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SUMMARY

Congenital heart disease (CHD) is present in 1% of live births, yet identification of causal
mutations remains a challenge despite large-scale genomic sequencing efforts. We hypothesized
that genetic determinants for CHDs may lie in protein interactomes of GATA4 and TBX5, two
transcription factors that cause CHDs. Defining their interactomes in human cardiac progenitors
via affinity purification-mass spectrometry and integrating results with genetic data from the
Pediatric Cardiac Genomic Consortium revealed an enrichment of de novo variants among
proteins that interact with GATA4 or TBX5. A consolidative score that prioritized interactome
members based on variant, gene, and proband features identified likely CHD-causing genes,
including the epigenetic reader GLYR1. GLYR1 and GATA4 widely co-occupied cardiac
developmental genes, resulting in co-activation, and the GLYR1 missense variant associated with
CHD disrupted interaction with GATA4. This integrative proteomic and genetic approach provides

a framework for prioritizing and interrogating the contribution of genetic variants in disease.
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INTRODUCTION

Birth defects are complex developmental phenotypes affecting about 6% of births worldwide, but
their genetic roots are multifarious and difficult to ascertain (Christianson and Howson, 2006;
Deciphering Developmental Disorders Study, 2015). Particularly challenging are rare disorders
and more common but complex defects with high allelic and locus heterogeneity. In recent years,
whole-exome sequencing has accelerated our understanding of such disorders, including the
most common birth defect, congenital heart disease (CHD) (Zaidi et al., 2013; Heyne et al., 2018;
Homsy et al., 2015; Jin et al., 2017; Richter et al., 2020). De novo monogenic aberrations were
found to collectively contribute to ~10% of CHD cases, whereas rare inherited and copy number
variants have been identified in ~1% and 25% of cases, respectively (Zaidi and Brueckner, 2017).
Additionally, polygenic and oligogenic inheritance models where multiple genetic variants with
epistatic relationships are implicated, have been proposed as mechanistic explanations for certain
complex phenotypes. A recent study from our group highlighted the involvement of genetic
modifiers in human cardiac disease (Gifford et al., 2019), but the net contribution of oligogenic
inheritance remains to be determined. Although the growing catalogue of human genome variants
has led to significant advances in our understanding of the genetic underpinnings of CHD, the
cause of over 50% of CHD cases remains unknown (Zaidi and Brueckner, 2017).

A barrier to a complete understanding of CHD’s etiology is its immense genetic
heterogeneity. Estimates based on de novo mutations alone indicate that more than 390 genes
may contribute to CHD pathogenesis (Homsy et al., 2015). This heterogeneity reduces the
statistical power of CHD risk gene analysis with the cohorts currently available. Recent work
suggests that cohorts of approximately 10,000 parent-proband trios would be needed for whole-
exome sequencing to detect ~80% of genes contributing to haplo-insufficient syndromic CHD
(Sifrim et al., 2016), highlighting the need for alternative strategies to identify CHD risk genes and

to prioritize for potentially causative variants.
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Many diseases display tissue-restricted phenotypes, but are rarely explained by mutations
in genes with tissue-specific expression (Hekselman and Yeger-Lotem, 2020). Many cardiac
malformations have been linked to variants in tissue-enriched cardiac transcription factors (cTFs)
that are expressed more widely. Such cTFs typically form complexes with other tissue-enriched
and ubiquitous proteins to orchestrate specific developmental gene programs (Lambert et al.,
2018). cTF missense variants may disrupt specific interactions with other proteins, affecting their
transcriptional cooperativity and causing disease (Ang et al., 2016; Garg et al., 2003; Moskowitz
et al., 2011; Waldron et al., 2016). This observation suggests a functional relevance for cTF-
interactors in genetic disorders, including CHD. Accordingly, an excess of protein-altering de
novo mutations from the Pediatric Cardiac Genomic Consortium’s CHD cohort were found in
ubiquitously expressed chromatin regulators that partner with cTFs to regulate the expression of
key developmental genes (Zaidi et al., 2013). This led us to hypothesize that protein-protein
interactors of cTFs associated with CHD may be enriched in disease-associated proteins, even if
these proteins are not tissue-specific.

GATA4 and TBX5 are two essential cTFs (Kuo et al., 1997; Bruneau et al., 1999, 2001;
Molkentin et al., 1997; Mori et al., 2006) and among the first monogenic etiologies of familial CHD
(Lietal., 1997; Basson et al., 1997; Garg et al., 2003). Pathogenic variation in TBX5 are a cause
of septation defects and other forms of CHD in the setting of Holt-Oram syndrome (Basson et al.,
1997; Li et al., 1997). Pathogenic variation in GATA4 also causes atrial and ventricular septal
defects, as well as pulmonary stenosis and outflow tract abnormalities (Garg et al., 2003;
Rajagopal et al., 2007; Tomita-Mitchell et al., 2007). Subsequent studies have demonstrated that
TBX5 and GATA4 cooperatively interact on DNA throughout the genome to regulate heart
development (Garg et al., 2003; Ang et al., 2016). Disruption of the physical interaction between
these cTFs or with other specific co-factors by missense variants can impair transcriptional
cooperativity and lineage specification, and ultimately cause cardiac malformations (Ang et al.,
2016; Garg et al., 2003; Maitra et al., 2009; Waldron et al., 2016). Therefore, the identification of
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human GATA4 and TBX5 (GT) protein interactors during cardiogenesis could highlight disease
mechanisms and provide a powerful filter for interrogating the impact of protein-coding variants in
CHD etiologies.

Here, we leveraged an integrated proteomics and human genetics approach that dissects
the protein-protein interactors of endogenous GATA4 and TBX5 in human cardiac progenitor cells
to identify and prioritize potential disease genes harboring CHD-associated variants, revealing
novel aspects of cardiac gene regulation. This approach can be leveraged to study the genetic

underpinnings of many human diseases.

RESULTS
Identification of the GATA4 and TBX5 Protein Interactomes in Cardiac Progenitors
Although many protein partners of GATA4 and TBX5 have been found in mice, the protein
interactors that titrate their effects in early human cardiogenesis have yet to be systematically
explored. To fill this gap in knowledge, we identified the GATA4 and TBX5 protein interactome
(GT-PPI) in human induced pluripotent stem cell-derived cardiac progenitors (CPs) using
antibodies against each endogenous cTF for affinity purification and mass spectrometry (Figure
1A). Using CRISPR Cas9-gRNA ribonucleoproteins, we generated clonal TBX5 or GATA4
homozygous knockout (KO) hiPSC lines as negative controls. These control lines were
differentiated to CP and cardiomyocyte (CM) stages, and the absence of the respective cTF
expression was confirmed (Figure S1A-E). Consistent with previous reports using murine cells
(Luna-Zurita et al., 2016; Narita et al., 1997), GATA4 and TBX5 KO cells were able to differentiate
into CMs, albeit with delayed beating and reduced differentiation efficiency (Figure S1E-G and
Table S1 and S2).

GATA4 or TBX5 mass spectrometry data were generated from three replicates of nuclei-
enriched Day 6 hiPSC-derived cardiac progenitor wild-type (WT) or KO samples treated with
RNase and DNase to focus on nucleic acid independent interactions (Figure 1A). An initial list of
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GT-interactors in WT CPs was obtained by scoring the proteins identified in WT affinity
purification-mass spectrometry experiments to their corresponding KO control line using the
established protein-protein interaction algorithm SAINTq (Teo et al., 2016). For further stringency,
additional filtering was applied for the high-scoring interactors determined by SAINTq based on
nuclear localization, co-expression in the same cells as the bait protein, and their differences in
expression comparing WT and KO cells (See Methods). This approach yielded 252 proteins in
total, which comprised several of the previously reported GATA4 and TBX5 interactors as well as
novel interactors (Enane et al., 2017; Padmanabhan et al., 2020; Waldron et al., 2016). Mutations
in several of these interactors have been already associated to human or mouse cardiac
malformations, highlighting the potential of our approach for disease-gene discovery (Jin et al.,
2017; Bouman et al., 2017; Castillo-Robles et al., 2018; Chen et al., 2020; Diets et al., 2019;
Dsouza et al., 2019; Ferrante et al., 2006; Gordillo et al., 1993; Hinton et al., 2014; Homsy et al.,
2015; Ji et al., 2020; Jones et al., 2012; Lebrun et al., 2018; Lei et al., 2012; Lepore et al., 2006;
Maitra et al., 2010; Parisot et al., 2010; Pierpont et al., 2018; Takeuchi et al., 2011; Thienpont et
al., 2010; Van Dijck et al., 2019; Wilczewski et al., 2018) (Figure 1B and1C, Figure S2A and S2B
and Table S3A and S3B).

Consistent with the interdependence of GATA4 and TBX5 during cardiac development,
their networks showed some overlap, but the bulk of the detected interactors were unique to each
cTF (Figure S2C). Both networks were enriched in proteins involved in similar biological
processes (Figure 1B-D and Figure S2A and S2B). The top two most represented processes
were transcription regulation and chromatin modification (Figure 1D), as expected from GATA4
and TBX5’s well-established functions in gene regulation. Transcription regulators (~20% of
GATA4 interactors and ~30% of TBX5 interactors) comprised TFs, co-activators, co-repressors
and polymerase Il complex-associated proteins. Both known and previously unreported low-
abundance TFs were found to interact with GATA4 and/or TBX5, demonstrating the relatively high
sensitivity of the affinity purification-mass spectrometry approach (Figure 1B and 1C, Figure S2A
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and S2B). Chromatin modifiers (~25% or 15% of GATA4 or TBX5 interactors, respectively)
predominantly belonged to ATP-dependent complexes, including SWI/SNF, NuRD-CHD and
ISWI subfamilies. In addition, we found several histone-modifying enzymes in the GATA4-PPI,
some of which had been previously described as interactors in other cell types (Enane et al.,
2017) (Figure 1B and 1C, Figure S2A and S2B). The GT-PPIs mostly included proteins expressed
ubiquitously, with a small number of tissue-enriched interactors (Figure 1E).

We identified two biological processes highly enriched in GT-PPIs and not previously
associated with these TFs. For instance, a substantial number of RNA processing and splicing
proteins interacted with GATA4. Unexpectedly, several proteins involved in nucleocytoplasmic
RNA transport interacted with both TFs, including proteins from the nuclear pore complex (NPC)
(Figure 1B and 1C, Figure S2A and S2B). The significance of these interactions will require further
study.

Overall, our findings demonstrate the power of affinity purification-mass spectrometry to
identify endogenous interactors of GATA4 and TBX5 in an unbiased fashion and support a model
where cardiac-specific functions result from interactions between cardiac-enriched TFs and more

ubiquitously expressed proteins.

GATA4:TBX5-Protein Interactome Is Enriched in Proteins Harboring Likely Deleterious
CHD-Associated De Novo Variants

To determine whether the GT-interactors derived from CPs might help predict genetic risk
factors for CHD, we assessed their intersection with de novo variants (DNV) and very rare (MAF
< 107®) inherited variants found in published CHD and control cohorts from the Pediatric Cardiac
Genomic Consortium. This whole-exome sequencing database represents the largest available
cohort of parent-offspring trios with over 2500 CHD probands and their parents (Jin et al., 2017).
We used a permutation-based statistical test to analyze the frequency of mutations in GT-

interacting proteins among the CHD probands compared to the control group (see Methods)
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(Figure 2A). The analysis indicated that the GT-interactors were significantly more likely to map
to protein-altering DNVs found in the CHD cohort than in the control cohort (adjusted odds ratio
(OR) G-PPI: 5.83; T-PPI: 3.42). By contrast, very rare inherited variants occurred in GT-PPIN
proteins with the same frequency in control and CHD groups (adjusted OR G-PPI: 1.19; T-PPI:
0.96) (Figure 2B and Table S4).

Since several of the GT-interactors with CHD-associated DNVs have previously been
implicated in human cardiac malformations (Figure S3A) (Bouman et al., 2017; Chen et al., 2020;
Jietal., 2020; Jin et al., 2017; Jones et al., 2012; Maitra et al., 2010; Parisot et al., 2010; Pierpont
et al., 2018; Thienpont et al., 2010), we sought to determine whether the enrichment was
predominately driven by genes previously known to be involved in cardiac development or CHD
by removing them from the dataset and repeating the permutation-based analysis (Table S5). We
still found a significant enrichment in proteins harboring protein-altering DNVs from CHD
probands in both GATA4 and TBXS5 interactomes (adjusted OR G-PPI: 5.17; T-PPI: 3.38) (Figure
2B and Table S4). These results show that the integration of cardiac-specific TF-PPIs with CHD
whole-exome sequencing studies can be used to unveil novel candidate genes enriched for
mutations in CHD.

Most protein-protein interaction analyses are conducted in cell types that are convenient
but less biologically relevant, and they often employ ectopic expression systems that sacrifice
issues of stoichiometry. Our analysis, by contrast, was conducted in human cardiac progenitor
cells and relied on the endogenous expression of TBX5 and GATA4. To assess the importance
of a biologically relevant context for protein-protein interaction analysis, we generated GT-PPlIs in
kidney cells (HEK293T) over-expressing human GATA4 and TBX5 and subjected them to the
same permutation analysis with the CHD and control cohorts (Figure S3B-S3D and Table S6A
and S6B). There was no significant enrichment in proteins harboring CHD-associated protein-
altering DNVs (adjusted OR G-PPI: 1.55; T-PPI: 1.04) (Figure 2B and Table S4). Although the
HEK293’s GT-PPI (221 interactors) did not significantly differ in size compared to the CP’s GT-
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PPI (252 interactors), among all interactors found in kidney cells with GT-ectopic expression, only
20 GATA4 and 8 TBX5-interactors were verified by affinity purification and mass spectrometry of
the endogenous cTFs in cardiac progenitors (Figure S3B-D and Table S6A&B). This result
highlights the importance of endogenous tissue-specific protein-protein interactions in elucidating
the genetic underpinnings of human diseases.

Having demonstrated that GT-PPIs were enriched in protein-altering variants found in the
CHD cohort, we aimed to assess the likelihood that the GT-PPI variants contribute to disease.
Using combined annotation-dependent depletion (CADD) scores, we found that GT-PPI protein-
altering variants found in the CHD cases were more likely to be pathogenic than the rest of protein-
altering DNVs in CHD cases outside the GT interactome (Figure 2C). These findings further
validate the use of the interactomes of disease-associated TFs generated in biologically-relevant

cell-types as a framework for identifying CHD candidate genes.

GATA4:TBX5-Interactors with Protein-Altering DNVs Unveil CHD Candidate Genes with
Characteristic Features of Disease Gene

We next asked whether the candidate CHD genes identified in the GT-PPI exhibited features that
could increase their likelihood of causing disease. Extreme intolerance to loss of function (LoF)
variation and haploinsufficiency are common features of genes associated with developmental
disorders (Fuller et al., 2019). Remarkably, most candidate CHD genes in the PPI were extremely
intolerant to LoF variation (probability of being intolerant to LoF (pLI) > 0.9) and exhibited
significantly higher pLI and haploinsufficiency scores than genes outside the interactome with
equivalent variants (Figure 3A and Figure S4A). Another feature of disease genes is an increased
tendency for their products to interact with one another when their mutations result in similar
phenotypes (Goh et al., 2007). Based on iReflndex database information (Razick et al., 2008),
the proteins encoded by our candidate genes had a higher connectivity degree with other proteins
found to be mutated in the CHD cohort, as well as with a curated list of proteins involved in

9
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mouse/human cardiac malformations (Jin et al., 2017) than proteins outside the interactome with
analogous variants (Figure 3B,C).

GT-interactors with CHD protein-altering DNVs exhibited higher expression in the
developing heart than genes with equivalent variants outside the GT-PPIs (Figure 3D). In addition,
the CHD candidate genes we identified were generally expressed across most cell types in the
developing heart and tissues in the human body (Figure 3E and Figure S4B-D) and largely
affected functional modules relevant to chromatin biology (Figure 3F). Other biological processes
with unexplored roles in CHD were affected, such as RNA splicing and protein folding (Figure 3F).
Furthermore, many DNVs in GT-interactors were detected in probands suffering from CHD with
extracardiac abnormalities and/or neurodevelopmental defects, but a sizeable number were also
found in “isolated” CHD cases (Figure S4E and Table S7). This is consistent with previous studies
from the Pediatric Cardiac Genomic Consortium that highlighted the functional relevance of high
heart-expressed genes involved in chromatin modification and transcriptional regulation among
cardiac malformations, with particular enrichment in CHD with coexisting neurodevelopmental
defects (Homsy et al., 2015; Zaidi et al., 2013). Overall, our findings support the possibility that
the candidate genes identified in the GT interactome are ubiquitously expressed genes with high
heart-expression that are enriched for mutations that can cause different forms of CHD.

We next investigated the specific types of protein-altering de novo CHD variants
corresponding to proteins in the GT-PPls. Among the 252 proteins in the GT-PPI, 20 were
encoded by genes harboring loss-of-function de novo variants present in CHD cases and 48
harboring missense CHD DNVs. The permutation-based statistical test detected strong
enrichment within the GT-PPIs for both de novo loss-of-function (adjusted OR: 4.87) and
missense DNVs (adjusted OR: 3.56) in CHD probands compared to equivalent genomic variation
from the control cohort (Table S8). Loss-of-function de novo variants preferentially affected genes
involved in human CHD (Table S7-8) (Garg et al., 2003; Ji et al., 2020; Jin et al., 2017; Jones et
al., 2012; Maitra et al., 2010; Parisot et al., 2010), whereas the bulk of GT-PPI genes with CHD-
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missense DNV's had not previously been linked to cardiac development or CHD (Table S7-8). The
contribution of de novo splice variants could not be determined due to their low counts in
interactome genes from cases and controls (Table S8).

Collectively, these findings demonstrate that protein-altering de novo variants in GT-
interactors found in CHD cases preferentially impact broadly expressed genes with high
expression in the developing heart, and may therefore contribute to CHD outcomes through
dosage effects. Of specific interest were GT-interactors harboring missense variants, which

revealed candidate genes not previously implicated in congenital cardiac malformations.

An Integrative Method for Scoring Variants ldentifies Specific GT-Interactors as Strong
Candidate Genes for CHD

The interpretation of missense variants remains an enormous challenge and requires methods to
prioritize those that could substantially impact human phenotypes. The enrichment in missense
DNVs for proteins yet unrelated to CHD in our interaction network highlighted the need for a
strategy to interpret the likelihood that a rare variant in a given GT-PPI gene is contributing to
disease. Previous studies from the Pediatric Cardiac Genomic Consortium used the gene’s
ranked percentile of expression in the developing heart for filtering rare variants found in CHD
cases (Jin etal., 2017; Zaidi et al., 2013). However, since most of the interactome CHD candidate
genes were highly expressed in the developing heart (Figure 3D and Table S9), additional
features were required to rank their likelihood of being pathogenic. Thus, we developed an
integrative pipeline to calculate a potential pathogenesis score for the 48 missense DNV's mapped
to our GT-PPI (Figure 4A). This score consolidates annotations from a combination of gene,
variant and proband features relevant to protein-coding variants. Concretely, the scoring system
prioritizes variants in GT-interactors based on gene or variant features found to be distinctive of
the GT-PPI protein-altering DNVs, e.g., CADD score and pLI score (Figure 2D, Figure 3A-C and

Figure S4D and S4F). At the proband level, it prioritizes variants detected in CHD cases without
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other reported DNVs or inherited variants in known CHD-genes within the same proband. The
individual features were combined by rank sum and weighted where applicable (see Methods)
(Figure 4A and Table S10). The scoring method, represented with respect to the genes’ percentile
of expression of the developing heart, was able to separate published mutations causative of
monogenic CHD (Basson et al., 1999; Furtado et al., 2017; Garg et al., 2003) from the few
mutations known to cause oligogenic disease (Gifford et al., 2019) even when affecting the same
gene; these are hereafter referred to as reference variants (Figure 4B). Furthermore, amidst the
top-scored interactome variants, there were several proteins known to cause cardiac
malformations, supporting the potential value of this prioritizing method (Figure 4B and Table
S10).

The majority of the missense DNVs affected interactome proteins highly expressed in the
developing heart, with only 25% occurring in GT-interactors outside the top quartile of expression;
the lower expressed genes generally also exhibited low integrative potential pathogenesis scores,
except for the tuberous sclerosis gene, TSC1, associated with cardiac rhabdomyomas (Hinton et
al., 2014) (Figure 4B). On the other hand, missense DNVs in GT-interactors highly expressed in
the developing heart clustered in two defined groups: a potentially highly pathogenic cluster of
variants ranking close to the monogenic CHD references, and a group of variants close to the
oligogenic CHD references. Among the missense DNVs in the first group, which we hypothesized
to be more significant contributors, there were four variants in GT-interactors with previously
described monogenic contribution to cardiac defects (TBX5, GATA6, CHD4 and CHD7) and
seven variants within proteins with yet undescribed functions in congenital heart malformations
(BRD4 x2, SMARCC1, GLYR1, HSPA8, NCOR2 and HSP90AA1) (Figure 4B and Table S10).

Three chromatin modifiers, BRD4, GLYR1 and SMARCC1, ranked the highest amongst
the interactome proteins with unknown roles in CHD, in concordance with the observed increased
burden of CHD-associated DNVs in genes involved in this process (Zaidi et al., 2013). These
CHD candidate genes were detected as GATA4 interactors, and we validated each by co-
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immunoprecipitation (Figure S5A-S5D). While GLYR1 and SMARCC1 were previously unknown,
the BRD4 - GATA4 protein module was recently reported by our group in the regulation of cardiac
mitochondrial homeostasis (Padmanabhan et al., 2020). In support of a BRD4 functional
relevance in CHD, deletion of BRD4 during embryonic development (Thnt2-Cre; Brd4™/x)
resulted in embryonic lethality with signs of cardiac dysfunction (Padmanabhan et al., 2020).
Although the specific contribution of SMARCC1 to CHD is yet uncertain, its encoded protein
BAF155 is a component of the BAF complex, which orchestrates many aspects of heart
development (Hota and Bruneau, 2016). The GLYR?1 DNV occurred in a patient with
atrioventricular septal defects, left ventricle outflow tract obstruction and pulmonary stenosis, a
spectrum of cardiac malformations observed in humans with GATA4 mutations. However, the role

of GLYR1 in most tissues, including the heart, remains unexplored.

The CHD-Variant in GLYR1 Impacts the Protein’s Structural Dynamics and Destabilizes its
Physical Interaction with GATA4

GLYR1, also known as NDF, NPAC or NP60, is a chromatin reader involved in chromatin
modification and regulation of gene expression through nucleosome demethylation (Fang et al.,
2013; Feietal.,, 2018; Fu et al., 2006; Marabelli et al., 2019; Yu et al., 2020). The GLYR1 missense
CHD de novo variant involved the substitution of a highly conserved proline at amino acid (aa)
496 for a leucine within the B-hydroxyacid dehydrogenase (B-HAD) domain, described to mediate
the PPl between GLYR1 monomers (Marabelli et al., 2019; Montefiori et al., 2019). Since
proline**® is located within a rigid loop enriched in aromatic residues connecting two
tetramerization domains (Figure 5A-5C), we hypothesized the substitution of this rigid proline**®
for a leucine would impact the structural dynamics of the GLYR1 B-HAD domain and therefore its

ability to acquire certain functional states.
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Molecular dynamics (MD) computational simulations of the wild-type (GLYR1"T) and the
CHD mutant (GLYR1P#*®) B-HAD domains predicted the mutant B-HAD to explore a narrower set
of structural conformations than the WT, as shown by the time-dependent evolution of the root
mean square deviation (RMSD) of frames visited during the trajectories from the reference
structure (Figure S6A). This result was confirmed by the distribution of the RMSD calculated for
every pair of states sampled during the simulations (Figure 5D). Furthermore, GLYR1 structural
dynamics at the local level, measured by the standard deviations of the atomic positions in the
simulations (RMSF), indicated an overall lower flexibility of the P496L mutant compared to the
WT, which was more evident in the Rossman-fold domain (262-437 aa) (Figure 5E). These data
indicated that the P496L variant in GLYR1 induces significant differences in the structural
dynamics of the B-HAD domain, at the global and local levels, predicting a general increase in the
structural rigidity of this region in GLYR1.

The predicted increase in rigidity within the B-HAD domain could affect GLYR1’s capacity
to adapt to interacting partner proteins through conformational selection. Co-immunoprecipitation
assays demonstrated that the GLYR71 P496L DNV destabilized its physical interaction with
GATA4 (Figure 5F and Figure S6B). Since previous studies involved GLYR1 in transcriptional
regulation (Fei et al., 2018; Yu et al., 2020), we probed whether GLYR1 co-regulates gene
expression together with GATA4 by testing the ability of GLYR1 and GATA4 to transactivate the
Nppa-luciferase reporter construct in transient transfection assays, a well-established assay of
GATA4’s transcriptional activity (Garg et al.,, 2003; Hu et al., 2011; Knowlton et al., 1991).
Transfection of GATA4 alone resulted in an approximate 8-fold activation of this reporter, whereas
GLYR1 alone failed to induce luciferase activity. Co-transfection of GATA4 and GLYR1 increased
reporter activity by approximately 15-fold, consistent with functional co-regulation. However, the
synergistic activation induced by GLYR1 WT was attenuated by the P496L mutation (Figure 5G).

Synergistic transactivation of the Ccnd2-luciferase reporter by GLYR1 and GATA4 was similarly
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reduced by the P496L mutation (Figure S6C). Overall, these findings demonstrate a protein-
damaging effect of the GLYR1 missense de novo variant associated with CHD, which destabilized

GLYR1’s physical interaction with GATA4 and impacted their transcriptional coregulation activity.

GATA4 & GLYR1 Co-bind a Defined Set of Heart Development Genes and Co-Regulate their
Expression

GLYR1 localizes within chromatin regions rich in histone H3 trimethylated on Lys36 (H3K36me3)
at actively transcribed gene bodies to regulate transcription elongation (Fang et al., 2013; Fei et
al., 2018; Marabelli et al., 2019; Yu et al., 2020). However, knowledge about how GLYR1 is
recruited to specific loci or its function in homeostasis and disease is limited. We analyzed its
genome-wide occupancy during cardiomyocyte differentiation together with H3K36me3 genome-
wide distribution and gene expression activity. ChlP-sequencing (ChIPseq) in hiPSCs and CPs
revealed dynamic relocalization of GLYR1 from hiPSCs to CPs. Although genomic regions bound
by GLYR1 in hiPSCs were largely maintained in CPs, we detected ~3500 differentially bound
genes (FDR<0.1) between the two stages (Figure 6A and Figure S7A). K-means clustering of
genes differentially bound by GLYR1 based on the three measured variables—GLYR1 ChlPseq,
H3K36me3 ChIPseq, and RNA expression—highlighted GLYR1 recruitment to ~3000 gene
bodies upon differentiation of hiPSCs to CPs (Clusters 1 and 2). Gene ontology (GO) analysis
revealed that gene programs associated with heart development were enriched in Cluster 2,
which showed the highest levels of GLYR1 ChIP signal in CPs, whereas Cluster 1 was enriched
for genes involved in general cellular processes. On the other hand, Cluster 3 contained ~500
GLYR1-bound genes in hiPSCs and lost in CPs, mainly associated with cell cycle and ribosome
biogenesis terms (Figure 6A and Table S11 and S12). Overall, GLYR1 preferentially bound to
transcribed regions of active genes and co-localized with H3K36me3 (Figure 6A and Figure S7TA—
D). Interestingly, GLYR1 only occupied a fraction of the genes up-regulated in CPs and marked
with H3K36me3 (Figure S7A-S7C), suggesting that GLYR1 binds a very discrete set of loci
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marked by H3K36me3. These results revealed dynamic recruitment of GLYR1 to a discrete set
of cardiac genes during cardiomyocyte differentiation.

In CPs, as described in other cell types (Fei et al., 2018; Yu et al., 2020), GLYR1 broadly
occupied gene bodies (Figure S7D), from the first intron to the transcription end site (TES) on
average. On the other hand, GATA4 preferentially occupied distal regulatory elements, though
some peaks are also found at introns inside gene bodies, similar to GLYR1 (Figure S7E). To
investigate GATA4-GLYR1 genomic co-occupancy in CPs, we overlapped the genes where
GLYR1 was recruited in CPs (GLYR1°": clusters 1-2, FDR<0.1 and Log2FC>0.5) with genes
bound by GATA4 within the gene body window where GLYR1 typically binds (1% Intron-TES).
This analysis found a statistically significant overlap between GLYR1°" and GATA4-bound gene
bodies (Fisher exact p-value = 2.865E'%; OR: 1.69), identifying a defined subset of GATA4 and
GLYR1-bound genes enriched in heart development GO terms (Figure 6B and 6C and Table S12
and S13). On the other hand, GLYR1-occupied sites that were not bound by GATA4 mapped to
genes controlling general processes such as vesicle transport and protein ubiquitination. Among
the gene bodies occupied by GATA4 only, approximately half were down-regulated from hiPSCs
to CPs and enriched in neurogenesis-related terms, while the other half were up-regulated and
associated with circulatory system development and cell adhesion (Figure 6C, Figure S7F and
Table S13-15).

To directly evaluate if GATA4 and GLYR1 regulate the transcript levels of the genes they
co-occupy, we analyzed the effect of silencing GATA4 or GLYR1 on the expression of these
genes in CPs by bulk RNAseq (Table S16 and S17). GLYR1 silencing led to reduced expression
of more than 800 genes associated with embryonic development and heart development terms
compared to a control siRNA, which suggested a functional relevance for GLYR1 in the
transcriptional regulation of the cardiomyocyte differentiation process (Figure S7G and Table S17
and S18). At loci co-bound by GATA4 and GLYR1, gene expression was 10 times more likely to
be significantly down-regulated by either GATA4 or GLYR1 knockdown compared to those not
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co-bound (Figure S7H). Several co-occupied and co-regulated loci (LRP2, HAS2, TEMN4,
SMYD1, MAB21L2, TTN, GATA4, GATAB) are involved in human or mouse cardiac
malformations (Baardman et al., 2016; Camenisch et al., 2000; Nakamura et al., 2013; Park et
al., 2010; Rasmussen et al., 2015; Saito et al., 2012; Theis et al., 2019; Zhu et al., 2014) (Figure
6D). The observation that GATA4 mainly occupies intronic regions within GATA4:GLYR1-bound
gene bodies led us to ask whether GATA4 was binding intronic regulatory elements at co-
occupied genes. To answer this, we examined features characteristic of active or repressed gene
regulatory elements (Akerberg et al., 2019; Kimura, 2013) among the GATA4-occupied sites.
GATA4 occupancy within GATA4:GLYR1-bound gene bodies co-localized with high levels of
marks associated with active regulatory elements (H3K27ac, H3K4me3, H3K4me1, MED1) as
well as with other cardiac TFs, but with undetectable levels of the repressive mark H3K27me3
(Figure 6E and Figure S7I). These findings raised the possibility that GATA4 and GLYR1
positively regulate cardiac gene expression by co-binding and activating intronic regulatory
elements.

To investigate this hypothesis, we cloned several intronic regions with the features
described above into a luciferase reporter vector under control of a minimal promoter and tested
the ability of GLYR1 and GATA4 to transactivate the reporter. Transfection of GATA4 alone
resulted in activation of these reporters, whereas GLYR1 alone induced luciferase activity of two
out of three tested reporters, indicating that these intronic locations could function as REs (Figure
6F). Importantly, co-transfection of GATA4 and GLYR1 increased reporter activity, consistent with
functional co-regulation. Remarkably, the synergistic/additive activation induced by GLYR1 WT
was strongly attenuated in the context of the GLYR1 P496L mutation (Figure 6F). These findings
suggest GATA4 recruits GLYR1 to co-regulate the expression of a discrete set of genes essential
for heart development and disruption of this interaction by the GLYR7 P496L missense DNV

associated with CHD affects this co-regulation.
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DISCUSSION

Here, we integrated an analysis of the protein-protein interaction network of CHD-associated TFs
with human whole-exome sequencing data to inform the genetic underpinnings of CHD. An
unbiased PPI reconstruction for two essential TFs in cardiac development that cause CHD,
GATA4 and TBXS5, identified known and previously unreported functional relationships for these
well-studied TFs. De novo mutations in GT-PPIs occurred with significantly greater frequency in
CHD patients than healthy controls. Additionally, a consolidative computational framework
devised to prioritize variants in GT-interacting proteins identified numerous candidate disease
genes, including GLYR1, a ubiquitously expressed epigenetic reader. GLYR1 widely co-occupied
cardiac regulatory elements with GATA4, and the GLYR1 disease variant disrupted the GATA4
interaction and co-activation of cardiac developmental genes. These findings indicate that the use
of tissue- and disease-specific PPls may partially overcome the genetic heterogeneity of CHDs

and help prioritize the potential impact of de novo missense variants present in disease.

Integration of Tissue-specific TF-PPls with Human Variant Data Highlights Disease
Mechanisms
GT-PPIs were enriched in proteins harboring likely deleterious CHD-associated DNVs, validating
the use of CHD-associated TFs-PPls generated in disease-relevant cell-types as a framework for
identifying CHD candidate genes. Unlike other approaches that rely on tissue-specific expression
as a crucial criteria for narrowing potential genetic contributors to disease (Bryois et al., 2020),
this strategy allows us to capture ubiquitously expressed CHD candidate genes that might have
tissue-specific effects thanks to their interaction with tissue-enriched factors. This is of great
importance as the majority of disease genes have been shown to be broadly expressed across
multiple human tissues.

Previous studies have also applied gene-set enrichment strategies that calculate the
mutation burden in defined groups of proteins, based on known disease genes or functional
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modules within variant-gene-networks reconstructed from consolidated PPI databases (Caldera
et al., 2017; lzarzugaza et al., 2019; Magger et al., 2012; Zaidi et al., 2013). However, these
studies had strong dependence on a curated list of already established disease candidate genes
or on publicly available PPI information collected from various cell types, often employing ectopic
expression systems. Our findings highlighted the importance of reconstructing PPIs in a disease-
relevant context and with endogenous proteins as baits in order to maximize the ability to infer
causal genes. Advances in proteomic technologies and the increased availability of tissue-specific
public data will be essential to facilitate the broad and high-throughput deployment of network-
based strategies. These strategies may not be limited to protein interaction networks and coding
variants, as networks of regulatory elements based on ChIP-sequencing could also be integrated
with data sets of non-coding variants.

Unlike single-gene enrichment approaches, the network-enrichment analysis allows the
detection of rare CHD candidate genes, but it does so without resolving the relative contributions
of specific variants. Hence, downstream prioritization of candidate disease genes is needed to
rank likelihood of specific variants contributing to CHD. For this purpose, we developed an
integrative scoring method that combines commonly used disease-variant prioritization metrics,
including diverse and complementary biological information at the gene, variant and proband
levels. The integration of proband genomic information regarding the co-occurrence of rare
inherited and/or DNVs in known CHD genes, with metrics that predict variant deleteriousness and
gene-level parameters that calculate their likelihood of being CHD risk genes, allowed separation
of potential highly penetrant variants from possible modifier variants contributing to polygenic
CHD. Although we focused our functional studies on variants clustering with known monogenic
genes, these data present numerous avenues to study the underpinnings of oligogenic and
monogenic types of congenital cardiac malformations presenting alone or in combination with
extra-cardiac defects. Functional investigation will be needed to test whether the identified CHD
candidate genes are essential in heart development and to determine the causal nature of the
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associated variants. In the future, high-throughput screening methods, such as the integrative
PPIl-genetic variant scoring pipeline, will aid in assessing the vast genomic variation catalogue

provided by the increasing number of large-scale sequencing studies.

GLYR1 Co-regulates Heart Development Genes with GATA4 and Is Mutated in CHD

The integrative proteomics and human genetics approach revealed GLYR1 as a previously
unreported GATA4 interactor in CPs that constitutes a strong candidate gene for CHD.
Leveraging computational simulations and biochemical assays, we demonstrated that the GLYR1
P496L variant impacted the protein structural dynamics and reduced its interaction with GATA4.
This raised the possibility that destabilization of tissue-specific PPIs could result in cardiac-
restricted phenotypic manifestation associated with the mutation of a ubiquitously expressed
chromatin reader. As yet unstudied is the possibility that this missense DNV in GLYR1 may cause
broader effects on the GLYR1 interactome network or its ability to adopt quaternary structures
that could contribute to the disease phenotype. Despite its ubiquitous expression, the functional
importance of GLYR1 protein across tissues in development and disease to date remains
unexplored. To our knowledge, this work highlighted for the first time a role for GLYR1 in the
transcriptional regulation of essential genes in heart development during cardiomyocyte
differentiation.

Genome-wide GLYR1 occupancy interrogation in hiPSCs and CPs confirmed a cell-type
specific dynamic binding of GLYR1 to gene bodies marked by H3K36me3, where GLYR1
recruitment correlated with active transcription as expected (Fei et al., 2018; Yu et al., 2020). The
GLYR(1 localization to only a fraction of the H3K36me3-enriched regions suggested specificity of
its DNA occupancy. Our work indicates that during cardiomyocyte differentiation, GATA4 physical
interaction with GLYR1 may be one of the mechanisms explaining how GLYR1 can bind a specific

subset of heart development genes. However, only a fraction of the heart development genes to
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which GLYR1 is recruited upon differentiation of hiPSCs to cardiac progenitors is co-bound by

GATAA4, suggesting that GLYR1 might also interact with other cardiac-enriched factors.

Overall, this work has identified novel interactors of TFs essential for cardiac development,
provided a ranked list of candidate disease genes with variants potentially contributing to CHD,
and revealed novel biology of gene regulation related to cardiac disease. Notably, this tissue- and
disease-specific TF network-based approach can be applied to other genetic disorders for which
large-scale sequencing data is available to highlight disease mechanisms and provide a powerful

filter for interrogating the genetic basis of disease.
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Figure 1: Generation of GATA4 and TBX5 protein interactomes in human iPSC-derived

cardiac progenitors.
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(A) WTC11 and WTC11 CRISPR/Cas9 engineered clonal hiPSC lines (GATA4-KO & TBX5-KO)
were differentiated to cardiac progenitors (CPs, differentiation day 6). CPs from differentiations
that passed QC thresholds (see Methods) were subjected to affinity purification (AP) of
endogenous GATA4 or TBX5 and their protein complexes from nuclear lysates treated with
Benzonase (DNase/RNase enzyme). For each AP condition, replicates from three independent
differentiations were analyzed by mass spectrometry (LC/MS). Affinity purification-mass
spectrometry (AP-MS) results from KO CPs served as negative controls to remove antibody-
specific background from the experimental samples’ signal; data were subjected to several further
filtering steps to identify high-confidence GATA4 and TBX5 protein-protein interactome networks
(PPINS).

(B) GATA4 and (C) TBX5 interactors were manually annotated for biological processes and
protein complexes based on literature available. Boxed areas are roughly proportional to the
number of interactors they represent. Proteins interacting with both GATA4 and TBX5 (purple)
and previously reported interactors (red) are highlighted.

(D) Distribution of GATA4 and TBX5 PPIs across biological processes, as annotated in panels B
& C.

(E) Tissue expression distribution of GATA4 and TBXS5 interactors across the six Human Protein
Atlas categories based on transcript detection (NX=1) in all 37 analyzed tissues (See Methods).
Detected in single: detected in a single tissue; Detected in some: detected in more than one but
less than one third of tissues; Detected in many: detected in at least a third but not all tissues;

Detected in all: detected in all tissues; Not detected.
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Figure 2: Enrichment of de novo variants among GATA4 and TBX5 interactome proteins
among CHD trios.

(A) Design of a permutation-based statistical test to analyze the enrichment in genetic variants
from a CHD cohort relative to a control cohort in GATA4 or TBX5 PPIs (Odds Ratio, OR). The

probability of CHD-associated genomic variation to occur by chance within the PPls was
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calculated by randomly permuting the Pediatric Cardiac Genomic Consortium (PCGC) healthy
(control group, A) and diseased (CHD group, B) IDs and calculating the corresponding ORs 1000
times. The enrichment in CHD-associated variants was then analyzed by calculating the
unpermuted adjusted (Adj.) OR and its p-value. The Adj. OR is corrected for differences in
sequencing depth across case and control datasets based on synonymous DNV counts (see
Methods).

(B) Permutation-based statistical test for different types of reported genomic variation (Inherited
LoF, de novo synonymous and de novo protein-altering (non-synonymous)) from PCGC CHD and
Control cohorts to analyze their enrichment within defined GATA4 and TBX5 PPls. CP
Interactome: group of proteins found as GATA4 or TBX5 interactors in CPs; CP Interactome Heart
Dev. Unknown: CP Interactome after removing proteins included in a curated list of human/mouse
cardiac development and CHD genes reported by the PCGC (Jin et al., 2017) (See Table S5);
HEK293 Interactome: group of proteins found as GATA4 or TBX5 interactors in HEK293Ts.

(C) Violin Plot representing the Combined Annotation-Dependent Depletion (CADD) scores for
Protein-altering and Synonymous (Syn) variants found in the CHD cohort affecting proteins inside
the GT-PPI (GT-PPI) or proteins outside the interactome (Non-Interactome). The white dot
represents the median, the black lines the interquartile range (thick) and 1.5x the interquartile
range (thin). P-values were determined using a two-sided Mann-Whitney-Wilcoxon test with

Bonferroni correction; the number of asterisks indicate significance level (***p-value<0.001).
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Figure 3: De novo variants in GATA4 and TBX5 interactomes exhibit features typical of

disease genes.
(A-D) Violin plots among GATA4 and TBX5 (GT) interactome proteins representing the

distribution of (A) Intolerance to LoF (pLI Score); (B) degree of connectivity with all protein-altering

DNVs found in the CHD cohort (CHD Variant Degree); (C) degree of connectivity with proteins

encoded by a curated list of genes involved in mouse/human cardiac malformations (Heart Dev.-

Gene Degree) (Jin et al., 2017); (D) expression percentile rank in the developing heart (E14.5)

for Synonymous (Syn) or Protein-altering DNVs found in the CHD cohort and affecting proteins
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inside the GT interactome (GT-PPI) or outside the interactome (Non-Interactome). The white dot
represents the median, the black lines the interquartile range (thick) and 1.5x the interquartile
range (thin). P-values were determined using a two-sided Mann-Whitney-Wilcoxon test with
Bonferroni correction; the number of asterisks indicate significance level (***p-value<0.001, *p-
value<0.05).

(E) Tissue expression distribution of interactome CHD candidate genes (GT-PPI) and non-
interactome genes harboring CHD-associated protein-altering DNVs across the six Human
Protein Atlas categories based on transcript detection (NX=1) in all 37 analyzed tissues (See
Methods). Detected in single: detected in a single tissue; Detected in some: detected in more than
one but less than one third of tissues; Detected in many: detected in at least a third but not all
tissues; Detected in all: detected in all tissues; Not detected.

(F) Representation of interactome CHD candidate genes as a network after integration with PPI
information from iReflndex database. Nodes are colored based on manually annotated biological
processes and specific protein families/complexes grouped in boxed areas. Node sizes reflect
probability of Loss-of-function Intolerance (pLI) scores. Node shapes reflect belonging to TBX5
(triangle), GATA4 (circle) or GATA4&TBXS5 (square) networks. Red highlights proteins encoded
by genes involved in human CHD (Bouman et al., 2017; Chen et al., 2020; Ji et al., 2020; Jin et
al., 2017; Jones et al., 2012; Maitra et al., 2010; Parisot et al., 2010; Pierpont et al., 2018;
Thienpont et al., 2010). Edges represent protein-protein interactions from iReflndex database
(Razick et al., 2008).
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Figure 4: Integrative variant scoring devised to prioritize potential CHD-associated
variants.

(A) Integrative pathogenesis score developed from a combination of gene, variant and proband
features distinctive of GT-PPI protein-altering variants. The indicated annotations were
consolidated into a unique score by rank sum and weighted where applicable (see Methods).
(B) Integrative pathogenesis scores for interactome missense DNVs in CHD genes (red) or in
CHD unreported genes (green) plotted against the corresponding genes’ expression percentile
rank in the developing heart (E14.5). Published mutations causing monogenic (grey) or oligogenic

(orange) CHD are included as references.
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Figure 5: Functional impact of a highly scored CHD variant in GLYR1.

(A) Simplified protein schematic depicting the domain organization of human GLYR1. Black
rectangle indicates zoomed-in protein region in Figure 5B.

(B) Protein sequence conservation across vertebrate species for the GLYR1 rigid loop region
containing the CHD-associated P496L DNV. Amino acids 490-529, partially spanning exons 14
and 15 (490-495, 496-5229 respectively) in the H. sapiens sequence.

(C) Subdivision of the GLYR1 dehydrogenase domain into the Rossman-fold globular domain
(green), the linking a9-helix (red), and the a-helical bundle (dark blue). The mutated Proline*® is
highlighted in orange. The right panels zoom into the WT and mutant forms of the rigid loop

enriched in aromatic residues (beige) that contains the Proline 496 (orange).
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(D) Distribution of the root mean square deviation (RMSD) of frames visited during the trajectories
from the reference state represented by the starting structure of the WT (black) and the P496L
mutant (green) GLYR1 dehydrogenase domains within the measured time.

(E) Residue flexibility analysis based on the standard deviations of the atomic positions in the
simulations (RMSF) after fitting to the starting structure of the WT form (black) and the mutant
(green) GLYR1 dehydrogenase domains. An overall lower flexibility (lower RMSF) of the mutant
compared to the WT is most evident in the Rossman-fold domain (residues 262-437).

(F) The ability of GLYR1 WT and P496L mutant to interact with GATA4 assessed by ectopic
expression in HEK293 cells and immunoprecipitation (IP) of GLYR1-MYC followed by
immunoblotting with the indicated antibodies. Enriched nuclear lysates prior to IP (Inputs) were
set aside and analyzed in parallel with IP samples to verify similar protein ectopic expression
levels across samples.

(G) Luciferase reporter assay in HelLa cells showing activation of the luciferase reporter upon
addition of plasmids encoding indicated proteins. (n=3 independent experiments). One-way
ANOVA coupled with Tukey post hoc test: *** p-value <0.001.
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Figure 6: GATA4-associated and -independent roles for GLYR1 in transcription regulation
during cardiomyocyte differentiation.

(A) Genes differentially bound by GLYR1 (FDR<0.1) between hiPSCs and cardiac progenitors
(CPs) subjected to k-means clustering based on the three indicated variables in hiPSC and CP
stages: GLYR1 ChIPseq signal, H3K36me3 ChIPseq signal and gene expression levels.
Statistically enriched GO Biological Process terms and example genes for each cluster on the
right panel. hiPSC GLYR1, hiPSC and CP H3K36me3 ChIPseq (n=2); CPs GLYR1 (n=3), publicly
available RNAseq hiPSC and CP (GSE137920; n=3).

(B) Venn Diagram showing the overlap of genes bound by GLYR1 in CPs from Clusters 1 & 2
(FDR<0.1, LogFC>0.5) with genes occupied by GATA4 inside the gene body window (1% intron-
TES) where GLYR1 can be found. The significance of the overlap estimated using the
Fisher.Exact function is p-value = 2.865e'® The odds of Gata4 binding to bodies of genes with
enriched Glyr1 signal is 1.69 times the odds of no Gata4 binding in bodies of genes enriched with
Glyr1 signal.

(C) Gene Ontology enrichment analysis of biological process for GATA4 & GLYR1-bound genes
or GLYR1-only bound genes. Dev, development.

(D) GATA4 & GLYR1 co-bound genes that were significantly downregulated (FDR<0.05, LogFC<-
0.25) upon knockdown of either GATA4 or GLYR1 at the cardiac progenitor stage. Cells were
transfected with the corresponding siRNAs at day 4 of differentiation and cardiac progenitors
collected 72h later for RNAseq.

(E) Metagene plots for GATA4 & GLYR1 co-bound genes plotting the normalized ChIPseq signal
for the indicated histone marks (public available data GSE85631 and GSM2047027) and other
cardiac transcription factors centered on GATA4 peaks within the gene body (1% Intron-TES). One
representative replicate plotted, all replicates in Figure S6J.

(F) Transcriptional activity of three putative intronic regulatory elements co-bound by GATA4 &
GLYR1 in the presence of indicated regulatory proteins. Intronic sequences were cloned into
Luciferase reporters and luciferase activity was assayed in HeLa cells upon addition of plasmids
encoding the indicated proteins. Equal amount of total transfected DNA per condition was
adjusted with empty vector. (n= 3 independent experiments). One-way ANOVA coupled with

Tukey post hoc test: *** p-value <0.001.
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Figure S1.

cardiomyocytes. Related to Figure 1.

Differentiation of GATA4-KO and TBX5-KO hiPSC clonal

Figure S1

lines into

(A) Representative immunostaining micrographs for cTNT (green), TBX5 (red) or DAPI (blue) in
WT or TBX5-KO hiPSC-derived cardiomyocytes (CM) at day 15 of differentiation. Scale (100um).
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(B) Immunoprecipitation of TBX5 from enriched nuclear lysates of WT or TBX5-KO hiPSC-derived
cardiac progenitors (CPs; differentiation day 6), followed by immunoblotting with anti-TBX5 or
anti-vinculin antibodies.

(C) Representative immunostaining micrographs for cTNT (green), GATA4 (red) or DAPI (blue)
in WT or GATA4-KO hiPSC-derived cardiomyocytes (CM) at day 15 of differentiation.

(D) Immunoprecipitation of GATA4 from enriched nuclear lysates of WT or GATA4-KO hiPSC-
derived cardiac progenitors (CPs; differentiation day 6), followed by immunoblotting with anti-
GATA4 or anti-vinculin antibodies

(E) Percentage of cells positive for the indicated proteins at the CP (day 6) and CM (day 15)
stages of differentiation as measured by flow cytometry. (n= 10-4)

(F) Beating rates of the WT, TBX5-KO and GATA4-KO CMs as measured by Pulse automated
measurement video analysis. (n=4-6)

(G) Beating onset for WT, TBX5-KO and GATA4-KO CMs. (n=5)

For E and F One-way ANOVA coupled with Tukey post hoc test: ***= p-value<0.001.
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Figure S2. Complete GATA4 and TBX5 PPIs in hiPSC-derived cardiac progenitors. Related
to Figure 1.
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(A) GATA4-PPI or (B) TBX5-PPI. Interactors were manually annotated for biological processes
and protein complexes based on literature available. Boxed areas are roughly proportional to the
number of interactors they represent. Enriched proteins with a Bayesian false discovery rate
(BFDR)<0.001 for GATA4-PPI and BFDR<0.05 for TBX5-PPI are shown. Proteins interacting with
both GATA4 and TBX5, previously reported interactors, and genes involved in mouse/human
cardiac development (Jin et al., 2017) are highlighted in purple, red, and underline, respectively.
3-4 replicates from independent differentiations were analyzed per condition.

(C) Venn diagram representing the overlap of GATA4 and TBX5 PPIs generated in CPs.
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Figure S3
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Figure S3. GATA4 and TBX5 CHD-gene interactors and GT-PPIs in the kidney cell line
HEK293. Related to Figure 2.

(A) GT-interactors with CHD-associated DNVs previously implicated in human cardiac
malformations (Bouman et al., 2017; Chen et al., 2020; Jin et al., 2017; Jones et al., 2012; Maitra
et al., 2010; Parisot et al., 2010; Pierpont et al., 2018; Thienpont et al., 2010).

(B-C) Venn diagram representing the overlap of the GATA4 or TBX5 PPIls between hiPS cell-
derived CPs and HEK293 cells.
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(D) GT-PPI reconstructed in HEK293 kidney cells. FLAG tagged GATA4 or TBX5 proteins were
ectopically expressed in HEK293T cells and the cells collected 48h after transfection; an empty
vector was used as negative control. Nuclear-enriched lysates treated with benzonase
(DNase/RNase enzyme) were subjected to affinity purification (AP) with anti-FLAG antibodies.
For each AP condition, replicates from three independent transfections were analyzed by mass
spectrometry (LC/MS). AP-MS results from the negative controls were used to remove antibody-
specific background from the experimental samples’ signal; data were subjected to the same
filtering steps as the CP AP-MS data to identify high-confidence GATA4 and TBX5 PPIs. Enriched
proteins with a BFDR<0.05 are represented in the network. CP and HEK293 overlapping TBX5,
GATA4 and TBX5 & GATA4 interactors are highlighted with a colored node border in brown, black

and green respectively.
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Figure S4. Features of CHD candidate genes in the GATA4-TBXS5 interactome. Related to
Figure 3.

(A) Violin plot of the haploinsufficiency scores for synonymous (Syn) or protein-altering DNVs
found in the CHD cohort and affecting proteins inside the GT interactome (GT-PPI) compared to
outside the interactome (Non-Interactome). The white dot represents the median, the black lines
the interquartile range (thick) and 1.5x the interquartile range (thin). P-values were determined
using a two-sided Mann-Whitney-Wilcoxon test with Bonferroni correction; the number of
asterisks indicate significance level (***p-value<0.001).

(B) Dot plot representing the expression patterns of interactome genes harboring CHD-associated
protein-altering DNVs in the mouse developing heart (average of E7.75, E8.25 and E9.25) based
on published single-cell RNAseq data (de Soysa et al., 2019). The size of the dot indicates the
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percentage of cells expressing that gene within a cluster and the color indicates the average
expression level of that gene within a cluster.

(C) Distribution of GT-PPI and Non-Interactome genes harboring CHD-associated protein-altering
DNVs across the five Human Protein Atlas categories based on transcript specificity in 37
analyzed tissues (See Methods). Tissue enriched: At least four-fold higher mRNA level in a
particular tissue compared to any other tissues; Group enriched: At least four-fold higher average
MRNA level in a group of 2-5 tissues compared to any other tissue; Tissue enhanced: At least
four-fold higher mRNA level in a particular tissue compared to the average level in all other
tissues; Low tissue specificity: detected and not within the other categories; Non detected.

(D) Violin plot representing the distribution of Heart Enriched Expression (Log> Heart GTEX
RPKM/ Average RPKM in 18 non-heart tissues) for synonymous (Syn) and protein-altering DNVs
found in the CHD cohort and affecting proteins inside the GT interactome (GT-PPI) or outside the
interactome (Non-Interactome). The white dot represents the median, the black lines the
interquartile range (thick) and 1.5x the interquartile range (thin). P-values were determined using
a two-sided Mann-Whitney-Wilcoxon test with Bonferroni correction; the number of asterisks
indicate significance level (**p-value<0.01, ***p-value<0.001).

(E) Venn diagram representing the number of interactome genes with protein-altering DNVs found
in probands suffering from ‘“isolated CHD”, CHD with concomitant extra-cardiac defects
(extracardiac abnormalities and/or neurodevelopmental defects), or in both types of CHD.

(F) Number of mutations per kilobase, based on the number of mutations per gene reported by
the PCGC (REF) corrected by the gene’s length, for synonymous (Syn) and protein-altering DNVs
found in the CHD cohort and affecting proteins inside the GT interactome (GT-PPI) or outside the
interactome (Non-Interactome). The white dot represents the median, the black lines the

interquartile range (thick) and 1.5x the interquartile range (thin).
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Figure S5. Co-immunoprecipitation validated PPl between top scored CHD candidate
genes and GATAA4. Related to Figure 4.

(A-C) The ability of the proteins encoded by three top-scored interactome CHD candidate genes,
SMARCC1 (A), GLYR1 (B) and BRD4 (C), to interact with GATA4 as assessed by ectopic
expression of their MYC- or HA-tagged WT proteins in HEK293 cells followed by
immunoprecipitation (IP) with anti-MYC or anti-HA antibodies. Enriched nuclear lysates prior to
IP (Inputs) were set aside and analyzed by immunoblotting with the indicated antibodies in parallel
with IP samples to verify similar protein ectopic expression levels across samples.

(D) Immunoprecipitation (IP) for endogenous GATA4 protein and its protein complexes from
enriched nuclear lysates of WT and GATA4-KO CPs, followed by immunoblot for indicated
antibodies. Aliquots of CP enriched nuclear lysates were put aside prior to IP (Inputs). IP and

Inputs were subsequently subjected to immunoblotting with the indicated antibodies.
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Figure S6
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Figure S6. Protein-damaging effect of the CHD missense DNV in GLYR1. Related to Figure
5.

(A) Evolution of the root mean square deviation (RMSD) of the structural dynamic frames visited
by WT (black) or GLYR1 P496L (green) beta-DH domains over time, taking the starting protein
structure as reference.

(B) The ability of GLYR1 WT or P496L mutant to interact with GATA4 as assessed by ectopic
expression in HEK293 cells and immunoprecipitation (IP) of GFP-GATA4 followed by
immunoblotting with the indicated antibodies. Enriched nuclear lysates prior to IP (Inputs) were
set aside and analyzed in parallel with IP samples to verify similar protein ectopic expression
levels across samples.

(C) Luciferase reporter assay in HeLa cells showing activation of the luciferase reporter upon
addition of plasmids encoding indicated proteins. Equal amount of total transfected DNA per
condition was adjusted with empty vector. (n=3 independent experiments). One-way ANOVA

coupled with Tukey post hoc test: **p-value < 0.01, *** p-value <0.001.
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Figure S7. GLYR1 genome-wide occupancy and transcriptional regulation during
cardiomyocyte differentiation. Related to Figure 6.
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(A-C) Scatter plots showing the correlations between indicated ChiPseq signals (log 2 RPKM) at
the indicated CP or hiPSC stages for genes classified as not differentially expressed (Not DE
genes; light grey), up-regulated (Up-reg genes; red) and down-regulated (Down-reg genes; dark
grey) based on publicly available hiPSCs vs. CPs RNAseq data (GSE137920). Dotted lines
represent y=x line. ChlPseq GLYR1 hiPSC, H3K36me3 hiPSCs and CPs n=2; GLYR1 CPs
ChiPseq n=3.

(D) Metagene plot representing the normalized ChIP tag densities for GLYR1, H3K36me3 and
GATA4 centered on gene bodies and extending one kilobase upstream of the transcription start
sites (TSS) and downstream of the transcription end sites (TES). Curves represent a single
representative replicate per ChIP condition.

(E) Distribution of GATA4 and GLYR1 genome-wide occupancy across indicated features as
assessed by ChIPseq in CPs. GLYR1 CPs ChlIPseq n=3; GATA4 ChlPseq n=2.

(F) Gene expression and biological functions of genes defined by ChIPseq as occupied by GATA4
only in hiPSC (D0) and CPs (D7). Gene expression is represented as z-score based on publicly
available RNAseq data comparing CPs and hiPSCs (GSE137920). Gene Ontology (GO)
Biological Process enrichment analysis for GATA4-Only genes up-regulated (Up-reg: CP average
z-score>0.1; red) and down-regulated (Down-reg: CP average z-score<-0.1; grey) from hiPSC to
CPs. Dev.: development; morpho.: morphogenesis.

(G) Genes differentially expressed (DE) upon GLYR1 knockdown at cardiac progenitor stage
(FDR<0.05, LogFC<-0.25; n=2). Cells were transfected with Control or GLYR1 siRNAs at day 4
of differentiation and cardiac progenitors collected 72h later for RNAseq. Bar graphs represent
enriched Biological Process terms from Gene Ontology (GO) for down-regulated (grey) genes
and up-regulated genes (red) in siGLYR1 compared to siControl treated cells. The number of DE
genes and the total number of genes in each GO category are indicated in each bar graph.

(H) Pie charts showing the percentage of genes differentially expressed (DE; FDR<0.05, LogFC<-
0.25) upon GATA4 knockdown (siGATA4), GLYR1 knockdown (siGLYR1), downregulated upon
either independently added siRNAs (siGATA4 and siGLYR1), as well as non-DE genes
(unchanged) for GATA4&GLYR1-bound genes and Not co-bound genes. siControl vs siGATA4
RNAseq (n=3); siControl vs siGLYR1 RNASeq (n=2). Each replicate corresponds to independent
cardiomyocyte differentiations.

(I) Metagene plots for GATA4&GLYR1-bound genes showing the cardiac progenitors normalized
ChlPseq signal for GATA4 (n=2), GLYR1 (n=2) and H3K36me3 (n=2) (upper panel), the indicated
histone marks (middle panel; public available data GSE85631 and GSM2047027) and the GATA4

46


https://doi.org/10.1101/2021.01.05.423837

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.05.423837; this version posted January 5, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

(n=2), TBX5 (n=2), NKX2-5 (n=2), MEIS1 (n=1) and ISL1 (n=1) cTFs centered on GATA4 peaks
inside the gene body (1% Intron-TES).

Table S1. WT versus GATA4-KO CPs differential mRNA expression analysis. Related to
Figures 1 and S1.

Table S2. WT versus TBX5-KO CPs differential mMRNA expression analysis. Related to
Figures 1 and S1.

Table S3. APMS data and filtering criteria for the GATA4 and TBX5 interactome in CPs.
Related to Figures 1 and S2.

Table S4. Permutation-based statistical analysis of GT-PPIs enrichment in CHD-associated

genomic variants. Related to Figure 2.
Table S5. Proband variants in genes involved in mouse/human heart development (Jin et
al., 2017) removed from the CP interactome (Heart Dev. Unknown) Permutation analysis in

Figure 2B. Related to Figure 2.

Table S6: APMS data and filtering criteria for the GATA4 and TBX5 interactome in HEK293T
cells. Related to Figure 2 and S3.

Table S7: De novo missense, loss-of-function and splice PCGC variants found in GT-PPI

genes. Related to Figure 3 and S4.

Table S8. Counts for the different types of de novo variants (DNVs) found in CHD and

control cohorts in GT-PPls and CHD variant network enrichment analysis.

Table S9. Percentile of expression in the developing heart for interactome genes with

reported protein-altering DNVs found in the CHD cohort. Related to Figure 4.

Table S10. Integrative pathogenesis scoring of interactome protein-altering missense
DNVs found in CHD patients. Related to Figure 4.
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Table S11. Table for GLYR1 differentially bound genes between hiPSCs and CPs subjected
to k-means clustering based on GLYR1 ChIPseq signal, H3K36me3 ChIPseq signal and

gene expression levels. Related to Figure 6.

Table S12. GO enrichment analysis for Clusters 1,2 and 3 in Figure 6A. Related to Figure
6.

Table S13. List of GATA4 & GLYR1, GATA4-only or GLYR1-only bound genes within the
gene body (1% Intron-TES). Related to Figure 6.

Table S14. GO enrichment analysis for GATA4 & GLYR1, GATA4-only or GLYR1-only
bound genes within the gene body (1% Intron-TES). Related to Figure 6 and S7.

Table S15: GATA4-only bound gene expression in hiPSCs and cardiac progenitors and z-
score calculation based on GSE137920 RNAseq; Figure S7F

Table S16. SiControl versus siGATA4 differential mMRNA expression analysis in hiPSC-

derived cardiac progenitors. Related to Figure 6.

Table S17. SiControl versus siGLYR1 differential mMRNA expression analysis in hiPSC-

derived cardiac progenitors. Related to Figure 6 and S7.

Table S18. GO term enrichment analysis for DE genes in siGLYR1 vs siControl cardiac

progenitors. Related to Figure S7.
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