Asb2 cardiac mutant embryonic lethality can be rescued by the concurrent deletion of FIna.
Accordingly, we generated AHF-Cre Asb2™ Fina™ double mutants. Our data show that, as opposed to the
AHF-Cre.Asb2™ single mutants that die by E11.5, the AHF-Cre. Asb2™ FIna™¥ double mutants are born with
the expected Mendelian ratios (Figure 5B) but die shortly after birth. This suggests partial rescue of lethality
seen in the AHF-Cre.Asb2? mutant hearts. Of note, we also generated Nkx2-5*¢ Asb2™ FIna™Y double
mutants that did not rescue the Asb2 lethality (Figure S2A), suggesting a greater Asb2 dependency or a more
complex phenotype in these mice. These findings are not surprising owing to earlier and broader expression
domain of the Nxk2-5°"® compared with the AHF-Cre line. Moreover, AHF-Asb2-mutant mice with one Flna allele
(AHF-Cre.Asb 2" FIna”) sometimes also survive to PO, albeit at significantly lower than expected ratios (Fig-
ure 5B). Not only do these results suggest a dose dependency of Asb2 and its target Flna but they also allow
us to identify DORV associated with ventricular septal defect (VSD) as a penetrant cardiac phenotype. More inter-
estingly, this phenotype was rescued when Flna was abrogated by the concurrent deletion of FIna showing that
both Asb2 and Flna play a functional role in the pathogenesis of DORV.
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During cardiac development, the heart first forms as a primitive heart tube that then elongates and starts to
loop by addition of cells from the anterior, posterior, and second heart field at both the venous and arterial
poles. At the onset of looping, left-right asymmetry in the heart becomes morphologically evident and any
defects in this process can lead to complex congenital heart problems, including DORV and VSDs (Rams-
dell, 2005). The heart is the first organ to break the left-right symmetry in the developing embryo, and it has
been shown that the actin-cytoskeleton is fundamental for laterality and modulation associated with heart
looping. It was shown to provide the built-in mechanism required for cells to acquire left-right asymmetry
(Linask and Vanauker, 2007; Tee et al., 2015). Abnormalities in the control of construction of the cytoskel-
eton has been previously shown to result in looping defects and ultimately lead to congenital heart prob-
lems (Langdon et al., 2012; Linask and Vanauker, 2007). Our data and the data from Metais et al. provide
solid evidence for the Asb2-FIna regulation of the actin cytoskeleton during heart morphogenesis (Métais
et al., 2018). Our data extend this regulation to show that it is important for normal heart tube and OFT
development and, if perturbed, leads to DORV and VSD in the developing mammalian heart. Additionally,
we suggest a mechanism where Asb2 downregulation leads to abnormal overexpression of FIna that ulti-
mately leads to increased activity of the Tgfp/Smad2 signaling in the myocardium thus causing growth/
elongation defects and DORV in the mammalian heart. Indeed, prior reports have implicated the Tgfp
superfamily and Smad2/3 in left-right asymmetry, and Tgfp2 mutant mice have been shown to develop
DORV and die right after birth (Azhar et al., 2003; Sanford et al., 1997; Whitman and Mercola, 2001). In
humans, a missense mutation in FIna (c.5290G>A (p.A1764T) has been reported in a patient with DORV
(de Wit et al., 2011). Since missense mutations can result in both loss and gain of function, future studies
will be required to determine the effect of this mutation on FIna expression and function. Thus, our data
demonstrate a link between targeted protein turnover and the development of DORV and highlights
the potential of the ASB2/FLNA axis as a diagnostic, prognostic, and/or therapeutic target for patients
with DORV.

Limitations of the Study

Although our data show that the role of Asb2 in heart morphogenesis is conserved between mice and
human, a limitation is that the in vivo murine system is a conditional knockout compared with the total
knockout in the human cells system. Additionally, as we know, a cross talk between the endocardium
and the myocardium occurs during heart morphogenesis, and this again is lacking in our human cell system.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

DATA AND CODE AVAILABILITY

RNA-seq data have been deposited in NCBI's Gene Expression Omnibus (GEO). The accession number for
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Transparent Methods

Animals. All animal experimentations were carried out in accordance with institutional guidelines for animal
care. Experiments were approved by the Massachusetts General Hospital's Subcommittee on Research
Animal Care (SRAC), which serves as the Institutional Animal Care and Use Committee (IACUC) as
required by the Public Health Service (PHS) Policy on Humane Welfare Regulations. The program and
facilities have been fully accredited by the American Association for the Accreditation of Laboratory Animal
Care (AAALAC) since July 30, 1993. The institutional assurance number with the Office for Protection from
Research Risks at the N.LLH. is DI6-00361. All mice lines were kept on a C57BL/6 background.
Approximately, 20 AHF-Cre, 20 Nkx2-5*¢ 100 Asb2""and 100 Asb2" FIna™" mice were used. To isolate
embryos from pregnant females, cervical dislocation was used for euthanasia which is required for embryo
collection in mice. Sex of the embryos was not an influence in this study due to the very early developmental
stage. Embryos were analyzed at E8.5, E9.5, E10.5, and E11.5 as indicated in the results section where
applicable. For the double outlet right ventricle analysis, hearts of E16.5 embryos were used.

Generation of Asb2 and Fina knockout embryos. Asb2" or Asb2"".FIna™" females were mated with
Nkx2-5*°" or AHF-Cre male mice and plugs were checked on a daily basis. The day a plug is seen is
considered embryonic day €0.5. Asb2™, FIna" Nkx2-5C and AHF-Cre mice are previously described
(Lamsoul et al., 2013; Lombardi et al., 2009; Pinto et al., 2014). Mice genotypes (adult and embryos) were
determine by PCR genotyping. Genotyping oligos used are: Flna flox: 5 TCT TCC TCT TTC AGC TGG
3’and 5° ACA ACT GCT GCT CCA GAG 3’; Asb2 flox: 5 CAGTGTCTGCTCTGAGGTCTCTC 3 and &
CAATCTCTCCCTGGTAGAAACAGTTTGG 3’; Nkx2-5 Cre: 5 GATTAGCTTAAGCGGAGCTGGGTGTCC
3’and 5 GCCGCATAACCAGTGAAACAGCATTGC 3’; AHF-Cre: 5 CCAGGCAAAGGCAAGAATAA 3’ and
5 ATGTTTAGCTGGCCCAAATG 3.

Immunohistochemistry. Immunofluorescence was done as previously described (Domian et al., 2009).
Tissues were permeabilized with 0.3% Triton and antigen retrieval was done using citrate buffer. Tissues
were blocked with goat or donkey serum and primary antibodies were incubated overnight at 4°C.
Secondary antibodies linked to appropriate alexa fluor were incubated for 1 hour at room temperature.
Excess antibodies were washed with Phosphate buffer saline with 0.2% tween-20. Tissues were mounted
with prolong gold anti-fade mounting media. Antibodies used were: Asb2 (Abcam, ab13710); Filamin a
(Abcam, ab76289); Nkx2-5 (Invitrogen, PA5-49431); pSmad2(Millipore, AB3849); Troponin T (Thermo-
Scientific, MA5-12960; SMAD4 (Proteintech, 10231-1-AP). Masson Trichrome Staining was done on
paraffin heart sections using the American Mastertech Scientific kit (ltem No. KTMTR) according to the
manufacturer's protocol. Paraffin sections were deparaffinized with 3 rounds of xylene followed by
rehydration with serial dilutions of ethanol baths prior to staining. Outflow tract measurements were done
on 2D images using ImageJ. The landmarks used for measurement are as shown in supplementary figure
1D.

CUBIC clearing and Immunostaining. Embryos were immersed in CUBIC-1 solution (25% urea, 15%
TritonX-100, 25% N,N,N,N-tetrakis(2-hydroxypropyl)ethyl-enediamine) at 37°C with gentle shaking till
efficiently cleared (2-5 days depending on developmental stage). Following clearing, embryos were washed
thoroughly with PBS and stained with Troponin T and/or Filamin A antibodies for 4-5 days (at 4°C), washed
with PBS and then incubated with the corresponding secondary antibodies coupled to Alexa Fluor 488 or
546 for additional 3-4 days (at 4°C). DAPI was added to CUBIC-1 solution and the following PBS washes
to mark nuclei. Following staining, embryos were then cleared with CUBIC-2 solution (50% sucrose, 25%
urea and 10% 2,2’,2'-nitrilotriethanol) for 1-2 days at 37°C with gentle shaking and then immediately
transferred to immersion oil and imaged with laser confocal microscopy (Leica TCS SP8). 90-120 z-stacks
were taken for each embryo that were then used to generate the 3D reconstructions using either the Leica
software or image J. The 3D images were then further analyzed for phenotypic defects. At least 5 embryos
were analyzed for each condition. The clearing/staining technique was adapted from the established
protocol by Kolesova et al (Kolesova et al., 2016). Heart tube measurements were done on 3D images



using Imaged. The landmarks used for measuring the tube’s length are as described in Le Garrec et al
paper (Le Garrec et al., 2017).

RNA Extraction and gPCR. RNA extraction was done using the Qiagen RNeasy Micro Kit (Cat No. 74004)
according to the manufacturer’s protocol. gPCR analysis was done using the Applied Biosystems PowerUp
SYBR Green Master mix (Cat No. A25742) according to manufacturer's protocol. Oligos used were:
msAsb2a: 5 GCTCTGTTTCACTCTGGCTCT 3’ and 5 CTTCAGCACGGGGTCCATAG 3’; msAsb2p: 5°
AACCACCAGCCAGGACATTT 3 and 5 ACTTCTGCATGACCCCTTGG 3; huASB2vV1: 5%
ATTGGGCAGGAGGAGTACAG 3 and 5 AACTCTCAGGAGGTGCAGT 3; huASB2vV2: 5%
ATGACCCGCTTCTCCTATGC 3 and 5 CGAACTCTCAGGAGGTGCAG 3. huTNNT2: 5%
ACTTGGAGGCAGAGAAGTTCG 3 and 5 CCCGGTGACTTTAGCCTTCC 3; huNKX2-5: 5
CGCACAGCTCTTTCTTTTCGG 3 and & CGCCTTCTATCCACGTGCC 3; huMESP1: 5
CTTTTTGGCCTCAGCACCTTC 3’ and 5 AGTGTCTAGCCCTATGGGTCC 3'.

RNA Sequencing. RNA was extracted from €9.5 embryo hearts using the Qiagen RNeasy Micro Kit (Cat
No. 74004) and sent to the MGH Next Generation sequencing core. The libraries were sequenced using
illumina HiSeq platform. Splice-aware alignment program STAR was used to map the sample sequencing
reads to the Mus musculus mm10 reference genome. Gene expression counts were calculated using
HTSeq based on current Ensembl annotation for mm10. The R package “edgeR” was then employed to
make differential gene expression calls. Pathway analyses were done using “MetaCore-Clarivate” and
“Ingenuity Pathway Analysis-Qiagen” softwares.

Human Pluripotent Stem Cell Culture and Differentiation. HUES9 hESC line (NIH Human Embryonic
Stem Cell Registry Number 0022, generated by HSCI iPS Core at Harvard University) was used in
generating CRISPR KO cell line. hESC culture, differentiation and dissociation protocols were based on
previously published works (Hu et al., 2018). Briefly, hESCs were cultured in Essential 8 Medium (Thermo
Fisher Scientific, MA) in Matrigel (BD Biosciences) coated cell culture plates. hESCs were differentiated in
RPMI GlutaMAX (Thermo Fisher Scientific, MA) plus Gem21 NeuroPlex Serum-Free Supplement without
insulin (Gemini Bio Products, CA) for the first 5 days. Small molecules CHIR99021 (STEMCELL
Technologies, Vancouver, Canada) and IWP-4 (STEMCELL Technologies, Vancouver, Canada) were
added on day 1 and 3, respectively. Differentiation media was then switched to RPMI GlutaMAX plus
Gem21 NeuroPlex Serum-Free Supplement from day 7 to 10. Differentiating hESCs then underwent
glucose starvation for 6 days, which resulted in highly pure populations of beating CMs.

hESC-CMs were re-plated onto Matrigel coated PDMS plates for confocal imaging. Imaging procedure and
analysis were done based on previously published methods (Kijlstra et al., 2015). Briefly, Fluo-4, AM
(Thermo Fisher Scientific, MA) calcium indicator were incubated with hESC-CMs prior to imaging. Movies
of CMs at randomly selected regions were acquired in both DIC and GFP channels at 50 frames per second
for 10 seconds. Calcium transients were analyzed using ImageJ software.

In vitro differentiation of the SHF-dsRed/Nkx2.5-eGFP cells was done as previously described (Domian et
al., 2009).

Generation of ASB2-null hESCs. We used CRISPR/Cas9 genome editing technology to generate the
ASB2-null hESCs according to the described protocol (Ran et al., 2013). Guide RNAs (gRNAs) specific for
hASB2 variant 1 (equivalent to Asb2f3 in mouse) and those common for both variants 1 & 2 (mouse Asb2f3
& a respectively) were designed using CRISPR design online tool, cloned into CRISPR/Cas9-GFP plasmid
backbone (pSpCas9 from Addgene) and sequenced. Plasmids with the efficient gRNAs were delivered by
electroporation to hESCs. Single cell CRISPR clone selection, expansion and sequencing protocols were
adapted from Peters et al (Peters et al., 2008). Following FACS selection, GFP* hESCs were plated
sparsely onto Matrigel coated dishes for growing single cell clones. After 10 days, individual clones were
picked, plated into 96-well plates, and sequenced. Four clones harboring ASB2 gene locus modification
along with four wild type (Wt) clones were expanded and differentiated into CMs for further analysis. 6
guides were tested individually (sequences below). Guides 1 and 6 were successful in inducing the
knockouts.



Guides used were: Guide 1: 5 CACCGGTTGGTACATGCAGACGCGG 3 and 5
AAACCCGCGTCTGCATGTACCAACC 3’; Guide 2: 5 CACCGGTCCGCTAGGCTCTGCTCGA and 5
AAACTCGAGCAGAGCCTAGCGGACC 3’; Guide 3: 5' CACCGGGCCCCTTGTCTTGTCCGCT 3’ and 5
AAACAGCGGACAAGACAAGGGGCCC 3’; Guide 4: 5' CACCGGCCCGGGCCGGCGAACTCTC 3 and 5'
AAACGAGAGTTCGCCGGCCCGGGCC 3’; Guide 5: 5' CACCGCTCCTGAGAGTTCGCCGGCC 3’ and 5'
AAACGGCCGGCGAACTCTCAGGAGC 3’; Guide 6: 5 CACCGCTGCACGAGGCCGCATACTA 3 and 5'
AAACTAGTATGCGGCCTCGTGCAGC 3

Western blot analysis. Total protein extracts were prepared using RIPA buffer. Proteins were run on 10%
TGX pre-cast gels from biorad and transferred to PVDF membranes using Trans-blot turbo transfer kit
(Biorad). Membranes were blocked with 5% non-fat milk or BSA (in case of pSmad2) and primary antibodies
were incubated overnight at 4°C. Secondary antibodies linked to HRP (horseradish peroxidase) were
incubated for 1 hour at room temperature and signal was revealed using super signal west femto or pico
ECL substrates (Thermo-scientific). Antibodies used were Smad2 (5339, Cell Signaling), pSmad2 (3108,
cell signaling) and Smad4 (ab40759, ABCAM). Western blots were then quantified using the Image Lab
software.

Statistical Analysis: Standard t-test was used for the QPCR analysis and the heart tube measurements.
One-way ANOVA was used for the western blot quantification as well as the percentages of Smad4 and
pSmad2 positive cells where. p<0.05 is considered statistically significant.

Data and Software availability: RNAseq data have been deposited in NCBI’'s Gene Expression Omnibus
(GEO) and can be accessed through GEO Series accession number GSE145495.
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Supplementary figure 1, related to figure 2. A. Western Blot analysis on hearts of €9.5 Nkx2-
5+/Cre Asb2*, Nkx2-5*Ce Asb2, and their control littermates using Asb2 antibody and GAPDH for loading
control. Notice reduced Asb2 protein levels in the heterozygous mice (fl/+) and the complete loss of Asb2
in the knockout mice (fl/fl) (quantification analysis on the rights) (5-6 hearts were uses per condition). B &
C. CUBIC/Immunofluorescence of E9.5 mice embryos. B. High magnification showing the cardiac
myocardial region of an E9.5 mouse embryo cleared with CUBIC and immuno-stained for Troponin T
(green). Blue marls DAPI. Note the visible striations (yellow arrows). Scale bar is equivalent to 25um. C.
Serial sections of Control (top) and Mutant (bottom) E9.5 cleared/stained mice embryos, showing the heart
region. Troponin T (green) was used to mark the myocardium. Note the bulging in the Control heart (right
arrow) which is missing in the Mutant. D. Immunohistochemistry on E10.5 AHF-Cre.Asb2 hearts (AHF-
Cre.Asb2" right panel) and littermate control (left panel) using Troponin-T (gree)-specific antibody. Note
the shorter outflow tract (OFT) of the AHF-Cre.Asb2"" heart. Scale bar is equivalent to 100um. 4 Control
and 3 knockout hearts were analyzed. *: p<0.005 significant vs. control. Unpaired t-test was used for
analysis using Graphpad Prism.
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Supplementary Figure 2, related to figure 3. A. Nkx2-5+/Cre.Asb2.FIlna E9.5 and E10.5 embryos. Note
the smaller Nkx2-5'C Asb2™.FIna®* and Nkx2-57C Asb2™ FIna"™ at E9.5 and E10.5. Nkx2-
5+/Cre Asb2" FIna™* and Nkx2-5*C Asb2™.FIna™ often presented with pericardial edema at both stages.
16 litters were analyzed at E9.5 and 3 litters at E10.5. Scale bar is equivalent to 0.2mm at E9.5 and 0.4mm
at E10.5 embryos as indicated. B. Inmunofluorescence on Nkx2-5*¢¢ Asb2" FIna™ double knockouts and
controls using Flna (red) and Troponin T (green) antibodies. Note absence of Flna expression in the
myocardium of the double knockouts as opposed to its expression in the myocardium of the single
knockouts in figure 3A. Scale bar is equivalent to 75um. C. Asb2 transcipt levels from RNAseq data showing
reduced Asb2 levels in the single and double knockouts compared to the Asb2 heterozygote control. *:
p<0.05. One-way ANOVA was used for analysis using Graphpad Prism. D. QPCR analysis of hearts from
Nkx2-5*C Asb2™*, Nkx2-5*Ce Asb2, Nkx2-5C Asb2™* FIna™y, Nkx2-57C Asb2" FIlna™ E9.5 mice.
N=5-6 for Nkx2-5*/cre Asb2*; n=5 for Nkx2-5*Cre Asb2"f: n=5-6 for Nkx2-5*/¢ Asb2%* Flna™¥; n=3 for Nkx2-
5+/Cre Asb2™ FIna™ (each sample is a combination of 2-3 hears to account for littermate variability). The
selected genes are among those identified in RNAseq analysis in fugures 2 and 3. P<0.05 is considered
statistically significant. T-test was used for analysis using Graphpad Prism.
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Supplementary Figure 3, related to figure 7. A. Schematic representation of the two Asb2 isoforms
showing the location of the guides used for CRISPR/Cas9 genome editing. B. Representative calcium
transients of hiPSC-CMs (WT: blue, KO: red).
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