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Chromatin remodelling complex dosage modulates
transcription factor function in heart development
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Dominant mutations in cardiac transcription factor genes cause human inherited congenital
heart defects (CHDs); however, their molecular basis is not understood. Interactions between
transcription factors and the Brgl/Brm-associated factor (BAF) chromatin remodelling
complex suggest potential mechanisms; however, the role of BAF complexes in cardiogenesis
is not known. In this study, we show that dosage of Brgl is critical for mouse and zebrafish
cardiogenesis. Disrupting the balance between Brgl1 and disease-causing cardiac transcription
factors, including Tbx5, Tbx20 and Nkx2-5, causes severe cardiac anomalies, revealing an
essential allelic balance between Brgl and these cardiac transcription factor genes. This
suggests that the relative levels of transcription factors and BAF complexes are important for
heart development, which is supported by reduced occupancy of Brgl at cardiac gene promoters
in Tbx5 haploinsufficient hearts. Our results reveal complex dosage-sensitive interdependence
between transcription factors and BAF complexes, providing a potential mechanism underlying
transcription factor haploinsufficiency, with implications for multigenic inheritance of CHDs.
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studied, and in the developing heart, combinatorial interac-

tions between transcription factors are key to robust gene reg-
ulation'?. Importantly, disease-causing mutations in several cardiac
transcription factors are the underlying cause of human congenital
heart defects (CHDs)>*. Most of these mutations are predicted to
cause haploinsufficiency; however, the mechanistic basis for the
aberrant gene expression that results from reduced transcription
factor dosage is not known.

Mutations in cardiac transcription factor genes, such as TBX5,
NKX2-5 and GATA4, all cause dominant inherited human CHD.
These factors physically interact with each other, providing an effec-
tive mechanism for specific target activation and a potential expla-
nation for their common disease-related haploinsufficiency*. Tbx5,
Nkx2-5 and Gata4 also interact with the Swi/Snf-like Brgl/Brm-
associated factors (BAF) chromatin remodelling complexes, in part
via Baf60c, a cardiac-enriched subunit of the BAF complexes’. This
interaction is key for the de novo induction of cardiac differentiation
from embryonic mesoderm?®, and depletion of Baf60c function leads
to impaired heart development’.

Identification of Baf60c and other BAF complex subunits that
co-assemble to form cell-type-specific complexes has revealed the
importance of BAF complexes as instructive factors in differen-
tiation, rather than simply as chromatin-unwinding machines™-!".
These specific BAF complexes perform discrete functions related to
lineage specification and precursor differentiation. However, little is
known about dosage sensitivity of tissue-specific BAF complexes or
their links to DNA-binding transcription factors that are involved
in similar processes.

Mammalian BAF complexes include one of the two ATPases, Brm
or Brgl (ref. 10). Brm is dispensible for development, whereas Brgl
(also known as Smarca4) is absolutely essential for broad aspects of
development in early mouse embryogenesis'>'®, Thus, disrupting the
function of Brgl provides insights into the global function of BAF
complexes during development. In the present study, we examined
the role of Brgl in heart development in mouse and zebrafish and

The transcriptional regulation of organogenesis has been well
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tested its potential role in modulating the function of disease-related
cardiac transcription factors. Our results reveal a dosage-sensitive
interdependence between transcription factors and BAF complexes
that modulates several aspects of heart formation. We conclude that
the disruption of a delicate balance between CHD-causing transcrip-
tion factors and BAF complexes is likely to be a mechanistic cause of
CHDs because of transcription factor haploinsufficiency.

Results

Brgl is critical for mouse heart development. To assess the
importance of Brgl in the developing mammalian heart, we deleted
Brgl in developing ventricular myocytes, with a loxP-flanked Brgl
allele (referred to here as BrgI)'* and Nkx2.5::Cre, which is expressed
mainly in ventricular myocytes from E8.5 onwards, with rare
sporadic activity in endocardial cells'*' (Fig. 1a and Supplementary
Fig. S1). This Brgl deletion led to highly variable defects in heart
formation (Fig. 1b,c), perhaps partly because of variable and
incomplete activity of the Cre-expressing transgene (Fig. 1a and
Supplementary Fig. S1). Most embryos did not survive past E10.5;
however, a few (two pups from over ten litters) Nkx2.5::Cre;Brgl™
mice were born alive. Severely affected embryos had a loss of normal
ventricular chamber morphology (Fig. 1b), whereas the least
severely affected, which survived to birth, had dilated disorganized
ventricles, ventricular septation defects and a double outlet right
ventricle (Fig. 1c). Most embryos had reduced chamber size and

. impaired looping (Fig. 1d). Expression of several cardiac genes was

defective in Nkx2.5::Cre;Brgl™ embryos (Fig. 1d), including Nppa
(amarker of chamber myocardium), Thx5 (a transcription factor that
regulates Nppa) and the trabecular growth factor Bmp10. Reduced
Bmp10 expression has also been shown in the deletion of Brg! using
Sm22a::Cre, and has been determined to be a critical downstream
effector of Brgl-dependent gene regulation”. Our deletion using
Nkx2.5::Cre, although variable in its effect, uncovers a broader
Brgl-dependent programme of gene expression than that observed
with Sm22a::Cre, most likely because of the earlier expression of
Nkx2.5::Cre. Other cardiac genes, such as Nkx2-5 and Actcl, were

Figure 1| Brg1is required for early mouse heart formation. (a) Activity of the Nkx2.5::Cre transgene, using the Z/EG or RYR reporter, at E8.5, 9.5, 11

and 12.5. Inset for E9.5 embryo shows a ventral four-chamber view. For whole-mount pictures, green signal is the activity of the Z/EG reporter, whereas
red signal is the bright-field illumination through a red filter. For the RYR reporter, a cryosection stained for anti-EYFP (green), alpha-tropomyosin (red)
and 4,6-diamidino-2-phenylindole (blue) is shown. Original magnification: x25 (whole-mount pictures), x100 (sections). (b) Frontal view of OPT
reconstructions (left panels), lateral view of OPT reconstructions (middle panels) and histology (rightmost panels) of WT and Brg? mutant (Nkx2.5::
Cre;Brg1”") mice at E9.5. Arrowhead shows thickened ventricular wall. (¢) Histology of postnatal day (P) 1 hearts. Arrow shows membranous ventricular
septal defect and double outlet right ventricle in the Nkx2.5::Cre;BrgTf heart. Close-up of the interventricular septum (right panels) shows disorganized
septum formation. Original magnification: x100. (d) Gene expression in WT and Nkx2.5::Cre;BrgT#f mice at E8.5 (ActcT) or E9.5 (all other genes) shows
decreased Tbx5, Nppa, Bmp10 and Hand1 expression. la, left atrium; Ib, limb bud; Iv, left ventricle; ra, right atrium; rv, right ventricle; v, ventricle; v?, ventricle

of ambiguous identity.
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