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A Sall1-NuRD interaction regulates multipotent nephron
progenitors and is required for loop of Henle formation
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ABSTRACT
The formation of the proper number of nephrons requires a tightly
regulated balance between renal progenitor cell self-renewal and
differentiation. The molecular pathways that regulate the transition
from renal progenitor to renal vesicle are not well understood. Here,
we show that Sall1interacts with the nucleosome remodeling and
deacetylase complex (NuRD) to inhibit premature differentiation of
nephron progenitor cells. Disruption of Sall1-NuRD in vivo in knock-in
mice (ΔSRM) resulted in accelerated differentiation of nephron
progenitors and bilateral renal hypoplasia. Transcriptional profiling
of mutant kidneys revealed a striking pattern in which genes of the
glomerular and proximal tubule lineages were either unchanged or
upregulated, and those in the loop of Henle and distal tubule lineages
were downregulated. These global changes in gene expression were
accompanied by a significant decrease in THP-, NKCC2- and AQP1-
positive loop of Henle nephron segments in mutant ΔSRM kidneys.
These findings highlight an important function of Sall1-NuRD
interaction in the regulation of Six2-positive multipotent renal
progenitor cells and formation of the loop of Henle.
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INTRODUCTION
The human kidney has on the order of one million nephrons
(Nyengaard and Bendtsen, 1992), made up of an intricate system of
specialized tubules that all descend from a pool of nascent
progenitor cells. Regulation of the nephron progenitor cell is of
the utmost importance to produce the full complement of nephrons.
The nephron progenitor cells must self-renew to maintain the
progenitor pool, and at the same time differentiate to form the renal
vesicle (RV), the first epithelial tubule formation of the nephron.
Improper maintenance of the progenitor pool or premature
differentiation results in a depletion of nephron progenitors and
renal hypoplasia. Six2 and Sall1 have been identified as
transcription factors that inhibit differentiation to prevent
premature differentiation (Basta et al., 2014; Self et al., 2006).
However, our knowledge of pathways that regulate and balance the
transition between nephron progenitor cell self-renewal and
differentiation is still limited.
Although much progress has been made in determining gene

networks that regulate early patterning and initial renal epithelial

differentiation, a large gap remains in steps that regulate nephron
segmentation (reviewed by Desgrange and Cereghini, 2015). The
first evidence of a proximal/distal axis appears shortly after
mesenchymal cells differentiate into epithelial cells in the renal
vesicle, whereWT1marks the proximal lineage and Lhx1 marks the
distal lineage. A distal, intermediate and proximal boundary is
apparent in the S-shaped body, where Notch and WT1 mark
proximal fates, while Hnf1b and the Iroquois family (Irx1, Irx2,
Irx3) mark intermediate fates, and Lgr5 and Pou3f3 (Brn1) mark the
intermediate/distal lineage. Deletion of Pou3f3 results in
underdeveloped loops of Henle (Rieger et al., 2016), and deletion
of Hnf1b in the cap mesenchyme results in the complete loss of
proximal tubule, loop of Henle and distal tubule (Massa et al.,
2013). Recently, Lgr5 was identified as a marker of progenitor cells
for the thick ascending loop of Henle and distal convoluted tubule
(Barker et al., 2012). However, we do not know how lineage-
restricted progenitor cells of this nephron segment are specified.

Mutations in human SALL1 cause Townes Brocks Syndrome
(TBS, OMIM #107408), an autosomal dominant disorder
associated with multi-organ defects, including renal hypoplasia,
cystic kidneys and renal agenesis (Kohlhase, 2000; Kohlhase et al.,
1998). Recent studies have also identified SALL1 mutations in non-
syndromic renal hypoplasia, further underscoring the importance of
this gene for common birth defects of the kidney (Weber et al.,
2006; Hwang et al., 2014). Sall1 encodes a multi-zinc-finger
transcription factor that is required for normal kidney development
in the mouse. It is highly expressed in multi-potent renal progenitor
cells (Osafune et al., 2006) and cap mesenchyme (CM)-derived
differentiating structures [pre-tubular aggregates (PTA), renal
vesicles (RV), comma and S-shaped bodies] (Takasato et al.,
2004). After initial outgrowth of the ureter, Sall1 functions in the
nephron progenitor cells to inhibit premature differentiation of the
progenitor cells into renal vesicles (Basta et al., 2014).

Sall familymembers alter gene expression by associating with the
nucleosome remodeling and deacetylase (NuRD) complex via the
first 12 amino acids of Sall1, termed the Sall repression motif
(SRM) (Lauberth et al., 2007). The NuRD complex, consisting of at
least eight protein subunits, is one of four major types of ATP-
dependent chromatin remodeling complexes (reviewed by Lai and
Wade, 2011; Basta and Rauchman, 2015). It is distinguished by the
presence of two enzymatic functions: protein deacetylase activity
(HDAC1/2) and ATP-dependent chromatin remodeling activity
attributed to Mi2-α (CHD3) and Mi2-β (CHD4). Although HDACs
are present in many other complexes, Mi2-β and metastases-
associated protein (Mta1/2/3) family members are NuRD-defining
subunits. NuRD regulates key developmental processes, such as
stem cell maintenance and differentiation, cell proliferation and
epithelial-to-mesenchymal transition (EMT) (Fujita et al., 2003;
Luo et al., 2000; Yoshida et al., 2008; Basta and Rauchman, 2015).
Despite its initial characterization as a co-repressor, recent data
show that NuRD can either activate or repress target genes,Received 4 January 2017; Accepted 24 July 2017
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depending on the context (Zhang et al., 2012; Yoshida et al., 2008;
Gregory et al., 2010). In lymphocytes, Mi2-β uses distinct
mechanisms to mediate opposing effects on growth and
differentiation, depending on its association with the sequence-
specific DNA-binding protein Ikaros (Zhang et al., 2012).
Because of its crucial developmental functions and its association

with Sall1, we postulated that NuRD would also be required in renal
progenitor cells. Indeed, our studies show that the NuRD-specific
subunit Mi2-β is required in kidney development for proper
progenitor cell maintenance (Denner and Rauchman, 2013).
Furthermore, Mi2-β and Sall1 exhibit a strong genetic interaction
in the kidney (Denner and Rauchman, 2013). We postulated that the
interaction between Sall1 and NuRD is required for proper kidney
development. To test this hypothesis, we engineered a mouse
mutant with a three-amino acid mutation in the N-terminal Sall
repression motif of Sall1 that disrupts the NuRD interaction
domain (ΔSRM).

RESULTS
Disruption of Sall1-NuRD interaction in vivo causes
renal hypoplasia
Our previous studies identified crucial residues in the SRM that
mediate Sall1-NuRD association (Lauberth et al., 2007). Based on
these findings, we designed a gene targeting strategy to specifically
disrupt NuRD interaction with Sall1 by mutating three amino acids
in the SRM (Fig. 1A). We performed GST pulldowns to verify that
these mutations abrogated the interaction of Sall1 with NuRD
components. GST fusion proteins for wild type and the Sall1 protein
with the SRM mutation (hereafter referred to as ΔSRM) were
expressed in COS-1 cells, which express all NuRD components
endogenously, but not Sall1 or other Sall1 family proteins (Sall2-4).
Precipitated complexes were analyzed by western blot. Wild-type
GST-Sall1 pulled down NuRD complex components Hdac2, Mta2,
Mbd3 and RbAp48. In contrast, the GST-ΔSRM Sall1 fusion
protein failed to pull down any of the NuRD components (Fig. 1Ba).
To exclude the possibility that the mutations affected dimerization
or DNA binding of the ΔSRMmutant protein, we performed protein
interaction assays and electromobility shift assays (EMSAs). The
Sall1 dimerization domain is located in a glutamine rich region in
exon II, 220 amino acids downstream of the SRM (Fig. 1A). This
domain mediates homo- and hetero-dimerization between Sall
proteins (Kiefer et al., 2003; Sweetman et al., 2002). Both Sall1-HA
and ΔSRM-HA proteins pulled down Sall1-Flag protein when co-
expressed in COS-1 cells (Fig. 1Bb). GST-Sall1 and GST-ΔSRM
proteins pulled down Sall4 when co-expressed in COS-1 cells
(Fig. 1Bc), indicating that a N-terminal domain distinct from the
SRM is not affected by the point mutations in the SRM, and the
ΔSRM protein can homo- and hetero-dimerize with Sall1 and Sall4,
respectively.
Sall1 binds DNA through its C2H2 zinc fingers (Fig. 1A; Kanda

et al., 2014; Yamashita et al., 2007; Lauberth et al., 2007), which are
located C-terminal to the NuRD-binding domain. To determine
whether the SRM missense mutations affect DNA binding, we
performed EMSAs using probes corresponding to previously
identified Sall1 genomic-binding sites (Kanda et al., 2014). We
did not find any differences between Sall and ΔSRM DNA binding
(Fig. S1A-E). We conclude that DNA binding is not affected by
point mutations in the SRM.
To test whether Sall1-NuRD interaction is required in vivo for

kidney development, we derived mutant mice (ΔSRM) in which
exon I of Sall1 was altered to encode for R3G, R4G and K5A
mutations in the ΔSRM-Sall1 protein (Fig. 2A; Lauberth et al.,

2007). Embryos were born at near Mendelian frequency (27.9%
wild type, 51.8% Δ/+ and 20.2% Δ/Δ, n=326 embryos). Both
heterozygous and homozygous mutant ΔSRM embryos looked
morphologically normal (Fig. 2B). However, homozygous ΔSRM

Fig. 1. A three amino acid mutation in the SRM of Sall1 disrupts NuRD
binding. (A) Schematic of the wild-type Sall1 locus with three exons (I-III). Zinc
fingers are represented by white ovals; gray shaded area in exon II represents
the glutamine-rich Sall family member interaction domain. The first 12 amino
acids of Sall1 that interact with NuRD (Sall repression motif, SRM; shown in
red) are encoded in exon I and are listed below. A three amino acid mutation
(R3G, R4G, K5A) encodes ΔSRM. (B) (a) GST constructs of full-length wild-
type Sall1 or ΔSRM were overexpressed in COS-1 cells, which express
components of the NuRD complex endogenously, but do not express Sall1 or
family members (Sall2-4). Cell lysates were precipitated with glutathione
sepharose and analyzed by western blot (n=3). GST-Sall1 interacts with NuRD
components Hdac2, Mta2, Mbd3 and RbAp48. However, a three amino acid
mutation (ΔSRM-GST) abolishes the interaction with NuRD components
Hdac2, Mta2, Mbd3 and RbAp48. (b) Flu (HA)-tagged Sall1 and ΔSRM were
expressed in COS-1 cells with Flag-tagged Sall1. Cell lysates were precipitated
with anti-Flag agarose and analyzed by western blot. Sall1-Flag interacts with
both wild-type Sall1-HA and ΔSRM-HA (n=2). (c) GST constructs of full-length
wild-type Sall1 or ΔSRM were overexpressed with Sall4 in COS-1 cells. Cell
lysates were precipitated with glutathione sepharose and analyzed by western
blot (n=2). ΔSRM-GST does not interact with the NuRD component Mta2;
however, it still interacts with overexpressed Sall4.
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mutant mice died within 4 weeks of birth. Their kidneys were
hypoplastic, and in some mutants at 21 days of age the kidneys
were pale with cysts visible (Fig. 2C). ΔSRM homozygous mutant
embryos exhibited bilateral renal hypoplasia that was first apparent
at E15 (Fig. 3A). Body weights at E13 and E16 were
indistinguishable between wild-type and mutant embryos. At E16,
kidney size adjusted for body weight is markedly reduced in the
mutants (56.0±5.3 versus 26.1±5.3 mm2/g, P<0.05) (Fig. 3B).
To exclude the possibility that our targeting strategy affected

expression of ΔSRM, we examined the protein and mRNA levels in
developing kidney. Immunofluorescence staining of E16 kidneys
revealed that the expression level and localization of Sall1 protein
was similar in wild-type and ΔSRM homozygous mutant kidneys
(Fig. 3A). Furthermore, expression of wild-type Sall1 and mutant
ΔSRM mRNA transcripts were not significantly different at E17
(qRT-PCR 0.90) relative to wild type. Histological analysis of E17
kidneys revealed a smaller nephrogenic zone in the homozygous
ΔSRM mutant (Fig. 3C). We conclude that disruption of the
interaction between Sall1 and the NuRD complex leads to severe
bilateral renal hypoplasia.

Renal hypoplasia in ΔSRM mutants is not due to effects on
ureter branching or proliferation of nephron progenitors
To investigate the developmental mechanism of renal hypoplasia in
the ΔSRMmutants, we examined whether branching of the ureter or
the ability of the nephron progenitor population to expand as the
kidney grows was affected. The number of cytokeratin-positive
ureteric bud tips was not significantly different in ΔSRM mutants
compared with stage-matched wild-type controls at E13, E15, E18
or P2 (Fig. 4A,B). Thus, impaired branching morphogenesis did

not account for renal hypoplasia. We tested whether reduced
proliferation or increased apoptosis could account for renal
hypoplasia. The number of phospho-histone H3/Six2 double-
positive cells were not different in wild type and ΔSRM mutants at
E13, E15 and E18, indicating no reduction in proliferation in the
nephron progenitors (Fig. 4C,D). We analyzed apoptosis by
counting the number of total TUNEL-positive cells per high
power field. This analysis did not reveal an increase in total
apoptosis in ΔSRM mutants at E13, E15 or E18 in the kidney. We
also evaluated apoptosis specifically in the Six2-positive progenitor
cells. Although we observed no difference in TUNEL-positive cells
at E13 and E15 between wild-type and mutant kidney in the Six2-
positive cells, there was an increase in TUNEL-positive cells at E18
in the mutant specifically in the Six2-positive nephron progenitor
cells (Fig. 4E-G). Together, these results indicate that hypoplasia of
ΔSRM mutant kidneys evident by E15 is not due to impaired
proliferation or an increase in programmed cell death, suggesting an
alternative mechanism to account for this observation. However,
apoptosis in nephron progenitor cells at E18 is likely contributing to
the severe degree of hypoplasia seen in postnatal kidneys.

Nephron progenitor cell fate is altered in ΔSRM mutants
Our previous studies showed that Sall1 functions to restrain
differentiation of nephron progenitor cells (Basta et al., 2014). We
thus examined whether ΔSRM mutants exhibited accelerated
differentiation by quantifying the number of Six2+ caps, renal
vesicles (RVs) and ureteric bud tips (UB), and evaluating the ratio
between caps or RVs to UB tips in wild-type and mutant kidneys. At
E13 there was a 1.6-fold increase in the ratio of RVs/UB tips in
ΔSRM mutant kidneys, 1.4-fold at E15 and a 2.6-fold increase at

Fig. 2. A three amino acidmutation in the SRM of Sall1 causes renal hypoplasia. (A) Schematic of theSall1 locus, the targeting vector and the ΔSRMmutant
allele. The targeting vector introduced a three-amino acid mutation into exon I of Sall1, a LoxP site (black arrowhead) and a neomycin cassette (Neo) flanked by
Frt sites (white arrowheads) after this region. Deletion of the neomycin cassette by Flp recombinase yields the targeted ΔSRM locus. (B) E11.5 wild-type and
homozygous ΔSRM mutant embryos. (C) Weanling (21 day old) wild-type and homozygous ΔSRM mutant mice and their kidneys. The mutant kidney is
hypoplastic with cysts visible.
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E18. This was accompanied by a 46% reduction in the ratio of caps/
UB tips at E18 in the mutant (Fig. 5A,B), resulting in a decrease in
the ratio of caps/UB tips and increase in the ratio of RVs/UB tips. By
E18 we observed a noticeable change in the organization of Six2-
positive cap mesenchyme in the mutant. In the mutant, the cap cells
were poorly organized and aggregated as if induced to differentiate;
many RVs were in ectopic locations toward the periphery of the
kidney, rather than below (ventral to) the UB tips, as in the wild
type. In contrast, in wild-type E18 kidneys the condensed
mesenchyme was present at the periphery surrounding the UB tip
in an organized cap (Fig. 5A,C). The NCAM+/Rcdh+ renal vesicle-
like structures in the mutant developed lumens as expected for RVs,
and the majority of these renal vesicles exhibited properly polarized
WT1 and Lhx1 expression; however, some RVs toward the
periphery of the kidney did not express Lhx1 (Fig. 5D). Unlike
wild-type RVs, Six2 protein expression persisted at a relatively high
level, comparable with that in cap mesenchyme. This pattern is
reminiscent of that seen during cessation of nephrogenesis
(Hartman et al., 2007; Chen et al., 2015; Rumballe et al., 2011).
During nephron cessation, there is a burst of nephron induction that
is accompanied by an extension ofWnt9b expression in UB tips, and
an increase in expression of differentiation genes in the peripheral
nephrogenic zone from P0 to P4. Concomitantly, progenitor gene
expression declines. Multiple progenitor genes were prematurely
downregulated in the mutant kidney at E17, as determined by RNA-
seq (Cited1, −3.38; Pla2g7, −2.27; Meox2, −1.68; Crym, −1.42;
Eya1, −1.27). In situ hydridization revealed that the Wnt9b
expression domain was expanded from UB trunks to the tips in
ΔSRMmutant kidneys (Fig. S2A). Among differentiation genes, the
Wnt9b target Pax8was significantly upregulated (RNA-seq 1.62) in
the ΔSRMmutant, and this was confirmed by in situ hybridization at
E13, E15 and E18 (Fig. 5E). Immunofluorescence for Pax8
demonstrated induced mesenchyme aggregated at the periphery in

the mutant (Fig. 5F and Movies 1 and 2). However, we did not
detect any significant difference in expression of Wnt4 between
wild-type and mutant kidneys (Fig. S2B). Together, these results
suggest that, in ΔSRM mutant kidneys, nephron progenitor cells are
depleted due to accelerated differentiation in a process that
resembles premature cessation of nephrogenesis.

Sall1-NuRD interaction is required for loopofHenle formation
To gain insight into the molecular pathways that are coordinately
regulated by Sall1 and NuRD, we performed transcriptional
profiling of E17 wild-type and ΔSRM mutant kidneys by RNA-
seq. The stage-matched comparison revealed 93 upregulated genes
and 32 downregulated genes (≥2-fold). At the 1.5-fold level, there
were 379 upregulated genes and 128 downregulated genes that
reached statistical significance (P≤0.05). This finding supports our
previous studies indicating that a major role of Sall1-NuRD is
repression of gene expression (Lauberth and Rauchman, 2006;
Basta et al., 2014). Gene ontology analysis using DAVID (https://
david.ncifcrf.gov/) of genes changed at least 1.5-fold in the ΔSRM
mutant was similar to what we found with the Sall1 mutant (Basta
et al., 2014), with significant enrichment for the terms cellular
adhesion and cell-cell interaction (Table 1). Analysis of the RNA-
seq data revealed that genes expressed in proximal tubules were
largely upregulated or unchanged, while those in the loop of Henle,
thick ascending limb (TAL) and distal tubule segments were mostly
downregulated (Desgrange and Cereghini, 2015) (Fig. 6A). Among
the top ten downregulated genes was Lgr5, which was reduced 2.9-
fold (Table 2, Fig. 6C). Lgr5 marks lineage-restricted progenitors in
comma and S-bodies from E14 through birth that are dedicated to
forming the thick ascending limb of the loop of Henle and the distal
convoluted tubule (Barker et al., 2012). Interestingly, several other
genes that are co-expressed in FACS purified Lgr5+ progenitors,
including Jag1, Dkk1, Kcnj1, Slc12a1, Irx2 and Pou3f3 (Barker

Fig. 3. ΔSRM mutant kidneys have a
smaller nephrogenic zone. (A) Bright-
field images of E15 wild-type and
homozygous mutant ΔSRM kidneys
showing renal hypoplasia evident at E15.
Immunofluorescence for Sall1 of E16
wild-type and homozygous mutant ΔSRM
kidneys. (B) Body weight (in g) does not
differ in wild-type and mutant kidneys at
E13 and E16. The kidney size
(height×width in mm)/body weight (in g)
ratio was calculated (mm2/g) for E16 wild-
type (n=20) and homozygous mutant
ΔSRM (n=10) kidneys. Mutant E16
kidneys normalized to body weight were
significantly smaller than wild-type
kidneys (56.0±5.3 versus 26.1±5.3,
P<0.05, two-tailed t-test). (C) Histological
analysis of E17 wild-type and
homozygous ΔSRM mutant kidney;
mutant kidneys have a smaller
nephrogenic zone (bracket) than wild-
type kidneys. Scale bars: 200 µm in C.
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et al., 2012), were also significantly downregulated in the ΔSRM
mutant kidney (Fig. 6A,D). Several of these genes are known to be
important for formation of the loop of Henle and distal tubule. We
further investigated the expression of genes expressed in the S-body
marking the intermediate and distal fate of the nephron and found
that as early as E13 Jag1, Lhx1, Lgr5, Pou3f3 and Irx2 all had
reduced expression compared with wild-type E13 kidney. By E17,
expression of these genes in mutant kidney were reduced even more
significantly (Fig. 6D). Thus, analysis of global gene expression by
RNA-seq supported a bias towards formation of proximal versus
distal segments of the nephron in ΔSRM mutants.
The role of Sall1 in terminally differentiated nephron structures is

not known, and we investigated whether Sall1 was expressed in
mature nephron segments. We analyzed Sall1 expression in P0 wild-
type kidney and observed strong Sall1 expression in LTL-positive
proximal tubule, THP-positive thick ascending limb, NKCC2-
positive thick ascending limb and PNA-positive distal tubule. Sall1
was expressed in AQP1-positive thick and thin descending limb, but
to a lesser extent, and we observed no expression in cytokeratin-
positive ureter or collecting duct (Fig. 7). As genes expressed in the
S-body marking the intermediate and distal segments of the nephron
were reduced in the ΔSRM mutant, we hypothesized that these
segments may not develop normally in the mutant. We stained
80 μm sections from E18 kidneys and obtained optical sections over
several cell diameters in both sagittal and transverse planes using

confocal microscopy. These studies showed that, while medullary
collecting ducts are present in the mutant, there is a near total loss of
NKCC2/AQP1-positive loops of Henle in the inner medulla (Fig. 8,
Movies 3-6). To confirm this finding, we analyzed P2 wild-type and
mutant kidneys for proteins expressed in terminally differentiated
nephron structures: glomeruli (WT1), proximal tubules (LTL), thick
and thin descending limb (AQP1), thick ascending limb (NKCC2 and
THP), distal tubule (PNA) and collecting duct (cytokeratin) (Fig. 9A).
Quantification of these structures revealed a statistically significant
reduction of all of these structures in the mutant compared with wild-
type kidneys. However, we observed a markedly disproportionate
reduction of THP- and NKCC2-positive structures in the thick
ascending limb of the loop of Henle in the inner medulla (Fig. 9B,C).
These data suggest that Sall1-NuRD interaction is required for the
proper formation of the loop of Henle. The significant reduction of
Lgr5 expression at E17 could be due to reduced formation of these
loop of Henle precursors or their loss due to apoptosis. To distinguish
these possibilities, we quantified TUNEL-positive cells in comma
and S-bodies. We did not detect any differences in the number of
TUNEL-positive cells per comma/S-bodies between wild-type and
mutant kidneys at E15 (1.25 versus 1.51, P=0.35). However, in situ
hybridization revealed that Lgr5 mRNA expression was significantly
reduced in S-bodies at E18 (Fig. 6C). Together, these results suggest
that there is reduced formation of Lgr5-positive loop of Henle
precursors in ΔSRM mutant kidneys.

Fig. 4. Renal hypoplasia in ΔSRM mutants is not due to effects on ureter branching or proliferation of nephron progenitors. (A) Quantification of UB
tips at different developmental stages in wild-type and mutant kidney. Cytokeratin+ UB tips are not reduced in the mutant at E13, E15, E18 or P2.
(B) Representative images of E13 kidney used for counting UB tips, stained for cytokeratin and with DAPI. (C) Quantification of mitotic index calculated by
counting pHH3+ Six2+ cells, divided by the total number of Six2+ cells per high-powered field (HPF). Mitotic index of Six2+ progenitor cells is not reduced at E13,
E15 or E18 in mutant kidneys. (D) Representative images of E18 kidney used for quantification of mitotic index, stained for pHH3 and Six2, and with DAPI.
(E) Quantification of the number of total TUNEL+ cells/HPF at E13, E15 and E18. Total TUNEL+ cells are not significantly different in wild-type and mutant kidney at
these stages. (F) Quantification of TUNEL+ Six2+ cells/HPF in E13, E15 and E18 kidney. A significant number of Six2+ progenitor cells are undergoing apoptosis at
E18 in the mutant compared with wild-type kidney (*P<0.05). (G) Representative images of E18 kidney used for quantification of TUNEL+ Six2+ cells. Scale bars:
50 µm. For A,C,E,F, n=6 sections from two embryos at each developmental stage and genotypewas analyzed. Statistical analysis was carried out using a two-tailed
t-test.
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Fig. 5. See next page for legend.
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Overall, this study demonstrates that Sall1 and NuRD act
cooperatively to regulate the fate of two progenitor cell
populations in the developing kidney: Sall1-NuRD acts to restrict
differentiation of multipotent Six2+ cells and is important in
mediating lineage delineation of the Lgr5+ nephron precursor into
thick ascending limb of the loop of Henle.

DISCUSSION
In order to form a functional kidney with a full complement of
nephrons, a balance between nephron progenitor self-renewal and
differentiation must be tightly regulated. Reduction in progenitor
cell self-renewal or an increase in differentiation can deplete the
progenitor cell population prematurely, resulting in renal
hypoplasia, a common cause of childhood kidney failure.
Although our knowledge of genes and pathways that control renal
organogenesis has increased substantially, our understanding of
molecular mechanisms that regulate this crucial nephron progenitor
cell fate decision is limited.
Intrinsic properties of nephron progenitor cells that affect gene

regulatory networks are crucial in determining whether a cell
remains in the stem cell niche to self-renew or exits the niche to
differentiate (Chen et al., 2015; Brown et al., 2011, 2015; Park
et al., 2012). Tissue-restricted transcription factors must cooperate
with large chromatin-modifying complexes to direct rapid changes
in gene expression to regulate stem cell fate in developing organs.
In the kidney, Six2 and Sall1 are transcription factors expressed in

nephron progenitor cells that inhibit or restrain differentiation
(Basta et al., 2014; Self et al., 2006). However, the identity of
chromatin remodeling complexes that cooperate with these tissue-
restricted transcription factors in the kidney is poorly understood.
Using a knock-in mouse strategy, our studies reveal that Sall1
cooperates with the nucleosome remodeling and deacetylase
(NuRD) complex to regulate the fate of multipotent Six2-positive
nephron progenitor cells and thereby significantly impact nephron
endowment at birth.

The NuRD chromatin remodeling complex is ubiquitously
expressed and has crucial functions in embryonic stem cells and
progenitor cells. A key aspect of how NuRD acts in different tissues
and contexts is via its interaction with tissue-restricted transcription
factors. In addition to Sall family proteins, several other tissue-
restricted transcription factors have the conserved first 12 amino
acids of the Sall repression motif and disrupting their interaction
with NuRD leads to developmental defects in mice and humans
(de Ligt et al., 2012; Kiefer et al., 2008; Liu et al., 2014; Verstappen
et al., 2008;Wieczorek et al., 2013;Willemsen et al., 2013;Waldron

Fig. 5. Disruption of the Sall1-NuRD interaction causes accelerated
differentiation of renal progenitor cells. (A) Sections of wild-type andmutant
kidney at E13 and E18 stained for Six2 and cytokeratin, and with DAPI. The
number of Six2+ caps surrounding UB tips looks similar in the wild type and
mutant at E13. However, by E18 the number of Six2+ caps is reduced and
Six2+ cells are in structures that resemble renal vesicles. (B) Quantification of
the number of Six2+ caps/UB tip in E13, E15 and E18 kidney. The number of
Six2+ caps/tip is reduced by E18 in the ΔSRM homozygous mutant (*P<0.05).
Quantification of the number of renal vesicles (RVs)/UB tip in wild-type and
mutant kidney at E13 and E15 (see C for E18). There are significantly more
RVs/tip in the mutant at E13, E15 and E18 (*P<0.05, two-tailed t-test).
Quantification performed on 10 non-sequential sections for each stage and
genotype; E13, n=3; E15, n=2; E18 wild type, n=2, E18 mutant, n=4. (C) E18
wild-type and mutant kidney sections stained for Six2 and NCAM, and with
DAPI. In the wild-type kidney, Six2+ cells are in caps surrounding the ureter. In
the mutant, there are RV structures that are Six2+ NCAM+ towards the
periphery of the kidney. (D) E18 kidney sections stained for Six2 andRcdh, and
with DAPI (left). Rcdh is found in the luminal side of RVs as well as in further
differentiated structures. Examples of RVs are marked by asterisks in the wild-
type and mutant kidney, although the Rcdh+ vesicles in the mutant kidney are
also Six2+. E18 kidney sections stained for WT1 and Lhx1, and with DAPI
(right). Properly polarized RVs are marked by asterisks in the wild-type and
mutant kidney. The majority of RVs are properly polarized; however, we
observed some toward the periphery of the kidney that do not properly polarize
(arrow). (E) In situ hybridization for Pax8 at E13, E15 and E18. Pax8 mRNA
expression is increased in developing differentiating structures at three
developmental stages. Arrows at E18 indicate RVs in thewild type andmutant,
with the RV in the mutant expressing strong Pax8 towards the periphery of the
kidney. n=2 for each embryonic stage. (F) Immunofluorescence staining of E18
kidneys for Pax8 and NCAM, and with DAPI. At E18 in the wild type, Pax8 is
detected in NCAM/Pax8 double-positive pre-tubular aggregates, developing
RVs and comma/S-shaped bodies, with low expression in the UB; it is
undetectable in the cap mesenchyme (arrowheads). In the mutant, Pax8 is
detectable in the region of the capmesenchyme ventral to the UB. ThesePax8/
NCAM double-positive structures are forming aggregates or RV-like structures
toward the periphery of the kidney, indicative of induced mesenchyme and
epithelial differentiation (four examples show the variation in phenotypes
observed, with arrows indicating Pax8-positive aggregates in the first
example). n=4 sections from three different embryos for each genotype. Scale
bars: 50 µm in A,C,D,F; 25 µm in E.

Table 1. Gene ontology analysis of genes changed in ΔSRM mutant
kidney

Biological process
Number
of genes P value

Multicellular organism development 40 1.70E-03
Positive regulation of transcription from RNA
polymerase II promoter

32 5.70E-02

Cell adhesion 27 6.60E-05
Positive regulation of transcription, DNA
templated

27 9.50E-04

Cell differentiation 25 9.60E-02
Negative regulation of transcription from
RNA polymerase II promoter

24 8.30E-02

Phosphorylation 23 2.80E-02
Protein phosphorylation 22 2.70E-02
Ion transport 22 3.10E-02
Negative regulation of transcription,
DNA templated

20 7.80E-02

Cellular component
Number
of genes P value

Membrane 221 3.00E-06
Cytoplasm 176 1.70E-02
Plasma membrane 126 9.50E-02
Extracellular exosome 88 5.10E-04
Extracellular region 70 7.80E-06
Cytosol 54 3.60E-02
Extracellular space 48 2.10E-02
Integral component of plasma membrane 46 2.40E-04
Cytoskeleton 39 1.00E-02
Proteinaceous extracellular matrix 26 9.80E-08

Molecular function
Number
of genes P value

Protein binding 123 9.80E-04
Metal-ion binding 105 7.10E-04
Nucleotide binding 60 1.70E-02
ATP binding 48 2.20E-02
Transferase activity 46 3.30E-02
Zinc-ion binding 35 4.00E-02
Sequence-specific DNA binding 32 7.60E-05
Protein homodimerization activity 32 3.50E-03
Kinase activity 24 4.20E-02
Calcium-ion binding 23 9.00E-02

Genes identified by RNA-seq of ΔSRM mutant kidney at E17.5. Genes
analyzed included genes changed in the mutant at least 1.5-fold with P≤0.05.
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et al., 2016; Mori and Bruneau, 2004; Garnatz et al., 2014;
Roche et al., 2008; Wang et al., 2011).
We have previously shown that Sall1 controls the balance

between self-renewal and differentiation of nephron progenitor cells
(Basta et al., 2014). When Sall1 is knocked out in the mouse, Six2-
positive nephron progenitor cells are depleted due to rapid
differentiation into renal vesicles. This results in growth arrest and
severely hypoplastic kidneys. Conditional deletion of Sall1 in Six2-
positive cells produced a similar phenotype, indicating that Sall1 is
required cell-autonomously to restrain differentiation of nephron
progenitor cells (Kanda et al., 2014; J.M.B. andM.R., unpublished).
Our previous work showed that the NuRD-specific componentMi2-
β (Chd4) is required to maintain renal progenitor cells in a state of
self-renewal (Denner and Rauchman, 2013).
As Sall1 and NuRD physically associate and both are required for

maintenance of renal progenitors, we hypothesized that the
functional interaction between Sall1 and NuRD would be
important for kidney development and the regulation of renal
progenitor cells. To test this hypothesis, we made a Sall1 mouse
mutant that specifically disrupted the interaction between Sall1 and
NuRD. Embryos exhibited renal hypoplasia by E15, which was not
accompanied by a reduction in UB branching, a decrease in
proliferation of nephron progenitors or an increase of apoptosis in

nephron progenitors until late in development. However, a notable
finding was an increase in renal vesicles evident as early as E13,
leading us to conclude that the interaction between Sall1 and NuRD
was important for restraining the progenitor cells from
differentiating prematurely into renal vesicles. This phenotype is
similar, but less severe than that in Sall1 null homozygous mutants,
indicating that Sall1 must also use NuRD-independent mechanisms
to regulate the propensity of nephron progenitors to undergo
differentiation. Our studies also suggest a related role for Sall1 in
determining the timing of the burst of differentiation associated with
nephron cessation.

At the level of gene regulation, two models could explain the
occurrence of unrestrained differentiation of nephron progenitor
cells. One model posits that the Sall1-NuRD interaction is required
to activate or maintain expression of genes such as Six2, Fgf9 and
Fgf20 (Self et al., 2006; Barak et al., 2012), which promote self-
renewal and retention in the stem cell niche. An alternative model is
that Sall1 is required to repress differentiation genes to prevent
formation of renal vesicles. Sall1 and Six2 physically interact and
co-occupy nephron progenitor gene loci to positively regulate their
expression (Kanda et al., 2014). However, direct repression of
differentiation genes by Sall1 appears to be independent of Six2
(Kanda et al., 2014). In ΔSRM, Six2 and Fgf9/20 expression is not

Fig. 6. Expression of loop of Henle and distal tubulemarkers are decreased in the ΔSRMmutant at E17. (A) RNA-seq data represented by log2 fold change
(mutant/wild type) for genes expressed in terminally differentiated nephron segments. The majority of genes expressed in glomeruli and proximal tubule
have no change or are upregulated. However, those genes expressed in Henle’s loop (HL), the thick ascending limb of Henle’s loop (TAL) and the distal
convoluted tubule are all downregulated. (B) The segments of the nephron. Colors correspond to the gene expression for each segment in A. (C) Section in situ
hybridization for Lgr5 at E18 reveals reduced mRNA expression in the mutant in the intermediate region of S-shaped bodies (arrows). Scale bar: 25 µm. (D) qRT-
PCR for genes expressed in the intermediate and distal regions of the S-body in wild-type and mutant ΔSRM mutant kidney at E13, E15 and E17. At E13,
when S-bodies are beginning to form, genes such as Dkk1, Lgr5, Irx2, Tfap2b, Jag1 and Pou3f3 all have reduced expression in the mutant kidney. Data are
expressed as fold-change in expression relative to wild-type controls at each time point. RT-PCR was performed in triplicate; E13, n=10 kidneys/cDNA pool; E15,
n=5 kidneys/cDNA pool; E17, n=2 kidneys from independent embryos/cDNA pool.

3087

STEM CELLS AND REGENERATION Development (2017) 144, 3080-3094 doi:10.1242/dev.148692

D
E
V
E
LO

P
M

E
N
T



altered, supporting the second model whereby Sall1 and NuRD
cooperate to repress the nephron differentiation gene expression
program. Consistent with this model, we observed upregulation of
Pax8, a Wnt9b target gene induced in renal vesicles. In addition,
binding in a genomic region downstream of the Pax8 gene may
suggest that it is a direct Sall1 target (Fig. S1E). In contrast, we did
not find increased expression of Wnt4, a known inducer of
mesenchymal-epithelial transition (MET) and RV formation in
the kidney (Stark et al., 1994). Similarly, Wnt4 expression is not
ectopically expressed in Sall1-null mutants that also exhibit robust
premature differentiation (Basta et al., 2014; Kanda et al., 2014).
How can ectopic RV formation occur in the absence of increased
Wnt4? Wnt4 is thought to induce MET and RV formation by
activating β-catenin-independent, non-canonical signaling
pathways (Tanigawa et al., 2011). Our RNA-seq data revealed
that multiple genes involved in non-canonical Wnt signaling are
upregulated in the ΔSRM mutant kidney (Ror2, Fzd2, Dvl1 and
Prickle1), as well as enrichment for Rho GTPase activator activity
(P<0.03). We hypothesize that loss of Sall1-NURD interaction
leads to increased responsiveness to the Wnt4 ligand, resulting in

accelerated differentiation. This model can be tested in future
studies using ChIP-seq to determine where Sall1 and NuRD
components colocalize at these genes, and regulate their expression
and function.

Six2 expression is normally downregulated as cap mesenchyme
cells transition to pre-tubular aggregates and renal vesicles.
However, we observed Six2 protein expression in renal vesicles in
the mutant ΔSRM kidney equal to expression levels observed in the
cap mesenchyme. This is reminiscent of the nephron cessation
process, in which signals initiate a burst of differentiation, cap
mesenchyme markers are downregulated and renal progenitor cells
are depleted. During nephron cessation, Six2 expression is
downregulated in the cap and is instead expressed in the renal
vesicles (Rumballe et al., 2011). Similar to what others have
observed with nephron cessation, this transition in Six2 expression
was accompanied by a loss of genes expressed in the cap
mesenchyme in the ΔSRM mutant (RNA-seq: Cited1, −3.38;
Meox2, −1.68; Crym1,−1.42). Although these changes are
typically evident at P2 in wild-type mouse kidneys, in ΔSRM
mutant kidneys they occurred 3-4 days earlier in utero, severely
blunting the developmental window when many nephrons are
formed (Short et al., 2014). These findings suggest that disruption of
the Sall1 interaction with NuRD results in renal hypoplasia due in
part to premature cessation of nephrogenesis. Chen et al.
discovered that young and old Cited1-positive progenitors
displayed different rates of self-renewal and exit from the
nephron stem cell niche. Older cells are more likely to leave
the niche and differentiate. Age-dependent differences in
progenitor cell behavior could be the result of an internal clock
that determines when a cell will stop self-renewing. However,
because this ‘clock’ can be reset by transplanting ‘old’ cells into a
younger niche, the environment is also crucial to the decision to
stay or exit the niche (Chen et al., 2015). Cell-cell contact
between young and old cells tends to create an environment that
favors retention in the niche. A possible explanation for the
ΔSRM phenotype is that Six2-positive nephron progenitors in this
mutant are behaving like ‘old’ cells. As development proceeds,
‘old’ cells accumulate more quickly in ΔSRM mutant than in the
wild type, altering the niche environment to favor exit over
retention. This culminates in early cessation of nephrogenesis.
Our transcriptional profiling identified that the most significant
pathway altered in ΔSRM mutant kidneys involved cell-adhesion
and cell-cell interactions. Differences in global gene expression
between old and young Cited1 progenitors also showed
enrichment for genes involved in cell adhesion, as well as
chromatin modifiers (Chen et al., 2015). This suggests that
disruption of cell-cell or cell-matrix interactions in the cap
mesenchyme contributes to premature differentiation in the
ΔSRM mutant.

In embryonic stem cells, NuRD acts to fine tune the level of
expression of the pluripotency network genes, allowing a
permissive environment for differentiation, while still enabling
cells to self-renew (Reynolds et al., 2012). We speculate that, in the
developing kidney, NuRD may have a similar function to enable
Six2 progenitors to self-renew, yet still be capable to respond to a
Wnt9b inductive signal. CanonicalWnt signaling is required both to
promote self-renewal and to induce differentiation of nephron
progenitors (Karner et al., 2011). The NuRD-specific component
Mi2β has been shown to function as a modulator of β-catenin-
dependent gene transcription (Kim et al., 2012; Major et al., 2008).
Similarly, prior studies have shown that Sall1 associates with
β-catenin and regulates canonical Wnt signaling in the kidney

Table 2. The most misregulated genes in ΔSRM mutant kidney at E17

Gene Log2 (Δ/Δ/WT) P value

Arhgap36 3.756 2E-04
Cyp2e1 2.971 2E-04
Slc22a30 2.938 8E-04
Acsm3 2.88 4E-02
Crisp1 2.84 4E-02
Kcne1l 2.671 2E-03
Tenm2 2.644 3E-04
Trh 2.558 1E-02
Haao 2.338 4E-03
Slc22a28 2.238 1E-02
Prelp 2.194 3E-03
Miat 2.159 7E-03
Cyp27b1 2.136 5E-02
Abp1 2.123 1E-03
Lypd1 1.974 8E-03
Cbln4 1.966 8E-03
Gm853 1.964 8E-03
Cml2 1.95 7E-04
Crabp1 1.879 2E-03
Serpina6 1.845 1E-02
Ugt2b34 −2.229 2E-02
Tmem100 −2.116 3E-02
Apom −2.063 2E-03
Dkk1 −1.821 2E-02
Cited1 −1.758 4E-02
Afp −1.713 4E-03
Tnn −1.663 6E-03
Col9a1 −1.659 6E-04
Lgr5 −1.541 1E-02
Fndc3c1 −1.471 8E-03
Gm12504 −1.404 4E-02
Slc35f1 −1.388 2E-02
Fam167a −1.299 1E-04
Defb1 −1.269 1E-03
Gm13315 −1.241 4E-02
Kcnj1 −1.236 2E-04
Bmper −1.216 9E-04
Btbd11 −1.208 4E-02
Pla2g7 −1.18 1E-02
Lpl −1.177 5E-02

Top 40 genes (20 upregulated, 20 downregulated) changed by RNA-seq in
E17.5 homozygous mutant ΔSRM kidney. Fold-change is expressed as Log2
(mutant/wild type).
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(Karner et al., 2011; Sato et al., 2004). We hypothesize that NuRD,
through its association with Sall1 may function to interpret the
response to canonical Wnt signaling to balance self-renewal and
differentiation of nephron progenitors.
The nephron is a complex epithelial structure with distinct regional

identities. Nephron segments comprise distinct cell types that perform

unique physiological functions in the mature kidney. How does
regional specification of the nephron occur in the developing kidney?
Multipotent Six2/Cited1+ progenitors in cap mesenchyme contribute
to cells along the entire axis of the nephron, from the proximal to
the distal tubule (Boyle et al., 2008; Kobayashi et al., 2014). This
indicates that lineage-restricted precursors that define specific

Fig. 8. ΔSRMmutant kidneys have significant loss of loops of Henle. (A-D) Sagittal sections (80 µm) of E18 kidney fromwild type andmutant were stained for
AQP1, NKCC2 and LTL, and with DAPI (A,B) or for AQP1, NKCC2 and cytokeratin, and with DAPI (C,D), and imaged using confocal microscopy. Images are 3D
projections from∼50 µm z stacks. Loops of Henle are stained green (both AQP1 and NKCC2 primary antibodies are rabbit polyclonal antibodies and are detected
with the same Alexa 488 antibody); proximal tubules are stained in red (from LTL) (A,B); collecting ducts are stained red (from cytokeratin) (C,D). (A,B) Proximal
tubules (red) are present in the cortex and outer medulla, and Loops of Henle (green) descend into the inner medulla. Proximal tubule/descending loop junctions
are observed (yellow) in the wild-type kidney. In the mutant kidney, proximal tubules (red) and proximal/descending limb junctions (yellow) are detected, but very
few loops of Henle (green) descend into the inner medulla. (C,D) The same pattern of loops of Henle (green) descending into the inner medulla is observed in the
wild type, whereas very few loops are seen in the mutant; however, cytokeratin-positive collecting ducts and papilla are present in the mutant inner medulla,
indicating proper patterning. The loops present in the mutant in the deep cortex/outer medullary region appear largely cystic and misshapen (C,D).

Fig. 7. Sall1 expression in terminally differentiated nephron segments. Sections from P0 wild-type kidney stained for terminally differentiated nephron
markers: LTL, proximal tubule; THP, thick ascending limb; PNA, distal tubule; AQP1, thick and thin descending limb; NKCC2, thick ascending limb; cytokeratin,
ureter and collecting duct; and Sall1. Scale bars: 100 μm.
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epithelial phenotypes are not found in this progenitor cell population.
Rather progeny of these multipotent cells must give rise to committed
precursors in immature nephrons that in turn generate specialized
segments of the mature nephron. The molecular identity of these
committed segment-specific cell populations and the mechanism
regulating their differentiation is not well understood.
Our studies reveal that formation of the loop of Henle depends on

the association of Sall1 and NuRD in the developing kidney. In the
ΔSRM mutant, there is a reduction in all nephron segments because
accelerated differentiation leads to loss of nephron progenitor cells.
However, the almost complete absence of tubules that express
Tamm-Horsfall protein (THP, UMOD) and NKCC2, unique
markers of the loop of Henle, is disproportionate to the loss of all
other nephron segments. The reduction in loop of Henle formation
was >80% compared with a ∼30-40% reduction in other regions of
the nephron. This indicates that specification of this nephron
segment is selectively impaired and its loss is not simply a
consequence of the depletion of multipotent Six2-positive nephron
progenitor cells. Lgr5, an epithelial stem cell marker, identifies

progenitor cells in the comma and S-shaped bodies that gives rise to
the thick ascending limb and distal convoluted tubule. Isolation of
Lgr5-positive cells identified a subset of genes that are co-expressed
in the comma and S-shaped body (Barker et al., 2012). Our
transcriptional profiling revealed Lrg5 as one of the most highly
downregulated genes in the ΔSRM mutant kidney at E17.5. In
addition, Lgr4, Jag1, Dkk1, Pou3f3 and Slc12a1 were all
significantly downregulated in the mutant kidney. Early epithelial
structures in the developing kidney, beginning at the renal vesicle
stage, exhibit polarization of gene expression, prefiguring
segmentation of the nephron. Initially, proximal and distal regions
can be discerned in the renal vesicle, but in more mature epithelial
structures (comma and S-bodies), an intermediate region, which
will give rise to the loop of Henle becomes evident. In ΔSRM
mutants, we found that genes expressed in the intermediate region
that are required for loop of Henle formation, Lgr5, Pou3f3 and
Irx1/2/3, were significantly reduced at E13-E15. Sall1 binds
genomic regions in the vicinity of Lgr5, Pou3f3 and Tfap2b
(Fig. S1B-D), suggesting it may directly regulate the genes that

Fig. 9. Thick ascending limb segments of the loop of Henle are disproportionately fewer in number in ΔSRM homozygous mutant kidney at P2. (A)
Sections from P2 wild-type and homozygous mutant ΔSRM kidney stained for terminally differentiated nephron markers: LTL, proximal tubule; THP, thick
ascending limb (TAL); PNA, distal tubule; AQP1, thick and thin descending limb; NKCC2, thick ascending limb; cytokeratin, ureter and collecting duct. (B)
Quantification of the number of terminally differentiated nephron structures/high-powered field (HPF) in the inner medulla (IM) and outer medulla/deep cortex
region (OM). The gray dashed line in A indicates the separation between IM and OM/deep cortex for quantification. The numbers represented are the average±s.
e.m. All nephron structures were statistically significantly fewer in number in P2 mutant (*P<0.05, two-tailed t-test). The % area stained by DAPI (DAPI % area) of
the HPFwas calculated and did not differ betweenwild-type andmutant sections analyzed for quantification of nephron structures. (C) Fold-change in the number
of nephron structures (mutant/wild type)/HPF. All nephron structures are reduced in number by at least 25%; however, those structures in the loop of Henle
marked by AQP1 [inner medullary (IM) thin descending limb], THP (thick ascending limb) and NKCC2 (thick ascending limb) were all reduced in number by at
least 80-90%. Scale bars: 100 μm. Quantification performed on 10 non-sequential sections for each genotype (n=2).
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specify loop of Henle precursors. Together, these data suggest that
Sall1 and NuRD are required to specify lineage-restricted
progenitors of the loop of Henle.
It has been suggested that a gradient of canonical Wnt activity at

the S-body stage is crucial for proper segmentation of the nephron
(Lindstrom et al., 2015). Lgr5 is both a mediator and a target of Wnt
activity. Both Sall1 and NuRD has been shown to modulate Wnt
signaling (Karner et al., 2011; Sato et al., 2004; Major et al., 2008).
We hypothesize that the two phenotypes observed in ΔSRMmutants,
accelerated differentiation of nephron progenitor cells and impaired
lineage determination of loop of Henle progenitors, could be
attributable to related molecular mechanisms whereby Sall1 and
NuRD function cooperatively to interpretWnt signals at target genes.

MATERIALS AND METHODS
Protein interaction assays
For Sall1 and ΔSRM/NuRD interaction assays, GST-Sall1 fusion proteins
were cloned into pEBG and overexpressed in COS-1 cells (ATCC CRL-
1650). After 48 h, cells were lysed and precipitated with glutathione
sepharose. Lysates were analyzed by western blot using primary and
HRP-labeled secondary antibodies (Table S1). For Sall1 and ΔSRM
homo-dimerization assays, Sall1 was cloned into Flag-tagged pCDNA3
and HA-tagged pCDNA3, and ΔSRM was cloned into HA-tagged
pCDNA3. Constructs were overexpressed in COS-1 cells and cell lysates
were precipitated with anti-Flag agarose (Sigma Aldrich) and analyzed by
western blot. For Sall1 and ΔSRM hetero-dimerization assays, GST-Sall1
fusion proteins were overexpressed as described above, in addition to
Sall4, which was cloned into pCDNA3 and overexpressed in COS-1 cells.
Lysates were precipitated with glutathione sepharose and analyzed by
western blot.

Generation of ΔSRM homozygous mutant mice
A targeting vector (pSV-FLP-Cre), containing four DNA base pair
mutations in exon I of Sall1 encoding for a triple amino acid mutation
[R3R4(G)K5(A)] was generated by recombineering using a BAC clone
(pBeloBAC11) containing exon I and II of the Sall1 locus. The targeting
vector was linearized and electroporated into Scc10 cells. Clones were
screened using Southern blot analysis. Positively targeted clones were
injected into 129-SvJ blastocysts (Mouse Genetics Core, Washington
University, MO, USA). Chimeric mice were bred with ICR mice to obtain
germline transmission. Progeny were bred with ROSA26-FLPeR mice
(Jackson Laboratory 003946) to excise the neomycin cassette from the Sall1
locus. Wild-type and mutant alleles were detected by PCR genotyping using
the following primers: 5′-CTGATGTTTGAGCCAGCATG-3′ and 5′-
AAGTGGGAACGAGAGTTTGG-3′. Mutations in ΔSRM mice were
verified by sequencing. All experiments were performed with approval of
the Saint Louis University IACUC.

Histology and immunohistochemistry
Embryonic kidney size was determined by measuring the height and width
of the kidney (height×width in mm), and related this to the overall weight of
the embryo (in g). Embryonic kidneys were fixed with 4% PFA overnight
and embedded in paraffin wax, sectioned at 4 μm and stained using Harris’
Hematoxylin and Eosin Y (St Louis University Research Microscopy and
Histology Core). For immunofluorescence, 7 µm frozen sections were
washed with ice-cold 100% methanol, 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 counterstained with DAPI (Sigma Aldrich),
mounted in Mowiol 4-88 (Poly Sciences) and digital images acquired
using a Leica DM5000B epifluorescence microscope and Leica
DFC365FX camera. Minimum and maximum values for each channel
were set manually to represent structures stained by antibodies rather
than for the purpose of relative intensity comparisons. The total
brightness was adjusted globally in Photoshop to allow display of signal
range in figures.

Quantification of UB branching
Embryonic kidneys were immunostained and the number of cytokeratin-
positive UB tips was counted on six non-sequential sections (20×
magnification) from two independent embryos for each stage and
genotype. Results are reported as the average number of tips per section
±s.e.m. Statistical analysis using standard t-tests was performed.

Mitotic index of Six2-positive cells
Mitotic index was determined by staining embryonic kidneys for pHH3 and
Six2. Nuclei were stained using DAPI. The ratio of pHH3+Six2+/total Six2+

cells was calculated. At least 2000 nuclei for each stage and genotype were
counted on six non-sequential sections (20× magnification) from two
independent embryos.

Apoptosis
Apoptosis was determined by performing TUNEL analysis using the
ApopTag Red In SituApoptosis Detection Kit (Millipore). The average total
number of TUNEL+ cells/section (20×magnifications) or the average
TUNEL+/Six2+ cells/section were calculated from six non-sequential
sections from two different embryos for each stage. Results were reported
as the total TUNEL/high power field (HPF) or TUNEL+/Six2+ cells/HPF±
s.e.m. Statistical analysis using standard t-tests was performed. The average
number of TUNEL-positive cells in NCAM-positive comma/S-bodies was
calculated from at least six non-sequential sections from E15 kidneys.

Quantification of Caps/Tip and RVs/Tip
Embryonic day (E) 13, E15 and E18 kidneys were immunostained for Six2,
cytokeratin or NCAM, and with DAPI. For each section, the number of
cytokeratin+ UB tips, Six2+ caps and NCAM+ RVs were counted. For each
stage and genotype, 10 non-sequential sections at 20×magnification were
counted. Results were reported as the average ratio of the number of caps or
RVs divided by the number of UB tips for each section±s.e.m. Statistical
analysis using standard t-tests was performed.

RNA-sequencing
Total RNA was isolated from three E17.5 kidneys for each genotype using
an RNeasy Mini Kit (Qiagen) with on the column DNAse I treatment.
Polyadenylated mRNA was purified from 4-5 µg total RNA using
Dynabeads mRNA Direct (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 a mean read
lengths of 85-110 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 nucleotides. 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 (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 Excel. The expression values for
each gene are the normalized strand-specific total nucleotide coverage for
each gene.

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.,
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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).

Quantification of terminal nephron segments
Postnatal day 2 (P2) kidneys were immunostained and terminal nephron
segments were counted on ten non-sequential sections (10×magnification) from
two independent embryos for each genotype. The data represent the average±s.e.
m. Statistical analysis using standard t-tests was performed. The percentage of
the area stained with DAPI was measured using Image J analysis.

Thick section immunofluorescence and confocal imaging
E18 kidneys were fixed in 4% PFA overnight and transferred to 20%
sucrose. Frozen kidneys were mounted to obtain sagittal 80 µm sections,
washed in ice-cold 100% methanol and antigen retrieval performed.
Sections were blocked for 1 h at room temperature (10% NGS, 0.4% Triton
X-100) and incubated in primary antibody in 1% BSA for 2.5 days at room
temperature, washed for 8 h at room temperature and incubated with
fluorescent secondary antibodies and DAPI in 1% BSA for 1.5 days at 4°C.
After washing for 8 h at room temperature, sections were mounted in
Mowiol for confocal imaging using a Leica SP8 TCS confocal microscope
using the DAPI diode laser (405 nm) and white light laser. Lasers were set to
405 nm at 20% power, 488 nm at 7% power, 550 nm at 10% power and
594 nm at 4% power. Detectors were set to collect fluorescence over the
following ranges: 416-481 nm, 501-543 nm, 558-669 nm and 626-722 nm.
Hybrid detectors were set at ∼80% gain and PMT for DAPI was set at
700 V. The pinhole was set to 1 airy unit. Images represent the average of
three line scans. Whole kidneys were imaged with a HCX PL APO CS 10×/
0.40 dry objective using the Mosaic Stitch Feature of LasX using the
statistical method and default parameters selected. Maximum intensity
projections of the axial (z) slices was calculated and used for each image.
Whole-kidney images represent at least 40 µm in the axial (z) dimension. 3D
images (both still shots and movies) were created using the 3D module of
LasX. Additional higher resolution scans were performed using a HC PL
APO CS2 20×/0.75 oil, HC PL APO CS2 40×/1.30 oil or HC PL APO CS2
63×/1.40 oil lens. Minimum and maximum values for each channel were set
manually to represent structures stained by antibodies rather than for the
purpose of relative intensity comparisons. The total brightness and contrast
was reset globally in ImageJ to allow display of signal range in figures. It
was set equally for paired (mutant versus wild type) specimens.

Whole-mount and section in situ hybridization
Whole-mount in situ hybridization was performed using digoxigenin-labeled
antisense riboprobes for Pax8 (nucleotides from ATG, 6-704), Wnt4 (67-
1013),Wnt9b (486-1076) and Lgr5 (2498-3206) (Kiefer et al., 2008). Section
in situ hybridization was performed as described previously (Little et al.,
2007) on 25 μm frozen sections using digoxigenin-labeled riboprobes. After
incubation with digoxigenin-alkaline phosphatase antibody (1:2500), signal
was visualized using the alkaline phosphatase substrate BM purple (Roche).

Electromobility shift assay
Gel shift assays were performed according to the LightShift
Chemiluminescent EMSA kit protocol (Thermo Scientific). COS-1 cells
were transfected with 1 µg GST-vector, GST-Sall1 or GST-ΔSRM, and after
48 h nuclear extracts were prepared using NE-PER Nuclear and
Cytoplasmic Extraction Kit (Thermo Scientific). DNA probes (Table S3)
were synthesized (Invitrogen), end labeled with biotin and annealed by
heating to 95°C for 5 min then cooling to room temperature. Nuclear extract
(5 µg) was added to 1× binding buffer, 2.5% glycerol, 5 mMMgCl2, 50 ng/µl
Poly (dI•dC), 0.5% NP-40 and 20fmol biotin-labeled probe; the reaction
was incubated for 20 min at room temperature. Competition reactions were
performed with the same binding conditions with 4pmol unlabeled probe,
and supershifts were performed by adding 1 µg Sall1 polyclonal antibody
(Abcam) for 20 min after the initial binding reaction. Binding reactions were
run on a 5% native polyacrylamide gel in 0.5× TBE, transferred to positively
charged nylon and crosslinked. Labeled DNA was detected following the
Nucleic Acid Detection Module (Thermo Scientific).

Sall1 ChIP data analysis
The fastq files were downloaded from the DNA Data Bank of Japan (Kanda
et al., 2014) (DDBJ) trace archives (http://trace.ddbj.nig.ac.jp/DRASearch/
submission?acc=DRA000957) and aligned to the Mus musculus GRCm38
genome (University of California Santa Cruz mm10, without mitochondrial
sequences) using Torrent Mapping Alignment Program (TMAP) (https://
github.com/iontorrent/TMAP/blob/master/doc/tmap-book.pdf). The TMAP
parameters used were: -g 0 –o 2 stage1 map4 –min-seed-length 20. After the
sequences were aligned, the aligned bam files were sorted and indexed, and
alignment statistics were generated using samtools (samtools sort; samtools
index; samtools idxstats) (Li et al., 2009). A custom Perl script was used to
determine the percentage of reads aligned to the genome and fold genome
coverage. sgr files containing the chromosome, position and score were
generated using the bedtool, genomecoveragebed, with the –d parameter, to
report 1-based coordinates (Quinlan and Hall, 2010). Owing to the size of the
murine genome, the sgr files were generated one chromosome at a time, rather
than for the entire genome. The input for Sall1, RR006515, was used to
normalize the Sall1 data, RR006513 and the IgG control, RR006514, and to
calculate enrichment via a custom R script (http://www.R-project.org)
(Dorsett and Misulovin, 2017) to adjust for differences in chromatin
isolation, amplification and sequencing. The enriched sgr files for Sall1 and
the IgG control were loaded into the Integrated Genome Browser and the IgG
control was subtracted from Sall1 (Nicol et al., 2009). Binding peaks were
determined using the threshold function, set at fourfold and a 100 bp
minimum run.
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