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Abstract

Failure of embryonic neural tube closure results in the second most common class of birth defects 

known as neural tube defects (NTDs). While NTDs are likely the result of complex multigenic 

dysfunction, it is not known whether polymorphisms in epigenetic regulators may be risk factors 

for NTDs. Here we characterized Baf155msp3, a unique ENU-induced allele in mice. Homozygous 

Baf155mps3 embryos exhibit highly penetrant exencephaly, allowing us to investigate the roles of 

an assembled, but malfunctional BAF chromatin remodeling complex in vivo at the time of neural 

tube closure. Evidence of defects in proliferation and apoptosis were found within the neural tube. 

RNA-Seq analysis revealed that surprisingly few genes showed altered expression in Baf155 

mutant neural tissue, given the broad epigenetic role of the BAF complex, but included genes 

involved in neural development and cell survival. Moreover, gene expression changes between 

individual mutants were variable even though the NTD was consistently observed. This suggests 

that inconsistent gene regulation contributes to failed neural tube closure. These results shed light 

on the role of the BAF complex in the process of neural tube closure and highlight the importance 

of studying missense alleles to understand epigenetic regulation during critical phases of 

development.
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Introduction

Neural tube defects (NTDs) result when the embryonic neural tube, which gives rise to the 

adult brain and spinal cord, fails to close completely. NTDs are the second most common 

birth defect in humans, occurring in 1 in 1000 live births worldwide (Copp, 2005; Detrait et 

al., 2005). NTDs include caudal neural tube closure defects such as spina bifida and cranial 

NTDs such as exencephaly. These devastating birth defects occur due to disruption in the 

intricate process of neural tube closure, which requires the coordination of many molecular 

and cellular functions. The complexity of this process is illustrated by the fact that over 200 

mutations in the mouse have been identified that result in NTDs (Harris and Juriloff, 1999; 

Harris and Juriloff, 2010). These affected genes play roles in multiple processes, including 

cell cycle regulation, neurogenesis, cell viability, developmental signaling, and epigenetic 

regulation of transcription (Copp and Greene, 2010). Despite the body of knowledge from 

studies in animal models, very few gene mutations have been identified in human NTDs 

using a single gene approach. Moreover, based on twin studies and epidemiological studies, 

NTDs in humans are likely the result of multiple genetic alterations and therefore many 

genes would be expected to contribute to this complex disease etiology (Leck, 1974; Elwood 

et al., 1992). It is possible that studying global gene modifiers might contribute to our 

understanding of the causation of NTDs. Epigenetic mediators represent a good candidate 

for global gene expression modifiers, and their role in the NTD disease etiology has been 

poorly characterized.

DNA exists in the nucleus as chromatin, a highly ordered structure, which consists of 

organized units called nucleosomes, DNA wrapped around a histone protein octomer (Luger 

et al., 1997). Epigenetics refers to heritable changes in gene transcription that are 

independent of DNA sequence, most commonly thought of at the level of chromatin. There 

are two main types of epigenetic processes—covalent modifications that are directly added 

to the chromatin (DNA methylation and histone modifications) and movement of 

nucleosomes along the DNA (chromatin remodeling). Chromatin remodeling requires an 

ATPase to hydrolyze ATP for energy to disrupt histone-DNA contacts and move chromatin 

proteins along the DNA. Overall, this process alters chromatin structure and changes DNA 

accessibility to transcriptional regulatory factors (Clapier and Cairns, 2009). The dynamic 

process of neural tube closure requires rapid changes in gene expression, which might be 

achieved through chromatin remodeling. NTDs can arise as a consequence of mutations in 

genes that mediate epigenetic regulation (Harris and Juriloff, 2010). Of the >200 mouse 

NTD mutants, ∼5% involve disruptions in genes encoding epigenetic regulators, which are 

involved in all facets of epigenetic regulation. This includes DNA methylation [Dnmt3l 

(Hata et al., 2002), Dnmt3b (Okano et al., 1999)], histone methylation or acetylation (Kat2a 

[Gcn5] (Bu et al., 2007), Cbp (Tanaka et al., 2000), p300 (Yao et al., 1998), Hdac4 (Vega et 

al., 2004), Sirt1 (Cheng et al., 2003)), and chromatin remodeling (Smarcc1 (Kim et al., 

2001), Smarca4 (Bultman et al., 2000), Cited2 (Dunwoodie et al., 1998; Bamforth et al., 

2001), Cerc2 (Banting, 2004)). Smarcc1 and Smarca4 encode BAF155 and BRG1, 

respectively, core components of an ATP-dependent chromatin remodeling complex.

The mammalian BRG1/BRM associated factor ATP-dependent chromatin remodeling 

complex (BAF complex) is estimated to contain 15 protein subunits encoded by 26 genes 
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(Ronan et al., 2013) and is part of the Swi/Snf family of chromatin remodelers originally 

described in yeast (Nasmyth, 1987). In many organisms, including mice and humans, 

investigation of the BAF chromatin remodeling complex in different cell types indicates 

significant heterogeneity in subunit association. For example, the BAF complex is composed 

of different protein isoforms in embryonic stem (ES) cells, developing cardiomyocytes, and 

neural progenitor cells, suggesting there are tissue and cell-type specific roles for the 

complex during development (Ho and Crabtree, 2010). However, the core components of 

the complex, ATPase BRG1 or BRM, along with BAF155, BAF170, and BAF47/INI5, have 

been isolated from all cell types studied to date and can remodel nucleosomes in vitro at the 

same efficiency as the fully intact BAF chromatin remodeling complex (Phelan et al., 1999). 

This core set of BAF proteins is particularly important in vivo, as complete loss of BRG1, 

BAF155, or BAF47 all result in peri-implantation embryonic death and heterozygous loss of 

expression can lead to variable penetrance cranial NTDs (Bultman et al., 2000; Kim et al., 

2001; Mandel and Gozes, 2007; Ho et al., 2009).

The core component BAF155 (encoded by the Smarcc1 gene) also plays an important role in 

maintenance of the BAF complex. BAF155 protects BAF complex proteins from 

degradation and maintains their nuclear localization (Chen and Archer, 2005; Sohn et al., 

2007). BAF155 and BRG1 show a near-perfect overlap of association on the ES cell genome 

(Ho et al., 2009), indicating assembled complexes on chromatin. While it is known that 

BAF155 is important during early development (Kim et al., 2001; Sun et al., 2007) it has 

been difficult to study the function of the protein during this time due to the early lethality of 

Baf155 null mouse embryos. Twenty percent of BAF155 heterozygous embryos exhibit 

exencephaly with increased cranial proliferation observed 4 days after the time of neural 

tube closure (Kim et al., 2001). However, the role of BAF155 has not been determined 

during the time of neural tube closure.

Here, we characterize a missense mutation allele of the Smarcc1 gene (called Smarcc1msp3 

or Baf155msp3). Mice homozygous for the Baf155msp3 allele show 81% incidence of 

exencephaly. The BAF155msp3 protein is expressed and the BAF core complex can 

assemble in vivo, providing a unique means to study the function of the BAF chromatin 

remodeling complex during embryogenesis. The molecular basis of the NTD is not due to 

aberrant BAF complex localization within the cell, disruption of neural tube patterning, or 

premature differentiation. However, proliferation and apoptosis are misregulated in the 

mutants, suggesting a potential mechanism underlying the NTD. Gene expression analysis 

of cranial tissue at the time of neural tube closure shows that genes involved in cell survival 

and neuronal development are misregulated and that mutant tissue shows significantly more 

variability in gene expression than wild-type (WT). Overall, these studies lend new insight 

into the functions of the BAF chromatin remodeling complex during the critical stage of 

neural tube closure.

Materials and Methods

Mouse Strains

Baf155msp3 (Smarcc1msp3) was originally identified on a mixed genetic background 

(BALB/cJ; C57BL/6J) in an ENU screen (Buac et al., 2008). The mutation in Smarcc1 was 
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identified as described in the results. Mice have been maintained on a mixed C57BL/6J:

129S1/SvlmJ background as a 3rd generation cross and heterozygous carriers were mated to 

produce the embryos and results presented here. Further crossing into C57BL/6J results in 

more penetrant developmental delay. For timed pregnancies, noon of the day of an observed 

vaginal plug was designated E0.5. At dissection, the embryonic phenotype was recorded and 

a portion of the yolk sac used for genotyping.

Genotyping

DNA samples were genotyped using a custom TaqMan assay (Applied Biosystems) with 

Taqman probes designed across the site of the msp3 mutation specific for both the WT allele 

(Vic-CTC-CTG-TTG-TAA-CTG-C) and the ENU induced mutant allele (Fam-CTC-CTG-

TTT-TAA-CTG-C). The following primers were used, forward primer: TTT-GCA-GAT-

GAG-CAG-GAT-GAA-GAA and reverse primer: TCT-CAT-TTC-AGG-CCT-AAA-TAA-

ACT-TTT-ACC-T. PCR reactions were carried out in 2× Taqman Universal Fast PCR 

Master Mix (Applied Biosystems, 4366072), 10 μM each genic primer, and 100 nM of each 

allele-specific probe. Cycling conditions were 95°C for 10 min, 40 cycles of 95°C for 3 s, 

and 60°C for 30 min. Relative quantitation of the two alleles was determined in an endpoint 

assay for genotyping.

Analysis of Mutant Phenotype

Embryos were fixed in 4% paraformaldehyde (PFA) in PBS and processed for whole mount 

or cryosection (8 μm) in situ hybridization. Whole-mount and section RNA in situ 

hybridizations were performed as described (Holmes and Niswander, 2001) with 

digoxygenin-labeled antisense riboprobes. Sections were imaged on a Nikon Eclipse 80i 

microscope. For immunohistochemistry, embryos were dissected and fixed in 4% PFA in 

PBS, washed 3 times with PBS, cryopreserved in 30% sucrose, embedded in OCT, and 

sectioned (8 μM). For cell cycle analysis, BrdU (50 mg/kg) in PBS was injected 

intraperitoneally into pregnant dams 30 min prior to euthanasia and embryo processing. For 

apoptosis, the Apop-tag In Situ Apoptosis Detection Kit (Millipore, S7160) was used 

following the protocol to indirectly detect apoptotic cells by the TUNEL method. For 

immunostaining, tissue sections were treated with PBS/3% goat serum for 1 h at room 

temperature. Primary antibody was added and incubated at 4°C overnight. For detection, 

Alexa-conjugated secondary antibodies (Molecular Probes) were incubated for 1 h at room 

temperature. Hoechst was added along with the secondary antibodies as a nuclear stain. 

Stained sections were imaged with Zeiss LSM510 META confocal microscope.

Antibodies Used

Antibodies against the following proteins were used: TUJ1 (Covance, MMS425P, 1:500), 

phospho-histone H3 (Cell Signaling, 9701, 1:200), BrdU (Novus Biologicals, NB500-169, 

1:200), p75NTR (Promega, G3231, 1:100), BRG1 (Santa Cruz, SC-17796 1:200), BAF155 

(Santa Cruz, SC-10756, 1:200), BAF170 (Santa Cruz, SC17838, 1:200), and BAF60a (BD 

Transduction Laboratories, 611728, 1:500). Antibodies from the Developmental Studies 

Hybridoma Bank were used at a 1:10 dilution including PAX3 and PAX6.
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Immunoprecipitation Assay and Western Blots

Embryonic day E11.5 embryos were placed in lysis buffer (50 mM Tris-HCl at pH7.4, 150 

mM NaCl, 1 mM EDTA, 1% Triton X-100, including 1 tablet protease inhibitor (Roche 

Complete) per 10 mls lysate) and incubated on ice for 10 min. Tissue debris was pelleted at 

12,500 rpm for 10 min at 4°C, and the supernatant was incubated with primary antibodies 

overnight at 4°C. The lysates were incubated with Protein A or G Sepharose beads for 2 h, 

followed by washing of the immunoprecipitates three times with lysis buffer and elution of 

bound proteins in SDS–PAGE sampling buffer for 10 min at 100°C. Western blots were 

performed as described previously (Chen et al., 2005) using primary antibodies as listed. 

Secondary antibodies used were goat anti-rabbit (172–1019, Bio-Rad), and goat anti-mouse 

(172- 1011, Bio-Rad).

RNA-Seq Library Preparation and Analysis

Three somite matched E9.5 embryos were collected of both Baf155+/+ and 

Baf155Mssp3/Mssp3 alleles. Cranial tissue above the pharyngeal arches and otic vesicles was 

harvested and stored at −80°C until all samples were collected. RNA was isolated using the 

RNEasy mini kit from Qiagen (74106). On average, 1400 ng of total RNA was obtained per 

sample. RNA concentration and A260/A280 ratio was analyzed using the Nanodrop 

ND-1000 spectrophotometer (Thermo Fisher Scientific). Libraries were made using the 

Illumina TruSeq RNA Sample Preparation Kit V2 (RS-122-2001). Libraries were analyzed 

on the 2100 Bioanalyzer (Agilent Technologies) for proper size and integrity. For high-

throughput RNA-Sequencing analysis, the UC Denver Genomics Core used an Illumina 

High Seq 2000. Mapping and bioinformatics analysis was done in collaboration with the 

Bioinformatics Shared Resources. The raw data from the RNA set results are available 

through GEO (accession GSE53459). The sequenced libraries generated 804,339,023 

unfiltered reads of ∼100 bps in length. Each replicate represents at least 96.9 million reads, 

a density sufficient for qualitative analysis of gene expression (Phelan et al., 1999). The 

∼100 bp reads were aligned to the MM9 mouse genome using Gsnap, (Wu and Nacu, 2010) 

allowing a mismatch of 4% and an indel cost of 2.0. The mapped transcripts were visualized 

in the UCSC genome browser to bioinformatically verify differential expression in transcript 

counts and/or transcript length, as well as splicing of introns.

Data Analysis and Interpretation

For measurements of differential gene expression, edgeR software (Robinson et al., 2010) 

was used. Raw read counts were established for each RefSeq gene. In cases where more than 

one transcript was annotated, the transcript with the highest overall counts was used as 

proxy for the gene in question, yielding a data table with a single count entry for each gene 

per sample. The data table was trimmed to remove all genes where zero counts were 

reported in one or more of the 6 samples, with the exception of genes where either all the 

mutant samples, or all the WT samples showed zero counts, and the opposing side of the 

paradigm showed counts in each sample. This resulted in a gene data table with 15,734 

entries. The data set was used for differential expression analyses using edgeR. Comparisons 

of all three mutant samples versus all three WT samples were performed, as well as separate 

comparisons of each individual mutant sample against all three WT samples; resulting gene 
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lists were used for Ingenuity Pathway Analysis to reveal biological features. Overall sample 

relationship was visualized using the multidimensional scaling feature of edgeR. Raw gene 

count numbers were normalized using DESeq (Anders and Huber, 2010), and normalized 

counts were used to calculate the coefficient of variation for each gene in the normal 

samples, as well as determine for each gene the relationship of the counts in each sample 

relative to the mean of the normalized counts derived from the three WT samples for the 

pertinent gene. To obtain distance from mean, the ratio of normalized counts divided by 

mean of the normal underwent logarithmic transformation. All genes were ranked according 

to their coefficient of variation, and distance from mean was plotted for each gene for 

normal as well as for mutant samples.

Results

Baf155msp3 Mutants Exhibit Cranial Neural Tube Defects

The Msp3 phenotype was originally discovered in a mouse ENU mutagenesis screen (Buac 

et al., 2008); however, the specific gene mutation was not identified. As outlined below, we 

identified the ENU-induced mutation in the Smarcc1 gene, encoding BAF155, a component 

of the Brg1/Brama-associated factor (BAF) ATP-dependent chromatin remodeling complex 

(BAF complex). For the remainder of the paper we refer to the mutant gene as Baf155msp3 

and the protein as BAF155msp3. Baf155msp3/+ heterozygotes are indistinguishable from WT 

littermates and they are viable and fertile. Homozygous Baf155msp3/msp3 mutant embryos 

display cranial NTDs and developmental delay (combined phenotypes at 92% penetrance, 

exencephaly at 81% frequency and developmental delay with and without exencephaly at 

30% frequency). on a mixed C57BL/6J; 129SvlmJ background (Fig. 1 and Table 1). The 

embryonic phenotypes range in severity and include exencephaly and developmental delay, 

defined as being at least 2 somites less than the least somite number of the non-mutant 

littermates [Fig. 1(A–C)]. For example, Figure 1(A) shows embryos from a single litter at 

embryonic day 9.5 (E9.5), just after the time of neural tube closure. Mutant embryo 1 (MUT 

1) is exencephalic from the forebrain through the hindbrain but not delayed (25 somites), 

MUT 2 shows midbrain and hindbrain exencephaly and developmental delay (21 somites), 

MUT 3 is severely delayed (14–15 somites), and hence cranial neural closure cannot be 

scored. Other observed defects are an enlarged pericardium (∼12% of mutants) and, at later 

stages, variable epidermal edema. Most homozygous mutants can survive until E15.5 but no 

homozygotes are found at the time of weaning (Table 1). The cause of death in the 

Baf155msp3/msp3 mutants is currently unclear and was not explored here.

Mapping the ENU-Induced Mutation to Baf155

Baf155msp3 was originally identified on a mixed genetic background (BALB/cJ; C57BL/6J) 

in an ENU mutagenesis screen and localized to mouse chromosome 9 using traditional 

linkage mapping (Buac et al., 2008). During subsequent outcrossing to C57BL/6J, the 

critical interval was narrowed to a 2 Mb region (rs13480408-D9Mit37; NCBI Build36 chr9: 

108,655,684-110,607,406). Resequencing of exons in the interval was completed using an 

exon-based hybrid selection strategy (Illumina Genome Analyzer, Broad Institute, Mouse 

Mutant Resequencing Initiative). Filtering of coding or splicing homozygous variants not 

present in dbSNP revealed a single variant in Smarcc1 that was not present in the parental 
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BALB/cJ strain. This C to A variant was confirmed with Sanger sequencing and a TaqMan 

SNP genotyping assay. Subsequently, mice were crossed with 129SvlmJ to generate a mixed 

C57BL/6J;129SvlmJ background and RNA-Seq (Illumina Hi Seq 2000) was performed on 

WT and mutant cranial tissue (results discussed below), and the resulting data was analyzed 

for variants. Variants were filtered similar to the first analysis overlapping the linkage 

disequilibrium region between 103 and 110 Mb on chromosome 9 (defined by the variant 

calling program). Nineteen nonsynonymous SNPs were identified, but only the Smarcc1 C 

to A variant was novel and not present in dbSNP. These two independent genomic analyses 

identify the causative ENU-induced mutation in Smarcc1, encoding BAF155.

This C to A substitution is predicted to cause a threonine to lysine substitution at amino acid 

416 of BAF155 [NP_033237; Fig. 2(A)]. The BAF155 protein is comprised of one Chromo 

domain, one SWIRM domain, and one SANT domain. The affected amino acid is not within 

a conserved domain but is located N-terminal to the SWIRM domain in the BAF155 protein. 

The missense mutation site and surrounding sequences are conserved between H. sapien, M. 

musculus, R. norvegicus, and D. rerio, but not in S. cerevisiae [Fig. 2(A)], suggesting this 

residue may be functionally important.

Mutant Baf155 RNA and Protein are Present and the Protein is Localized to the Nucleus

Missense mutations within protein-coding genes may affect mRNA stability, as well as 

protein stability or function. To understand the molecular consequences of the C to A 

missense mutation in the Baf155 gene, we analyzed mRNA and protein expression from 

E11.5 mutant and WT embryos. RT-PCR analysis showed the presence of Baf155 mRNA in 

Baf155msp3/msp3 embryos indicating that the transcript is not subject to nonsense-mediated 

decay [Fig. 2(B)]. Furthermore, Western blot analysis confirmed the presence of full length 

BAF155 in homozygous mutant embryos at similar levels to WT [Fig. 2(B)]. Together, 

these data suggest that BAF155 mRNA and protein stability are not compromised in the 

Baf155 mutant.

The BAF complex is normally localized to the nucleus. Mutations in the BAF155 nuclear 

localization signal (NLS) result in incorrect cytoplasmic localization of BAF155, BAF47, 

and the ATPase BRG1, indicating that BAF155 maintains the subcellular localization of the 

BAF complex in the nucleus (Sohn et al., 2007). To test the possibility that subcellular 

localization of BAF155 and BRG1 may be compromised in the Baf155msp3 mutants, we 

examined their localization in cryosections from WT and mutant embryos. In mutants, 

BRG1 and BAF155 are present in the nucleus at high levels while they are not detected in 

the cytoplasm, comparable to WT [Fig. 2(C)]. This suggests that subcellular mislocalization 

of BAF155 or other BAF proteins does not account for the functional deficit seen in 

Baf155msp3/msp3 mutants.

BAF155msp3 Mutant Protein Can Still Associate with the Core Remodeling Complex

BAF155, along with ATPase BRG1, BAF170, and BAF47, are considered core components 

in the BAF remodeling complex because they are sufficient to remodel nucleosomes in vitro 

at the same efficiency as the fully intact BAF remodeling complex (Phelan et al., 1999). 

BAF155 interacts directly with two core complex proteins (BRG1 and BAF47) as well as 
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with BAF60a (Sohn et al., 2007) in the region that encompasses the BAF155msp3 missense 

mutation, T416K. To test the possibility that the interaction between BAF155 and the BAF 

core complex is disrupted by the T416K mutation we performed coimmunoprecipitation 

assays using E11.5 mutant and WT embryos. These studies revealed that BRG1, BAF170, 

and BAF60a still associate with BAF155msp3 in vivo and in a similar ratio as compared to 

the WT, despite the amino acid change [Fig. 2(D)]. Additionally, yeast two-hybrid analysis 

indicated that BAF155msp3 can still interact directly with BAF47 and BAF60a in vitro 

(Supporting Information Fig. 1). These experiments indicate that the mutant BAF155msp3 

protein still interacts with the core components of the BAF remodeling complex and suggest 

the mutant protein could interact with other BAF complex proteins in vivo as well 

[summarized in Fig. 2(E)]. These protein interaction data, as well as the longer survival of 

Baf155msp3/msp3 embryos relative to Baf155 null embryos (Kim et al., 2001; Sun et al., 

2007) suggest that the BAF155msp3 mutant protein is present and can interact molecularly in 

the remodeling complex, but its function may be partially compromised. Thus, it appears 

that Baf155msp3 is a missense allele and the mouse may exhibit a hypomorphic phenotype.

Cell Proliferation is Decreased and Cell Death is Increased in Baf155msp3/msp3 Neural 
Progenitor Cells

NTDs can result when the spatiotemporal control of neural tube closure is disrupted (Copp 

and Greene, 2010) due to any of several different mechanisms including: reduced neural 

progenitor cell proliferation, changes in cell fate, decreased cell survival, or defects in 

patterning. To investigate if the NTD might arise because of improper patterning, we 

examined a battery of molecular markers that reflect the dorsal–ventral or anterior–posterior 

axis patterning of E9.5 embryos, just after closure of the neural tube. Antibody staining and 

RNA in situ hybridization showed no change in the expression pattern of Shh, PAX6, PAX3, 

Fgf8, and FoxG1 in mutant neural tubes when compared to WT somite matched embryos 

[Fig. 3(A–F)]. Neural crest cells are specified during neural tube closure and abnormal 

expression of neural crest genes could also reflect altered patterning (Trainor, 2005). 

Therefore, we examined markers characteristic of early neural crest specification including 

p75NTR, Tfap2a, and Sox10 [Fig. 3(G–I)] and again found no change in the expression 

pattern as compared to WT. These results suggest that neural patterning is not disrupted in 

the Baf155msp3 mutant.

The final step in neural tube closure is the apposition of the two neural folds, which grow 

and bend closer together partially by increasing the number of neural progenitor cells, and 

finally, when the two folds meet, tissue fusion. The tight control of cell proliferation is 

necessary for the neural folds to meet properly at the fusion point. At E9.5, the vast majority 

of the neural ectoderm is comprised of proliferating neural progenitor cells. Too much or too 

little cell proliferation can abrogate neural tube closure. Previous studies noted an increase 

in cell proliferation in the telencephalic striatum region of exencephalic heterozygous 

Baf155null embryos at E13.5 (Kim et al., 2001). Thus, we asked if the proliferation rate 

might be altered in Baf155msp3/msp3 mutant embryos at the time of neural tube closure. The 

mitotic rate of neuroepithelial cells in somite-matched E9.5 Baf155+/+ and mutant 

Baf155msp3/msp3 embryos was compared using phospho-Histone 3 (pH 3). In the hindbrain, 

there was a statistically significant decrease in the mitotic index (pH 3+ cells/1000 
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neuroepithelial cells) of Baf155msp3/msp3 mutants as compared to WT (20 ± 9 vs. 71 ± 10) 

[Fig. 4(A,D)]. We also quantified the number of cells in S phase by performing 

bromodeoxyuridine (BrdU) incorporation experiments [Fig. 4(A,E)]. There was no apparent 

difference in number of cells in S phase in mutant as compared to WT neural tubes at E9.5. 

These studies suggest that cells are cycling in the Baf155msp3 mutant, but there may be a 

mitosis defect in the neuroepithelium.

A decrease in cell survival within the neural tissue may result in too few cells to allow 

proper apposition and fusion of the neural folds, resulting in a NTD. To determine if neural 

progenitor cell survival was affected in mutant embryos we used a TUNEL assay to 

visualize apoptotic cells in somite-matched E9.5 WT and mutant neural epithelium. This 

showed a statistically significant increase in TUNEL positive cells per 1000 nuclei in the 

hindbrain at E9.5 in the Baf155msp3/msp3 mutant as compared to WT (7.2 ± 1.0 vs. 3.7 ± 0.5) 

[Fig. 4(B,F)]. Together, these studies suggest that BAF155 function is necessary to maintain 

the normal rates of proliferation and cell survival in the neuroepithelium.

As neural precursors begin to differentiate starting around E10.5, they exit the cell cycle and 

leave the ventricular zone to reside at the periphery of the neural tube. If differentiation does 

not occur at the correct time, this can contribute to an excess or a deficiency in cell number 

for effective neural fold juxtaposition and ultimate fusion to form the neural tube. To 

determine whether or not neural differentiation was compromised in the homozygous 

mutants we evaluated Tuj1 expression, a known neural differentiation marker, in the spinal 

cord and hindbrain of E10.5 somite matched Baf155+/+ and Baf155msp3/msp3 embryos. 

Mutant and WT embryos exhibit the same characteristic expression pattern of Tuj1 [Fig. 

4(C)] and therefore neural differentiation does not appear to be affected in the homozygous 

mutant.

Gene Expression Levels are More Variable in Baf155msp3 Mutant Cranial Tissue

Averaged Sample Analysis—BAF155, as a component of a chromatin remodeling 

complex, is thought to be involved in the regulation of gene expression. Baf155 knockdown 

in ES cells results in misregulation of hundreds of genes (Ho et al., 2009). The Baf155msp3 

allele presents a unique case for gene expression analysis wherein the BAF complex appears 

to be intact, in contrast to disruption of the BAF complex when BAF155 function is lost 

(Chen and Archer, 2005; Sohn et al., 2007). To examine gene expression in the Baf155msp3 

mutant at the time of neural tube closure, we performed RNA-Seq (Geo accession 

GSE53459) and compared gene expression levels between homozygous WT and 

homozygous mutant embryos. RNA was isolated from somite matched (21–23 somites) and 

phenotype matched cranial tissue of homozygous WT and homozygous mutant embryos (3 

of each genotype) at E9.5 just after the time of neural tube closure. At E9.5, the vast 

majority of the embryonic neural tube is comprised of proliferating neural progenitor cells, 

constituting a relatively homogeneous cell population. After extensive analysis of the RNA-

Seq data comparing all 3 mutants to all 3 WT replicates, 78 genes were identified as being 

upregulated on average in the mutant samples while 22 genes were downregulated. The full 

list of differentially expressed genes in all 3 mutant replicates collectively, as well as p-

values, FDR, and fold change, is shown in Supporting Information Table 1. To facilitate an 
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understanding of global gene expression differences, ingenuity pathway analysis (IPA) was 

used to assign functional categories to the up-and down-regulated genes in the mutants. The 

most significant molecular and cellular functions of these genes were: (1) cellular movement 

(1.46E-04 > p > 4.12E-02), (2) cell death and survival (2.69E-04 > p > 4.12E-02), and (3) 

cell growth and proliferation (2.69E-04 > p > 3.41E-02). Many neuronal genes were 

significantly misregulated as well.

Individual Sample Analysis—We used multidimensional scaling (MDS) analysis to 

conduct an unsupervised examination of the relationship between the global gene expression 

in each individual mutant and the WT cranial tissue samples. As seen in Figure 5(A), a 

relationship between the genotypic subtype and gene expression was clearly observed. The 

WT replicates were tightly grouped in the MDS plot and showed little dimensional variance. 

In contrast, the mutant replicates did not group together and showed increased variance in 

both dimensions 1 and 2. Overall, there was a trend towards higher variance of gene 

expression in the mutant samples as compared to the WT samples, leading to a more 

dispersed MDS plot where the mutants do not cluster with the WT controls and each mutant 

does not cluster with the other mutants.

On the basis of the lack of clustering between the individual mutants when global gene 

expression was compared, the averaged gene expression analysis did not illustrate the 

nuances of gene expression in the Baf155msp3 mutant samples. Therefore, in a more 

exploratory analysis, we asked if the observed transcriptional changes were uniformly 

distributed in the three biological replicates between the homozygous mutant group and as 

compared to the homozygous WT groups. For each sample, we established for each gene a 

“distance from mean” parameter by normalizing the expression level of any given gene to 

the arithmetic mean of the expression of the respective gene in the WT samples; this ratio 

underwent logarithmic transformation to obtain the distance value. All genes were ranked by 

their coefficient of variation in the WT samples, and the distance value was plotted as shown 

in Figure 5(B) (WT in top panel, mutants in bottom panel). The average WT plot showed a 

relatively tight spacing of all data points in a “trumpet” shape. This coincides well with the 

low degree of variation we identified in the differential expression test. The same plot for 

the mutant samples showed a larger spread of gene expression ratios, and mutant replicate 2 

(Mut2 in turquoise) seems to have the greatest difference in the ratio of gene expression as 

compared to both remaining mutants and WT controls. Again, this correlates well with the 

differential expression tests.

To identify whether there are groups of genes that may contribute to this gene expression 

variability more than others, we generated three separate mutant differential gene expression 

lists by directly comparing each mutant gene count to the average of the WT gene counts. 

This analysis shows collections of genes from each individual mutant as opposed to the 

genes misregulated in all of the mutants. Over 2149 genes were differentially expressed in 

Mutant replicate 2 (Mut2) as opposed to 188 genes in Mutant replicate 1 (Mut1) or 215 

genes in Mutant replicate 3 (Mut3) (based on DESeq testing, and counting genes with 

padj<0.05). When we directly compared these three differentially expressed gene lists, we 

identified a subset of 27 genes that was significantly misregulated in all of the mutants 

(Supporting Information Table 2). Interestingly, many of the genes on this list do not 
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overlap with Supporting Information Table 1, comparing all mutant samples to all WT 

samples, because there is often one gene outlier that is not significantly misregulated in each 

individual. Pathway analysis using IPA suggests that no canonical pathways are shared 

between these 27 genes, but 6 of these genes are predicted to be within a nucleic acid 

metabolism network. Overall, these results suggest that gene expression in the mutants is 

more varied than in the WT samples, and there is little overlap in the functionality of the 

most variable genes between individuals in the Baf155msp3 mutant group.

Discussion

NTDs in humans have a complex etiology and it is likely that multiple genes contribute to 

the incidence of this common birth defect, but the specific genetic causes of NTDs are still 

largely unknown. Moreover, it is unknown whether polymorphisms in epigenetic regulators 

may be risk factors for NTDs in humans. Studies in model organisms like the mouse can 

provide insight into the genetics underlying NTDs. Indeed, mutations and deletions in a 

number of epigenetic regulators can cause NTDs in mice. In this study, we focused on the 

BAF chromatin remodeling complex, as mutations in two members of the BAF complex 

cause NTDs in mice, yet the functions of the BAF complex at the time of neural tube closure 

have not been studied. Here we characterized the first missense allele of the Baf155 gene, 

Baf155msp3, which exhibits a cranial NTD. We found that the mutant protein can still 

interact with the core BAF complex proteins BRG1, BAF170, BAF60a, and BAF47 and 

properly localize to the nucleus. This unique allele allowed an investigation of the cause of 

the NTD in the presence of an assembled core BAF complex. In Baf155msp3 mutant 

embryos, we discovered a reduction in neural progenitor cell proliferation and an increase in 

cell death, revealing a possible mechanism underlying the NTD. We analyzed transcriptional 

control in the Baf155 mutant using RNA-Seq and discovered misregulation of genes 

involved in apoptosis and proliferation. We also found increased variability in gene 

expression in the mutant as compared to WT, the meaning of which will be speculated on 

below.

The BAF complex can act as both a repressor and activator of genes, and has been found to 

refine the gene transcriptional network in ES cells to maintain pluripotency (Zhang et al., 

2007; Ho et al., 2009; Schaniel et al., 2009). Using RNA-Seq, we analyzed transcriptional 

control in the cranial tissue of the mutant embryo as compared to WT. Most of the 

differentially expressed genes in the Baf155msp3 mutant embryo are upregulated, including 

neural development genes discussed below, suggesting that BAF155 and the BAF complex 

largely play a repressive role during neurulation. Consistent with the expectation that the 

BAF complex provides more global, rather than gene-specific, transcriptional regulation, we 

did not find strong single gene candidates to explain the underlying mechanism of the NTD. 

Instead, we observed a broader dysregulation in expression of genes and gene families that 

are associated with NTDs when disrupted. While the fold change in gene expression was not 

particularly striking across all the mutants, it is not unreasonable to suggest that small gene 

expression changes in combination may result in an NTD. As previously noted, neural tube 

closure is a highly dynamic process that requires precise coordination of complex cellular 

functions to proceed to completion. Moreover, many of the misregulated genes in 

Supporting Information Table 1 are associated with NTDs: mutations in Abl (Koleske et al., 
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1998), Frem2 (Jadeja et al., 2005; Timmer, 2005), as well as other genes discussed below 

result in NTDs.

Baf155 Regulation of Cell Survival During Neural Development

Proper control of proliferation and cell survival are critical for neural tube closure. In the 

Baf155msp3 mouse mutants we identified both a decrease in cell proliferation and an increase 

in apoptosis. RNA-Seq revealed several misregulated genes that contribute to cell survival, 

including the downregulated genes Abl1 and ApoB, and the upregulated genes Adora3, 

Fam72a, SST, and Map3k12. Mouse embryos mutant for Apolipoprotein B (ApoB) exhibit 

exencephaly (30% incidence) and excessive cell death in the hindbrain (Huang et al., 1995). 

Knock-out of Abl1 kinase in combination with Abl related gene (ARG) results in NTDs and 

disruption of the actin cytoskeleton of the neuroepithelium (Koleske et al., 1998). Although 

the mechanism underlying the increased apoptosis in Baf155msp3 mutants is unclear, altered 

expression of these genes may contribute to the increase of cell death in the neural 

epithelium of the Baf155 mutant.

BAF155 can be phosphorylated by and interact with CyclinE (Shanahan et al., 1999) in the 

Rb pathway as well as Akt (Foster et al., 2006) in the PI3K/AKT pathway. However, we did 

not detect misregulation of Rb or PI3K pathway genes in the mutant, suggesting these 

signaling pathways are not disrupted and BAF155 may play other transcriptional roles in 

controlling proliferation. While many genes known to control proliferation were 

misregulated in the mutant cranial tissue, no specific cyclins or cell cycle genes were 

differentially expressed that could account for the observed reduction in proliferation. 

However, there is decreased expression of the centrosomal gene Poc1a. Inhibition of 

centrosomal genes can lead to cell cycle defects and cell death (Doxsey et al., 2005). For 

example, inhibition of the centrosome protein Nde1 was shown to delay cell cycle reentry in 

cell lines, and to reduce mitosis in zebrafish (Kim et al., 2011). Together these data suggest 

that Baf155 may directly or indirectly regulate cell proliferation and cell death via 

transcriptional control.

Regulation of Neural Development Genes by Baf155

BAF subunits are heterogeneously expressed and assembled in various cell types and these 

different complexes can have distinct functions. BAF subunit mutations have been reported 

in many human neurologic diseases including Autism, Schizophrenia, Coffin-Siris 

syndrome, sporadic mental retardation (Ronan et al., 2013); however, these neurological 

diseases are not accompanied by NTDs according to the Online Mendelian inheritance of 

Man database (OMIM). Different protein assemblies of the BAF complex exist in the 

developing central nervous system, including the neural progenitor BAF complex (npBAF) 

and neuronal BAF complex (nBAF) (Lessard et al., 2007). These have specific functions in 

the regulation of proliferation and differentiation of mammalian neural stem cells. Later loss 

of BRG1 function in neurons (Brg1fl/fl;Nestin-Cre) and transcriptional analysis of E12.5 

mutant brains revealed an upregulation of genes within the Notch and Shh pathways. While 

it is believed that BAF155 is present in BAF complexes in all cell types, we did not see gene 

expression changes in the Baf155msp3 mutant at E9.5 that might reflect alterations in Notch 

or Shh signaling. This difference in gene control between the Brg1fl/fl;Nestin-Cre and the 
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Baf155msp3 mice could reflect temporal differences in BAF complex function during brain 

development. Many of the upregulated genes in Baf155msp3 mutants at the time of neural 

tube closure contribute to neural development, including Spon1, Doc3, Topb2, Map3k12, 

Cdk18, Sema3c, Sst, Igta4, Epha3, Fzd2, Fzd3, Ablim3, and Plcg2. While no differentiation 

defect was observed in the Baf155msp3 mutants at and shortly after the time of neural tube 

closure, the modest misregulation of many neural development genes may contribute to the 

NTD phenotype. Particularly interesting are the genes associated with NTDs, namely the 

Wnt receptors Fzd2 and Fzd3. The Wnt/Fzd (PCP) pathway controls aspects of neural 

development, including neural tube closure, in mice and humans (Juriloff and Harris, 2012). 

Although the Fzd2−/− mouse does not show NTD, in a double heterozygous cross with 

another PCP component, Fzd+/− :VanglLp/+, fully penetrant cranial NTDs are observed (Yu 

et al., 2010). Also, Fzd3−/−; Fzd6−/− mutants present with the most severe NTD, 

craniorachischisis (Wang, 2006). This supports the idea that NTDs can arise due to aberrant 

expression of multiple risk alleles.

Potential Roles of Baf155 in the Baf155msp3 Mutant

Hemizygous Brg1 or Baf155 mice show defects in neural tube closure, suggesting a dosage-

sensitive role for BAF complexes in neural development (Bultman et al., 2000; Kim et al., 

2001). In the Baf155msp3/msp3 mutant, the core components of the complex are intact and the 

RNA and protein levels are not significantly changed, yet the neural tube defect is highly 

penetrant. Our studies suggest an alternative mechanism for epigenetic control of neural tube 

closure, in addition to dosage of the BAF proteins. One possibility is that the BAF155msp 

mutation disrupts the interaction of BAF155 with transcription factors or chromatin 

maintenance proteins. For example, it has been suggested that intrinsic disorder within the 

BAF protein structures may explain diverse roles of chromatin remodeling proteins (Sandhu, 

2009), and the point mutation within our allele occurs in an intrinsically disordered region 

based on Phyre analysis (data not shown). However, we observed no difference between the 

mutant and WT protein for association to BAF60, which directly interacts within the region 

of the Baf155 T416K mutation. It remains possible that another protein may interact within 

this disordered region and disruption of this interaction may lead to NTDs.

Another possibility is that interaction with specific genomic targets that regulate the 

developmental program of neural tube closure may be disrupted. In ES cells, BAF155 is 

bound to promoter or genic regions of ∼5,630 distinct genes (Ho et al., 2009). Moreover, 

esBAF facilitates Stat3 genomic binding, and can act either synergistically or 

antagonistically with the Polycomb Repressive Complex Group (PcG) in ES cells (Ho et al., 

2011). In HeLa cells, BAF proteins associate with up to 77% of genic DNA (Euskirchen et 

al., 2011). Given the potentially large set of genomic targets, there are surprisingly few 

genes misregulated overall in Baf155msp mutant cranial tissue at E9.5, especially 

considering that at least some of these misexpressed genes are likely indirect targets. There 

is also very little overlap in the data-sets of differentially expressed genes between our point 

mutant and knock-out/knock-down of Brg1 or other BAF members in ES cells (Ho et al., 

2009), neural progenitors or neurons (Lessard et al., 2007). This lack of overlap likely 

reflects the differences between mutant alleles: knock-down of one component presumably 

results in incorrect ratios of complex proteins, whereas our point mutant does not apparently 
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change the levels of complex proteins and the complex is largely intact. Thus, the point 

mutation may be expected to reveal more specific targets relative to neural tube closure.

Gene Expression is More Variable in Baf155msp3 Cranial Tissue

The genes highlighted above show strong statistical significance in terms of changes in gene 

expression in the averaged mutant samples versus averaged WT samples. However, the 

RNA-Seq analysis also raised another interesting finding in that there is an increase in the 

degree of variability of gene expression between individual Baf155msp3/msp3 embryos. This 

appears to be unique to the Baf155msp3 embryos, and perhaps other epigenetic regulators, 

because in gene expression studies of other NTD mutants, high gene expression variability 

was not observed (Pyrgaki et al., 2011). On the basis of EdgeR and IPA analysis, there is 

little overlap in the most variable genes between individual mutants, and there does not 

appear to be a group of genes that mediates this variability. However, Topoisomerase 

2β(Top2b) and Sirtuin7(Sirt7) (a histone deacetylase) are differently expressed in all the 

mutant embryos and stand out as globally acting proteins that may contribute to further 

differences in gene expression between the individual mutants. Top2b plays a critical role in 

axonal development in mice (Yang, 2000) and it has been suggested to be involved in DNA 

repair (Yamane et al., 1997). Sirt7 can preferentially deacetylate H3K18, interact with 

BRG1/BRM, and is suggested to regulate RNA Polymerase I transcription in many cell 

types (Barber et al., 2012; Tsai et al., 2012). It is possible that global alterations in histone 

acetylation could contribute to a greater variability in gene expression. Variable gene 

expression might also be due to differential occupancy of the BAF complex on the genome, 

or disruption of other proteins that interact with the BAF complex to modulate its function. 

Despite the lack of overlap of gene expression changes between Baf155msp3 and other BAF 

complex gene knockouts and the varying degree of gene expression changes between 

Baf155msp3 mutants, our mouse model shows a consistent NTD phenotype. Neural tube 

closure is a complex, multigenic process and our data indicate that inconsistent regulation of 

genes by a chromatin remodeling complex with reduced function can lead to developmental 

defects during this highly dynamic phase of embryonic development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Baf155msp3/msp3 embryos show neural tube defects. (A–C) Lateral views of embryos at the 

indicated stages. (A) Within a single litter, three individual homozygous Baf155msp3 mutant 

(MUT1–3) embryos show a range of phenotypes including failure of neural tube closure and 

developmental delay as compared to wild-type (WT). (B) E12.5 Baf155msp3/msp3 mutant 

shows exencephaly without other apparent defects. (C) E15.5 mutant with exencephaly and 

coloboma. Red scale bar=1 mm, blue scale bars=2 cm. [Color figure can be viewed in the 

online issue, which is available at wileyonlinelibrary.com.]
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Figure 2. 
BAF155msp3 associates with other core BAF complex proteins. (A) Schematic of the protein 

domain structure of BAF155. The msp3 ENU-induced mutation causes a C to A change at 

Chr9 bp 110022668 (Build 36) in the Smarcc1 gene and leads to a threonine to lysine 

conversion of amino acid 416 in the BAF155 protein. This missense mutation alters an 

evolutionarily conserved amino acid in a conserved region, but not in a known structural 

domain. (B) RT-PCR (top) and Western blot (bottom) analysis of Baf155 expression from 

E11.5 cranial tissue lysate. Gapdh and β-Actin serve as internal standards. (C) Confocal 

microscope images of neuroepithelial sections of E9.5 WT and mutant cranial neural tubes. 

Panels represent wild-type and mutant nuclei stained with antibodies against BAF155 (red) 

and BRG1 (green). Hoechst stains nuclei (blue). White scale bars = 2 μm. (D) 

Immunoprecipitation of protein extracts from E11.5 mutant and wild-type embryos using 

anti-BAF155 antibody followed by western blotting with anti-BRG1, anti-BAF155, anti-

BAF170 and anti-BAF60a. (E) Schematic of the BAF complex proteins associated with the 

mutant BAF155 protein. BAF155 T416K associates with BRG1 BAF60a and BAF170 (IP), 

and BAF47 and BAF60a/b (yeast two-hybrid, supplemental data). BRG1, BAF170, BAF47, 

and BAF155 are considered core complex proteins.
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Figure 3. 
BAF155 function is not necessary for early neural patterning. (A–C) Transverse sections of 

E9.5 embryos followed by immunofluorescence for dorsal/ventral markers Sonic Hedgehog 

(Shh) (A), NKX2.2 (B), and PAX3 (C). (D, E) Lateral and (F) frontal views of whole mount 

RNA in situ hybridization on E10.0 WT and Baf155msp3/msp3 mutant embryos with probes 

to anterior/posterior markers Fgf8 (D) and FoxG1 (E and F). (G) Confocal images of 

transverse sections of E10.5 WT and mutant embryos incubated with anti-p75NTR antibody 

to visualize the enteric neural crest cells. Hoechst stains nuclei. (H) Transverse sections of 

E10.5 rostral spinal cords hybridized with TFAP2α probe marking early migrating neural 

crest cells. (I) Lateral view of E10.5 WT and mutant embryos hybridized with Sox10 probe 

to mark early neural crest cells. White scale bars = 100 μm, Red scale bars = 1 mm.
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Figure 4. 
BAF155 function is necessary to maintain proliferation and cell survival. (A) Transverse 

sections of E9.5 hindbrains of WT and Baf155msp3 mutant embryos followed by 

immunofluorescence for proliferation marker p-H3 (green), S phase marker BrdU (half hour 

BrdU incorporation) (red) and merged image with Hoechst stained nuclei. (B) Transverse 

sections of E9.5 hindbrains in WT and Mutant embryos to visualize apoptotic cells by 

TUNEL staining. (C) Confocal images of transverse sections through rostral spinal cords. 

Anti-Tuj1 antibody was used to visualize neural differentiation in neuroepithelial cells. (D) 

Quantification of antiphospho-H3 positive cells in WT and Mutant hindbrain neural tube. 

(E) Quantification of anti-BrdU positive cells in WT and Mutant hindbrain neural tube. (F) 

Quantification of apoptosis by TUNEL staining in WT and Mutant hindbrain neural tube. 

Ratio of p-H3, BrdU, or TUNEL positive cells were calculated by dividing the number of 

positive stained cells by the total number of neuroepithelial cells, indicated by Hoechst 

staining, then multiplying by 1000. Error bars indicate SEM of at least 3 sections from 3 

biological replicates. (*) p < 0.01, Student's t-test. The neural tube is outlined by yellow or 

white dots.
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Figure 5. 
Variable gene expression in Baf155msp3/msp3 mutant cranial tissue. (A) A multidimensional 

scaling (MDS) plot of differentially expressed genes from cranial tissue of three somite 

matched WT and three somite matched Baf155msp3/msp3 mutants. (B) Genes were ranked in 

ascending fashion according to their coefficient of variation observed in wild-type samples, 

and for each gene, the distance from mean was plotted as the log2 of the ratio of the 

expression level of a gene in an individual sample normalized to the mean of the expression 

level of the respective gene in the wild-type samples. Top: All three wild-type samples; 

bottom: all three mutant samples; right: individual samples, from top: wild-type 1 (blue), 

wild-type 2 (red), wild-type 3(green), mutant 1 (purple), mutant 2 (turquoise), mutant 3 

(orange).
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