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Abstract

The regulation of final nephron number in the kidney is poorly understood. However, cessation of 

nephron formation occurs when the self-renewing nephron progenitor population commits to 

differentiation. Transcription factors within this progenitor population, such as SIX2, are assumed 

to control expression of genes promoting self-renewal such that homozygous Six2 deletion results 

in premature commitment and an early halt to kidney development. In contrast, Six2 heterozygotes 

were assumed to be unaffected. Using quantitative morphometry, we demonstrate here a 
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paradoxical 18% increase in ureteric branching and final nephron number in Six2 heterozygotes, 

despite evidence for reduced levels of SIX2 protein and transcript. This is accompanied by a clear 

shift in nephron progenitor identity with a distinct subset of progenitor genes, including Cited1 
and Meox1, downregulated, while others were unaffected. The net result was an increase in 

nephron progenitor proliferation, as assessed by elevated EDU labelling, an increase in MYC 

protein and transcriptional upregulation of MYC target genes. Reducing proliferation by 

introducing Six2 heterozygosity onto the Fgf20−/− background resulted in premature 

differentiation of the progenitor population. Overall, this data demonstrates a unique dose response 

of the nephron progenitors to the level of SIX2 protein in which the role of SIX2 in progenitor 

proliferation versus self-renewal is separable.

Introduction

Nephron number varies in both human and mouse with pathological consequences for 

individuals on the lower end of the spectrum.1 Nephrons are induced to form from a self-

renewing nephron progenitor population, which promotes branching in the adjacent ureteric 

tip, and responds to tip-produced signals to form nephrons.2 Limiting the number of nephron 

progenitors by restricting FGF signalling,3 or ablating a portion of the progenitor population,
4 reduces final nephron number. Conversely, preventing progenitor differentiation shortly 

after birth by chemical inhibition of SMAD signalling resulted in a modest increase in 

nephron number.5 Thus, regulating the balance of progenitor self-renewal and differentiation 

has a significant bearing on nephron endowment.

The transcription factor, SIX2, which is expressed in the nephron progenitor (NP) 

population of the developing kidney in both mouse and man, plays a central role in 

maintaining a functional pool of self-renewing NPs.6, 7 SIX2 has assumed to act by 

suppressing differentiation and driving self-renewal of the nephron progenitors. 

Homozygous loss of Six2 in mice causes a global and early onset loss of self-renewal and 

premature differentiation of NPs.7 This early loss of progenitors severely reduces organ size 

as it is also the NP population that drives ureteric branching via the production of factors 

such as GDNF.8 Conversely, overexpression of Six2 in mice prevents NP differentiation.9 

Genome-wide binding studies in mouse and human have been used to identify hundreds to 

thousands of genomic loci potentially regulated by SIX210, 11. As these include genes 

expressed in NPs and resulting nephrons, the assumption is that SIX2 can both activate and 

suppress transcription. Evidence for binding of SIX2 to its own promoter also suggested an 

autoregulatory feedback loop.12

Cellular heterogeneity within the nephron progenitor population is evident in variations in 

the level of expression of genes including Cited1 and Meox1, with an assumption that 

Cited1+Six2+ CM cells are less committed than CM cells expressing Six2 alone.13, 14 

Indeed, we have demonstrated that SIX2 levels within individual nephron progenitor cells 

appears to correlate with variation in cell cycle length; high SIX2 is associated with slower-

cycling CM cells while lower SIX2 levels are seen in faster-cycling CM cells closer to the 

site of nephron formation.15 One interpretation of this observation is that the progenitor 

population is gradually progressing from an uncommitted to a committed state as SIX2 
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protein levels change. Despite this, the Six2 heterozygous state has been regarded as having 

normal kidney development. Indeed, the Six2GCE mouse line (Six2GCE/+) 6 is heterozygous 

for Six2 but has been used in a number of studies to conditionally delete genes within 

nephron progenitors on the assumption that the background phenotype is wildtype.10, 16–21

Given the importance of Six2 in nephron progenitor regulation, we used multiscale imaging 

and transcriptional profiling to more carefully examine this Six2GCE/+ mouse strain. As Six2 
knockout mice show a complete collapse of kidney development, we anticipated an 

intermediate phenotype between a wildtype and Six2 null. While reduced SIX2 protein was 

evident in the kidneys of Six2GCE/+ mice, contrary to expectations, branching and nephron 

number was increased. At the transcriptional level, no change was observed for some 

markers of CM identity, including Sall1, Pax2, Wt1 and Gdnf, however there was a clear 

reduction in a distinct subset of CM genes previously associated with the most progenitor-

like SIX2Hi nephron progenitor population. This shift in nephron progenitor heterogeneity 

resulted in a global increase in progenitor proliferation accompanied by evidence for 

increased MYC protein and MYC pathway activity. As such, this suggests a bimodal 

response of the developing kidney to SIX2 protein levels and suggests a previously 

unappreciated dose and target-sensitive separation between the role of SIX2 in self-renewal 

and progenitor proliferation.

Results

Increased branching, proliferation and nephron number in Six2GCE/+ mice

We first investigated whether the Six2GCE/+ was haploinsufficient by qPCR and Western 

blotting of whole 15.5 days post coitum (dpc) embryonic kidneys. This revealed a reduction 

of both Six2 transcript and SIX2 protein by ~50% in Six2GCE/+ mice compared to Six2+/+ 

controls (Fig. 1A-F, Supplementary Fig.1). Expression of Cited1, a marker of the 

uncommitted NP subpopulation, was reduced by 70% in Six2GCE/+ mice (Fig1G). 

Comparison of isolated NPs from Six2GCE/+ and Six2+/+ kidneys was not feasible without 

introducing an additional reporter to label wildtype NPs, which may have had phenotypic 

consequences. For example, another common NP reporter, the Six2TGC BAC transgenic 

reporter has a distinct heterozygous phenotype independent of the Six2 locus (unpublished 

data). Based on the phenotype of the total Six2 knockout, we speculated that reducing Six2 
levels would result in increased differentiation and a decrease in branching. Potential 

changes in branching were assessed with optical projection tomography by measuring the 

number of NP fields (niche number), which reports the amount of branching in the whole 

organ.15, 22 Counter to expectations, niche number was increased in Six2GCE/+ compared to 

Six2+/+ kidneys (23% at 15.5 dpc, 14% at 19.5 dpc/ postnatal day (P) 0 and 18% at P2; Fig. 

2A,B). Confocal analysis did not detect a significant reduction in the average number of NP 

and tip cells per niche at 15.5 dpc (Fig. 2C,D). Multiplying the average number of NPs per 

niche by niche number reflects a 10% increase in the NP population at 15.5 dpc. We have 

previously characterised the rate of branching across time and found that the most rapid 

phase of branching occurs before 15.5dpc 15 so a transient increase in the progenitor 

population at and before this time could drive a lasting increase in branching even if the total 

number of progenitors decreases later in development. By P0, the number of NP cells per 
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niche and the total NP population was reduced by ~10% while tip cell number was 

unchanged (Fig. 2C,E). The decrease in NP cells per niche at this stage could reflect a faster 

rate of NP differentiation, in line with reduced Cited1 expression in Six2GCE/+, however the 

timing of cessation of nephron formation was not altered. NP were present at P2 (Fig. 2A) 

and had differentiated by P4 (data not shown) in Six2GCE/+ and controls. EdU incorporation 

at 13.5 dpc revealed a significant increase in NP and tip cell proliferation (Fig. 2F). 

Unbiased stereology was used to determine whether the increased branching and NP 

population size resulted in an increase in final glomerular number. At P21, total glomerular 

counts were increased by 18% in Six2+/GCE (Fig. 2G). As the number of nephrons per tip at 

P4 was unchanged (data not shown), increased final nephron number was associated with 

increased branching rather than an increase in the number of nephrons forming around each 

tip.

Transcriptional comparison between Six2+/+, Six2GCE/+ and Six2GCE/GCE kidneys

The global transcriptional changes observed in the Six2 homozygous or heterozygous state 

have not previously been examined. To examine the transcriptional response to changes in 

Six2 levels, whole kidney RNA-Seq was performed on Six2GCE/+ and Six2+/+ kidneys at 

15.5 dpc as well as Six2+/+, Six2GCE/+ and Six2GCE/GCE at 11.5 dpc (Supplementary table 

1). As expected, Six2 mRNA levels in Six2GCE/+ were ~50% of wildtype. The top 

differentially expressed genes from RNA-seq at 11.5 and 15.5 were cross-validated by real 

time PCR (Supplementary Fig. 2). The Six2GCE/+ construct drives the expression of GFP 

and Cre recombinase in place of the native Six2 transcript.6 To test the possibility that the 

transcriptional and phenotypic changes observed in this strain resulted from the expression 

of recombinant GFP-CreERT2 within the NPs, qPCR for genes both up- and down-regulated 

in Six2GCE/+ kidneys was performed in kidneys from GdnfGdnf-CreERT2 mice.4 These genes 

were not differentially expressed in the GdnfGdnf-CreERT2 line (Supplementary Fig. 3), 

consistent with a specific response to Six2 haploinsufficiency.

Six2GCE/+ kidneys display altered expression in only a subset of NP markers and 
previously described SIX2 targets

A subset of genes were downregulated in the Six2GCE/+ at 15.5 dpc (vice versa for 

upregulated genes) (Fig. 3A). At 11.5dpc, genes including Cited1 (0.38 FC) and Crym (0.40 

FC) were already downregulated in 11.5 dpc Six2GCE/GCE (Fig. 3C). This represents a dose-

sensitive (haploinsufficient) response pattern, and included Cited1 (0.33FC at 15.5dpc), 

Meox1 (0.70 FC), Crym (0.59 FC), Hoxd12 (0.72 FC), and Phf19 (0.74 FC).14, 23–27 Most 

of these represent genes previously identified as marking a subset of the NP population 

regarded as the most uncommitted. Considering all differentially regulated genes, these were 

enriched for genes known to be expressed in NP and predicted to be regulated by SIX2. Of 

the 40 genes significantly downregulated at 15.5dpc in the Six2GCE/+ state, 83% represented 

NP markers and 65% associated with a previously described SIX2 binding site.10, 11 GO 

analysis28 of downregulated genes revealed a link to metabolism and negative regulation of 

glycolysis, consistent with a change in proliferative capacity and the previously described 

role for SIX proteins in regulating myogenesis29 (Supplementary Table 2). Of the 13 

upregulated genes at 15.5dpc, 9 were previously associated with a SIX2 ChIP peak and 7 

were expressed in the NPs. A similar pattern was observed at 11.5dpc (Fig. 3B).
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Despite evidence for a clear transcriptional effect within the NP population even in the 

heterozygous state, many NP genes and previously proposed SIX2 target genes showed no 

change in expression in the 15.5dpc Six2GCE/+ kidney. For example, Gdnf, Wnt4, and Fgf8, 

all previously proposed as direct SIX2 target genes,7, 10–12 were not significantly changed, 

while Eya1, was only moderately upregulated (1.2 FC adj p = 8.3E-6) (Fig. 3C). In addition, 

while branching was increased, no substantial changes were observed in genes associated 

with the regulation of branching morphogenesis or NP-stroma interactions (Fig. 3C, and 

data not shown). This would suggest that many genes affected by total deletion of Six2 were 

insensitive to this reduced level of protein.

Evidence for differential dose-sensitivity in Six2 target genes

Comparison of transcriptional changes in the homozygous state compared to wildtype (Fig. 

4A), provided an opportunity to validate a role for Six2 in the regulation of previously 

proposed target genes. Comparing all differentially expressed genes in Six2GCE/GCE kidneys 

(adjusted p<0.05, no fold change cutoff) to genes associated with SIX2 binding in 

mouse10, 11 revealed that only 8.8% of potential SIX2 targets responded to complete loss of 

SIX2 protein in vivo. A complete description of the transcriptional response observed in the 

homozygous state can be found in supplementary data. Indeed, by identifying the 

overlapping genes showing differential regulation in both the heterozygous and homozygous 

state at 11.5dpc, it is possible to identify those genes most sensitive to reduced levels of 

SIX2 protein. Again, this highlights those genes previously identified as marking the most 

uncommitted cell domain with the NP as being the most sensitive to SIX2 protein levels. 

However, while reduced expression of these genes is associated with loss of NP self-

renewal / increased NP commitment in the homozygote state, in the heterozygous state this 

was accompanied by increased NP niche number and increased ureteric branching.

Increased CM proliferation is associated with elevated MYC protein levels in Six2 
haploinsufficient kidneys

As the Six2GCE/+ phenotype results in a larger kidney with a more proliferative NP 

population, we looked for evidence of a proliferative signature within the differentially 

expressed genes at 15.5dpc. One of the genes most significantly down regulated at both 

15.5dpc and 11.5dpc (0.42 and 0.53 FC respectively) was Actn3b. ACTN3B protein levels 

were also reduced by >50% at 15.5 dpc in Six2GCE/+ (Supplementary Fig. 2). This decrease 

in ACTN3B is associated with an increase in metabolic efficiency, also likely to influence 

progenitor proliferation.30 In addition, genes differentially expressed between the Six2GCE/+ 

versus Six2+/+ kidney at 15.5dpc were tested for enrichment of the Broad Institute’s 

Hallmark gene sets using the CAMERA gene set test.31 At 15.5 dpc, upregulated genes were 

significantly enriched in pathways associated with mTORC1 signalling, and MYC target 

genes (Fig. 4B). These results were confirmed at 11.5 dpc with an additional signature for 

PI3K-AKT-MTOR signalling (Fig. 4B, Supplementary table 2). While Myc is associated 

with SIX2 binding and therefore potentially regulated by SIX210, Myc mRNA was not 

upregulated in the whole kidney data. However, using Western blotting, we could confirm 

that MYC protein levels were increased by 19% in Six2GCE/+ compared to Six2+/+ across 

multiple litters (p=0.009) (Fig. 4C). EYA1, SIX2 and MYC have been proposed to 

cooperatively regulate NP expansion, with SIX2 mediating EYA1 nuclear translocation, and 
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EYA1 dephosphorylating MYC T58 to prevent protein degradation and promote progenitor 

expansion.32 However, in Six2GCE/+ mice, Eya1 mRNA levels were only increased 1.2 fold 

at 15.5 dpc and there was no difference in MYC T58 phosphorylation or the prevalence of 

T58 positive cells within the NP by immunofluorescence (Supplementary Fig. 4). This 

suggests a different mechanism for elevation of MYC protein. Investigation of the mTOR 

pathway and PI3kinase-p110-alpha protein levels failed to detect any significant change 

(Supplementary Fig. 4). Thus, the changes in NP proliferation are most likely driven by an 

increase in MYC protein levels either directly or indirectly due to changes in SIX2 protein 

levels.

Six2 heterozygous nephron progenitors are compromised with respect to self-renewal

Although Six2GCE/+ kidneys branched more than Six2+/+, it remained possible that the 

Six2GCE/+ NP domain represents a sensitised progenitor state. The distinction between the 

heterozygous and homozygous Six2 knockout stems from an elevated NP proliferation in the 

former. Fgf9 and Fgf20 are known to be critical for NP survival and proliferation.3 Kidneys 

from Fgf20−/− mice display reduced NP proliferation and reduced niche thickness around 

birth but otherwise appear normal.3 More careful quantitation of kidney morphogenesis in 

the Fgf20−/− mice by optical projection tomography showed a 15% reduction in ureteric 

branching (Supplementary Fig. 5). These mice were then crossed with the Six2GCE/+ strain 

and the expression of Six2 and Cited1 examined across all potential genotypes 

(Supplementary Fig. 5). While removal of one or both copies of Fgf20 did not result in a 

further reduction in Six2 levels, Six2GCE/+Fgf20−/− kidneys were severely hypoplastic and 

depleted of nephron progenitors by 15.5 dpc (Fig. 5A,B). At 12.5 dpc, Six2GCE/+Fgf20−/− 

kidneys had weak SIX2 expression and ectopic renal vesicles forming around most tips (Fig. 

5 C-H), reminiscent of the Six2 knockout7. While FGF signalling plays an important role in 

NP maintenance, the lack of further reduction of Six2 levels in the Six2GCE/+Fgf20−/− 

suggests Fgf20 is not directly regulating Six2 levels. Fgf20 on the other hand is bound by 

SIX210 and substantially downregulated in the Six2GCE/GCE. These results primarily show 

that Six2GCE/+ NPs are sensitised to differentiation as Fgf20 deletion alone does not result in 

this phenotype. This is functional evidence that NP state is compromised and is an important 

caution to future studies that may assume that this inducible Cre will not affect an 

experimental outcome.

Discussion

This study not only reveals a clear kidney phenotype in Six2 heterozygous mice, but a 

paradoxical increase in nephron number and branching events despite clear evidence of a 

transcriptional dysregulation of a subset of SIX2 target genes. This variation in phenotype 

from wildtype to heterozygote to homozygote suggests a dose-sensitive separation between 

the regulation of NP proliferation versus self-renewal. What is evident is that as SIX2 

protein levels decline, inhibition of NP proliferation is relaxed prior to a loss of NP self-

renewal. As a result, the NP population expands as a consequence of increased proliferation 

mediated in part by increased MYC protein and MYC pathway signalling. This expanded 

NP population drives increased branching apparently without any requirement for an overall 

upregulation of GDNF expression levels but simply an increase in the number of NP cells 
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present. As SIX2 protein levels fall further, the loss of regulation of self-renewal is affected, 

tipping the NP population into nephron commitment.7 This immediately blocks branching 

by reducing the size of the NP population. Of interest, what we did not observe is a change 

in the timing of cessation of nephrogenesis in the Six2 heterozygous state. As is seen in the 

wildtype situation, the NP eventually reduced in cell number per niche. The overall increase 

in nephron number in this genotype, therefore, suggests that each tip was able to generate a 

normal number of nephrons, supporting a genuine expansion of the progenitor pool without 

a change in the timing of cessation.

Expansion of the progenitor pool in Six2GCE/+ was clearly driven by increase in NP 

proliferation, with evidence of elevated EdU labelling, increased MYC protein levels and 

hallmarks of increased MYC pathway activity. Even modest increases in MYC levels have 

previously been shown to promote dose-dependent expansion of cell populations in fly and 

mouse33, 34 and to expand human pluripotent cardiac progenitors.35 MYC has previously 

been shown to regulate NP turnover and deletion of MYC within the NP domain reduces NP 

number and kidney volume.32, 36 The increase in progenitor proliferation in Six2GCE/+ may 

also be complemented by the de-repression or compensatory upregulation of Fgf1, Adra1, 
and Klhdc8a, all of which were upregulated in the heterozygous state by 15.5dpc and all of 

which are associated with SIX2 binding,10 and increased growth in other contexts.37, 38

This study has identified a high correlation between differentially expressed genes in the 

Six2GCE/+ with genes that associate with SIX2 binding.10, 11 However, it has also revealed 

some unexpected findings. Established SIX2 targets Gdnf and Wnt4 were not affected by 

reduced SIX2 protein levels. Even in the Six2 null, there was only a modest reduction in 

SIX2 target genes Gdnf and Eya1, indicating that SIX2 is not the only regulator of these 

genes. The Six2 locus itself has a documented autoregulatory element10–12 which did not 

maintain Six2 expression levels in the heterozygous state. Six2 is proposed to silence drivers 

of early nephrogenesis, including Wnt4 and Fgf8.11 Wnt4 was upregulated in the 

Six2GCE/GCE, but Fgf8 was unchanged. In contrast, multiple genes previously identified as 

WT1 targets26 were among the top downregulated genes in the Six2GCE/GCE, consistent with 

a model in which nephron progenitor maintenance is regulated by multiple transcription 

factors working redundantly on a set of core target genes.

The observed increase in nephron number in Six2 heterozygotes has implications for our 

understanding of congenital anomalies of the kidney and urinary tract (CAKUT) in humans. 

Despite an initial association between heterozygous Six2 mutations and a renal phenotype,39 

subsequent analysis of large cohorts of CAKUT patients cast doubt on the clinical relevance 

of some reported mutations, and failed to identify any new associations with Six2.40, 41 This 

is consistent with a high likelihood of functional redundancy between SIX1 and SIX2 in 

human, which unlike in mouse, are co-expressed in nephron progenitors.10 The data 

presented here would not predict any pathogenicity from a heterozygous mutation in Six2. It 

should also be noted that the Six2GCE/+ strain is also used for conditional deletion of other 

genes and lineage tracing.10, 16–21 An interaction between the Six2GCE/+ phenotype and 

experiments using this line should be considered when interpreting these studies. As 

demonstrated with the Six2GCE/+Fgf20−/− cross, Six2 heterozygosity has the capacity to 

exacerbate otherwise modest phenotypes.
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In summary, we provide evidence here for distinct phenotypes dependent upon the amount 

of SIX2 protein present within the NP of the developing kidney. As a result of differential 

target gene sensitivity, haploinsufficiency for Six2 caused a paradoxical increase in NP 

proliferation and increased nephron number in contrast to the loss of the NP population in 

the absence of Six2. However, the Six2 heterozygous NP population is sensitised as a 

reduction in NP proliferation, generated by crossing this line onto the Fgf20−/− strain, 

shifted the balance to loss of self-renewal. Importantly, while the concept that reduced 

progenitor number results in less nephrons is accepted, we provide evidence that the 

converse is also true. A better understanding of how to positively control nephron progenitor 

expansion in vivo may have therapeutic implications for improving developmental outcomes 

and in generating renal tissue in vitro.

Concise methods

Mouse Strains and Embryo Staging

In all experiments, noon of the day on which the mating plug was observed was designated 

0.5 days post coitum (dpc). For postnatal samples, P was recorded with P0 equivalent to 

birth. In most instances, birth represented 19.5 dpc. Six2GCE/+ mice were used, which carry 

a targeted insertion of EGFP-CRE-ERT2 in the Six2 locus that generates a null allele (JAX 

stock number 009600) 6. Fgf20-null mice (Fgf20β-gal) 42 were kindly provided by David 

Ornitz. All animal experiments in this study were assessed and approved by the University 

of Queensland or Murdoch Children’s Research Institute Animal Ethics Committees and 

were conducted under applicable Australian laws governing the care and use of animals for 

scientific purposes.

Immunofluorescence and image analysis

The following primary antibodies were used: mouse anti-calbindin D28K (Sigma-Aldrich 

C9848), mouse anti-cytokeratin (Abcam Ab11213 and Ab115959), rabbit anti-SIX2 

(Proteintech 11562–1-AP), rabbit anti-JAG1 (Abcam ab7771), mouse anti-SIX2 (Abnova 

H00010736-MO1), rat anti-Ecad (Invitrogen 13–1900). The mouse SIX2 primary was used 

in conjunction with an isotype-specific secondary antibody (Life technologies A21121) to 

reduce background staining. Alexa Fluor-conjugated secondary antibodies (Life 

Technologies) were used to detect primary antibodies and DAPI (Sigma-Aldrich D8417) 

was used at 1:2000 to label nuclei. Whole mount immunofluorescence, confocal microscopy, 

and optical projection tomography was carried out according to published protocols 22. Cell 

counts per niche (confocal) and niche counts (OPT) were performed as reported 22. 

Quantitative analysis of SIX2 fluorescence intensity is detailed in supplementary methods.

Proliferation analysis

Relative amounts of proliferation were investigated by analysis of EdU incorporation in CM 

and uretirc tip, 30 min after exposure to EdU as assessed by whole mount confocal imaging 

and quantitative analysis as reported 15. A total of 8 Six2+/+ and 9 Six2+/GCE kidneys were 

assessed, each from an individual animal, from three separate timed pregnancies.
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Glomerular estimation

Glomerular number was estimated using the physical disector/fractionator method as 

previously described 43, further detail provided in supplementary methods.

Transcriptional profiling using RNA-Seq & Western Blotting

Experimental information and analysis workflow for RNA Seq and Western blotting is 

detailed in supplementary methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1). Validation of haploinsufficiency and compromised progenitor state
A) Six2 mRNA is reduced by 50% in Six2GCE/+ compared to Six2+/+ at 15.5 dpc. Data is the 

average of three biological replicates from each genotype, p=0.0003. mRNA levels 

expressed relative to Six2+/+. B) Western blot bands for SIX2, GAPDH, and PAX2 at 15.5 

dpc with four biological replicates per genotype. See Supplementary Figure 1 for full gels. 

C) Densitometry analysis showing reduced SIX2 relative to GAPDH (p=0.014), no change 

in PAX2 relative to GAPDH (p=0.256), reduced SIX2 relative to PAX2 (p=0.049). Data 

represents the average of 4 biological replicates. D&E) Pseudocoloured map of SIX2 

intensity in representative Six2+/+ and Six2GCE/+ samples imaged and displayed on the same 

settings. Colour scale indicates fluorescence intensity units. Scale bar 100μm. F) Box and 

whisker plot of mean SIX2 intensity per cap cluster for Six2+/+ (n=104) vs Six2GCE/+ 

(n=55), two sample t-test with welch’s correction p=6.4e-10. G) Cited1 mRNA levels are 

dramatically reduced in the Six2GCE/+ compared to Six2+/+ (p=0.00005). Error bars on all 

graphs represent SEM, p values from two-tailed t-tests with Welch’s correction.
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Figure 2). Increased branching, tip proliferation, and nephron endowment in Six2GCE/+.
A) Whole organ OPT of SIX2-antibody stained Six2+/+ and Six2GCE/+ kidneys at 15.5 dpc, 

19.5 dpc, and P2. Scale 300μm for all. Exposures were optimised for each sample hence 

signal intensity should not be compared between images. B) Niche counts from OPT data 

for 15.5 dpc (n = 9 Six2+/+, 8 Six2GCE/+), 19.5 dpc (n = 8 Six2+/+, 8 Six2GCE/+), and P2 (n = 

8 Six2+/+, 9 Six2GCE/+). C) Max. intensity projection confocal data from 15.5 dpc and 19.5 

dpc Six2+/+ and Six2GCE/+ kidneys stained with SIX2 (red) and CYTOK (white). Scale bars 

30μm. Exposures were optimised for each sample hence signal intensity should not be 

compared between images. D) Tip and cap cell number at 15.5 dpc. Each data point 

represents average cell number per niche in an individual sample; Sample numbers = 9 

Six2+/+, 8 Six2GCE/+. E) Tip and cap cell number at 19.5 dpc. Points as per D, n= 9 Six2+/+, 

8 Six2GCE/+. F) % EdU incorporation for tip and cap cell populations at 13.5 dpc, 30 

minutes after exposure to EdU. Each data point represents % incorporation per sample, data 
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derives from three replicate experiments; n = 8 Six2+/+, 9 Six2GCE/+. G) Comparison of 

estimated glomerular number between P21 (adult) Six2+/+ and Six2GCE/+ by stereology; n= 

10 Six2+/+, 12 Six2GCE/+. Error bars in all graphs represent SEM, p values determined by 1-

tailed t-test with Welch’s correction.
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Figure 3). Gene expression changes in the Six2GCE/+ kidney.
A) Genes differentially expressed (DE) at ≤−0.4 or ≥0.4 LogFC of Six2+/+ values at 15.5dpc 

in Six2GCE/+ and ≤−1 or ≥1 LogFC of wildtype in 11.5 dpc Six2GCE/GCE; adjusted p<0.05 

for all. Key indicates fold change in expression compared to wildtype for all panels. For all 

panels, W= wildtype/Six2+/+; H= heterozygous/Six2GCE+; K= knockout/Six2GCE/GCE. B) 
Genes expressed at ≤−0.4 or ≥0.4 LogFC of wildtype values at 11.5dpc in Six2GCE/+ and ≤

−1 or ≥1 LogFC of wildtype in Six2GCE/GCE adjusted p<0.05. C) Examples of gene 

expression for some established SIX2 targets and branching genes in Six2GCE/+ and 

Six2GCE/GCE; Aside from Six2, none of these changes were statistically significant in the 

Six2GCE/+.
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Figure 4). Analysis of transcriptional changes
A) Unsupervised clustering of the top 250 differentially expressed genes between 11.5 dpc 

Six2GCE/GCE and Six2+/+. Each row represents a gene, each column an independent sample. 

Colour indicates normalised expression (Z-score) blue is low, red high. B) Gene set testing 

reveals an upregulation of pathways associated with growth (MYC targets V1 and V2), 

progenitor maintenance (mTOR, mTORC1 signalling), and differentiation (PI3K signalling) 

in Six2GCE/+. The pathways associated with MYC and mTORC1 are downregulated in 
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Six2GCE/GCE. D) MYC protein levels are significantly increased in the Six2GCE/+. Points 

represent average values from three independent litters. Unpaired t test.
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Figure 5). Cap mesenchyme lacking one copy of Six2 undergoes premature differentiation in the 
absence of Fgf20.
A) Staining of the CM (SIX2, red), ureteric tree (ECAD, green), and nuclei (DAPI, blue) in 

a 15.5 dpc Six2+/+Fgf20−/− kidney. Scale 200μm. B) Nephron progenitors exhaust before 

15.5 dpc in Six2GCE/+Fgf20−/− kidneys. Dilated nephrons are observed (arrows) and the 

ureteric tree is underdeveloped. Staining and scale as per A. C) Maximum intensity 

projection of the CM (SIX2, green), tree (ECAD, grey), renal vesicles (JAG1, red), and 

nuclei (DAPI, blue) in a 12.5 dpc Six2+/+Fgf20+/− kidney, scale 50μm. D) Rendering of the 
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tree (grey) and renal vesicles (red) from C, scale 50μm. E) Zoom of boxed region in E shows 

t-stage tip with two renal vesicles attached on medullary side, scale 20μm. F) 12.5 dpc 

Six2GCE/+Fgf20−/− kidney as per C, scale 50μm. G) Rendering from F, scale 50μm. H) 
Zoom of region in G showing t-stage tip with 5 renal vesicles, 2 in ectopic positions, scale 

20μm.

Combes et al. Page 19

Kidney Int. Author manuscript; available in PMC 2019 February 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Results
	Increased branching, proliferation and nephron number in Six2GCE/+
mice
	Transcriptional comparison between Six2+/+, Six2GCE/+
and Six2GCE/GCE kidneys
	Six2GCE/+ kidneys display altered expression in only a subset of
NP markers and previously described SIX2 targets
	Evidence for differential dose-sensitivity in Six2 target genes
	Increased CM proliferation is associated with elevated MYC protein levels in
Six2 haploinsufficient kidneys
	Six2 heterozygous nephron progenitors are compromised with respect to
self-renewal

	Discussion
	Concise methods
	Mouse Strains and Embryo Staging
	Immunofluorescence and image analysis
	Proliferation analysis
	Glomerular estimation
	Transcriptional profiling using RNA-Seq & Western Blotting

	References
	Figure 1)
	Figure 2)
	Figure 3)
	Figure 4)
	Figure 5)

