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Introduction.

Congenital heart defects (CHDs) are the most prevalent and serious birth defects, occurring in over 1% of live
births, and higher still when stillbirths and spontaneous abortions are considered. Major subsets of congenital
heart defects are defective septation of the atria or ventricles, and conduction system defects, which often co-
exist within an individual. The molecular and cellular basis of congenital heart defects remains poorly
understood, and is necessary to develop new diagnostic and therapeutic modalities. The genetic basis of
human CHD is largely dominant mutations in gene regulators, including transcription factors and chromatin-
modifying factors. How the altered dosage of a transcriptional regulator translates to altered genomic function
is not known, nor is it known how these altered gene regulatory networks then disrupt heart development
resulting in CHDs. TBX5 is a member of the T-box family of transcription factors, haploinsufficiency of which
causes heart defects associated with Holt-Oram syndrome (HOS). We have developed an induced pluripotent
stem (iPS) cell model of HOS, and in parallel we have studied a new mouse model of TBX5-dependent CHD.
Current data using single cell RNAseq indicates that we can elucidate gene regulatory networks sensitive to
TBX5 dosage in both models. We hypothesized that in the developing heart, TBX5 dosage in specific cell
populations drives gene regulatory networks. that control finely regulated cellular behaviors, with
consequences for cardiac development. We will test this hypothesis by elucidating the genomic dysregulation
that results from TBX5 haploinsufficiency in a human iPSC model of CHD, and the genetic and cellular defects
in the cells that define the interventricular septum boundaries in a mouse model of TBX5 haploinsufficiency in
vivo.

Keywords.

Heart, congenital heart disease, gene regulation, stem cells, mouse models
Accomplishments.

What were the major goals of the project?

Specific Aim 1: Define the consequences of TBX5 haploinsufficiency in mouse and human models of
CHD.

Major Task 1: Clonal reduction of Tbx5 function.

Major Task 2: Clonal reduction of Tbx5 function and relationship to Mef2cAHF lineage

Major Task 3: Gene expression changes at the compartment boundary upon loss of tbx5

Specific Aim 2: Identify the mechanisms for TBX5 haploinsufficiency.

Major Task 4: Obtain material for ChlP-exo

Major Task 5: ChlP-exo for Tbx5, Nkx2-5, Gata4

Major Task 6: Obtain material for ChlP-seq for histone marks, in Tbx5 allelic series.
Major Task 7: ChlP-seq for histone marks in Tbx5 allelic series.

Major Task 8: Gene expression changes in human iPS cells

Major Task 9: TBX5 ChlP-exo in human iPS cells

Specific Aim 3: Modulation of TBX5 haploinsufficiency by a novel genetic interactions with Mef2c.
Major Task 10: Imaging of heart defects in Tbx5/Mef2c mutant mice.

Major Task 11: Gene expression program requlated by Tbx5 and Mef2c dosage relationships.

What was accomplished under these goals?

1) major activities;

Over the course of the project we examined the function of TBX5 in mouse and human stem cell models of
congenital heart disease, as outlined in the Major Tasks listed above.

We have generated single cell RNAseq data using the 10X Genomics DropSeq technique for over 50,000
human iPS cell-derived cardiomyocytes. We deployed several computational approaches to measure
statistically significant change in gene expression.



We also completed the generation of single cell RNAseq analysis for mouse embryonic hearts with a clonal
reduction of Tbx5 function, and did so in the context of the relationship to Mef2cAHF lineages. We have
completed and are analyzing these data, along with the expression program that is altered at the compartment
boundary.

Regarding the epigenomic basis of TBX5 haploinsufficiency, we deployed ChlP-seq and ATAC-seq to examine
histone modifications and chromatin accessibility, respectively. We completed the ATAC-seq on the entire time
course and allelic series. This massive undertaking has yielded terabytes of data that are still undergoing
computational analysis. In parallel, we completed ChIP-seq or have the material for ChlPseq for several
histone modification and cardiac transcription factors. We also compiled new data from our collaborators on in
vivo transcription factor occupancy for all the factors that we were interested in, with others as well. This
allowed a computational assessment of co-occupancy of TBX5 with a broad cadre of partner factors.

We imaged extensively several samples of Tbx5/Mef2c mutant mice and their respective controls, using
histology and now deploying 3D light sheet microscopy. We have obtained some of the samples required for
RNAseq analysis.

2) specific objectives;

1. Define the consequences of TBX5 haploinsufficiency in mouse and human models of CHD. Using
new mouse models of disease, we wished to elucidate the importance of TBX5 dosage in maintaining a
compartment boundary that is important for ventricular septation, deploying single-cell RNAseq to identify
stochastic vs rheostatic gene regulation. These in vivo mouse studies were complemented with a human
induced pluripotent stem cell model of CHD, to compare gene expression changes in the context of TBX5
haploinsufficiency.

2. Identify the mechanisms for TBX5 haploinsufficiency. We aimed to determine if reduced TBX5 dosage
leads to an overall reduction in occupancy, reduced occupancy at discrete loci, or an absence of binding at a
few loci. We also wished to evaluate the epigenomic consequences of reduced TBX5 dosage, by examining
enhancer RNAs, open chromatin by ATAC-seq, and histone modifications by ChIP-seq.

3. Modulation of TBX5 haploinsufficiency by a novel genetic interactions with Mef2c. We discovered a
novel genetic interaction between Tbx5 and Mef2c, in which reduced dosage of both leads to specific and
reproducible muscular ventricular septal defects. We wished to deploy the lineage marking and RNAseq
approaches used in Aim 1 to explore the basis of this genetic interaction.

3) significant results or key outcomes, including major findings, developments, or conclusions (both positive
and negative)

1. Define the consequences of TBX5 haploinsufficiency in mouse and human models of CHD

An allelic series of TBX5 was derived by CRISPR-Cas9 editing of a well-characterized iPS cell line, WTc11.
WT (parental, TBX5"*), Control (has seen editing machinery but has not been edited at TBX5, TBX5'*),
heterozygous (TBX5""), or homozygous (TBX5™) cells can differentiate into cardiomyocytes (Fig 1A-E),
although TBX5™ cells have a delayed onset of beating and differentiate less efficiently. Electrophysiological
analyses show that TBX5 alters action potential characteristics and calcium handling properties in a dose-
dependent manner (Fig 1F-J). Alterations are detectable in TBX5"" cells, indicating that in vitro-differentiated
iPS cells can reveal TBX5 dosage-related cellular phenotypes relevant to human disease. We have generated
preliminary single-cell RNAseq data using the 10X Genomics DropSeq technique for >50,000 human iPS cell-
derived cardiomyocytes. The data provide a highly quantitative view of gene expression in individual cells (Fig
2A). We find a progressive increase in the complexity of the cell population during iPSC differentiation,
concomitant with increased definition of cell types that have altered dosage of TBX5. We used the trajectory
inference software package URD (named after the Norse god of fate) to detect distinct developmental paths for
the TBX5' line (Fig 2B,C), including a delay in NKX2-5 activation (Fig 2C). We focused on cardiomyocytes at
day 23, and examined pairs of clusters for altered gene expression between TBX5"* and TBX5"" cells. Fig 3
shows the quantitative analysis, which thanks to the profiling of thousands of cells offers strong statistical
power, and a measure of gene expression levels in addition to the number of cells expressing a particular
gene. We find genes with altered expression in many or all examined clusters, while most cluster-cluster
comparisons reveal unique signatures. Within these groups are CHD-associated genes, and genes involved in
contraction and electrophysiological parameters, providing potential mechanisms for the cellular defects. Using
fluorescent in situ hybridization (RNAScope), we validated the sensitivity of one such transcript, NPPA, to
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expression. D. Dose-dependence of gene expression across the 7TBX)5 allelic series. E. Validation of dose-dependent expression
of NPPA (red, center) by RNAScope, quantitated in graph below.

of cardiac reprogramming factors, and have been shown to physically interact and coactivate a reporter
construct, making this node in the TBX5-dependent gene regulatory network particularly compelling. These
observations validate this approach for the discovery of GRNs that are affected by TBX5 dosage.

All these results were published in Kathiriya et al, Developmental Cell 2020.

In the mouse model, we performed high-resolution light sheet imaging to assess the relationship of the IVS
boundary and Tbx5-dependent CHDs in the mouse. We determined that mice in which one allele of Tbx5 is
deleted by Thx5°°ER72* have ventricular septation defects. We used Tbx5°ER™*; Mef2cAHF-
DreERT2;ROSA%CA6 and Thx5CeERT2Mox: Mef2c AHF-DreERT2;ROSA*®%A% mice to induce Tbx5 loss of
function, while tracing the cells that specifically label the left side of the interventricular septum (Fig 5).
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presence of either the Fig 5: Mislocalization of double-positive Mef2cAHF+/Tbx5+ intersect lineage cells is associated
ZsGreen (Tbx5 Iineage) with ventricular septal defect in 7bx5 mutant hearts. Dams were injected with tamoxifen at E6.5
or the tdTomato and embryonic hearts were collected at E14.5. DAPI is labeled in blue, 7bx5+ lineage is labeled in
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reporters (Fig 6). We intersect cells do not uniformly align with the center of the IVS (arrowheads in F and G, compare

with arrowheads in B and C). In mid-chamber and posterior positions, apical intersect cells appear
grossly normal (lower insets in H vs. D); however, they are almost completely absent from the
basal septum (upper insets in H vs. D), where a large ventricular septal defect (asterisk) is present.

further have been able to
measure quantitative
changes in gene
expression that point to
potentially important cellular pathways that are affected in the Tbx5 mutant cells. For example, the TF /d2,
previously shown to be downstream of Tbx5, has reduced expression in several clusters, and in the tdTomato
intersectional lineage.The upregulation of the cell adhesion/repulsion genes Slit2 and Netrin1 (Ntn1) provides
compelling potential cellular mechanisms via their increased expression in the affected cells. The power of
single-cell RNAseq is clearly manifest in vivo as it was for our human in vitro experiments, as comparison of
different clusters yields different sets of altered transcripts, and by gating on the tdTomato+ (intersectional
lineage) cells, we can directly interrogate changes in expression in this unique population without sorting and
with the ability to simultaneously interrogate all other cells. Our preliminary results clearly show that with single-
cell RNAseq, we will be able to gain clear insights into stochastic vs. rheostatic gene regulation determined by
reduced TBX5 dosage. We are pursuing with RNAscope the expression of the potential patterning molecules,
and will also integrate single-cell ATACseq to define altered regulatory elements. This part of the project is
being finalized into a manuscript.
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4) other achievements Fig 7: ATAC-seq in the TBXS5 allelic series. ATAC-seq tracks are
In the course of the analysis of the data shown for ID1, CITED2, and NPPA/NPPB. Regions with reduced
described above, we designed a new accessibility are boxed.

computational tool called Cell Layers, which
permits the supervised subclustering of single cell RNAseq data in Sankey plots. This convenient approach
was presented in a bioRxiv preprint (Blair et al 2020).

What opportunities for training and professional development has the project provided?
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How were the results disseminated
to communities of interest?
Nothing to report.

What do you plan to do during the
next reporting period to accomplish
the goals?

Nothing to report. Flg 8: Genetic 1nteract10n between Thx5 and Mej2c Genotypes are indicated
above each sample. Magnified views of the interventricular septa are shown in the
IMPACT: bottom row. Note muscular VSDs (arrowheads in C,D), subaortic membranous VSD

(E) and dilated blood-filled atria in the Mef2c*";Thx5¢*ERT2* embryos.
What was the impact on the
development of the principal discipline(s) of the project?
The impact of the project was to discover the molecular and genetic underpinning of congenital heart disease.
The findings have broad ramifications for fundamental concepts in cardiac biology, and also for the potential
management of human congenital heart disease and, importantly, its associated co-morbidities. The findings
also provide exciting testable hypotheses related to the genetic etiology of congenital heart disease. Finally,
the project has for the first time pinpointed the specific cell types that are involved in septation defects, which
after several decades of investigation now allow us to probe their importance further.

What was the impact on other disciplines?

In general the project has impacts on cardiac electrophysiology, and to gene regulation in general. Many
diseases are caused by transcription factor dosage reduction, and this work now informs the potential
mechanisms underlying many of these types of disease. Our work also has general and broad impact on the
use of human iPS cell models combined with single cell RNAseq and innovative computational approaches to
interrogate these data.

What was the impact on technology transfer?
Nothing to report

What was the impact on society beyond science and technology?
Nothing to report

CHANGES/PROBLEMS:

Changes in approach and reasons for change
Nothing to report.

Actual or anticipated problems or delays and actions or plans to resolve them
We only had delays in the ChlP-exo experiments due to the shutdown of Santa Cruz Biotechnologies, our
antibody provider. We have since identified other suitable antibodies and will complete this aim.

Changes that had a significant impact on expenditures
Nothing to report.

Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or select
agents
Nothing to report.

Significant changes in use or care of human subjects
Nothing to report.

Significant changes in use or care of vertebrate animals.
Nothing to report.

Significant changes in use of biohazards and/or select agents



Nothing to report.

PRODUCTS:

Publications, conference papers, and presentations
Journal publications.

“Modeling Human TBX5 Haploinsufficiency Predicts Regulatory Networks for Congenital Heart Disease”
Kathiriya IS, Rao KS, lacono G, Devine WP, Blair AP, Hota SK, Lai MH, Garay Bl, Thomas R, Gong HZ,
Wasson LK, Goyal P, Sukonnik T, Hu KM, Akgun GA, Bernard LD, Akerberg BN, Gu F, Li K, Speir ML,
Haeussler M, Pu WT, Stuart JM, Seidman CE, Seidman JG, Heyn H, Bruneau BG.

Developmental Cell. 2020 Dec 8:S1534-5807(20)30929-1. doi: 10.1016/j.devcel.2020.11.020. Online ahead
of print. PMID: 33321106

Books or other non-periodical, one-time publications.
Nothing to report.

Other publications, conference papers, and presentations
Preprint.

“Cell Layers: Uncovering clustering structure and knowledge in unsupervised single-cell transcriptomic
analysis”

Andrew P. Blair, Robert K. Hu, Elie N. Farah, Neil C. Chi, Katherine S. Pollard, Pawel F. Przytycki, Irfan
S.Kathiriya, Benoit G. Bruneau
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