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Abstract

The coordination of multiple cytokines and transcription factors with their downstream signaling 

pathways have been shown to be integral to nephron maturation. Here we present a completely 

novel role for the helix-loop-helix transcription factor Early B cell Factor 1 (Ebf1), originally 

identified for B cell maturation, for the proper maturation of glomerular cells from mesenchymal 

progenitors. The expression of Ebf1 was both spatially and temporally regulated within the 

developing cortex and glomeruli. Using Ebf1-null mice we then identified biochemical, metabolic, 

and histological abnormalities in renal development that arose in the absence of this transcription 

factor. In the Ebf1 knockout mice the developed kidneys show thinned cortices and reduced 

glomerular maturation. The glomeruli showed abnormal vascularization and severely effaced 

podocytes. The mice exhibited early albuminuria and elevated blood urea nitrogen levels. 

Moreover, the GFR was reduced over 66 percent and the expression of podocyte-derived VEGF-A 

was decreased compared to wild type control mice. Thus, Ebf1 has a significant and novel role in 

glomerular development, podocyte maturation, and the maintenance of kidney integrity and 

function.

Introduction

Early B cell factor 1 (Ebf1) is the founding member of a unique class of helix-loop-helix 

transcription factors (TFs) (1). They are thought to bind as homo or heterodimers to a 

recognition sequence containing two considerably degenerate 6 bp half sites separated by a 2 

bp spacer (2–4). Originally, Ebf1 was found to be necessary for B cell maturation as 

progenitors deficient in its expression arrested at the pre-pro-B cell stage (2). Ebf1 has since 
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been identified by our laboratory and others as an important TF for proper differentiation of 

adipocytes and osteoblasts from mesenchymal progenitors (5–7).

Many TFs have been shown to be important for different stages of podocyte maturation. 

Wt1 is the earliest marker of the podocyte, and depending upon the degree of Wt1 

deficiency a spectrum of kidney defects can arise from adult-onset nephrotic syndrome to 

complete renal agenesis in Wt1−/− animals (8–11). Loss of Pod-1 or Mafb arrests glomeruli 

at the single capillary loop stage (12, 13), while Foxc2-null mice have abnormally shaped 

glomeruli containing fewer and dilated capillary loops (14). Podocytes deficient in Lmx1b 

fail to develop foot processes and have defective basement membrane formation (15).

We initially investigated a role for Ebf1 in kidney maturation during exploration of the 

mechanism underlying the bone phenotype of Ebf1-deficeint mice. We present here the first 

report of a functional role for any Ebf-family protein in kidney. Unique among its family 

members, Ebf1 is expressed dynamically during late kidney organogenesis and in its 

absence organs manifest with significant perturbations of morphology and function. The 

most prominent of these developmental defects is a dramatic reduction in late glomerular 

maturation, which appears to involve mis-regulation of VEGF-A production from podocytes 

subsequently leading to proteinuria and decreased glomerular filtration rate (GFR). We 

conclude that similar to those TFs mentioned above, Ebf1 is also an essential regulator of 

podocyte differentiation and glomerular maturation.

Results

Ebf1-deficient mice have decreased GFR

While examining Ebf1’s role in osteoblast function (6) we identified an incongruity between 

the quality of bone, and the level of circulating osteocalcin (Ocn). Ocn is an osteoblast-

specific protein that constitutes the major non-collagenous matrix protein in bone, and 

measurement of circulating Ocn is a long established clinical indicator of osteoblastic 

activity and bone mineral density (16). While serum Ocn of Ebf1−/− mice was twice that of 

their littermates (Fig. 1A) the Ebf1−/− mice had low bone mineral density (6, 17), and their 

osteoblasts displayed a markedly reduced ability to induce Ocn mRNA during 

differentiation in vitro (Fig. 1B) and in vivo (Fig. 1C). (A detailed description of the 

mechanisms underlying this defect in osteoblast maturation will be published elsewhere.)

The major route of clearance for Ocn is the kidney, and its circulating levels correlate 

inversely with decreased renal function where it can be 2–200xs higher than levels in 

healthy individuals (18–22). To determine if decreased renal clearance was affecting 

circulating Ocn in Ebf1−/− mice we examined GFR through administration of radio-labeled 

inulin. The observed GFR revealed an 80% reduction in kidney function in Ebf1−/− mice 

compared to their controls (Fig. 1D). Ebf1-deficient mice are smaller than their littermates 

(Ebf1+/+ = 17.5 ± 0.9g, Ebf1−/− = 7.5 ± 0.3g) so a slight reduction in GFR is expected based 

upon the need for allometric scaling. However, even after adjusting for body size (Fig. 1D, 

expected values) (23), the GFR of Ebf1−/− animals was reduced by more than 66%, while 

the values from Ebf1+/+ littermates did not differ. Labeled inulin also accumulated in the 

plasma of Ebf1−/− mice (Fig. 1E). Changes were not observed for any other marker of 
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physiological function except for a small increase in heart rate, which may be contributable 

to their reduced size (Fig. 1F,G).

The health of the animals was next assessed. Serum analysis revealed elevated BUN in the 

Ebf1−/− mice by P28 (Fig. 1H). Serum creatinine was not dramatically elevated at P28 (Fig. 

1I). Creatinine is, however, influenced by muscle mass and body size and becomes an 

unreliable predictor in situations with large differences in muscle mass are observed (24). 

Therefore, changes in filtration may not be accurately measured by analysis of creatinine by 

the smaller body size of the Ebf1−/− animals. However, by P90, even with runted 

appearance of Ebf1−/− mice, significant elevations in serum creatinine are detectable (Fig. 

1I). Urinalysis revealed albuminuria manifesting around P14 that progressed with age (Fig. 

1J,K). Accordingly, serum albumin is low by P28 in Ebf1−/− animals (Fig. 1L). The 

expression of lipocalin2, an early and sensitive marker of nonspecific kidney damage, also 

correlated with the onset of albuminuria (Fig. 1M).

Histological Examination of EBF1−/− Kidney

Having observed a decrease in renal function, we next examined the kidneys for 

morphological changes. While kidneys were not significantly smaller for the reduced size of 

the Ebf1−/− mice (Fig. 2A), they were paler, and displayed alterations in their histological 

anatomy (Fig. 2B–F). The cortex was thinned by 60%. The outer medulla was also thinned, 

almost completely lacking the outer stripe, and had disorganized medullary arrays and a 

paucity of vascular bundles in the inner stripe. In contrast, the inner medulla and papilla 

were largely unaffected. Most striking was the persistence of islands containing vimentin-

positive cells and dysmorphic glomeruli along the peripheral cortex of Ebf1−/− kidneys (Fig. 

2E and Supplemental Fig. 1). While glomeruli in the juxtamedullary (JM) region were 

relatively mature with multiple capillary loops, the glomeruli within these undifferentiated 

regions appeared hypomorphic (Fig. 2F).

The majority of Ebf1−/− mice die of unknown etiology at or before 3 months of age; rarely 

do animals live much longer than 3 months. Examination of kidneys from 2 and 3-month-

old mice revealed a worsening of the metanephric phenotype with pronounced tubular 

lumen dilation, accumulation of tubular proteinaceus casts with scalloped edges, and 

schistocytes in the urinary space (Fig. 2G–K). Hypomorphic glomeruli still persist in the 

periphery (Fig. 2I). At 2 months some glomeruli in the JM region of Ebf1−/− mice appear 

lobulated but overall do not exhibit extensive hypercellularity or sclerosis until the animals 

are about 3 months old (Fig. 2J). Modest interstitial fibrosis is also apparent in the older 

Ebf1-deficient animals (Fig. 2K).

Ebf1 expression is induced postnatally

The expression of Ebf1, or any Ebf family members, has not been directly examined in 

kidney. A recent gene-chip study focusing on the differentiation of different endothelial cell 

types in the developing kidney identified Ebf1 as one of the genes whose expression was 

strongly up-regulated during endothelial differentiation (25). Freely available in situ 

hybridization (ISH) in E14.5 kidney (www.genepaint.org) localized Ebf1 to condensed 

mesenchyme that has begun to initiate nephrogenesis (26). This expression pattern is unique 
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among its family members; Ebf2 was expressed ubiquitously throughout the developing 

organ while Ebf3 was only in the capsule and Ebf4 was not present (26).

We began our analysis of Ebf1 expression in the postnatal kidney by first examining the 

RNA expression profiles of all four Ebf family members in whole kidneys of P28 mice (Fig. 

3A). As was observed in the embryonic mouse, transcripts for both Ebf1 and Ebf2 were 

detected in adult kidney. Ebf3 and Ebf4 messages were either marginally detectable or not 

present. Ebf1-knockout animals also do not appear to compensate for the loss of Ebf1 by 

attempting to up-regulate expression by other Ebf family members. We next examined 

whether distribution of Ebf1 changed over time. At P4, while Ebf1 was present in some 

tubules, it was absent from any population of the glomerulus (Supplemental Fig. 1B). 

During postnatal metanephric development, Ebf1 was strongly up-regulated in all 

components of the cortex as time progressed (Fig. 3B). IF of Ebf1 protein expression 

showed expanding expression over time (Fig. 3C), and Ebf1 appeared within the podocytes 

by P14 (Fig. 3C). This expression pattern was maintained into adulthood (P28). To confirm 

expression of Ebf1 in the podocyte, primary podocytes were cultured from isolated 

glomeruli and cell lysate was analyzed by western blot (Fig. 3D, purity of the isolated 

podocytes is verified in Supplemental Fig. 2). While Ebf1 was not detected in the podocyte 

lysate from P2 animals, it was present when cells were isolated from P14 animals. This was 

further confirmed by IF co-staining of cultured podocytes for Wt1 and Ebf1 (Fig. 3E). This 

expression data explains why peripheral glomeruli are more severely affected than those that 

develop more JM prior to the induction of Ebf1 within this population in vivo.

Ebf1 abrogates tuft development though podocyte-mediated processes

Tuft formation and mesangial migration are intimately linked in podocyte development (27). 

Without an initial influx of endothelial cells into the vascular space, a mesangial stalk will 

not form. Conversely, without mesangial cells or a glomerular basement membrane (GBM) 

that supports mesangial adherence looping of glomerular capillaries will not proceed past 

the capillary loop stage (28, 29). While the Bowman’s spaces of the hypomorphic glomeruli 

are formed their tufts exhibited a paucity of delicate capillary development compared to 

controls. Quantification revealed a 40–85% decrease in the number of capillary loops per 

glomeruli in Ebf1−/− mice depending upon the location of the developing glomerulus (Fig. 

4A). In general, there was not significant expansion of the urinary space in any region of the 

cortex, but perfusion fixation did result in distention of select structures at a low rate (1–2 

glomeruli per section) (Supplemental Fig. 3). Analysis of the cross-sectional surface area per 

glomeruli also showed decreased glomerular development after P14 but not prior (Fig. 4B). 

Immunofluorescent (IF) staining of both capillary endothelial cells and mesangium 

confirmed that poorly formed peripheral glomeruli from Ebf1−/− kidneys exhibited reduced 

numbers of mesangial cells and less developed capillary networks (Fig. 4C). This was also 

seen through RNA analysis of endothelial and mesangial transcripts in whole kidney, which 

show reduced expression from postnatal day 14 (P14) onward (Fig. 4D).

Transmission electron microscopy (TEM) was next performed. Glomeruli from P28 

animals, regardless of glomerular location within the cortex and extent of glomerular 

development, were found to be extensively effaced (Fig. 5A). Podocytes were also found in 
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apical contact with the Bowman’s capsule (Fig. 5A). The majority of the GBM was 

relatively normal without evidence of immune complex deposits, but there was some 

segmental thickening and multi-lamellation (Fig. 5A). These GBM alterations only occurred 

adjacent to completely effaced podocytes. The endothelial cells were also affected at these 

sites and exhibited disruption and loss of their characteristic fenestrations (Fig. 5A).

As glomeruli appear to form relatively normally before Ebf1 is expressed we next examined 

if foot processes were ever present in podocytes of Ebf1−/− mice. When P0 kidneys were 

examined by TEM (Fig. 5B) no differences in foot process formation could be observed 

between genotypes. This indicates that foot processes do form in the podocytes of Ebf1−/− 

JM glomeruli prior to Ebf1 induction, and that effacement is either a secondary response to 

their increased filtration load in the absence of properly functioning peripheral glomeruli, or 

a failure to maintain foot processes once proper maturation is blocked in podocytes 

following P14.

During GBM maturation there is normally a shift in the composition of collagen IV fibrils 

and lamins integrated into the barrier (30). Mutations in components of the GBM, as well as 

their associated integrins, results in glomerular disease and podocytes that are unable to 

form or maintain proper foot processes (31–34). To address the GBM alterations observed 

with TEM, we examined glomeruli from Ebf1−/− mice for the production of late-stage 

collagen IV fibers. Here again, glomerular development appeared inhibited in the peripheral 

cortex at P14 with reduced integration of late-stage collagen IV trimers containing α3 fibers 

in both the hypomorphic peripheral glomeruli and more developed JM structures (Fig. 6A). 

RNA expression analysis of whole kidney supports a podocyte-mediated change in 

expression of these structural collagens (Fig. 6B).

Ebf1 functions late in Podocyte development and involves regulation of VEGF

Podocyte-derived production of vascular endothelial growth factor A (VEGF-A) directs 

migration of endothelial cells into the distal cleft of the S-shaped body to form capillaries in 

the developing glomeruli (35–37). The infiltrating endothelial cells produce platelet-derived 

growth factor (PDGF), which is essential for mesangial migration and to induce splitting of 

the capillary tuft to form the mature glomerulus (28, 38). The Ebf1-mediated defect appears 

to be relatively early in this process so we next examined podocyte-derived VEGF-A protein 

at P14 and P28. At both ages, poorly developed peripheral glomeruli exhibited reduced 

staining for VEGF within the corpuscle (Fig. 7A). One of the main regulators of VEGF-A in 

podocytes is Wt1 (39). Analysis of RNA from total kidney of P28 animals indicated that 

many direct targets of Wt1 show reduced expression (nephrin (Nphs1), podocalyxin (Podxl), 

VEGF-A (Vegfa)), while loss of repression was observed for other targets normally 

suppressed by Wt1 (Pdgf-α, Pax2)) (Fig. 7B). Transcript levels of Wt1 were also reduced at 

this age. IHC of P14 and P28 animals revealed Wt1 was present in both poorly developed 

peripheral glomeruli and more JM located structures of Ebf1−/− mice (Fig. 7C). 

Quantification of fluorescence intensity revealed equivalent expression of Wt1 in peripheral 

podocytes between genotypes at P14, but Wt1 was decreased in the JM Ebf1−/− glomeruli at 

P28 (Fig. 7D).
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It is well known that an increased filtration load on healthy glomeruli results in damage-

induced dedifferentiation of the podocytes and downregulation of Wt1. This appears to be 

plausible for the downregulation observed by P28 in JM Ebf1−/− glomeruli (Fig. 7D). 

Furthermore, both fluorescence intensity and Wt1-trancript levels from whole kidney are 

elevated in P14 Ebf1−/− kidneys (Fig. 7D,E) suggesting either a phenotype-mediated 

compensation of Wt1 expression once Ebf1 fails to be expressed, or a persistence of a more 

immature podocyte-lineage cell in the Ebf1−/− tissue with higher expression of Wt1 at p14 

followed by compensatory down-regulation of Wt1 in filtration overload-damaged cells by 

P28. Additionally, when podocytes were isolated in vitro Wt1 transcript levels, and many 

Wt1 targets, were no longer mis-regulated including Neph1 and Pax2 (Fig. 7E). Others, like 

VEGF-A and Podxl were still down-regulated (Fig. 7E). Discrepancies in these changes may 

simply be a result of loss of the 3-dimensional architecture and foot processes as podocytes 

are grown in culture, or instead in vivo culture may be eliminating secondary effects that 

occur in vivo. Production of a separate podocyte-derived factor involved in endothelial cell 

recruitment, angiopoietin-1, also was not altered (Fig. 7F). Decreased VEGF-A occurs both 

in vivo and in vitro despite significant levels of Wt1, and suggests that maturation of the 

peripheral glomeruli is arrested due to a failure of Ebf1−/− podocytes to properly up-regulate 

VEGF-A and initiate epithelial and mesangial recruitment.

Other podocyte-related TFs, apart from Wt1, are integral to podocyte differentiation and 

have known roles in glomerular vascularization. To determine if Ebf1 is working upstream 

or downstream of these other TFs, we next examined the expression of Mafb, Pod-1, Foxc2, 

and Lmx1b in isolated Ebf1−/− podocytes (Fig. 7G). RNA from isolated podocytes from 3 

week old animals revealed that while Mafb, and Foxc2 do not appear to be altered in their 

expression, Pod1 and Lmx1b transcripts were significantly reduced in the absence of Ebf1. 

Taken together these results demonstrate a novel function of Ebf1 where it is integral to late 

podocyte function and postnatal maturation of murine peripheral glomeruli.

Discussion

We report here the first observation of a role for Ebf1 in renal health. The most striking 

feature of Ebf1-deficiency in kidney is a defect in glomerular tuft development accompanied 

by podocyte-intrinsic changes in VEGF-A expression. This is a completely novel function of 

Ebf1, whose role in any kidney process had been previously unrecognized. While we have 

focused our observations on the mechanism and phenotype underlying glomerular 

maturation and the role of Ebf1 in podocytes, there are clearly phenotypic changes in other 

kidney cell types that are beyond the scope of this initial report. As Ebf1 appears to be 

strongly up-regulated throughout the entire cortex during the last stages of renal 

development, and in light of the significant role that paracrine factors play in the 

development of the nephron, future studies will have to evaluate how the loss of Ebf1 in 

other regions of the tubule contributes to the phenotype that we see in the global knockout.

Ebf1’s expression pattern in the cortex, and particularly podocytes, is unique in that it is not 

regulated by a specific stage of cellular differentiation, but instead in a time-dependent 

manner by a cortex-wide signaling event. Thus, once Ebf1 fails to be expressed postnatally 

tuft development is arrested regardless of the stage of the developing glomerulus resulting in 
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the gradation of phenotype we observe across cortex depth. Why Ebf1 could be so integral 

to glomerular formation after P14, but not prior to this time is a surprising observation, and 

one for which we do not yet have a definitive answer. It is, however, well recognized that 

formation and function of the peripherally located cortical nephrons is quite different than 

those in a more JM position as evidenced by the longer loops of henle and larger glomeruli 

in the more JM structures (40). Species-specific differences in the percentages of long 

versus short looped nephrons suggest a genetic component to their development, but the 

mechanisms underlying these distributions is currently unknown. The shorter looped 

nephrons in the peripheral cortex turn in the outer medulla, and are also the nephrons most 

affected by deletion of Ebf1. Therefore, changes in the outer medulla may be mostly due to 

a reduction in the numbers of short looped nephrons in the periphery of Ebf1-deficient 

tissue.

Only one other mouse model has been reported to harbor similar depth-dependent changes 

in late kidney development to that of Ebf1. The Cox2-deficient mouse also displays 

hypomorphic cortical glomeruli between P10–14 and progressive outer cortical dysplasia 

(41). Cox2-null mice, however, have a much more fibrotic and cystic phenotyope than is 

seen with Ebf1−/−, and the pattern of Cox2 expression does not overlap with or change in a 

manner that correlates with Ebf1 (42). Considering the extent of the decreased filtration rate 

and developmental damage present in the Ebf1−/− tissue, it is somewhat surprising that there 

is relatively little fibrosis in these mice prior to 3 months of age. This may, however, be 

attributable their absence of B cells, as B cell-mediated processes contribute to the 

mechanism underlying kidney fibrosis (43, 44).

Nephrogenesis completes during late gestation in humans, and during the early postnatal 

period in rodents. Beyond these windows in time, formation of new nephrons is not possible. 

Yet, while chronic kidney disease involves progressive scarring, scarring is not always 

irreversible. Reversal of scarring in the glomerulus involves expansion of the capillary tuft 

and removal of excessive extracellular matrix. Obtaining a greater understanding of the 

processes underlying tuft formation and repair are currently areas of therapeutic interest for 

treatment of glomerular disease. Our findings suggest that the actions of Ebf1 within the 

podocyte are involved in regulation of this signaling axis during terminal glomerular 

differentiation and into adulthood. Furthermore, the data we present here supports the 

possibility that alterations in Ebf1 expression or promotor/enhancer occupancy by Ebf1 may 

be an underlying mechanism involved in progression or regression of glomerular damage.

It is difficult to separate secondary paracrine effects on glomerular maturation from the 

direct mechanism of Ebf1 in podocytes in vivo. This is particularly relevant regarding 

changes in Wt1 expression and Wt1-regulated genes in vivo vs. in vitro. Examination of 

podocytes in vitro, and prior to large filtration load-meadiated effects (P14) suggests that 

expression of VEGF-A and Podxl are regulated by the presence of Ebf1. This is in contrast 

to Wt1, many Wt1-regulated genes, Mafb and Foxc2, which are all expressed at levels 

equivalent to what is observed in littermate controls in vitro but not in vivo. Alterations in 

the expression of these transcripts observed in vivo, occurs in response to filtration-related 

dedifferentiation of podocytes and not the loss of Ebf1 directly.
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In contrast to the TFs above, Pod1 and Lmx1b expression is dramatically reduced in the 

Ebf1-deficient podocytes in vivo and in vitro. Although Pod1 and Lmx1b are expressed prior 

to Ebf1 induction in the podocyte, it appears that maintenance of their expression during late 

stages of glomerular maturation is directly dependent upon, or secondary to, the function of 

Ebf1. Pod1 is first expressed in developing podocytes of the S-shaped body adjacent to the 

vascular cleft and is sustained through later stages of glomerular maturation until, and 

including, terminal differentiation (45). The expression of Lmx1b coincides with that of 

Pod1 and it has also been implicated in the maturation of tuft development (46, 47). 

Reduction in the expression of Pod1 and Lmx1b may be contributing to the phenotype we 

have observed. Although no reports have been made using a floxed-podocyte specific 

knockout of Pod1, Pod1 is thought to play an important role in remodeling and maturation 

of the glomerular vasculature (48). Lmx1b regulates many of the messages that appear to be 

altered in the Ebf1-deficient cells including VEGF-A, Collagen IV-α3 and Collagen IV-α4, 

and their expression was reduced in both null and heterozygous animals (15). No connection 

has been made between the expression of Podxl and Pod1 or Lmx1b, yet its expression was 

also significantly reduced in vivo and in vitro in the absence of Ebf1. Elucidation of whether 

the changes we observe in podocyte makers are primary or secondary mechanisms of the 

actions of Ebf1 are the focus of ongoing research.

In conclusion, we believe that the function of Ebf1 in renal development is not only 

significant for its role in cortical tuft development, but unique in its pattern of expression 

and late developmental phenotype. Future investigations to identify the transcriptional 

targets of Ebf1 in the podocyte will provide a greater understanding of the role of this key 

TF in development and maintenance of podocytes during kidney maturation and disease 

progression.

Materials and Methods

Mice

Ebf1−/− mice were originally generated by Dr. Rudolf Grosschedl (49). F2 Ebf1−/− and 

Ebf1+/+ mice maintained on a mixed C57BL/6 and 129X1/SvJ background were used for all 

experiments (50). The Yale Medical School IACUC approved the purchase and use of all 

animals.

Serum Ocn

Ocn levels in the sera were measured by a standard equilibrium radioimmunoassay using 

specific goat anti-mouse Ocn antibody (51).

RT-qPCR

Cells or tissues were lysed in Trizol (Invitrogen) and either processed immediately, or flash 

frozen and stored at −80°C for later use. Tissue was homogenized and the total RNA was 

isolated following the manufacturer’s instructions. 1 μg of RNA was reverse transcribed 

using qScript (Quanta) then analyzed by real time PCR (qPCR) on an ABI Step One 

machine, and amplified using Kapa Sybr Fast Universal. The values were normalized 

relative to the expression of L9.
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GFR

After anesthetization the bladder, carotid artery and external jugular vein were catheterized. 

Following a saline bolus (1% body weight after surgical prep) 3-H inulin was infused at 50 

μCi per hour per mouse at a volume flow rate of 12 μl/g body wt/hr. After a 40 minute 

equilibration period, 2 sequential 30 minute urine samples were collected and the volume 

measured. Blood was sampled at the midpoint of each urine collection. Plasma or urine was 

pipetted into liquid scintillation fluid (Optifluor, PerkinElmer) and counted in a liquid 

scintillation counter.

Histology

For perfusion fixation animals were anesthetized and perfused briefly with PBS followed by 

a periodate-lysine-paraformaldehyde (PLP) solution. Alternately, tissues were fixed in 10% 

buffered formalin and embedded in paraffin before being sectioned and stained with 

hematoxylin and eosin (Sigma) or Gomori Trichrome (Sigma).

Serum and Urine Collection

For serum, blood was collected retroorbitally, and sera was separated by centrifugation. 

Urine collections were all spot urines. Albumin was measured by ELISA (Bethyl Labs). 

Total protein was measured by Bradford assay. Creatinine and BUN were measured by 

submitting samples to the Yale Mouse Metabolic Phenotyping Center (MMPC as fee for 

service).

TEM

Samples were prepared by PLP-fixation and submitted to the Renal Pathology and Electron 

Microscopy Laboratory at Yale. A Zeiss LIBRA 120 Electron Microscope was used to scan 

the specimens. Images were digitized from the electron microscope using the Advanced 

Microscopy Techniques (AMT) CCD Camera system and software.

ISH

Antisense cRNA probes directed against mouse Ebf1 were generated and labeled with 

digitoxigenin-11-UTP (Roche). Incubation and Staining was performed as described 

previously (52).

Western Blot

Whole cell protein lysate was collected and 30 μg of lysate was separated by SDS-PAGE, 

transferred to nitrocellulose, blocked with IgG-free BSA and probed for Ebf1 (Santa Cruz, 

sc-15888). Secondary antibody was α-goat-HRP (Santa Cruz, sc-2033).

IF

Kidneys were collected bisected, and stored in OCT at −80°C. 8 μm frozen sections were 

cut, and samples were fixed according to the antibody requirements. Staining was performed 

as described previously (52). See Table S1 for antibodies and hybridization conditions. 

Fluorescence was preserved with ProLong Gold antifade reagent (Invitrogen). 

Quantification of signal intensity was calculated on sections co-stained on the same slide 
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and captured using identical exposures/parameters. ImageJ software was used to perform 

densitometric analysis.

Statistical Analysis

All values are expressed as mean±SE. We evaluated differences between groups through 

Student’s two tailed t-test analysis. Significance is indicated (*) when p ≤ 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. GFR Is Reduced In EBF1−/− Mice And Accompanied By Albuminuria
A) Serum Ocn was measured in Ebf1+/+ and Ebf1−/− mice at various ages. B) Calvarial 

osteoblasts were isolated from Ebf1+/+ or −/− pups and cultured for the indicated times in 

the presence of osteoblastic differentiation media. RNA expression was examined with RT-

qPCR and normalized to L9 transcript. C) Long bones were flushed of marrow and then 

assayed for the presence of message. Alkaline phosphatase (ALP) and Runx2 (Rx2) are 

early osteoblastic controls. D) GFR was measured in P56 mice (n = 8 Ebf1+/+, 5 Ebf1−/−). 

Measured GFR (Obs) is shown, as is the expected GFR (Exp) based on body size. E) Plasma 

inulin was measured in the bloodstream during the infusion. F) Vital signs were monitored 

during sedation and perfusion. They included heart rate (Hrt Rate), blood pressure (BP) 

(mean as well as systolic (Syst) and disystolic (Dsyst)), and hematocrit (Hct). G) Urine flow 

was also measured. H) BUN in serum from P28 animals (n = 5 mice per genotype). I) Serum 

Creatinine (n = 5 mice per genotype). J) SDS PAGE and comassie staining of urine from 

two separate P28 animals per genotype. Each lane was loaded with 1 μl of urine. Reference 

lane contains 10 ug of BSA as a sizing and loading control. K) Urinary albumin to creatinine 

ratio measured in mice of varying ages (n = 3–5 mice per genotype per age). L) Serum 

albumin was measured in the circulation of P28 animals. M) RNA expression of Lipocalin 2 

(Lcn2) transcripts in whole kidneys. Values are first normalized to L9 and then expressed as 

a fold change of the age matched Ebf1+/+ expression level. (n = 3–6 mice each). (*p ≤ 0.05)

Fretz et al. Page 13

Kidney Int. Author manuscript; available in PMC 2014 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. Histological Examination of EBF1−/− Mice Kidney
A) Kidneys weights were recorded and expressed as a percent of total body weight. B) 

Representative kidneys from 4 separate mice are shown. Bar = 2 mm. C) H&E staining of 

perfusion-fixed kidneys from P28 Ebf1+/+ and −/− animals. Bar = 2 mm. D) Trichrome 

staining of P28 perfusion-fixed kidneys. Bar = 300 μm. (C)- Cortex, (OSOM)- Outer stripe 

of the outer medulla, (ISOM)- Inner stripe of the outer medulla, (IM)- Inner medulla. E) 

Magnification of H&E stained peripheral cortex from P28 perfusion-fixed sections. Bar = 50 

μm. F) Representative glomeruli are shown for each genotype in P28 H&E stained kidneys. 

Phenotype varies by cortex depth. (P)-Peripheral, (I)-Intermediate, (JM)- Juxtamedullary. 

Bar = 50 μm. G) Kidneys from P56 and P90 mice stained with Trichrome. Bar = 200 μm. H) 

Trichrome staining of interstitial immune infiltration present in P56 and P90 Ebf1−/− 

kidney. Bar = 200 μm. I) Persistent immature phenotype of peripherial glomeruli in P56 and 

P90 kidney. Bar = 50 μm. J) Phenotype of Trichrome stained JM glomeruli at P56 and P90. 

Bar = 50 μm. K) Tubular dilation with protein casts and schistocytes. Bar = 50 μm.
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Fig. 3. Ebf1 Expression is Spatially and Temporally Regulated During Postnatal Kidney 
Development
A) Expression of Ebf-family transcripts by RT-qPCR in RNA isolated from P28 kidney. 

Values are normalized to the expression of L9 (n = 5–6 mice per genotype). (*p ≤ 0.05) B) 

ISH of Ebf1 mRNA expression in neonate (P0) and P28 mice. Glomeruli are indicated with 

white arrowheads. Ebf1−/− control is shown to highlight specificity of the probe. Bar = 200 

μm. C) IF of Ebf1 expression in glomeruli during postnatal development. Wt1 is used as a 

positive marker for podocytes. DAPI is used for nuclear counterstain. Merge is shown at far 

right with insets highlighting co-localization within podocyte nuclei. Glomeruli are outlined 

for orientation. Bar = 50 μm. D) Western blot for Ebf1 in cell lysate from primary podocytes 

isolated from P0 and P14 mice. Whole kidney is shown as a positive control. Actin is shown 

as a loading control. E) IF of Ebf1 expression in isolated podocytes. Wt1 is used as a 

positive marker for podocytes. Bar = 50 μm.
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Fig. 4. Cortex Depth-Dependent Heterogenetity of Tuft Development
A) The number of capillary loops per glomeruli was quantified in 10–20 glomeruli per 

cortex location. (P)-Peripheral, (I)-Intermediate, (JM)- Juxtamedullary. B) Glomerular 

maturation was evaluated by quantifying the cross-sectional area per glomeruli for all 

glomeruli present in saggital sections of kidney. (n = 3 mice per genotype). C) IF of 

PDGFRβ (mesangial) and PECAM-1 (endothelial) in peripheral (P) glomeruli from P28 

animals. DAPI is used as nuclear counterstain. Glomeruli are outlined for spatial orientation. 

Bar = 20 μm. D) RNA expression of mesangial (Desmin, Pdgfrb) and endothelial (Pecam1) 

markers in whole kidney. Values are first normalized to L9 and then expressed as a fold 

change of the age matched Ebf1+/+ expression level. (n = 3–6 mice each). (*p ≤ 0.05 

compared to age matched control, #p ≤ 0.05 compared to P7 value)
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Fig. 5. EBF1−/− Podocytes are severely effaced with apical attachment to Bowman’s capsule and 
localized defects in GBM
A) TEM from P28 animals. Representative glomeruli are shown. Due to the heterogeneity of 

phenotype dependent on cortex depth in the Ebf1−/− animals, cortex location and low power 

examples are provided. Basket weaving and separation of the GBM is highlighted with 

black arrows. BC= bowman’s capsule (white arrows), Po=podocyte, E=endothelial cell, (P)-

Peripheral, (JM)- Juxtamedullary. B) TEM was performed on kidneys of P0 neonates. 

Glomeruli in the juxtamedullary (JM) and Intermediate (I) regions of the cortex were 

visualized for podocyte foot process formation, GBM structure, and endothelial fenestration. 

Po= Podocyte. Bar = 2 μm.
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Fig. 6. Improper GBM maturation in Ebf1−/− Glomeruli
A) IF of Collagen IVα3 in P14 tissue. DAPI is used as nuclear counterstain. Glomeruli are 

outlined for spatial orientation. Bar = 20 μm. B) RNA from whole kidneys was used to 

examine transcript expression of GBM-associated collagens. Values are first normalized to 

L9 and then expressed as a fold change of the age matched Ebf1+/+ expression level. (n = 3–

6 mice each). (*p ≤ 0.05)

Fretz et al. Page 18

Kidney Int. Author manuscript; available in PMC 2014 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. Onset of the glomerular phenotype is accompanied by decreased VEGF-A
A) VEGF-A expression in glomeruli was examined by IF in P28 and P14 animals. 

Glomeruli are outlined. Bar = 20 μm. B) RT-qPCR examination of Wt1 and several Wt1 

transcriptional targets (VEGF-A, Nephrin (Nphs1), Podocalyxin (Podxl), PDGFRα, and 

Pax2) in whole kidney from P28 Ebf1−/− mice. Values are normalized to L9 transcript 

expression and then expressed as fold change from the age matched Ebf1+/+ tissue. C) IF of 

Wt1 in peripheral (P) and juxtamedullary (JM) glomeruli of P28 and P14 kidney. Bar = 20 

μm. D) Quantification of IHC intensity for Wt1 expression in nuclei. At least 50 nuclei were 

analyzed per region and genotype. E) RT-qPCR examination of Wt1 in whole kidney of 

Ebf1+/+ and −/− animals of various ages. F) RT-qPCR examination of Wt1, several Wt1 

transcriptional targets, and angiopoietin-1(Angpt1) in isolated podocytes from P28 animals. 

Values are normalized to L9 and then expressed as fold change from the age matched 

Ebf1+/+ tissue. G) RT-qPCR examination of other TFs important for podocyte maturation 

(Mafb, Foxc2, Pod1, Lmx1b) in isolated podocytes from P28 animals. Values are 

normalized to L9 transcript expression and then expressed as fold change from the age 

matched Ebf1+/+ tissue. (*p ≤ 0.05)
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