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Abstract

The mammalian kidney collecting ducts are critical for water, electrolyte and acid-base 

homeostasis and develop as a branched network of tubular structures composed of principal cells 

intermingled with intercalated cells. The intermingled nature of the different collecting duct cell 

types has made it challenging to identify unique and critical factors that mark and/or regulate the 

development of the different collecting duct cell lineages. Here we report that the canonical Notch 

signaling pathway components, RBPJ and Presinilin1 and 2, are involved in patterning the mouse 

collecting duct cell fates by maintaining a balance between principal cell and intercalated cell 

fates. The relatively reduced number of principal cells in Notch-signaling-deficient kidneys 
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offered a unique genetic leverage to identify critical principal cell-enriched factors by 

transcriptional profiling. Elf5, which codes for an ETS transcription factor, is one such gene that is 

down-regulated in kidneys with Notch-signaling-deficient collecting ducts. Additionally, Elf5 is 

among the earliest genes up regulated by ectopic expression of activated Notch1 in the developing 

collecting ducts. In the kidney, Elf5 is first expressed early within developing collecting ducts and 

remains on in mature principal cells. Lineage tracing of Elf5-expressing cells revealed that they 

are committed to the principal cell lineage by as early as E16.5. Over-expression of ETS Class IIa 

transcription factors, including Elf5, Elf3 and Ehf, increase the transcriptional activity of the 

proximal promoters of Aqp2 and Avpr2 in cultured ureteric duct cell lines. Conditional 

inactivation of Elf5 in the developing collecting ducts results in a small but significant reduction in 

the expression levels of Aqp2 and Avpr2 genes. We have identified Elf5 as an early maker of the 

principal cell lineage that contributes to the expression of principal cell specific genes.
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Introduction

The mammalian kidneys are responsible for water, electrolyte and acid-base homeostasis. 

These functions are carried out by nephrons which are tubular structures organized into 

segments each consisting of unique epithelial cell types. An exception to this segregation of 

cell types occurs in the connecting tubule (CNT) of the distal nephron and the collecting 

ducts (CD) which consist of intermingled cell types [1–3]. The majority of the CD consist of 

vasopressin responsive principal cells that uniquely express aquaporin-2 (Aqp2) apically and 

arginine-vasopressin receptor-2 (Avpr2), aquaporin-3 (Aqp3) and aquaporin-4 (Aqp4) on the 

basolateral membranes to regulate water homeostasis [4]. Intermingled among the principal 

cells (PC) are the intercalated cell (IC) types that are responsible for pH homeostasis. The 

ICs express carbonic anhydrases (CA), vacuolar H+-ATPase pumps (H+-ATPase) and anion 

exchangers (AE) [5–7]. Based on the differential localization of vacuolar H+-ATPase and the 

type and localization of AE (apical versus basolateral) ICs are classified into α, β, and non-

α and β [8, 9]. ICs belong to a type of epithelia referred to as proton-secreting cells [10] 

found in many mammalian organ systems, including kidneys, inner ear and epididymis. 

These proton-secreting cells are also present in Xenopus and zebrafish skins, where their 

differentiation is promoted by Foxi1-orthologs and negatively regulated by Notch signaling 

[11, 12].

Notch signaling regulates cell fate patterning in which neighboring cells during development 

adopt different fates [11, 13–16]. Notch signaling occurs between adjacent cells, with at 

least one of four Notch receptors being activated by ligands belonging to the Delta-like (Dll) 

and Jagged (Jag) family of type I transmembrane proteins [17]. Upon ligand binding, Notch 

receptors undergo a series of cleavage events initiated by Adam metalloproteinases and 

followed by γ-secretase. Presenilin1 (PS1) and Presenilin2 (PS2) are two components of the 

γ-secretase complex critical for releasing the Notch intracellular domain (NICD) from the 

membrane [18, 19]. NICD translocates to the nucleus and converts DNA-bound RBPJ-
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containing transcriptional repressor complexes into activators by interacting directly with 

RBPJ and recruiting mastermind-like to activate target genes.

The molecular regulators of collecting duct differentiation are only beginning to be 

identified. PCs and ICs originate from a common precursor in the developing CD. 

Inactivation of Foxi1, a forkhead transcription factor in mice results in CD cells expressing 

both PC and IC markers, possibly arresting at an intermediary developmental state [20]. 

Foxi1 activates expression of IC-specific genes, including Slc4A9 and genes coding for 

subunits of the vacuolar H+-ATPase pump [21, 22]. Foxi1 expression levels and the number 

of ICs are increased in Mind bomb1 (Mib1) and Adam10-deficient mouse collecting ducts. 

Both Mib1 and Adam10 are required for Notch receptor activation within the developing CD 

to ensure that a sufficient number of CD cells select the PC-fate [23, 24]. Collectively, the 

studies in different organisms reveal a central role for Foxi1 in specification of IC-like cells 

and a role for Notch signaling in repressing Foxi1 expression to allow for PC development. 

It remains unknown what factors directly activate the PC specific genes to turn on the PC 

program.

In the current study, we made use of the mouse kidneys with Notch-signaling-deficient-

collecting ducts as a way of “genetically sorting” the principal and intercalated cells. We 

hypothesized that comparing the gene expression profiles of developing kidneys with Notch-

signaling-deficient collecting ducts versus wild-type kidneys would allow for the 

identification of novel PC specific factors. In support of our hypothesis, we have identified 

Elf5 as an early PC-specific transcription factor that contributes to the regulation of mature 

PC genes.

Results

Inactivation of RBPJ in the developing mouse collecting ducts results in a reduction in the 
number of principal cells and an increase in intercalated cell number

To utilize mouse kidneys with Notch-signaling-deficient-collecting ducts as a tool to identify 

novel PC-specific transcription factors we inactivated RBPJf/f (RBPJ-conditional alleles) in 

the developing ureteric bud (UB) lineage by breeding with HoxB7->Cre mice [25]. RBPJ 

protein was depleted from most UB cells in HoxB7->Cre;RBPJf/− kidneys by E14.5 (Fig.1). 

At E14.5 the UB cells, which in HoxB7->Cre;Rosa+/EYFP kidneys are EYFP+ cells, have not 

differentiated into ICs or PCs as determined by the absence of Foxi1 and Aqp2 in EYFP+ 

cells (Fig.S1). However, EYFP−negative cells that are likely part of the CNT-segment of 

nephrons have begun to differentiate into PCs and ICs at E14.5 (Fig.S1). Although both 

CNT and CD consist of PC and IC types, the CNT is derived from the Six2+ cap 

mesenchyme while the CD is derived from the UB [26–28]. In HoxB7->Cre;RBPJf/− 

kidneys most cells of the UB lineage are deficient for RBPJ by E14.5 (Fig.1), before 

differentiation into ICs or PCs (Fig.S1).

Similar to Mib1 or Adam10-deficient CDs, inactivation of RBPJ resulted in many more ICs 

as evidenced by an increased number of Foxi1 (Fig.2A–D) or carbonic anhydrase II (CAII) 

expressing cells (Fig.2E–H), accompanied by a reduction in Aqp2 expressing cells (Fig.2A–

H). The alteration in IC to PC ratio was verified by measuring the expression levels of IC-
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specific genes and PC-specific genes. RT-qPCR using whole kidney RNA revealed increased 

expression of IC-specific genes along with decreased expression of PC-specific genes in the 

E18.5 kidneys with RBPJ-deficient CDs when compared with that of wild-type kidneys (Fig.

2I, J). There was a two-fold increase in expression level of the intercalated cell-specific gene 

Foxi1 and a two-fold reduction in expression levels of principal cell-specific genes, Aqp2 
and Aqp4. This reduction in principal cell gene expression was accompanied by a reduced 

ability to concentrate urine (Fig. 2K), and occasionally hydronephrosis in one of the two 

kidneys resulting in loss of renal medullary tissue (Fig.S2). Similar to the Mib1-deficient 

and Adam10-deficient collecting ducts, PCs still develop from RBPJ-deficient-CD cells of 

HoxB7->Cre; RBPJf/− mice (Fig.2 and Fig.S3). Overall, Notch-mediated transcription via 

RBPJ is required to ensure that a sufficient number of CD cells adopt the PC fate to allow 

for normal CD function.

Elf5 is down-regulated in kidneys with Notch-signaling-deficient collecting ducts and is 
among the earliest genes up regulated with ectopic expression of activated Notch1 in the 
developing collecting ducts

There is limited knowledge of the transcription factors that are specifically expressed in the 

PC lineage and required for PC development. We hypothesized that we could identify such 

factors by comparing the gene expression profiles of developing kidneys containing Notch-

signaling-deficient collecting ducts versus wild-type kidneys. Since Notch-signaling-

deficient collecting ducts have reduced number of PCs, genes uniquely expressed in the PCs 

are expected to be expressed at lower levels in the kidneys with Notch-signaling-deficient 

collecting ducts (Fig. 2J). To identify PC-specific transcripts we compared gene expression 

profiles of E18.5 HoxB7->Cre;RBPJf/−; RosaEyfp/+ (mt) to RBPJf/f; RosaEyfp/+ wild-type 

(wt) littermate kidneys. Profiling of whole kidney total RNA yielded approximately 80 

genes down-regulated by at least 1.25-fold (p<0.05) in mt versus wt (Fig.3A). The presence 

of Aqp2 and Aqp4 among the down-regulated genes (arrowheads in Fig.3A) added 

confidence that the gene profiling experiment had technically worked and that at least a sub-

set of the down-regulated genes are likely to be expressed only in the principal cells within 

the kidney. Among the down-regulated genes was Elf5, which codes for an E26 

transformation-specific (ETS) transcription factor (arrow in Fig.3A). In further confirmation 

that renal Elf5 expression is dependent on Notch signaling within developing CDs, E18.5 

HoxB7Cre; PS1−/f; PS2−/− kidneys have a reduction in Elf5, Aqp2 and Aqp4, along with an 

increase in Foxi1 and Atp6v1b1 expression levels, when compared to PS1f/f; PS2−/− 

littermates (Fig.3B). Based on the rationale that the first transcription factors to be up 

regulated by Notch signaling within the collecting ducts are likely to be critical early PC-

specific transcription factors we tested whether Elf5 is among the earliest genes activated by 

ectopic expression of Notch1 intracellular domain (N1-ICD) in the developing collecting 

ducts. We generated HoxB7->Cre; Rosa+/NICD mice, in which N1-ICD is expressed in the 

ureteric duct cell lineage from a time prior to normal PC and IC differentiation. Mouse 

kidneys with ectopic N1-ICD expression in the collecting ducts at E13.5 had a two-fold 

increase in Elf5 (n=3, p<0.05), a 2.5-fold variable increase in Aqp4 (n =3; p=0.052) and a 4-

fold variable increase in Aqp2 (n=3, p= 0.1) gene expression (Fig.3C). Hes1, a known target 

of Notch signaling, is also activated while Foxi1 expression is unchanged (Fig.3C). We 

decided to follow up on Elf5 as it is among the earliest genes up regulated by Notch 
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signaling and the function and expression of Elf5 in the kidney has not been characterized. 

Additionally Elf5 in other tissues, such as the mammary gland and trophoblast, regulates cell 

fate selection/cell differentiation [29–31].

Elf5 expression is activated early in the developing collecting ducts and remains on in 
mature principal cells

To determine the pattern of Elf5 expression we used Elf5+/LacZ mice in which β-

galactosidase reports Elf5 expression [32], and the Elf5->GFP transgenic mice which harbor 

a 120kb mouse Elf5 genomic region with GFP inserted at the start of Elf5 coding sequence 

[33]. Examination of GFP expression at post-natal day 0 revealed Elf5 expression only in a 

subset of cells within the cytokeratin8+ collecting ducts of mouse kidneys (Fig. 4A, D, G). 

Within the nephrogenic zone and cortex, GFP was detected consistently within the stalk of 

the terminal collecting duct branches (arrow in Fig. 4A). In very rare instances we observed 

a luminal cell within the duct tip that was GFP+ in the Bac Elf5->GFP kidneys (arrowhead 

in Fig.4B). As we move further away from the duct tips and towards the medulla, more and 

more cells within the cortical collecting duct stalks express Elf5 (Fig. 4D–F), and the 

majority of cells within the medullary collecting ducts express Elf5 (Fig.4G–I). The 

strongest Elf5 expression occurs in medullary CD cells (Fig.4G), is detectable by E16.5 

(Supplementary Fig.4) and remains on in Aqp2+ PCs at postnatal day 0 (Fig.4B,E,H and 

Supplementary Fig.4) and even at post-natal day 21 (Supplementary Fig.4). Elf5 expression 

was not detected in Foxi1+ cells (Fig.4C, F, I, Supplementary Fig.4F–J). Foxi1+ cells 

(arrows in Fig.4C, F, I) are always found adjacent to Elf5-expressing cells in the cortical and 

medullary collecting ducts. Interestingly, Elf5 expression occurs in more cortical collecting 

duct cells closer to the duct tips (arrowheads in C and F) that are not adjacent to Foxi1+ cells 

(arrows in C and F), and do not express Aqp2 (arrows in B and E). Aqp2 expression begins 

to occur in Elf5-expressing cortical collecting duct cells that are located further away from 

the duct tips. In addition, Aqp2 is also expressed in cells that do not express Elf5 
(arrowheads in Fig.4H), revealing heterogeneity among Aqp2+ cells.

Elf5 activates principal cell specific gene promoters and ensures normal level of Aqp2 and 
Avpr2 expression in developing kidneys

Considering that Elf5 expression appears to precede Aqp2 at least in a subset of collecting 

duct cells, we tested whether ectopic expression of Elf5 can activate proximal promoters of 

Aqp2 and Avpr2 in immature CD cell lines, isolated from E12.5 HoxB7-
>Cre;ROSAEYFP/+;Immorto+/TG mouse kidneys (Fig.5A–C). Three cell lines, M1, M3 and 

M5, were established from E12.5 branching ureteric duct that expressed GFP. Analysis of 

genes expressed in these cells revealed that they do not express the mature principal (Aqp2, 

Aqp4) or intercalated (Foxi1) cell specific genes (Fig.5D). The M1 and M3 cells do not 

express Elf5, while the M5 cells express a low level of Elf5, possibly indicating that the M5 

cells are at an early stage of becoming principal cells (Fig.5D). Interestingly, GFRα1 

expression is lower in M5 cells than in M1 and M3 cells, however c-Ret levels appear 

similar (Fig.5D). Ectopic expression of Elf5 in these immature CD cell lines activated a 

proximal 1kb Avpr2 promoter significantly in all three cell lines, with the highest activation 

of 2.0-fold in the M5 cells (Fig.5E). Additionally, Elf5 significantly activated a proximal 1kb 
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Aqp2 promoter in M3 and M5 cells, with the highest activation of 1.6-fold in the M5 cells 

(Fig.5E).

We next tested whether Elf5 can activate principal cell specific gene promoters in MDCK 

cells which have properties of mature PCs and are of CD origin [34]. Ectopic expression of 

Elf5 in MDCK cells can activate Aqp2 and Avpr2 proximal promoters by 2.5-fold and 2-

fold, respectively (Fig.5F). In further confirmation that Elf5 can activate principal cell genes 

we observed that transient expression of Elf5 in the mature principal cell line mpkCCDc14, 

derived from mouse kidneys [35], increased the transcript levels of Aqp2 and Avpr2 by 

about 1.5-fold on average (n=6 per condition, p<0.05) as measured by RT-qPCR (Fig. 6A). 

To determine the contribution of Elf5 in the regulation of PC-specific genes we inactivated 

floxed alleles of Elf5f/f [31] using Cdh16->Cre transgene which drives Cre expression in 

distal tubules and CDs [36]. Neonatal mouse kidneys deficient for Elf5 expression (Cdh16-
>Cre; Elf5*/f, where *= floxed or null allele) express 25% less Aqp2 and 25% less Avpr2 
compared with control littermates (Fig.6B). This decrease in Aqp2 and Avpr2 expression 

was not due to a reduction in number of PCs in any region of the kidney (Fig. 6C–I). The 

percentage of CAII+ collecting duct cells, as well as the percentage of Aqp2+ collecting duct 

cells were not significantly different in Elf5f/f (wild-type) versus Cdh16->Cre;Elf5*/f (Elf5-

deficient) mouse kidneys (Fig. 6C). Consistent with no change in the principal to 

intercalated cell ratio, Foxi1 expression levels were the same in Elf5-deficient kidneys and 

control littermate kidneys (Fig. 6B). Additionally, not all principal cell specific genes, for 

example Aqp4, were significantly down-regulated in the absence of Elf5 (Fig. 6B).

Considering that Elf5 is expressed in a subset of Aqp2+ principal cells, with the highest 

expression in medullary collecting ducts, we next tested if Elf5 contributes more to the 

differentiation of cells within a specific segment of the collecting ducts. For this we analyzed 

the expression levels of genes previously characterized to have restricted expression within 

certain segments of the developing collecting ducts [37, 38]. Etv4, a duct tip specific gene 

[38] and Kitl which is expressed in the tip and cortical collecting duct [37] were not 

significantly differentially expressed in the P0 wild-type versus Elf5-deficient kidneys (Fig.

6J). Additionally, Fam129a and Gsdmc4 which are restricted to the medullary collecting 

ducts [37] were not expressed at significantly different levels in the wild-type versus Elf5-

deficient kidneys (Fig.6J). We also observed no significant difference in the expression 

levels of Upk1b and Ppp1r3c, which are enriched in the medullary collecting ducts [37], 

between wild-type versus the Elf5-deficient kidneys (Fig.6J).

Elf3 and Ehf are also capable of regulating principal genes

Elf5 belongs to the class IIa subfamily of ETS transcription factors [39]. This classification 

is based on similar DNA binding properties mediated by the winged helix-turn-helix DNA 

binding domain found in all ETS factors. Among the class IIa subfamily of ETS 

transcription factors Elf3 and Ehf are reported to be expressed in the mouse developing 

collecting duct system [38]. Considering the modest contribution of Elf5 to the activation of 

Aqp2 and Avpr2 genes, we wondered whether Elf3 and Ehf can perform the same functions 

as Elf5 in the collecting duct cells. We observed that both Elf3 and Ehf are capable of 

activating the Aqp2 and Avpr2 proximal promoters in immature collecting duct cell lines. 
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Ehf activated Aqp2 and Avpr2 promoters by 2.4-fold and 4-fold, respectively, in M5 cells 

(Fig.7A). Elf3 activated Aqp2 and Avpr2 promoters by 21.5-fold and 28-fold, respectively, 

in M5 cells (Fig.7A). Interestingly, Elf3 but not Ehf activated both Aqp2 and Avpr2 
principal cell gene promoters in the M1 and M3 cells (Fig.7A). These observations indicate 

that Elf3 and Ehf could potentially compensate for loss of Elf5 in the developing collecting 

ducts.

Elf5-expressing cells are committed to the principal cell lineage by E16.5

Although Elf5 has only a modest role in activating Aqp2 and Avpr2 genes in the collecting 

ducts we next wanted to test if Elf5 expression could serve as a marker of the principal cell 

lineage. Considering that Elf5 is expressed prior to Aqp2 in some duct cells at E16.5 and its 

expression is restricted to Aqp2+ cells by E18.5, it is seems likely that the early Elf5 
expression occurs in collecting duct cells that are committed to becoming principal cells but 

have not yet turned on Aqp2 expression. Alternatively, it is possible that the Elf5 expression 

at E16.5 occurs in duct cells that still have not committed to becoming principal cells, and 

that Elf5 expression becomes restricted to the principal cell lineage only towards the end of 

collecting duct development. To distinguish between these possibilities we performed 

lineage tracing experiments using Elf5->rtTA-IRES-GFP mice [40] which should express 

the reverse tetracycline transactivator (rtTA) and GFP in Elf5 expressing cells. We confirmed 

that GFP expression within the developing kidneys of Elf5->rtTA-IRES-GFP mice is similar 

(data not shown) to that of β-galactosidase in the Elf5+/LacZ mice and to the GFP expression 

in the Elf5->GFP mice (Fig. 4). To genetically label the early Elf5-expressing cells we 

provided doxycycline in the drinking water of pregnant Rosatdtomato/tdtomato [41] females 

from embryonic day 16.5 to 17.5, that had been mated with Tet-O-Cre [42]; Elf5->rtTA-
IRES-GFP males. In experiment#1 (Fig.8A) we analyzed embryonic kidneys at E17.5, 

immediately after the doxycycline pulse, and observed tdtomato expression (red 

fluorescence) within epithelial structures only in embryos inheriting Elf5->rtTA-IRES-GFP 
along with Tet-O-Cre; Rosa+/tdtomato (arrowheads in Fig. 8B and C). Most (29 out of 30) 

tdtomato expressing epithelial cells also expressed Aqp4, a specific marker of principal cells 

(arrowhead in Fig. 8B). None of the epithelia marked with tdtomato were positive for 

Atp6v1b1, which is expressed only in the intercalated cells within the developing kidneys. 

All embryos inheriting Tet-O-Cre; Rosa+/tdtomato with or without Elf5-rtTA-IRES-GFP 
contain tdtomato expressing interstitial cells within the kidneys (arrows in Fig. 8D and E, 

Fig.9B, C and D). The interstitial expression of tdtomato occurs independently of 

inheritance of Elf5-rtTA-IRES-GFP and is likely due to the expression of Cre in a 

subpopulation of renal interstitial cells that is not dependent on the tet-response-elements 

being activated by rtTA in combination with doxycycline. In theory this could occur if the 

Tet-O-Cre transgene inserted into a locus that is near a renal-interstitial-cell-specific 

promoter that drives gene expression only in a subset of renal interstitial cells. More 

importantly the doxycycline administered between E16.5 and E17.5 only labeled the 

principal cells in the epithelial structures of the Elf5->rtTA->GFP; Tet-O-Cre; Rosa+/tdtomato 

embryos and not in Tet-O-Cre; Rosa+/tdtomato embryos. All the tdtomato+ epithelial cells 

also expressed GFP at E17.5 which supports that the genetic labeling within epithelial cells 

is restricted to Elf5 expressing cells.
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Since not all collecting duct cells have differentiated by E17.5, we genetically pulse labeled 

a subset of Elf5-expressing cells between E16.5 and E17.5 and analyzed the kidneys at post-

natal day 0 (P0; Fig.9). Epithelial cells expressing tdtomato were present only in Elf5-
>rtTA-IRES-GFP; Tet-O-Cre; Rosa+/tdtomato P0 kidneys (Fig.9A and B), and not present in 

Tet-O-Cre; Rosa+/tdtomato P0 kidneys (Fig. 9C and D) or in Elf5->rtTA-IRES-GFP; 
Rosa+/tdtomato P0 kidneys (Fig.9E and F). Once again consistent with the Tet-O-Cre driving 

Cre expression independent of rtTA in a subset of non-epithelial renal cells we observed 

tdtomato+ interstitial cells in both Elf5->rtTA-IRES-GFP; Tet-O-Cre; Rosa+/tdtomato and in 

Tet-O-Cre; Rosa+/tdtomato P0 kidneys (arrowheads in Fig.9B, C and D) but not in Elf5-
>rtTA-IRES-GFP; Rosa+/tdtomato P0 kidneys (Fig.9E and F). All epithelial cells expressing 

tdtomato (n=45) also expressed Aqp4 (Fig. 9A) and none expressed Atp6v1b1 (Fig. 9B). 

Hence, the early Elf5 expression at E16.5 occurs in cells that are committed to the principal 

cell fate.

Discussion

Elf5 is a novel collecting duct specific transcription factor that functions down-stream of 
Notch/RBPJ-mediated signaling and contributes to the regulation of some PC-specific 
genes

Our observations extend previous studies of Mib1 and Adam10 deficient mice [23, 24] by 

uncovering a role for RBPJ and Presenilin1 and Presenilin2 in development of an 

appropriate number of principal cells within the collecting ducts. Together with the previous 

studies we confirm a role for the canonical Notch signaling pathway in ensuring the 

development of sufficient number of principal cells. The role of Notch signaling in 

patterning of the mammalian collecting ducts into principal cells intermingled with 

intercalated cells is reminiscent of Notch’s role in the “salt and pepper” patterning of 

multiciliated cells versus the transporter cells in the zebrafish distal pronephros [16, 43, 44], 

the patterning of the lungs with clara cells intermingled with multiciliated cells [45], and the 

patterning of the Xenopus and zebrafish skins with proton-secreting ionocytes (intercalated-

like cells) intermingled with transport cells [11, 12]. In all these systems Notch signaling is 

considered to only repress the minority cell fate, for example by preventing the expression of 

Foxi1 orthologs that promote the intercalated-like cell fate [12] or Multicillin/Mcidas 

orthologs that promote the multiciliated cell fate [46, 47]. Here we have utilized the kidneys 

with Notch-signaling-deficient collecting ducts as a tool to identify genes that may be 

specifically expressed in the principal cells. Among these we verified that Elf5, one of six 

ETS Class-IIa subfamily members, is a novel Notch signaling dependent transcription factor 

that is expressed in the developing collecting ducts. Additionally, we determined that Elf5 is 

among the earliest genes up regulated with ectopic activation of Notch signaling in the 

developing collecting ducts. However, it remains to be determined whether or not the 

relationship between Notch signaling and activation of Elf5 expression is direct. Elf5 
expression prior to Aqp2 in a subset of developing collecting duct cells at E16.5, along with 

the ability of Elf5 to modestly activate Aqp2 and Avpr2 proximal promoters and the 

requirement of Elf5 for normal level of Aqp2 and Avpr2 expression in the mouse kidneys 

allows us to conclude that Elf5 contributes to principal cell-specific gene expression. Elf5 
however is not essential for principal cell differentiation. It remains possible that Elf5’s role 
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in the principal cells may become critical under physiologic stress which we have not 

evaluated. Considering the redundancy built into the molecular mechanisms driving kidney 

development [48], it is possible that other ETS Class-IIa subfamily members may function 

redundantly alongside Elf5 within the developing collecting ducts. The continued expression 

of Elf5 in mature principal cells, combined with the report of increased nuclear abundance 

of Elf3 in principal cells in response to the vasopressin analog dDAVP [49] further support 

the idea that multiple ETS Class-IIa subfamily members could be involved in mediating 

mature principal cell functions.

We speculate that the modest contribution of Elf5 to Aqp2 and Avpr2 expression is likely 

because Elf5 mediates only part of the function of Notch signaling to promote the principal 

cell program in a subset of PCs. The Notch independent pathway that promotes PC 

differentiation may involve the other ETS Class IIa subfamily members and/or other 

transcription factors such as Gata2 which contribute to normal levels of Aqp2 expression in 

the adult kidney [50]. This speculation is based on the following observations: (i) Elf5 is not 

expressed in all Aqp2+ (principal) cells, (ii) there is a Notch independent pathway that 

regulates PC differentiation since PCs do develop in the absence of Notch signaling, (iii) 

conditional inactivation of RBPJ in the developing collecting ducts reduced Aqp2 levels to 

50% of normal whereas conditional inactivation of Elf5 reduced Aqp2 levels to 75% of 

normal, and (iv) Elf3 and Ehf, which are expressed in the collecting ducts, are able to 

activate Aqp2 and Avpr2 proximal promoters.

The Elf5-expressing cells are committed to becoming mature principal cells

Elf5 expression turned on consistently in the branching collecting duct system from E16.5 

onwards and resembled the pattern observed at post-natal day 0 (Fig.4). The very rare cells 

within the lumen of the collecting duct tips that were GFP+ in the Elf5->GFP kidneys may 

have been undergoing mitosis considering that luminal mitosis occurs in the developing 

collecting duct tips [51]. Further studies are required to determine if Elf5 is turned on 

occasionally in one or both of the daughter cells following luminal mitosis. Elf5 expression 

is more pervasive among the collecting duct cells in the medulla compared to the cortex, 

which is consistent with a higher ratio of principal to intercalated cells in the medullary 

collecting ducts compared to the cortical collecting ducts. The absence of Elf5 expression in 

a subset of Aqp2+ cells indicates that not all Aqp2+ cells are equal and we still do not know 

the full extent of the heterogeneity among non-intercalated collecting duct cells. Previous 

studies indicate that the terminal regions of the inner medullary collecting ducts contain 

morphologically and functionally distinct Aqp2+ cells compared to the Aqp2+ collecting 

duct cells in the cortex and outer medulla [52, 53]. Future studies examining the 

transcriptional profiles of individual Elf5-expressing cells may reveal the existence of 

different subpopulations of Elf5-expressing collecting duct cells and identify novel genes 

uniquely expressed in the morphologically distinct subsections of the collecting ducts.

The lineage tracing experiments using the Elf5->rtTA-IRES-GFP mice revealed that the 

expression of Elf5 at E16.5 is restricted to cells that have already selected to become 

principal cells. At E16.5 Elf5 is a marker of the principal cell lineage since during normal 

mouse kidney collecting duct development the cells marked by Elf5 expression do not 
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become intercalated cell types. Various observations reported over the years suggest that the 

principal and intercalated cell fates are not fixed following collecting duct development. For 

example, lithium treatment [54] results in increased number of intercalated cells along with 

a decrease in principal cell number which may be due to principal cell trans-differentiation 

into intercalated cells. More recently the inactivation of dot1l, a histone H3-K79-

methyltransferase, in Aqp2-expressing cells resulted in increased intercalated cell numbers 

and reduced principal cells numbers [55]. In other instances such as culturing isolated 

intercalated cells or during the recovery after cessation of lithium treatment the intercalated 

cells possibly convert into principal cells [56, 57]. However, definitive proof that trans-

differentiation of principal cells occurs is still lacking. In this regard the Elf5->rtTA-IRES-
GFP mice, which allow for the genetic labeling of principal cells, are likely to be useful in 

testing whether or not principal to intercalated cell trans-differentiation really occurs in the 

mature kidney collecting ducts.

Material and Methods

Mice

All experiments involving mice were approved by the Sanford Research IACUC. Details of 

mouse lines used are listed in Supplementary Table1. Mice used in this study were 

maintained on mixed backgrounds and genotyped following a universal PCR genotyping 

protocol [58]. For the lineage tracing experiments pregnant female mice were given 

doxycycline in the drinking water (1mg/ml; Sigma). Timed-mating of mice were observed 

daily and noon on the day a plug was observed was considered E0.5. Primer sequences are 

available upon request.

Histology and immunohistochemistry

Analysis of GFP, β-galactosidase, and RBPJ expression patterns were done as previously 

described [23, 59]. For other immunohistochemistry kidneys were fixed in Bouin’s fixative 

overnight at 4°C, rinsed in 70% ethanol prior to paraffin embedding and sectioning at 8 to 12 

μm thickness. Staining was done as previously described [60]. Primary antibody details are 

listed in Supplementary Table 2.

Microarray analysis

Embryonic kidneys from three E18.5 HoxB7->Cre;RBPJ−/f;RosaEyfp/+ and three 

RBPJf/f;RosaEyfp/+ littermates were harvested. The total embryonic kidney RNA was 

extracted using RNeasy Mini-Kit (Qiagen) and the quality of RNA confirmed using 

BioAnalyzer (Agilent Tech.). Samples were analyzed using Illumina Mouse 6.0 Array 

platform by the Sanford-Burnham Microarray Core. The results of the microarray reported 

in this publication have been deposited in NCBI’s Gene Expression Omnibus [61] and are 

accessible through GEO series accession number GSE68389 (http://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE68389).

Quantitative PCR

RNA was reverse transcribed using random hexamers or oligo dT with reverse transcription 

kit (Promega). Quantitative PCR was performed using Power SYBR Green (Life 
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Technologies), gene specific primers with the forward and reverse primers designed from 

different exons, and an ABI 7500 instrument (Applied Biosystems). Standard curves were 

generated analyzing serially diluted cDNA reverse transcribed from mouse kidneys to 

determine the efficiency of each primer pair. Each sample was measured either in duplicate 

or triplicate and relative gene expression levels were normalized to that of GAPDH or beta-2 
microglobulin. The relative expression levels were determined using the ΔΔCt method [62]. 

Primer sequences are available upon request.

Cell lines and plasmids

We utilized MDCK cells (from ATCC, CCL-34) which we confirmed during the course of 

these experiment have principal cell properties by gene expression profiling and IHC. We 

also used mpkCCDc14 cells from Dr. Vandewalle [35], which were grown on trans-well 

filters. We isolated ureteric duct cells from E12.5 HoxB7->Cre;ROSAEYFP/+;Immorto+/TG 

mouse kidneys and established three individual clones M1, M3 and M5 following a method 

previously described [63]. The proximal promoters used here were amplified from mouse 

genomic DNA and cloned into pGL3-Basic vector.

Dual luciferase assays

For dual luciferase reporter assays, ~80000 cells plated in each well of 24-well plates and 

transfected with 200ng reporter plasmid, 20ng normalization plasmid (pTK-Renilla; 

Promega) and 200ng expression plasmid. Dual luciferase reporter assays (Promega) were 

performed 48h after transfection according to manufacturer’s instructions. For each well, 

firefly (reporter) luciferase activity was divided by renilla (normalizer) luciferase activity to 

determine the normalized level of promoter activation. Each condition in the reporter assays 

had six biologic replicates.

Statistical Analysis

Our initial studies of four Notch-signaling-deficient mouse kidneys and three wild-type 

littermate kidneys revealed these numbers were sufficient to detect significant differences 

between the two groups by two-tailed t-test, with α=0.05 and Power=0.8, resulting in an 

effect size of 2.4 or higher. We therefore continued the studies with n=3 to 8 per group with 

the exact numbers depending on the size of and genotype within the litters. In the graphs, the 

height of each bar represents the mean and the error bars represent one standard deviation. In 

the scatter plots the large horizontal line through a group of data points represents the mean 

and the smaller horizontal lines flanking the mean in each group represent one standard 

deviation. Excel was used to perform two-tailed unpaired t-tests to compare two groups of 

mice or cells, after verification that samples had a normal distribution and testing for equal 

variance between groups using the F-test. The resulting p values are stated in the text and 

figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• RBPJ mediates Notch signaling dependent patterning of collecting duct cell 

types

• Lineage tracing reveals Elf5 to be an early principal cell lineage specific 

factor

• Elf5 contributes to principal cell gene expression in the kidney
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Figure 1. The HoxB7->Cre transgenic line efficiently inactivates RBPJ in the ureteric bud lineage 
by E14.5
A. RBPJf/f (wild-type) E14.5 littermate kidneys express RBPJ (green) in all cells including 

Calbindin-D expressing (red) ureteric bud cells. A′. Higher magnification of a ureteric bud 

section reveals RBPJ expression in UB cells. B. Most ureteric duct cells in HoxB7-
>Cre;RBPJf/− (mutant) E14.5 kidneys lack RBPJ. B′. A higher magnification of a T-shaped 

ureteric duct reveals that most UB cells are deficient for RBPJ but not the cells of distal 

segment of the nascent nephron that fuses with the ureteric duct. C&D. Collecting ducts 

expressing cytokeratin-8 (Krt8; Red) in E14.5 RBPJf/f (C) also express RBPJ, whereas 

collecting ducts in HoxB7->Cre;RBPJf/− E14.5 littermate kidneys are deficient for RBPJ 

(D). Several kidney sections from 3 mice per genotype were analyzed at E14.5. The scale 

bars are 50μm.
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Figure 2. Notch signaling mediated patterning of collecting duct cell fates is dependent on RBPJ. 
A, B, E and F
Kidney sections of wild-type post-natal day 1 RBPJf/f mice reveal many Aqp2 expressing 

cells intermingled with a few ICs expressing Foxi1 (A&B) or CAII (E&F) within the CDs. 

C, D, G and H: Kidney sections with RBPJ-deficient CDs contain many more ICs 

expressing Foxi1 (C&D) and CAII (G &H) and fewer Aqp2-expressing PCs. A, E, C and G 

are images of whole kidney sections revealing the central papillary and inner medullary 

regions. B, D, F and H are higher magnifications of inner medullary/papillary regions. D′ 
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and H′ are higher magnifications of boxed areas in D and H, respectively. I &J: RT-qPCR 

reveals significantly increased expression of Atp6v1b1 and Foxi1, along with significantly 

decreased levels of Aqp2 and Aqp4 in E18.5 HoxB7->Cre;RBPJf/f kidneys (n=4) compared 

with RBPJf/f littermate kidneys (n=3). K. The urine concentrating ability of HoxB7-
>Cre;RBPJf/f mice (n=3 or 4 per time point) is significantly decreased compared with 

RBPJf/f wild-type littermate (n=3 or 4 per time point). A separate cohort was analyzed at 

each time point. * denotes p<0.05, two-tailed unpaired t-tests. Scale bars are 100μm, expect 

A it is 500μm.
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Figure 3. Elf5 expression is down-regulated in mouse kidneys with Notch-signaling- deficient-
collecting ducts
A. Heatmap of genes with reduced expression in the kidneys of three mutant (mt) HoxB7-
>Cre; RBPJ−/f;Rosa+/EYFP E18.5 embryos compared with that of three wild type (wt) 

RBPJf/f ;Rosa+/EYFP E18.5 embryos. The genes listed were down-regulated in the mt 

kidneys by at least 1.25 fold, n=3 per genotype, p<0.05. The values in each row were 

normalized by subtracting the row mean and dividing by row standard deviation to calculate 

the z-scores. The heatmap color scale is −1.5 to 1.5 (z-score), with intensity of red 
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correlating with increased level of expression and intensity of blue correlating with lower 

level of expression compared with mean value within each row, which is represented as 

white. The arrowheads point at known PC genes Aqp2 and Aqp4, while the arrow points at 

Elf5. B. Elf5, Aqp2 and Aqp4 expression levels are reduced, while that of Foxi1 and 

Atp6v1b1 are increased in E18.5 kidneys of HoxB7Cre; PS1−/f; PS2−/− (inactivation of 

presenilin1 (PS1) and presenilin2 (PS2) when compared with PS1f/f;PS2−/− littermates, n=4 

per genotype and asterisks denote p<0.05, two-tailed unpaired t-test.
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Figure 4. Elf5 expression overlaps with Aqp2 expression and occurs in a subset of the branching 
collecting duct cells
Analysis of Elf5->GFP transgenic post-natal day 0 mouse kidneys revealed GFP expression 

in a subset of cytokeratin 8 (krt8) positive collecting duct cells (A,D,G). Using GFP as an 

indicator of Elf5 expression, we observe Elf5 expression in Aqp2+ cells within the collecting 

ducts present in the nephrogenic zone (B), cortex (E) and medulla (H). Elf5 expression starts 

in more cortical collecting duct cells closer to the duct tips (arrowheads in C and F) that do 

not express Aqp2 (arrows in B and E). The asterisks in E and H mark Elf5− and Aqp2− cells, 
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while the arrowheads in H mark Aqp2+ cells that do not express Elf5. Foxi1+ cells (arrows 

in C, F and I) are adjacent to Elf5 expressing cells. All scale bars are 50μm.
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Figure 5. Elf5 modestly activates the proximal promoters of Aqp2 and Avpr2 in immature 
collecting duct cell lines derived from the developing kidney of mouse embryos
A Image of kidney with EYFP expression in the ureteric duct isolated from E12.5 Immorto; 
HoxB7->Cre; RosaEYFP/+ mouse. B & C. GFP and bright-field images of an isolated 

EYFP+ colony derived from the ureteric duct. D. RT-PCR of RNA extracted from M1, M3 

and M5 cell lines isolated from ureteric ducts reveals variable GFRα1 and c-Ret expression 

in all cells, low levels of Wnt9b in some cell lines and no expression of mature markers of 

collecting duct cells such as Aqp2, Aqp4 and Foxi1. The M5 cells express a low level of 
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Elf5, suggestive that they may be further along in the differentiation process compared with 

M1 and M3. +: RT-PCR of embryonic mouse total kidney mRNA, −: water control, L: DNA 

ladder. Arrowheads point to the expected sizes of RT-PCR products. E. The mouse Avpr2 
proximal promoter is activated by Elf5 by as much as 2-fold in the immature collecting duct 

cell lines. Elf5 activated the proximal Aqp2 promoter in only one of the three immature duct 

cell lines by 1.5-fold. N=6 per condition per cell line. F. Elf5 increases the transcriptional 

activity of mouse 1Kb Avpr2 and 1Kb Aqp2 proximal promoters by at least two fold in 

MDCK cells, whereas ectopic expression of NICD is unable to increase the transcriptional 

activity. N=6 per condition, * denotes p<0.05, unpaired t-tests.
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Figure 6. Elf5 regulates the level of Avpr2 and Aqp2 expression in mouse kidneys
A Transient transfection of Elf5 increases the endogenous Avpr2 and Aqp2 transcript levels 

in mpkCCDC14 cells as determined by RT-qPCR. B. RT-qPCR reveals that Elf5 expression 

is essentially absent in Cdh16->Cre; Elf5f/* mouse neonatal kidneys compared with wild 

type littermates, where * denotes floxed (f) or null allele. In the absence of Elf5 expression, 

Avpr2 and Aqp2 expression are reduced to 75% of wild type levels on average, p<0.05, n= 6 

wild type and 8 Cdh16-Cre;Elf5f/*. C. The percentage of collecting duct cells that express 

Aqp2 is not significantly different in the cortex, outer medulla and inner medulla of Elf5-
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deficient collecting ducts compared with similar regions in the kidneys of wild-type 

littermates at post-natal day one (P1), n>6 40X images per region of kidney for each mouse 

and 3 mice per genotype. Images of P1 kidney sections from Elf5f/f (D–F) and Cdh16-
>Cre;Elf5f/* (G–I) stained for Aqp2 and CAII to determine the percentage of principal and 

intercalated present in the collecting ducts. Scale bars are 10μm. (J) Collecting duct segment 

specific genes are not expressed at significantly different levels in the Cdh16->Cre;Elf5f/* 

mouse neonatal kidneys compared with wild type littermate kidneys as determined by RT-

qPCR, n= 5 per group.

Grassmeyer et al. Page 26

Dev Biol. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. Elf3 and Ehf can also activate principal cell genes
A. Elf3 and Ehf increase the transcriptional activities of mouse 1Kb Avpr2 and 1Kb Aqp2 
proximal promoters in immature collecting duct cell lines. Elf3 significantly activates both 

principal cell gene promoter in all three immature collecting duct cell lines, with a maximum 

activation of the Avpr2 promoter by 28-fold and Aqp2 promoter by 21-fold in M5 cells. Ehf 

significantly activates both gene promoters in M5 cells and only the Avpr2 promoter in M3 

cells. The asterisks denote p<0.05, n=6 per condition per cell type, unpaired t-tests.
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Figure 8. Elf5->rtTA-IRES-GFP mice can be used to genetically pulse label Aqp4+ collecting 
duct epithelial cells between E16.5 and E17.5
A. Schematic of lineage tracing experiments 1 and 2 are depicted, in which 1mg/ml of 

doxycycline was provided to pregnant females in their drinking water between E16.5 and 

E17.5. Images of sections through E17.5 kidneys are shown in panels B–E. B and C are 

sections from Elf5->rtTA-IRES-GFP; Tet-O-Cre; Rosa+/tdtomato kidneys, while D and E are 

sections from Tet-O-Cre; Rosa+/tdtomato kidneys. The arrowheads are pointing at tdtomato+ 

epithelial cells, and the arrows are pointing at tdtomato+ interstitial cells. B′, B″ and B″′ 
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are black and white images of individual channels of the boxed area in B. C′, C″ and C″′ 
are black and white images of individual channels of the boxed area in C. The tdtomato+ 

genetic labeling occurred in epithelial cells only in Elf5->rtTA-IRES-GFP; Tet-O-Cre; 

Rosa+/tdtomato kidney sections (B and C) and never in Tet-O-Cre; Rosa+/tdtomato kidney 

sections (D and E). The tdtomato+ epithelial cells are frequently also Aqp4+ (B to B”’) and 

are never Atp6v1b1+ (C to C”’). Asterisks mark the Atp6v1b1+ epithelial cells. Scale bars 

are 50μm.
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Figure 9. Elf5-expressing ureteric duct cells commit to the principal cell fate as early as E16.5
In the second lineage tracing experiment 1mg/ml of doxycycline was provided to pregnant 

females in their drinking water between E16.5 and E17.5 and kidney sections of the 

offspring were analyzed at post-natal day 0 and representative images are shown A–F. The 

arrowheads are pointing at tdtomato+ epithelial cells, and the arrows are pointing at 

tdtomato+ interstitial cells. A’, A” and A”’ are black and white images of individual 

channels of the boxed area in A. B’, B” and B”’ are black and white images of individual 

channels of the boxed area in B. The tdtomato+ genetic labeling occurred in epithelial cells 
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only in Elf5->rtTA-IRES-GFP; Tet-O-Cre; Rosa+/tdtomato kidney sections (A & B) and never 

in Tet-O-Cre; Rosa+/tdtomato kidney sections (C & D) or in Elf5->rtTA-IRES-GFP; 

Rosa+/tdtomato kidney sections (E & F). The tdtomato+ epithelial cells are also Aqp4+ (A to 
B”’) and are never Atp6v1b1+ (B to B”’). Asterisks mark the Atp6v1b1+ epithelial cells. 

Scale bars are 25μm, except in B and F they are 50μm.
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