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Abstract

Chromatin-remodeling complexes play critical roles in establishing gene expression patterns in 

response to developmental signals. How these epigenetic regulators determine the fate of 

progenitor cells during development of specific organs is not well understood. We found that 

genetic deletion of Brg1 (Smarca4), the core enzymatic protein in SWI/SNF, in nephron progenitor 

cells leads to severe renal hypoplasia. Nephron progenitor cells were depleted in Six2-Cre, 

Brg1flx/flx mice due to reduced cell proliferation. This defect in self-renewal, together with 

impaired differentiation resulted in a profound nephron deficit in Brg1 mutant kidneys. Sall1, a 

transcription factor that is required for expansion and maintenance of nephron progenitors, 

associates with SWI/SNF. Brg1 and Sall1 bind promoters of many progenitor cell genes and 

regulate expression of key targets that promote their proliferation.

1. Introduction

Formation of a normal complement of nephrons in the mammalian kidney requires 

expansion and maintenance of self-renewing nephron progenitor cells during embryonic 

development. After cessation of nephrogenesis, which occurs at birth in humans and post-

natal day 4 in mice, no new nephrons form (Hartman et al., 2007; Rumballe et al., 2011). 

Genetic ablation of nephron progenitor cells by targeting Diphtheria toxin to Six2+ cells in 
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developing kidney leads to a deficit of nephrons at birth (Cebrian et al., 2014). Similarly, 

deletion or reduction of expression of genes that are required for proliferation of nephron 

precursors or to prevent their loss by apoptosis lead to a reduction in nephron endowment 

(Couillard and Trudel, 2009; Denner and Rauchman, 2013; Blank et al., 2009; Brown et al., 

2011, 2015; Muthukrishnan et al., 2015). These studies establish that maintenance of the 

nephron progenitor pool determines nephron endowment. There appears to be no 

mechanisms that sense nephron number during development that can compensate for a 

reduction in the pool of progenitors to restore the number of nephrons to the normal range. 

Moderate reductions in nephron number at birth due to intra-uterine growth retardation or 

prematurity is associated with hypertension and chronic kidney disease in adulthood (Barker 

et al., 2000; Hoy et al., 2006; Keller et al., 2003). More severe reductions in nephron 

endowment, termed congenital renal hypoplasia, is a common cause of childhood renal 

failure.

Epigenetic modifications of chromatin play an essential role in regulating gene expression in 

developing organs. These include enzymatic activities that mediate DNA methylation, 

ATPases that slide or evict nucleosomes and enzymes that modify lysine tails of histones. 

These modifications increase or restrict access of DNA binding factors and the 

transcriptional machinery to DNA to regulate the level of gene expression in a temporal and 

spatial manner. Multi-protein complexes that modify chromatin associate with transcription 

factor networks that control progenitor cell fate, cell lineage and terminal differentiation. 

Genetic mutations that affect epigenetic modifiers highlight their importance in kidney 

development. Mutations in Chromodomain-Helicase-DNA binding protein (CHD7), an ATP 

dependent chromatin remodeler in the Tri-thorax family, cause CHARGE syndrome, which 

is often associated with renal hypoplasia (Legendre et al., 2017). Rubinstein-Taybi 

syndrome, in which kidney developmental defects also feature prominently, is due to 

mutations in genes encoding the histone acetylase CBP/p300 (Fergelot et al., 2016). Genetic 

deletion of DNA methyltransferase 1 (Dnmt1) in Six2+ cells leads to renal hypoplasia due to 

reduced proliferation of progenitor cells and ectopic expression of germline genes that 

would normally be repressed in developing kidney (Li et al., 2019; Wanner et al., 2019). 

Eed, a unique subunit of Polycomb repressive complex 2 (PRC2) is required to maintain 

nephron progenitor cells and promote their differentiation (Zhang et al., 2018). Loss of 

function of Chd4, the ATPase for the nucleosome remodeling and deacetylase (NuRD) 

chromatin-remodeling complex, results in renal hypoplasia due to the inability to maintain 

Six2+ nephron progenitors (Denner and Rauchman, 2013).

These studies establish an important role for epigenetic modifiers in developing kidney. 

However, the mechanisms by which they control progenitor cell fate in specific organs is not 

well understood. Chromatin remodeling complexes regulate developmental gene expression 

by their association and functional cooperativity with transcription factors. Pax2, an essential 

gene in human and mouse kidney development, can activate or repress gene expression. 

Elegant studies from Patel et al. showed that Grg4 displaces PTIP and the H3K4 methylation 

complex, thereby preventing Pax2-mediated gene activation (Patel et al., 2012). Grg4 

silences genes with Pax2 DNA binding sites by recruitment of the Polycomb repressive 

complex. Sall1, another gene that is indispensable for proper kidney development in humans 

and mice, associates with the Nucleosome Remodeling and Deacetylase Complex (NuRD). 
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Disruption of Sall1-NuRD interaction in knock-in mice (ΔSRM) leads to depletion of 

nephron progenitor cells due to their unrestrained differentiation and premature cessation of 

nephrogenesis (Basta et al., 2017). De-repression of differentiation genes, such as Pax8 and 

non-canonical Wnt signaling genes, is thought to be an important mechanism contributing to 

ectopic differentiation in Sall1 mutants (Basta et al., 2014, 2017). These results suggested a 

model whereby Sall1 cooperates with NuRD to inhibit expression of differentiation genes 

and allow self-renewal of nephron progenitors to proceed, which enables a normal 

complement of nephrons to form. However, comparing the phenotypes of ΔSRM and Sall1 
null mutant mice revealed that Sall1 also regulates proliferation of nephron progenitors, 

independently of NuRD (Basta et al., 2014, 2017).

We hypothesized that Sall1 interacts with other chromatin-remodeling factors to regulate 

proliferation of nephron progenitor cells. Using an unbiased proximity proteomics screen for 

Sall1 interacting proteins, we identified multiple components of the SWItch-Sucrose Non-

Fermentable (SWI/SNF) chromatin-remodeling complex (Bozal-Basterra et al., 2018). 

SWI/SNF is an important regulator of the cell cycle in developing and neoplastic tissues 

(Nagarajan et al., 2020; Ruijtenberg and van den Heuvel, 2015; Stojanova et al., 2016). 

While the SWI/SNF complex has important roles in embryonic development in multiple 

tissues, including ES cells, early embryogenesis, heart and CNS [reviewed in (Hota and 

Bruneau, 2016)], its function in developing kidney is poorly understood. In this report, we 

demonstrated that genetic deletion of Brg1 (Smarca4), the catalytic subunit of SWI/SNF in 

Six2+ cells led to profound growth retardation and nephron deficit. Brg1 is required for 

expansion and maintenance of nephron progenitor cells. Sall1 and Brg1 were enriched at the 

promoters of many progenitor genes and regulate the expression of Bmp7, Fgf9 and Myc, 

key targets that regulate proliferation of nephron progenitor cells. We found that Brg1 was 

also required to promote progenitor cell differentiation. These studies identify pleiotropic 

effects of SWI/SNF to promote kidney growth and nephron formation.

2. Materials and methods

2.1. Protein interaction assays

GST-Sall1 wild type and Sall1-ΔSRM fusion proteins were cloned into pEBG and expressed 

in COS-1 cells (ATCC CRL-1650). After 48 h, cells were lysed, and precipitated with 

glutathione sepharose, as described (Basta et al., 2017). Lysates were analyzed by western 

blot using primary and HRP labeled secondary antibodies (Table S1) to detect endogenous 

subunits of NuRD (Mta2, RbAp48), SWI/SNF (Brg1, Smarcc1/BAF155), GST and GAPDH 

(loading control).

2.2. Mice

All animal studies were carried out in accordance with the guidance of the Institutional 

Animal Use and Care Committee of Washington University School of Medicine. Brg1 
floxed/floxed mice (B6; 128S2-Smarca4tm1Pcn/Mmnc) were a generous gift from Trevor 

Archer [NIEHS, Research Triangle Park. North Carolina (Singh et al., 2016),]. To generate 

the inducible Cre-Brg1flox/flox mice, Brg1flox/flox mice were bred with Six2-TGC BAC 

transgenic mice that express Cre recombinase in the Six2+ nephron progenitor cells 
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[(Kobayashi et al., 2008), Jackson Labs #009606]. The deleted Brg1flox/flox allele does not 

produce a functional protein. For genotyping, genomic DNA was amplified with the 

following oligonucleotide primers: 5′-GTCATACTTATGTCATAGCC-3′ and 5′-
GCCTTGTCTCAAACTGATAAG-3’.

2.3. Immunofluorescence

Embryonic kidneys were fixed with 4% PFA overnight, submerged in 20% sucrose in PBS 

and embedded in OCT. 10 μm frozen sections were washed with cold 100% MeOH, boiled 

in 10 mM citric acid pH 6 for 20 min, and incubated with primary antibodies (Table S1). 

Reactivity was detected using fluorescently labeled secondary antibodies (Table S1). 

Sections were counter stained with DAPI (Sigma Aldrich), mounted in Mowiol 4–88 (Poly 

Sciences, Inc.), and digital images acquired using a Nikon 80i epifluorescence microscope 

with a Retiga R3 camera and a Leica DM5000B epifluorescence microscope with a Leica 

DFC365FX camera.

2.4. Quantification of Six2 positive caps, Cytokeratin + Ub tips, renal vesicles and 
terminally differentiating nephron segments

Embryonic day 14.5, 16.5 and 17.5 kidneys were immunostained for Six2, Cytokeratin and 

DAPI. Six2+ caps and Cytokeratin + UB tips were counted from at least 10 non-sequential 

sections (10× magnification) from at least 3 independent embryos for each stage and 

genotype. Results were reported as the average number of caps or UB tips per high-powered 

field (HPF) ± s.e.m. For renal vesicles, embryonic day 14.5 and 16.5 kidneys were 

immunostained for NCAM and Lef1. For terminal nephron segments, immunostaining was 

performed to detect Wt1 (glomeruli), Megalin (proximal tubule), NKCC2 (loop of Henle), 

NCC (distal tubule) and cytokeratin (collecting duct). All structure quantification was 

performed by counting positive staining for cross sections of tubules, eg for proximal tubules 

multiple cross-sections of the same tubule may have been counted, however counting was 

performed consistently for both control and mutant samples. Structures were counted on at 

least ten non-sequential sections (10 × magnification) from at least three independent 

embryos for each genotype.

2.5. Mitosis and apoptosis of Six2 positive cells

Mitosis was determined by staining embryonic kidneys (E14.5, 16.5, 17.5) for pHH3 and 

Six2. Nuclei were stained using DAPI. The total number of pHH3 and Six2/pHH3+ cells 

were counted on at least 12 non-sequential sections (10× magnification) from at least three 

independent embryos for each stage and genotype. Apoptosis was determined by performing 

TUNEL analysis using the ApopTag Red In Situ Apoptosis Detection Kit (Millipore). The 

total number of TUNEL and Six2/TUNEL + cells were counted on at least 16 non-

sequential sections (10 × magnification) from 4 independent embryos for each stage (E14.5 

and 16.5) and genotype. Results are reported as the average # of cells/HPF ± s.e.m.

2.6. RNA-sequencing (RNA-seq)

Total RNA was isolated from three E17.5 kidneys for each genotype using an RNeasy Mini 

Kit (Qiagen 74104) with on the column DNAse I treatment. Ribosomal RNA was depleted 

Basta et al. Page 4

Dev Biol. Author manuscript; available in PMC 2020 September 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



from 1 μg of total RNA using Ribominus Eukaryote System v2 (Life Technologies). 

Construction of barcoded sequencing libraries was performed using the Ion Total RNA-seq 

v2 kits (Life Technologies) according to the manufacturer’s instructions. Sequencing was 

performed on an Ion Torrent Proton with mean read lengths of 110–170 nucleotides, and 

reads were aligned to the mouse mm10 genome using the TMAP aligner map4 algorithm. 

Soft-clipping at both 5′ and 3′ ends of the reads was permitted during alignment to 

accommodate spliced reads, with a minimum seed length of 20 nt. Genome-wide strand-

specific nucleotide coverages were calculated from the aligned bam files for each sample 

using the genomecoveragebed program in BEDTools (Quinlan and Hall, 2010) and the 

nucleotide coverage for all non-redundant exons for each gene were summed using custom 

R scripts (R Core Team, 2015; http://www.R-project.org). Normalization factors were 

calculated by averaging the total exon coverage for all replicates and dividing this average 

by the total exon coverage for each individual sample. The total coverage for each gene in 

each replicate was then multiplied by these factors after adding an offset of 1 to each gene to 

preclude division by 0 in subsequent calculations. The averages and p values of the coverage 

values for all genes in the individual groups were calculated using Microsoft Office Excel. 

The expression values for each gene are the normalized strand-specific total nucleotide 

coverage for each gene.

2.7. Quantitative real-time PCR (qRT-PCR)

Total RNA was isolated from embryonic kidney tissue using an RNeasy Mini Kit with 

DNAse I treatment on the column (Qiagen). cDNA was prepared using the High Capacity 

RNA-to-cDNA kit (Life Technologies). Primer sequences are in Table S2 qRT-PCR was 

performed using a Quant Studio 3 (Applied Biosystems) Thermocycler and SYBR Green 

PCR Master Mix (Life Technologies) as described previously (Kiefer et al., 2012). Real-

time reactions were performed in triplicate and relative expression was calculated using the 

delta CT method and normalized to Gapdh or Hprt1 control transcripts (Kiefer et al., 2012).

2.8. Chromatin immunoprecipitation sequencing (Chip-seq)

E16.5 kidneys were isolated in PBS + Ca and Mg on ice and crosslinked. For Sall1 and 

H3K27ac ChIP kidneys were crosslinked with 2 mM Di (N succinimidyl) glutarate (DSG, 

Proteo Chem C1104) in PBS for 30 min with rocking at room temperature followed by the 

addition of 1% formaldehyde (Thermo Scientific 28906) and incubation for an additional 10 

min with rocking at room temperature. For Brg1, RNA Pol2 Ser2 and H3K4me1 ChIP, 

kidneys were crosslinked with 1% formaldehyde for 30 min with rocking at room 

temperature. Crosslinking was quenched with 125 mM glycine for 5 min at room 

temperature and kidneys were washed three times with PBS with protease inhibitors and 

flash frozen on dry ice. Kidneys were homogenized with a hand held dounce homogenizer in 

Lysis Buffer 1 (50 mM HEPES-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 

0.5% NP-40, 0.25% Triton-X 100) and incubated for 20 min at 4 °C with rocking. Samples 

were pelleted at 2800 rpm at 4 °C for 5 min and the supernatant discarded. Pellets were 

resuspended in Lysis Buffer 2 (10 mM Tris-HCl pH 8.0, 200 mM NaCl, 1 mM EDTA, 0.5 

mM EGTA), briefly homogenized and rocked gently for 10 min at room temperature. Nuclei 

were pelleted at 2800 rpm for 5 min at 4 °C and resuspended in Lysis Buffer 3 (10 mM Tris-

HCl pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% Na-Deoxycholate, 0.5% N-
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lauroylsarcosine). Chromatin was sheared to a size of 100–1000bp using a Covaris ME220. 

100 μg chromatin was pre-cleared with 20 μl protein A/G magnetic beads (Thermofisher 

Scientific 88803) for 2 h rocking at 4 °C. Pre-cleared chromatin was incubated with primary 

antibody (Table S1) overnight with rocking at 4 °C. The next morning 25 μl protein A/G 

magnetic beads were added and incubated for 4 h at 4 °C. Complexes were washed 5 times 

with cold modified RIPA buffer (50 mM HEPES-KOH pH 7.5, 500 mM LiCl, 1 mM EDTA, 

1% NP-40, 0.7% Na-Deoxycholate) and 2 times with TE (10 mM Tris pH 8.0, 1 mM 

EDTA). Complexes were eluted by incubating at 65 °C for 30 min in Elution Buffer (50 mM 

Tris, 10 mM EDTA, 1% SDS). Crosslinks were reversed by adding NaCl (0.2 M) and 

heating at 65 °C for 15 h, 200 μg/mL RNase A was added and incubated for 2 h at 37 °C, 

and 200 mg/mL Proteinase K added and incubated 2 h at 63 °C. DNA was isolated using the 

MinElute PCR Purification Kit (Qiagen 28004). 2 ng DNA was sheared to 100–300 bp and 

sequencing libraries were constructed using the Ion Plus Fragment Library Kit 

(Thermofisher Scientific 4471269) according to (Dorsett and Misulovin, 2017). ChIP-seq 

and input libraries were sequenced on an Ion Torrent Proton to approximately 2-fold and 12-

fold genome coverage, respectively. Reads were aligned to the mm10 mouse genome using 

the TMAP aligner map4 algorithm. Genome coverage was calculated for ChIP and input 

samples using BedTools. ChIP sample coverage was normalized to input coverage and ChIP 

enrichment bedgraphs were generated using described methods (Dorsett and Misulovin, 

2017). ChIP peaks were defined as regions of ChIP enrichment in the 99th percentile or 

greater across a genomic region spanning 300 bp or more. Called peaks were assigned to 

genomic features (promoters, enhancers) using Bedtools based on peak overlap or falling 

within a 500 bp window of the defined feature. Remaining peaks were assigned to gene 

bodies or intergenic regions based on peak overlap with annotated gene regions. Genomic 

features were defined using published ENCODE datasets for H3K4me3 (GSE83044), 

H3K27ac (GSE82636), H3K27me3 (GSE82821), and ATAC-seq [ENCSR732OTZ] and the 

H3K4me1 data from this study. Active promoters were defined as 1000 bp regions of 

H3K4me3 enrichment overlapping the first exon of an annotated gene and centered on an 

overlapping ATAC-seq peak when present. If no ATAC-seq peak was present, the region was 

centered on the annotated transcription start site. Predicted active enhancers were defined as 

1000 bp regions of overlapping H3K27Ac and H3K4me1 centered on an ATAC-seq peak 

and not overlapping an active promoter. ChIP-seq was performed in triplicate for Sall1, 

duplicate for Brg1 and one independent sample for RNA Polymerase and histone 

modifications. Gene Ontology analysis was performed using DAVID Gene ontology analysis 

(Huang et al., 2009a, 2009b) and Geneontology.org (Ashburner et al., 2000; The Gene 

Ontology, 2019). Venn diagrams were generated using Venny 2.1 (Oliveros, 2007).

2.9. Statistical analysis

Data are presented as the mean ± SEM. We calculated statistical significance using a two-

tailed Student’s t-test or a one-way ANOVA followed by multiple-group comparison 

analysis with Tukey correction. We considered differences with a p value of 0.05 or less to 

be statistically significant.
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3. Results

3.1. Sall1 associates with components of the SWI-SNF complex

We previously demonstrated that homozygous deletion of Sall1 leads to profound depletion 

of Six2+ nephron progenitor cells due to both unrestrained differentiation and reduced 

proliferation (Basta et al., 2014; Kanda et al., 2014). Disrupting the interaction between 

Sall1 and the nucleosome remodeling and deacetylase (NuRD) complex in knock-in mice 

resulted in premature differentiation of nephron progenitors, but had no effect on their 

proliferation (Basta et al., 2017), suggesting that Sall1 associates with other co-factors to 

regulate cell cycle progression in these cells. An unbiased proteomics screen for Sall1 

interacting proteins identified several candidates that could cooperate with Sall1 to control 

cell proliferation (Bozal-Basterra et al., 2018). Among the most promising candidates, we 

focused on the SWItch-Sucrose Non--Fermentable (SWI/SNF) chromatin-remodeling 

complex because of its well-described role in regulating cell proliferation in developing 

tissues and renal carcinoma, and in maintaining naïve pluripotency of ES cells (Singh et al., 

2016, 2017; Gatchalian et al., 2018; Porter and Dykhuizen, 2017). We hypothesized that 

Sall1 associated with SWI/SNF to regulate self-renewal of nephron progenitor cells.

To validate the results obtained with the proteomics screen, we tested for association of Sall1 

with two core SWI/SNF components, Brg1 (Smarca4) and Baf155 (Smarcc1). COS-1 cells 

were transfected with a vector expressing a GST-Sall1 fusion protein. Cell lysates 

precipitated with glutathione sepharose beads (GST) were analyzed by western blot. Sall1 

associated with endogenously expressed Brg1 and Baf155 (Fig. 1). Sall1 interacts with the 

NuRD chromatin-remodeling complex via a 12 amino acid N-terminal motif in Sall1 

designated as the Sall1 Repression Motif (SRM) (Lauberth et al., 2007; Lauberth and 

Rauchman, 2006). As expected, mutations in basic amino acid residues of the SRM 

abrogated interaction with NuRD components Mta2 and RbAp48. However, the Sall1-

ΔSRM mutation did not disrupt the interaction between Sall1 and the SWI/SNF components 

Brg1 and Baf155. We conclude that Sall1 associates with SWI/SNF through a domain that is 

distinct from the region that mediates Sall1-NuRD interaction.

3.2. Differential expression of SWI/SNF complex subunits in developing kidney

In mammals, there are two main subtypes of SWI/SNF, BAF and PBAF, which contain 

identical core components, paralogs, and unique proteins that distinguish between these 

complexes [reviewed in (Bracken et al., 2019)]. Recently, a third subtype termed non-

canonical BAF was identified (Fig. 2A). To begin to define the role of SWI/SNF in kidney 

development, we evaluated the temporal expression pattern of its subunits in developing 

kidney (Fig. 2B). Based on this analysis we classified SWI/SNF complex components into 

three expression patterns. We identified one subgroup that included genes encoding Brg1 

(Smarca4), Baf200 (Arid2), Baf180 (Pbrm1), Smarcd1/2/3 (Baf60a/b/c), Baf47 (Smarcb1), 

Baf45a (Phf10), Baf45 d (Dpf2) and Brd7 expressed at similar levels through different 

stages of the developing kidney (Fig. 2B). Expression in the second subgroup peaked at 

earlier stages of nephrogenesis (E12.5–15.5). This expression pattern was evident for the 

BAF specific subunit complex Baf250a (Arid1a), and for Baf155 (Smarcc1), Baf57 

(Smarce1) and Baf53a (Actl6a), which are components of both the BAF and PBAF 
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complexes (Fig. 2A). The last subgroup consisting of Baf250b (Arid1b) and Baf170 

(Smarcc2) demonstrated increased expression at late stage kidney formation and near 

termination of nephrogenesis (E17.5-P2). These data suggest that some SWI/SNF subunits 

undergo developmental switching during kidney development. Some subunit isoforms were 

not detected (Baf53b, Baf45b) or were expressed at very low levels (Baf45c) in the kidney. 

Overall, SWI/SNF expression was greater in the embryonic compared with the adult kidney. 

Brg1 (Smarca4), the catalytic subunit was expressed at similar levels throughout kidney 

formation and its level declined in the adult kidney. In contrast, Brm (Smarca2), the 

alternative SWI/SNF ATPase was expressed at very low levels throughout development and 

its level was increased in the adult kidney (Fig. 2B). We conclude that SWI/SNF 

components of BAF and PBAF are expressed in developing kidney.

3.3. Deletion of Brg1 in nephron progenitor cells results in renal hypoplasia

Because Smarca4 (Brg1) encodes the ATPase activity essential for the function of SWI/SNF 

complexes and its expression is preferred over Smarca2 (Brm) in embryonic kidney, we 

focused our analysis on this subunit. Brg1 protein was detected in all compartments of the 

developing kidney including the Six2+ nephron progenitors in the cap mesenchyme (CM), 

stroma, differentiating nephrons and ureteric bud [UB] (Fig. 3A). To examine the function of 

Brg1 in nephron progenitors, Brg1 was deleted from the Six2+ cap mesenchyme (CM). We 

crossed Six2-Cre:GFP [Six2GC (Kobayashi et al., 2008)] to Brg1loxP/loxP to generate 

Six2GC/+; Brg1loxP/loxP mice (hereafter referred to as Six2Cre; Brg1flx/flx) to delete Brg1 in 

CM. Immunostaining confirmed loss of expression of Brg1 in CM surrounding the UB tips 

in Six2Cre; Brg1flx/flx mutant kidney (Fig. 3A). Expression of Brg1 persisted in the UB and 

stroma, confirming that Six2-Cre specifically deleted Brg1 in the CM (Fig. 3A). Kidney 

development proceeded normally until E14.5–15.5 when a minority (~10–20%) of Brg1 
mutant kidneys were reduced in size (Table 1, Fig. 3B). However, after E15.5, growth of the 

Brg1 mutant kidney was significantly reduced compared with wild type littermates.

3.4. Reduced proliferation of nephron progenitor cells in Brg1 mutant kidneys

To investigate the cause of renal hypoplasia in the Brg1 mutant, we quantitated Six2+ caps 

and cytokeratin positive UB tips at different embryonic stages. The number of UB tips were 

significantly reduced by 38% in the Brg1 mutant compared with control littermates at E14.5 

and by 44% at E17.5 (Fig. 3C and D), but not at E16.5. There was a significant decrease in 

the number of Six2+ caps surrounding individual UB tips at each time point examined, 

E14.5 (40%), E16.5 (25%), and E17.5 (63%) [Fig. 3C, E]. To determine the cause of 

nephron progenitor cell (NPC) loss in Brg1 mutants, we measured cell proliferation and 

apoptosis. The total number of pHH3+ cells as well as the number of pHH3/Six2 double 

positive cells was significantly diminished in the mutant compared with control littermates 

at E14.5 (31%), E16.6 (39%) and E17.5 (71%) [Fig. 4A, B, C]. In contrast, we did not find 

an increased number of Six2+ cells undergoing apoptosis in the mutant determined by 

TUNEL assay at E14.5 or 16.5 (Fig. 4D, F). Together, these results indicate that reduced 

proliferation, but not apoptosis caused depletion of NPCs, in Six2Cre; Brg1flx/flx kidneys. 

The marked reduction of NPC proliferation and Six2+ caps at E17.5 is consistent with the 

profound degree of growth retardation of the kidney that is apparent between E17.5 and P0 

(Fig. 3B).
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3.5. Apoptosis and impaired formation of developing nephrons in Brg1 mutant kidneys

We found a 2.2-fold increase in the total number of TUNEL positive cells in Brg1 mutant 

kidneys at E16.5 compared with control kidneys (Fig. 4D and E). However, as noted above, 

the increase in apoptosis was not evident when we analyzed Six2/TUNEL double positive 

cells. Rather, apoptotic cells localized towards the interior of the embryonic kidney in 

developing nephrons and stroma (Fig. 4D). While this finding indicated that apoptosis 

contributed to renal hypoplasia in Brg1 mutants, the degree and timing of nephron loss also 

suggested formation of nephrons was impaired. We examined nephron induction and 

segmental differentiation in these mutants. At E14.5, prior to finding increased apoptosis, 

there was a 50% reduction of Lef1/NCAM + renal vesicles in Six2Cre; Brg1flx/flx kidneys 

compared with Brg1flx/flx control littermates (Fig. 5B). Formation of Wt1+ immature 

glomeruli and megalin + proximal tubules was readily apparent at E14.5 in control kidneys. 

In contrast, formation of these proximal nephron segments was markedly diminished in Brg1 
mutants by 50% for Wt1+ developing glomeruli and by 87% for megalin + tubules. At 

E16.5, the formation of all nephron segments, with the exception of collecting ducts, was 

reduced by >50% (Fig. 5A, C). Together, these findings indicate that impaired nephron 

induction contributes significantly to renal hypoplasia in Six2Cre; Brg1flx/flx kidneys.

3.6. Brg1 regulates genes that promote expansion and differentiation of NPCs

To identify the molecular basis for the kidney phenotype in Brg1 mutants, we performed 

transcriptional profiling of E17.5 Brg1flx/flx and Six2Cre; Brg1flx/flx kidneys by RNA-seq. 

We found 781 genes downregulated in the mutant and 726 upregulated using a cut-off of 2-

fold change in expression (Fig. 6A). Consistent with the loss of Six2+ NPCs, multiple genes 

that regulate the expansion of Six2+ NPCs displayed altered expression in the mutant (Fig. 

6B). Bmp7, Myc, Fgf9, Six2, genes that are required for proliferation and maintenance of 

NPCs in a self-renewing state, were significantly downregulated in the mutant kidney 

(Couillard and Trudel, 2009; Blank et al., 2009; Muthukrishnan et al., 2015; Kobayashi et 

al., 2008; Barak et al., 2012). Fat4, an atypical cadherin that limits expansion of NPCs, and 

Cdkn1a, cell cycle inhibitor, were upregulated in the mutant kidney (Bagherie-Lachidan et 

al., 2015). We also found altered expression of genes that regulate differentiation of NPCs. 

Differentiation genes Lhx1, Fgf8, Hnf1b, and Ccnd1 were downregulated, while Decorin 
(Dcn), a secreted factor that inhibits Bmp7-mediated differentiation of NPCs was 

significantly upregulated (Fetting et al., 2014).

To gain further insight into signaling pathways regulated by Brg1 in developing kidney, we 

performed gene ontology analysis. Among downregulated genes, several metabolic 

pathways, including oxidative phosphorylation, were highly enriched (Fig. 6C). Reduction 

in transport pathways included many genes involved in metabolic processes. Our analysis 

also revealed that expression of many ribosomal genes was inhibited, suggesting global 

effects on protein translation. Negative effects of Brg1 loss on metabolic processes and 

protein synthesis could account for the profound deficit in growth of the kidney between 

E17.5 and P0 (Fig. 3B). Among upregulated genes, cell adhesion pathways were 

dramatically induced (Fig. 6C), similar to gene ontology analysis of genes upregulated in 

Sall1−/− mutant progenitor cells (Basta et al., 2014).
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The RNA-seq data identified several genes and molecular pathways that could account for 

renal hypoplasia in Brg1 mutant kidneys. To identify the early events that impair 

nephrogenesis, we examined gene expression at E14.5, before significant renal hypoplasia 

was evident (Fig. 6D). We tested expression of genes that encode for enzymes in oxidative 

phosphorylation and that exhibited the greatest reductions in transcript levels. These genes, 

Cox5b, Cox7b, ATP5j2, which were each reduced ~60% at E17.5, were not downregulated 

at E14.5. Similarly, ribosomal genes Rpl12 and Rpl36, which were reduced ~68% at E17.5, 

were not changed at E14.5. In contrast, Bmp7, Fgf9 and Myc were significantly 

downregulated at E14.5 and E17.5. These results indicate that Bmp7, Fgf9 and Myc, which 

function cooperatively to promote proliferation of NPCs (Muthukrishnan et al., 2015) are 

dependent on Brg1 for expression in developing kidney. We conclude that reduced 

expression of these factors significantly contributes to reduced proliferation of NPCs.

We performed ChIP-seq on E16.5 wild type kidney to define genomic binding of Brg1. As 

shown in the pie chart in Fig. 6E, Brg1 preferentially binds promoters in developing kidney. 

To identify genes that are likely direct transcriptional targets of Brg1, we compared RNA-

seq results with ChIP-seq results. Brg1 binding was enriched at promoters of 626 genes that 

showed altered expression (315 upregulated, 311 downregulated) in the Brg1 mutant kidney 

by RNA-seq (Fig. 6F). The gene expression data (Fig. 6B, D) identified target genes that 

likely contribute significantly to the kidney phenotype in this mutant. We therefore analyzed 

these genomic loci for Brg1 binding. Significant binding of Brg1 was detected at promoters 

for multiple downregulated genes that promote proliferation and maintenance of NPCs, 

including Bmp7, Fgf9, Myc and Six2 (Fig. 7D–H). We also detected enrichment for Brg1 at 

promoters of downregulated differentiation genes, including Lhx1, Fgf8 and Hnf1b. 

Together these results indicate that genes required for expansion and differentiation of NPCs 

are direct transcriptional targets of Brg1.

3.7. Brg1 and Sall1 bind common target genes in developing kidney

Our model proposes that Sall1 cooperates with SWI/SNF to promote expansion of nephron 

progenitors. Consistent with this hypothesis, comparing transcriptional profiles between 

Sall1−/− FACS sorted nephron progenitor cells (Basta et al., 2014) and Brg1 mutant kidneys 

revealed 167 genes with altered expression in both mutants (Fig. 7A). A prediction of our 

model is that genomic binding of Sall1 and Brg1 will overlap at target genes that are 

required for the self-renewal and maintenance of nephron progenitors. To define the 

genomic targets of Sall1, we performed ChIP-seq on E16.5 wild type kidneys. We found that 

15% of Sall1 peaks localized to promoters and 12% to predicted enhancers (Fig. 7B). 

Comparison of Sall1 and Brg1 binding revealed that 83% of Sall1 bound promoters were 

also enriched for Brg1 (Fig. 7C). We detected overlapping genomic binding of Sall1 and 

Brg1 at gene promoters of multiple downregulated progenitor genes, including Six2, Bmp7, 

Fgf9, Myc and Eya1, which are required for proliferation and maintenance of nephron 

progenitor cells (Couillard and Trudel, 2009; Blank et al., 2009; Muthukrishnan et al., 2015; 

Kobayashi et al., 2008; Barak et al., 2012; Xu et al., 2014) (Fig. 7D–H). We performed gene 

ontology analysis for target genes that showed both altered mRNA expression in Sall1 and 

Brg1 mutants (Fig. 7I) and whose promoters were bound by both Sall1 and Brg1 (Fig. 7J). 

Biological processes that were significantly enriched included developmental growth, cell 
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population proliferation and regulation of programmed cell death, all of which figure 

prominently in the Brg1 mutant phenotype. The analysis identified Wnt signaling as a key 

pathway regulated by Sall1 and Brg1 (Fig. 7I and J). These findings support a model in 

which Sall1 and SWI/SNF cooperate to promote expansion of nephron progenitor cells 

mediated at least in part by regulating Wnt activity. Brg1 and Sall1 genomic binding at 

promoters and putative enhancers was also enriched at genes that are linked to other 

signaling pathways required for nephron progenitor cell expansion and differentiation, 

including BMP/SMAD, FGF and MAP kinase (Fig. 7J).

4. Discussion

In order to form a normal complement of nephrons, progenitor cells must undergo a 

dramatic expansion during kidney development. Self-renewal of nephron progenitors is a 

tightly regulated process, balanced with differentiation into renal vesicles, the earliest 

epithelial nephron structure. While our knowledge of individual genes and pathways that 

control nephron formation has increased substantially, it is not clear how the coordinated 

action of key factors establishes gene regulatory networks to control nephron progenitor fate. 

Chromatin-remodeling complexes play an essential role in influencing how cells respond to 

developmental signals. Through their association with tissue restricted transcription factors, 

these complexes modulate gene expression to control cell fate, maintaining multi-potency or 

determining cell lineage. We previously demonstrated that Sall1 associated with NuRD to 

maintain nephron progenitors by restraining differentiation into renal vesicles (Basta et al., 

2017). In the current study, we now show that Sall1 cooperates with a different chromatin 

remodeler, SWI/SNF, to regulate expansion of nephron progenitor cells.

SWI/SNF is one of four classes of chromatin-remodeling complexes that use the energy of 

ATP hydrolysis to move or evict nucleosomes, thereby enabling or restricting transcriptional 

machinery and transcription factor access to DNA to control gene expression. This multi-

protein complex plays critical roles in regulating cell proliferation and differentiation during 

development and its components are among the most frequently mutated genes in cancer, 

including renal cell carcinoma (Cai et al., 2019; Nargund et al., 2017; Varela et al., 2011); 

reviewed in (Kadoch, 2019). In humans, mutations in SWI/SNF cause several kidney 

phenotypes. Coffin-Siris is an intellectual disability syndrome that is due to mutations in 

several genes that encode for SWI/SNF complex components, including SMARCA4, 

ARID1A/B, ARID2, SMARCE1, SMARCB1 and DPF2. In addition to CNS defects, 

affected individuals have multi-organ defects including the kidney and urinary tract 

(Vergano et al., 1993, 2018). A variant of Coffin Siris due to autosomal dominant mutations 

in the N-terminal DNA binding domain of SMARCB1, a common core component of BAF 

and PBAF, causes multiple congenital anomalies including the kidney (Diets et al., 2019). 

Deletion of Smarca4, the gene encoding the SWI/SNF ATPase Brg1 in developing ureteric 

bud disrupted urothelial cell fate in mice (Weiss et al., 2013). However, the role of SWI/SNF 

in kidney progenitor cells and nephron formation has not been investigated.

Deletion of Brg1 in Six2+ nephron progenitor cells resulted in profound growth retardation 

of the kidney after E14.5. The progressive reduction in Six2+ progenitor cells from E14.5–

E17.5 led to secondary reduction in ureteric bud branching, resulting in a nephron deficit. 
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RNA-seq identified impaired metabolic programming and protein translation at E17.5 in 

mutant kidneys, but gene expression changes in these cellular processes were not apparent at 

E14.5, suggesting these were secondary effects. Instead, our data indicate that reductions in 

three factors, Bmp7, Fgf9 and Myc likely accounted for impaired proliferation of nephron 

progenitor cells in Brg1 mutant kidneys. mRNA expression of genes encoding each of these 

factors is significantly reduced at E14.5 and persisted at E16.5. It is likely that the observed 

changes in metabolic pathways and protein synthesis were secondary to reductions in Myc, 

which regulates these cellular processes [reviewed in (Hsieh et al., 2015); (van Riggelen et 

al., 2010)]. Previous studies showed that Bmp7, Fgf9 and Myc cooperate to stimulate 

proliferation of nephron progenitors (Muthukrishnan et al., 2015). Therefore, the reduced 

expression of these three factors can account for diminished proliferation of nephron 

progenitor cells in Brg1 mutants. However, how expression of these genes is regulated in 

nephron progenitors was not elucidated in these prior studies.

We performed ChIP-seq to define genomic binding of Brg1 in developing kidney. We found 

that Brg1 bound many promoters of nephron progenitor genes, including Bmp7, Fgf9 and 

Myc. Our studies also revealed that Brg1 likely directly regulated transcription of these 

genes in cooperation with Sall1. Similar to Brg1 loss of function, Sall1 mutant kidneys 

exhibited reduced cell proliferation but no apoptosis in Six2+ cells prior to onset of the 

phenotype and reduced expression of Myc and Bmp7 (Basta et al., 2014). While Fgf9 
mRNA was not reduced in Sall1−/− kidneys, Fgf20, a growth factor that functions 

redundantly with Fgf9 in nephron progenitors was significantly downregulated (Barak et al., 

2012). Comparing transcriptional profiles of Brg1 and Sall1 mutant kidneys identified a 

large number of genes with altered expression in both mutants, and Sall1 and Brg1 bound 

promoters of most of these genes. In addition to Bmp7, Myc and Fgf9, these included Six2, 

Eya1, Cited1, Meox1/2 and Kif26b, which are restricted to self-renewing nephron progenitor 

cells and required for their maintenance. Overall, these studies establish a novel mechanistic 

link between Sall1, a transcription factor that is essential for kidney development and SWI/

SNF.

Myc is a critical regulator of progenitor cell proliferation in developing organs and when 

dysregulated it promotes neoplasia (Casey et al., 2018; Dang, 2012; Sabo et al., 2014). 

Conditional deletion of Myc in cap mesenchyme using Bmp7-Cre resulted in reduced 

proliferation of nephron progenitors in a restricted developmental window between E14.5 

and E17.5 (Couillard and Trudel, 2009). The onset of reduced proliferation and the markedly 

impaired growth of the Brg1 mutant kidneys overlapped with this time interval, supporting a 

role for Myc as an important downstream target of Brg1 in developing kidney. However, the 

degree of renal hypoplasia in Six2-Cre Brg1flx/flx is significantly more severe than the Myc 
mutant kidney. One possible explanation is that we also observed a 53% reduction in N-Myc 
expression in Brg1 mutants. Combined deletion of Myc and N-Myc in Six2+ cells is more 

severe than either single mutant indicating functional redundancy. However, the reduction in 

developing nephron segments at E16.5 (Fig. 5) in Brg1 mutants is significantly greater than 

observed in the Myc/N-Myc double mutant (Pan et al., 2017). The discrepancy between Myc 
and Brg1 mutant kidney phenotypes cannot be accounted for solely by reduced expansion of 

Six2+ progenitors. A more likely explanation for the more severe phenotype in Brg1 mutants 

is that Brg1 is also required to promote differentiation of nephron progenitors. In support of 
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this idea, we found a 50% reduction in Lef1/NCAM + differentiating structures as early as 

E14.5 and downregulation of Lhx1, Fgf8, Hnfb1, critical genes that mediate early nephron 

formation. In addition to its role in promoting proliferation of nephron progenitors via MAP 

kinase, Bmp7/Smad1/5 signaling promotes differentiation (Blank et al., 2009; Brown et al., 

2013, 2015; Muthukrishnan et al., 2015). We propose that reduced Smad1/5 signaling 

contributed to impaired nephron differentiation in Brg1 mutant kidneys due to reduced levels 

of Bmp7 mRNA and upregulation of Decorin, a secreted factor that inhibits Bmp/Smad 

activity (Fetting et al., 2014). Brg1, but not Sall1 was enriched at promoters of 

differentiation genes, suggesting that they are direct targets of SWI/SNF. These findings 

suggest that Sall1 and Brg1 cooperate to expand nephron progenitors. However, Brg1 is also 

required to promote their differentiation. In contrast, Sall1 through its cooperation with the 

NuRD chromatin-remodeling complex acts to restrain differentiation, thereby preventing 

premature depletion of the progenitor cell pool (Basta et al., 2017). Overall, our results 

highlight Sall1’s pivotal role in balancing expansion and differentiation of progenitor cells 

through its association with distinct chromatin remodeling complexes. However, the 

molecular mechanisms by which Sall1 coordinates gene expression with these two 

complexes remains to be elucidated. NuRD and SWI/SNF can have opposing actions on 

nucleosomes to promote or restrict open chromatin. While NuRD recruits Polycomb (PRC2) 

to silence some genes, SWI/SNF has the capacity to evict PRC2 and thereby enhance gene 

transcription in response to signals for self-renewal and differentiation [reviewed in 

(Bracken et al., 2019)]. Future studies will need to explore mechanisms by which Sall1 

coordinates the activity of these chromatin-remodeling complexes to balance expression of 

genes that expand progenitor cells versus those that promote differentiation into nephrons.

Our studies showed that embryonic kidney expressed components of both main types of 

SWI/SNF complexes, BAF and PBAF. However, some components displayed dynamic 

expression during development and certain isoforms (e.g. Baf45 d, Fig. 2B) were enriched in 

the kidney throughout kidney development. Specific BAF isoforms and unique sub-

complexes are required for cardiac development (Hota et al., 2019; Sun et al., 2018; Singh 

and Archer, 2014). The apparent developmental switch in expression from Baf250a to 

Baf250b at E17.5 may indicate that Baf250b is required for growth of the kidney between 

E17.5-P0, when impairment of Brg1 mutants was most evident. Additional studies are 

needed to determine if subunit diversity of SWI/SNF complexes regulates unique gene 

expression profiles and developmental functions in the kidney. In conclusion, we 

demonstrated that Brg1, the catalytic subunit of SWI/SNF is required for growth of the 

embryonic kidney by regulating proliferation and differentiation of nephron progenitor cells.
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Fig. 1. 
Sall1 associates with SWI/SNF subunits. GST-fusion constructs of Sall1 wild type and 

Sall1-ΔSRM were expressed in COS-1 cells, which express NuRD and SWI-SNF complex 

components endogenously but do not express Sall1 or other Sall1 family members (Sall2–4). 

Cell lysates were precipitated with glutathione sepharose (GST) and analyzed by western 

blot using antibodies to Brg1, Baf155, RbAp48, Mta2, GST, and Gapdh. Sall1, but not Sall1-

ΔSRM pulled down NuRD components Mta2 and RbAp48. SWI/SNF subunits Brg1 and Baf 

155 (Smarcc1) interacted with wild type Sall1 and the mutant Sall1-ΔSRM that disrupts the 

association with NuRD, n = 2.
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Fig. 2. 
Developmental genes expression of SWI/SNF subunits. A. Schematic representation of the 

two main SWI/SNF complexes, BAF, PBAF, and the non-canonical complex ncBAF. B. 

Temporal expression profile of genes encoding SWI/SNF subunit in developing and adult 

kidney. mRNA expression was determined by real time RT-PCR. Relative expression was 

normalized to Gapdh.
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Fig. 3. 
Genetic deletion of Brg1 in Six2 + cells results in renal hypoplasia. A. Brg1 protein is 

expressed cap mesenchyme (CM, nephron progenitors), stroma, differentiating nephron 

structures and ureteric bud (UB) in E14.5 wild type kidneys. In E14.5 Six2-Cre, Brg1flx/flx, 

Brg1 protein expression is lost in CM and its derivatives in developing nephrons, but 

retained in stroma and UB, scale bar = 100 μm. B. At E14.5–15.5, a minority of Six2-Cre, 

Brg1flx/flx kidneys show a modest reduction in size. After E15.5, growth of Six2-Cre, 

Brg1flx/flx kidneys significantly lags behind kidneys from control littermates, scale bar = 100 

μm. C–E. Quantification of UB tips and Six2+ caps at different developmental stages in wild 

type and mutant kidney. Cytokeratin + UB tips were reduced in the mutant at E14.5 and 

E17.5, but not at E16.5. Six2+ caps were significantly diminished at all embryonic stages 

tested. Representative images of E14.5 and E16.5 kidney used for counting UB tips and 

caps, stained for cytokeratin, Six2 and DAPI. n = 3 for each stage and genotype, *p < 0.05. 

Statistical analysis was carried out by unpaired two-tailed t-test. Scale bar = 100 μm.
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Fig. 4. 
Reduced cell proliferation not apoptosis leads to depletion of nephron progenitor cells in 

Six2-Cre, Brg1flx/flx mutants. A–C. Quantification of mitotic cells by counting pHH3+, 

Six2+ cells per high-powered field (HPF). Total mitotic (B) and mitotic Six2+ progenitor 

cells (C) is reduced at E14.5, E16.5 and E17.5 in mutant kidneys. Representative images of 

E14 and E16 kidney used for quantification of mitotic cells (A), stained for pHH3, Six2, and 

DAPI are shown. D–F. Quantification of the number of TUNEL + cells per HPF. Total 

TUNEL + cells are increased in the mutant at E16.5 but not E14.5. However, quantification 

of TUNEL+, Six2+ cells/HPF did not reveal a significant increase in apoptosis in mutant 

nephron progenitors at E14.5 or E16.5 (F). Representative images of E14.5 and E16.5 

kidney used for quantification of TUNEL+, Six2+ cells are shown (D). n = 4 for each stage 
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and genotype. Data were analyzed by unpaired two tailed t-test. *p < 0.05. Scale bar = 100 

μm.
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Fig. 5. 
Nephron differentiation is impaired in Six2-Cre, Brg1flx/flx mutants. A. Representative 

images from E16.5 kidney immunostained for markers of renal vesicles (Lef1/NCAM), 

proximal tubules (Megalin), glomeruli (Wt1), loops of Henle (NKCC2), distal tubule (NCC) 

and collecting ducts (cytokeratin). Scale bar = 100 μm. B. Quantitation of renal vesicles and 

terminally differentiating nephron segments. Graphs represent the average number of 

segments/HPF (B, C). At E14.5 there is a 50% reduction in Lef1/NCAM + differentiating 

structures and Wt1+ glomeruli; Meglalin + proximal tubules were reduced by 87% at E14.5. 

At E16.5, the number of renal vesicles and all nephron segments except collecting ducts is 

reduced by > 50%. n = 4 for each stage and genotype, *p < 0.05 by unpaired two tailed t-
test.
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Fig. 6. 
Identification of Brg1 target genes in the developing kidney. A. RNA was isolated from 

E17.5 embryonic Brg1flx/flx and Six2-Cre, Brg1flx/flx kidneys. RNA-seq was performed to 

compare transcriptional profiles of control and mutant kidneys. 781 genes were 

downregulated and 726 upregulated in the mutant compared with control kidneys using a 

threshold of 2-fold change in mRNA expression. n = 3 from each genotype. B. Graph 

depicting progenitor and differentiation genes that showed altered expression in the mutant 

kidney by RNA-seq. C. Gene ontology analysis revealed enrichment for metabolic pathways 

and ribosomal biogenesis among downregulated genes, and cell adhesion for genes 

upregulated in the mutant kidney at E17.5. D. Oxidative phosphorylation and ribosomal 

genes that showed the most significant changes at E17.5 were not altered when tested by real 

time RT-PCR at E14.5. However, genes required to maintain nephron progenitors, Bmp7, 

Fgf9, Myc were significantly reduced at E14.5 (Brg1flx/+ n = 4, Brg1flx/flx n = 4, Six2-Cre 
Brg1flx/+ n = 6, Six2-Cre Brg1flx/flx n = 6, data analyzed by one-way ANOVA followed by 

multiple-group comparison analysis with Tukey correction, p < 0.05). E. Chip-seq was 

performed to define genomic binding of Brg1 in E16.5 wild type kidney. Brg1 binding was 

most highly enriched at gene promoters. F. Brg1 bound 42% (626/1505) of genes that 

showed altered expression by RNA seq in Six2-Cre, Brg1flx/flx kidneys.
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Fig. 7. 
Sall1 and Brg1 bind common promoters of nephron progenitor genes. A. Venn diagram 

showing genes with altered expression in Six2-Cre Brg1flx/flx embryonic kidney and Sall1−/

− nephron progenitor cells. B. Pie chart showing distribution of Sall1 genomic binding. C. 

Venn diagram showing common promoters bound by both Sall1 and Brg1. D–H. ChIP-seq 

tracks for Sall1, Brg1, H3K4me1, H3K27ac and RNA Pol II in E16.5 whole kidney showing 

promoter binding of Sall1 and Brg1 at nephron progenitor genes Six2, Myc, Bmp7, Fgf9, 

Eya1. I, Gene ontology for genes with altered expression in Six2-Cre Brg1flx/flx and Sall1−/

− kidneys. J. Gene ontology for promoters of genes bound by both Sall1 and Brg1.
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Table 1

Stage n Brg1flx/flx Six2Cre, Brg1flx/flx

E13, 14 41 23, normal 2/18 hypoplastic

E15, 16 60 37, normal 4/23 hypoplastic

E17, P0 37 23, normal 14/14 hypoplastic
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