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Introduction
Fanconi renotubular syndrome (FRTS) is caused by proximal tubule dysfunction leading to impaired reab-
sorption of  water and organic solutes, such as glucose, amino acids, and phosphate (1–3). The proximal 
tubule is responsible for approximately 65% of  all reabsorption in the nephron, including 70% of  water, 
99%–100% of  glucose, and 85% of  phosphate (4–6). In FRTS, impaired reabsorption results in excessive 
excretion of  these solutes and water in the urine. In recent years, it was shown that single gene mutations 
are associated with hereditary FRTS. In a subset of  patients, a heterozygous mutation in the HNF4A gene 
has been found (7). FRTS only affects the proximal tubule, not other segments of  the nephron, implying 
that the function of  HNF4A is important specifically in the proximal tubule (5).

HNF4A encodes a member of the nuclear receptor superfamily of ligand-dependent transcription factors (8). 
Hnf4a is at the center of a complex regulatory network that controls metabolism and hepatocyte differentiation 
(9, 10). However, its role in the kidney is poorly understood. An analysis of gene expression in the developing 
mouse kidney identified Hnf4a as a candidate anchor gene within the proximal tubule, suggesting that its expres-
sion is specific to this segment of the kidney (11). In the adult rat nephron, Hnf4a is expressed specifically in prox-
imal tubules (12). A recent study has shown that Hnf4a regulates expression of drug transporters in the rat kidney 
(13), many of which are specifically expressed in the proximal tubules. These data suggest that Hnf4a plays an 
important role in the proximal tubule. Here, we examined the role of Hnf4a in proximal tubule development 
using a murine model of nephron-specific deletion of Hnf4a. We found that Hnf4a is required for the formation 
of differentiated proximal tubules but is not necessary for the formation of presumptive proximal tubules. Due 
to the resulting paucity of proximal tubules, the Hnf4a mutant mice presented with FRTS-like symptoms.

Results
Hnf4a is expressed in both presumptive proximal tubules and differentiated proximal tubules. In order to investi-
gate the role of  Hnf4a in the developing nephron, we examined its spatial and temporal expression during 
nephrogenesis. We performed lineage tracing of  the nephron progenitors by employing Six2GFPcre, which 

Different nephron tubule segments perform distinct physiological functions, collectively acting as 
a blood filtration unit. Dysfunction of the proximal tubule segment can lead to Fanconi renotubular 
syndrome (FRTS), with major symptoms such as excess excretion of water, glucose, and phosphate 
in the urine. It has been shown that a mutation in HNF4A is associated with FRTS in humans and 
that Hnf4a is expressed specifically in proximal tubules in adult rat nephrons. However, little is 
known about the role of Hnf4a in nephrogenesis. Here, we found that Hnf4a is expressed in both 
presumptive and differentiated proximal tubules in the developing mouse kidney. We show that 
Hnf4a is required for the formation of differentiated proximal tubules but is dispensable for the 
formation of presumptive proximal tubules. Furthermore, we show that loss of Hnf4a decreased 
the expression of proximal tubule–specific genes. Adult Hnf4a mutant mice presented with FRTS-
like symptoms, including polyuria, polydipsia, glycosuria, and phosphaturia. Analysis of the adult 
Hnf4a mutant kidney also showed proximal tubule dysgenesis and nephrocalcinosis. Our results 
demonstrate the critical role of Hnf4a in proximal tubule development and provide mechanistic 
insight into the etiology of FRTS.
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specifically targets mesenchymal nephron progenitors (14, 15). We found that, when cells in the nephron 
lineage were labeled with an enhanced yellow fluorescent protein (EYFP) reporter (16), all Hnf4a+ cells 
were positive for EYFP (Supplemental Figure 1; supplemental material available online with this article; 
https://doi.org/10.1172/jci.insight.97497DS1), suggesting that Hnf4a is expressed only in the nephron 
lineage in the kidney. In the nascent S-shaped body, whose medial segment expresses Jag1, no Hnf4a was 
detected (Figure 1A). However, in the more mature and extended S-shaped body, where the Jag1 expression 
domain was expanded, Hnf4a was detected in a subset of  Jag1+ cells (Figure 1B). It is likely that Hnf4a+ 
cells in the extended S-shaped body develop into proximal tubules.

Lotus tetragonolobus lectin (LTL) staining is widely used to detect proximal tubule cells. LTL strongly 
binds to carbohydrates of  glycoproteins, which are abundant in the proximal tubule cells (17, 18). We found 
that Hnf4a was expressed in LTL stain–positive proximal tubules (Figure 1C). With close inspection, we 
found 2 populations of  LTL stain–positive cells (LTL-low and LTL-high) in the kidney (Figure 1C). LTL-
high cells showed strong LTL staining in their entire cell bodies. By contrast, LTL-low cells showed only 
weak LTL staining in their apical (luminal) membrane. Both LTL-high and LTL-low cells expressed Hnf4a. 
LTL-low cells are located more cortically where early nephrogenesis occurs, suggesting LTL-low cells are 
nascent proximal tubule cells. LTL-high cells are located closer to the medullary region, suggesting a more 
differentiated state. Furthermore, the distance between Hnf4a+ nuclei was increased in LTL-high cells, sug-
gesting that these cells were larger than LTL-low cells (Figure 1C). It is therefore likely that LTL-low and 
LTL-high cells represent presumptive and differentiated proximal tubules, respectively.

Figure 1. Hnf4a is expressed in the developing nephron. (A) In 
nascent S-shaped body (SSB), Hnf4a is not detected. Represen-
tative image of n = 3. Scale bar: 25 μm. (B) Hnf4a is expressed in a 
subset of Jag1+ cells in the medial segment of the elongated SSB. 
Scale bar: 25 μm. Image is representative of n = 3. (C) Hnf4a is 
detected in presumptive proximal tubule (PT) cells and differenti-
ated PT cells. Presumptive PT cells show weak Lotus tetragonol-
obus lectin (LTL) staining and are located more cortically, where 
early stages of nephrogenesis occur. Differentiated PT cells show 
strong LTL staining and are located closer to the medullary region. 
Image is representative of n = 3. Scale bar: 100 μm.
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Loss of  Hnf4a in the nephron lineage causes a defect in proximal tubule formation. Hnf4a-null mice exhibit 
early embryonic lethality due to gastrulation defects (19). In order to investigate the role of  Hnf4a during 
nephrogenesis, we conditionally deleted Hnf4a (20) in the nephron lineage using Six2GFPcre. Hnf4a mutants 
(Hnf4ac/c;Six2GFPcre) were collected at E18.5. Littermate heterozygotes (Hnf4ac/+;Six2GFPcre) were used as 
controls. Although there was no apparent difference in kidney size at this stage, Hnf4a mutant kidneys 
exhibited a defect in proximal tubule formation (Figure 2A).

We found that the Hnf4a mutant kidney had both LTL-high and LTL-low cells. However, the mutant 
kidney had markedly fewer LTL-high cells than its control (Figure 2A). In the Hnf4a mutant kidney, 
although LTL-low cells were negative for Hnf4a, LTL-high cells were still positive for Hnf4a, indicating 
that these cells had escaped Cre-mediated deletion of  Hnf4a and still expressed Hnf4a. This result strongly 
suggests that the Hnf4a mutant nephron progenitors can form LTL-low cells, but these LTL-low cells fail to 
develop into LTL-high cells. These data are consistent with a model where Hnf4a is required for presump-
tive proximal tubules (LTL-low cells) to develop into differentiated proximal tubules (LTL-high cells).

As implied by its specific expression in the proximal tubule, we found that the loss of  Hnf4a did not 
affect the formation of  the other segments of  the nephron. We examined nephron segmentation in the 

Figure 2. Deletion of Hnf4a by Six2GFPcre leads to a defect in proximal tubule (PT) formation. (A) Loss of Hnf4a in the developing nephron inhibits the 
formation of differentiated PTs. Presumptive PTs show weak LTL staining at their apical side (marked by white arrowheads, LTL-low). Differentiated PTs 
have strong LTL staining (marked by yellow arrowheads, LTL-high). The Hnf4a mutant kidney (right column) has fewer LTL-high cells, and these LTL-high cells 
still express Hnf4a, suggesting that they escaped Cre-mediated deletion of Hnf4a. Images are representative of n = 3. (B) Deletion of Hnf4a does not affect 
formation of other nephron segments (WT1, podocytes; Slc12a1, loop of Henle; Slc12a3, distal tubule). Images are representative of n = 4 Hnf4a mutants and 
n = 2 controls. (C) qPCR analysis of segment-specific markers shows that PT-specific expression of Slc34a1 is significantly lower in the Hnf4a mutant kidney 
compared with the control (Nphs2, podocyte; Slc34a1, proximal tubule; Slc12a1, loop of Henle; Slc12a3, distal tubule). n = 3. Error bars indicate ± SD. *P < 0.05, 
determined by 2-tailed Student’s t test. Scale bars: 100 μm.
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Hnf4a mutant kidney and found that the formation of  podocytes (Wt1+), loops of  Henle (Slc12a1+), and 
distal tubules (Slc12a3+) was not affected by deletion of  Hnf4a (Figure 2B). In order to quantify nephron 
segmentation of  the Hnf4a mutant kidney, we performed quantitative PCR (qPCR) of  genes expressed in 
specific segments of  the nephron (Figure 2C). Our qPCR data showed that proximal tubule–specific expres-
sion of  Slc34a1 was significantly decreased in the Hnf4a mutant kidney. Although expression of  the marker 
genes for the other nephron segments (Nphs2, podocytes; Slc12a1, loop of  Henle; Slc12a3, distal tubule) was 
slightly upregulated in the Hnf4a mutant kidney, their upregulation was not statistically significant. Taken 
together, our data demonstrate that loss of  Hnf4a specifically inhibits the formation of  proximal tubules 
without affecting the formation of  the other segments of  the nephron.

Hnf4a is required for the formation of  differentiated proximal tubule cells. To determine whether there is differ-
ential gene expression in LTL-low cells versus LTL-high cells, we looked at previously published single cell 
RNA sequencing (scRNA-seq) data of  the neonatal mouse kidney (Supplemental Figure 2) (21). scRNA-
seq analysis identified 2 distinct populations of  proximal tubules cells: presumptive proximal tubule and 
differentiated proximal tubule. While presumptive proximal tubule cells, like differentiated proximal tubule 
cells, express proximal tubule marker genes, their transcriptional profile is closer to that of  epithelial neph-
ron progenitors, as shown by the t-distributed stochastic neighbor embedding (t-SNE) plot of  our scRNA-
seq (Supplemental Figure 2A). We identified Lrp2 as a gene expressed in both presumptive proximal tubule 
cells and differentiated proximal tubule cells. Lrp2, also known as megalin, encodes an endocytic receptor 
that is important for uptake of  macromolecules and is highly expressed in adult proximal tubules (22). 
Presumptive proximal tubule cells express Lrp2, as well as low levels of  Hnf4a. We also identified Ass1 as a 
gene that shows high expression in differentiated proximal tubule cells but little expression in presumptive 
proximal tubule cells. Ass1 encodes the enzyme argininosuccinate synthase 1, which is a component of  the 
urea cycle (23). Differentiated proximal tubule cells express Lrp2, Hnf4a, and Ass1, whereas presumptive 
proximal tubule cells express Lrp2 and Hnf4a (Supplemental Figure 2, B–D). There is little expression of  
Ass1 in presumptive proximal tubule cells (Supplemental Figure 2D). This suggests that Ass1 is a marker 
for mature, differentiated proximal tubule cells. Based on these data, we hypothesized that LTL-low cells 
would express Lrp2 but not Ass1 and LTL-high cells would express both Lrp2 and Ass1. We used immu-
nofluorescence staining of  Lrp2 and Ass1 to assess their expression in Hnf4a mutant and control kidneys 
(Figure 3). As predicted by scRNA-seq, in the control kidney, Lrp2 was expressed in LTL-low cells, con-
sistent with the idea that LTL-low cells represent presumptive proximal tubule cells. In the Hnf4a mutant 
kidney, LTL-low cells were Lrp2+ and Hnf4a–, suggesting that Hnf4a is not required for Lrp2 expression or 
the formation of  presumptive proximal tubule cells. In the control kidney, Ass1 was expressed in LTL-high 
cells with little to no expression in LTL-low cells (Figure 3B), indicating that Ass1 is a marker of  differen-
tiated proximal tubule cells. In the Hnf4a mutant kidney, all Ass1+ cells were Hnf4a+, suggesting that these 
Ass1+ cells were actually unrecombined “escaper” cells and that Hnf4a is required for Ass1 expression. This 
indicates that Hnf4a is required for the formation of  differentiated proximal tubules but is dispensable for 
presumptive proximal tubule formation.

Loss of  Hnf4a causes downregulation of  proximal tubule–specific genes. From previously published scRNA-
seq data (21), we identified genes that are preferentially expressed in each nephron segment. We examined 
expression of  these nephron segmentation marker genes in conventional RNA-seq analysis of  Hnf4a mutant 
and control kidneys at E18.5. Our results revealed that the Hnf4a mutant kidneys showed a significant 
decrease in the expression of  proximal tubule genes, with minimal changes in the expression of  other neph-
ron segment genes, reflecting the reduced number of  proximal tubule cells (Figure 4A). Gene ontology (GO) 
analysis (https://david.ncifcrf.gov/)for biological processes showed that the expression of  genes involved in 
metabolism and anion transport was decreased in the Hnf4a mutant kidney (Figure 4B). This is consistent 
with the fact that the proximal tubule is the major site of  organic anion transport in the kidney and has a role 
in the metabolism of  proteins and peptides (24–26). GO analysis for cellular components showed that the 
expression of  genes associated with the brush border membrane, a characteristic of  the proximal tubule, was 
decreased in the Hnf4a mutant kidney (Supplemental Figure 3A). Loss of  Hnf4a caused reduced expression 
of  genes associated with abnormal renal absorption and abnormal urine homeostasis in mouse models (Sup-
plemental Figure 3B), also reflecting the paucity of  proximal tubule cells in the Hnf4a mutant kidney. These 
findings are consistent with a role for Hnf4a in proper proximal tubule development.

Hnf4a mutant mice recapitulate an FRTS-like phenotype. To determine whether deletion of  Hnf4a leads to 
characteristics of  FRTS in mice, we examined the metabolic phenotype of  the Hnf4a mutant mice. The Hnf4a 

https://doi.org/10.1172/jci.insight.97497
https://insight.jci.org/articles/view/97497#sd
https://insight.jci.org/articles/view/97497#sd
https://insight.jci.org/articles/view/97497#sd
https://insight.jci.org/articles/view/97497#sd
https://david.ncifcrf.gov/
https://insight.jci.org/articles/view/97497#sd
https://insight.jci.org/articles/view/97497#sd
https://insight.jci.org/articles/view/97497#sd


5insight.jci.org      https://doi.org/10.1172/jci.insight.97497

R E S E A R C H  A R T I C L E

mutant mice were viable, likely due to the nephron progenitors that escaped Cre-mediated deletion of  Hnf4a. 
In order to assess renal function, urine was collected from 2- to 3-month-old Hnf4a mutant mice (Hnf4ac/c;Six-
2GFPcre) and their control littermates (Hnf4ac/+ or Hnf4ac/+;Six2GFPcre). We measured water intake and urine 
volume over a period of  24 hours. We found that, similar to FRTS patients, the Hnf4a mutant mice drank 
more water (polydipsia) and excreted more urine (polyuria) than their control littermates (Figure 5, A and B). 
Polydipsia can be attributed to polyuria caused by defective reabsorption of  water in the proximal tubules (3). 
To determine the cause of  defective water reabsorption, we examined the expression of  aquaporins (water 
transporters) that are known to function in the proximal tubule. Aqp1, Aqp7, and Aqp11 are expressed in the 
proximal tubules and are important for water reabsorption in the proximal tubule (4, 27, 28). Aqp1-null mice 
exhibit polydipsia and polyuria, similar to the Hnf4a mutant mice (29). Expression of  proximal tubule aqua-
porins was decreased in the Hnf4a mutant, reflecting the decreased number of  proximal tubule cells (Figure 
5E). Reduced expression of  aquaporin genes in the Hnf4a mutant kidneys most likely causes the polydipsia 
and polyuria phenotype.

Figure 3. Hnf4a is dispensable for 
the formation of presumptive PT 
(LTL-low) cells but required for the 
formation of differentiated PT (LTL-
high) cells. (A) Lrp2 is detected in 
LTL-low (white arrowheads) and LTL-
high cells. The Hnf4a mutant kidney 
has Lrp2+Hnf4a– cells, indicating that 
Hnf4a is dispensable for the forma-
tion of presumptive PT cells. (B) Ass1 
is detected in LTL-high cells but not 
in LTL-low cells (white arrowheads). 
In the Hnf4a mutant kidney, there 
are no Ass1+Hnf4a– cells, suggesting 
that Hnf4a is required for the forma-
tion of differentiated PT cells. Scale 
bars: 100 μm. Images are represen-
tative of n = 4 Hnf4a mutant and n = 
2 control kidneys.
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Urinalysis showed that the Hnf4a mutant mice excreted more glucose (glycosuria) and phosphate (phos-
phaturia) into their urine compared with control littermates (Figure 5, C and D). Since proximal tubule 
cells are responsible for reabsorption of  glucose and phosphate, excess amounts of  these solutes in the urine 
indicate proximal tubule dysfunction (2, 3). The principal glucose transporters expressed in the proximal 
tubule are Slc5a1, Slc5a2, and Slc2a2 (30). Slc5a1 and Slc5a2 are sodium-dependent glucose transporters 
(SGLTs) responsible for glucose reabsorption in the proximal tubule (30, 31). Mutations in SLC5A1 and 
SLC5A2 are associated with glucose-galactose malabsoprtion and familial renal glycosuria, respectively 
(31). Slc2a2 is a facilitated glucose transporter (GLUT2) that is responsible for the transport of  glucose 
through the basolateral membrane of  proximal tubule cells (31, 32). Slc2a2 KO in mice induces glycosuria 
(33). SLC2A2 deficiency is linked to Fanconi-Bickel syndrome, a glycogen storage disease (31). Many of  
these patients also present with glycosuria (32, 34). Since the Hnf4a mutants presented with renal glycosuria 
(Figure 5C), it is likely that they have a loss of  glucose transporters. RNA-seq analysis showed that the 
expression of  proximal tubule glucose transporters was decreased in the Hnf4a mutant mice (Figure 5E), 
implicating loss of  glucose transporters as the cause of  the renal glycosuria in the Hnf4a mutant mice.

The principal sodium-phosphate transporters expressed in the proximal tubule are Slc20a2, Slc34a1, 
and Slc34a3 (35, 36). These phosphate transporters are located in the apical brush border membrane of  the 
proximal tubule, and loss of  these transporters leads to phosphaturia (35). RNA-seq analysis confirmed 
decreased expression of  the proximal tubule phosphate transporters in the Hnf4a mutant (Figure 5E). This 
is consistent with the increased excretion of  urinary phosphate in the Hnf4a mutant mice (Figure 5D). 
The amount of  phosphate reabsorbed by the proximal tubules is dependent on the number of  phosphate 
transporters (37), suggesting the loss of  the proximal tubule cells in the Hnf4a mutant mice caused loss of  
phosphate transporters, leading to the phosphaturia phenotype. These data suggest that loss of  transporters 
due to paucity of  proximal tubule cells contributes to the FRTS-like phenotype in the Hnf4a mutant mice.

Hnf4a mutant mice display renal tubular dysgenesis and nephrocalcinosis. In order to investigate the renal 
pathology of  the FRTS phenotype, we examined the morphology of  the Hnf4a mutant kidney. The kidneys 
of  adult Hnf4a mutant mice were smaller than their controls (data not shown). The Hnf4a mutant kidney 

Figure 4. Deletion of Hnf4a by Six2GFPcre results in decreased 
expression of PT-specific genes. (A) RNA-seq analysis of E18.5 
kidneys shows that loss of Hnf4a in the nephron lineage pri-
marily affects expression of PT-specific nephron segmentation 
markers. Results are represented as box plots. The box bound-
aries represent the upper and lower quartiles, the horizontal 
line represents the median, the whiskers are drawn to the 1st 
and 99th percentile, and the dots represent the outlier values. 
*P < 0.0001, determined by 1-way ANOVA. Pod, podocyte; PT, 
proximal tubule; LOH, loop of Henle; DT, distal tubule. (B) Gene 
ontology analysis with PT-specific genes that are downregulat-
ed in the Hnf4a mutant kidney at E18.5 shows enrichment of 
genes associated with metabolism and transport.

https://doi.org/10.1172/jci.insight.97497
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was highly disorganized with fewer proximal tubules (Figure 6A). All of  the proximal tubule cells in the 
Hnf4a mutant kidney were positive for Hnf4a, indicating that these Hnf4a+ cells had escaped Cre-mediated 
deletion of  Hnf4a. Patients with the R76W mutation in HNF4A are known to present with nephrocalcinosis 
(7). Nephrocalcinosis refers to the deposition of  calcium in the renal parenchyma. Loss of  the phosphate 
transporter Slc34a1 has also been linked to nephrocalcinosis in mouse models (38). The Hnf4a mutant mice 
had decreased expression of  Slc34a1 (Figure 2C and Figure 5E), suggesting that the Hnf4a mutant mice may 
have nephrocalcinosis. In order to examine calcium deposition in the mutant kidney, we performed von 
Kossa staining on paraffin sections of  2-month-old adult kidneys. Hnf4a mutant kidneys showed calcium 
accumulation in the renal tubules, suggesting that the loss of  Hnf4a causes nephrocalcinosis (Figure 6B). 
This reaffirms that the Hnf4a mutant mice recapitulate the FRTS patient phenotype.

Discussion
The nephron is segmented into the renal corpuscle, proximal tubule, loop of Henle, and distal tubule along the 
proximal-distal axis. Different nephron tubule segments contain specific types of epithelial cells that carry out 
distinct physiological functions and collectively act as a blood filtration unit. It is still poorly understood how 

Figure 5. Hnf4a mutant mice recapitulate FRTS phenotypes. 
Symptoms include polydipsia (A), polyuria (B), increased urine 
glucose concentration (C), and excessive phosphate excretion (D). 
Water and urine were measured for 24 hours. Results are repre-
sented as box plots. The box boundaries represent the upper and 
lower quartiles, the horizontal line represents the median, and the 
whiskers represent the minimum and maximum values. Control, 
Hnf4ac/+;Six2GFPcre or Hnf4ac/+. Mutant, Hnf4ac/c;Six2GFPcre. n = 
9; *P < 0.05, determined by 2-tailed Student’s t test. (E) RNA-
seq analysis of Hnf4a mutant kidneys at E18.5 shows decreased 
expression of genes encoding phosphate, glucose, and water 
transporters, consistent with the PT dysfunction phenotype. n = 2.

https://doi.org/10.1172/jci.insight.97497
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distinct segmental identities of the nephron are specified during nephrogenesis. Here, we 
show that Hnf4a is a key transcription factor that controls the development of the proxi-
mal tubule segment.

Proximal tubules are the most abundant cell type present in the nephron. Its 
major function is reabsorption. Defective proximal tubule function causes FRTS, 
which includes symptoms such as impaired reabsorption of  phosphate, amino acids, 
glucose, and other organic solutes (1). Currently, treatment for FRTS includes replace-
ment of  the lost solutes by administering fluids and electrolytes (1, 3). Even with 
treatment, FRTS can lead to chronic kidney failure in adolescence or adulthood (1). 
Previous mouse models of  FRTS have utilized either KO of  endocytic genes, such 
as megalin and cubilin, or the administration of  heavy metals to induce FRTS (39). 
Our mouse model utilizes a gene that has been linked to inherited FRTS in human 
patients. A heterozygous R76W mutation in the HNF4A gene was identified in 3 fam-
ily members with FRTS (7). This mutation was subsequently identified in 3 unrelated 
carriers with FRTS (7). From our findings, we can speculate that the HNF4A R76W 
mutation is a loss-of-function or hypomorphic mutation, likely causing paucity of  
proximal tubules. Since the R76 residue is located in the DNA-binding domain of  the 
HNF4A gene (40), it is likely that the R76W mutation interferes with the binding of  
Hnf4a to its target genes.

Considering the important roles of  proximal tubules in renal function, a complete 
lack of  proximal tubules would cause lethality. However, the mosaic expression of  
Six2GFPcre in our mouse model causes a subset of  nephron progenitor cells to escape 
Cre-mediated deletion of  Hnf4a in the mutant kidney, allowing most of  the mutant 
mice to survive with substantially reduced numbers of  proximal tubules. The pauci-
ty of  proximal tubules caused the mutant mice to recapitulate FRTS phenotypes. In 
addition to polyuria, polydipsia, glycosuria, and phosphaturia, the Hnf4a mutant mice 
exhibited nephrocalcinosis, highlighting the importance of  proximal tubule function 
in renal regulation of  calcium.

Our study shows that proximal tubule development is a multistep process. By 
analyzing previously published scRNA-seq of  the newborn mouse kidney (21), we 
identified 2 cell populations that represent different stages of  proximal tubule develop-
ment. Both presumptive proximal tubules and differentiated proximal tubules express 
Lrp2 and Hnf4a, 2 well-known proximal tubule marker genes. However, we observed 

that the expression of  other proximal tubule marker genes, such as Slc34a1 and Ass1, is largely absent in 
presumptive proximal tubules, indicating their immature status. It appears that expression of  these genes is 
activated after differentiated proximal tubules are formed. Our data strongly suggest that Hnf4a regulates 
the development of  presumptive proximal tubules into differentiated proximal tubules.

Further investigation is required to characterize other regulators of  proximal tubule development. The 
previous model of  proximal tubule development suggested that Notch signaling promotes the formation 
of  the proximal tubule and represses the formation of  the distal tubule segment (41–43). However, we have 
recently shown that Notch signaling is required for the formation of  all nephron segments, and activation 
of  Notch signaling in the developing nephron shows no effect on nephron segmentation in the mouse 
kidney (44, 45). It has been shown that, in the zebrafish pronephros, retinoic acid signaling promotes the 
formation of  proximal tubules and represses the formation of  distal tubules (46, 47). Considering the clear 
role of  retinoic acid signaling in pronephros segmentation, it will be interesting to investigate potential 
interaction between retinoic acid signaling and Hnf4a in mammalian proximal tubule segmentation. It is 
possible that retinoic acid signaling may regulate proximal tubule development by activating the expression 
of  Hnf4a; alternatively, Hnf4a and retinoic acid receptors may coordinate to promote the development of  
proximal tubules by regulating common target genes, as shown in human hepatocytes (10, 48, 49).

Figure 6. Adult Hnf4a mutant has disorganized PTs and nephrocalcinosis. (A) Representa-
tive immunofluorescence staining of 2-month-old mouse kidney (n = 3). Mutant kidney has 
fewer LTL stain–positive PTs. (B) Representative von Kossa staining of 2-month-old mouse 
kidney (n = 3). Mutant kidney has calcium deposits in renal tubules. Scale bars: 100 μm.
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Methods
Mice. All mouse alleles used in this study have been previously published: Six2tm1(tTA,tetO-EGFP/cre)Amc (Six2GFPcre) 
(14, 15); Hnf4atm1Sad (Hnf4ac/c) (20); and Gt(ROSA)26Sortm3(CAG-EYFP)Hze (Rosa26EYFP) (16).

Immunofluorescence. Embryonic, neonatal, and adult murine kidneys were fixed in 4% PFA/PBS, incu-
bated overnight in 10% sucrose/PBS at 4°C, and imbedded in OCT (Thermo Fisher Scientific). Cryosec-
tions (9 μm) were incubated overnight with primary antibodies in 5% heat-inactivated sheep serum/PBST 
(PBS [Corning] with 0.1% Triton X-100 [AMRESCO]). We used the primary antibodies for GFP (1:500, 
Aves, GFP-1020), Jag1 (1:20, Developmental Studies Hybridoma Bank [DSHB], TS1.15H), Wt1 (1:100, 
Santa Cruz Biotechnology Inc., sc-7385), Biotin-LTL (1:500, Vector Laboratories, B-1325), FITC-LTL 
(1:200, Vector Laboratories, FL-1321), Slc12a1 (1:500, Proteintech, 18970-1-AP), Slc12a3 (1:300, Milli-
poreSigma, HPA028748), Hnf4a (1:1,000, Santa Cruz Biotechnology Inc., sc-8987X; or 1:500, Abcam, 
ab41898), Lrp2 (1:100, Santa Cruz Biotechnology Inc., sc-515772), and Ass1 (1:500, Proteintech, 16210-
1-AP). Fluorophore-labeled secondary antibodies were used for indirect visualization of  the target. Images 
were taken with a Nikon Ti-E widefield microscope equipped with an Andor Zyla camera and Lumencor 
SpectraX light source housed at the Confocal Imaging Core (CIC) at CCHMC.

qPCR. Control or Hnf4a mutant embryonic kidneys at E18.5 were placed in RNAlater (Invitrogen) over-
night at 4°C. Total RNA was extracted using the Qiagen RNeasy Micro Kit (Qiagen 74004) according to man-
ufacturer’s instructions for dissected animal tissues. RNA concentration was measured with NanoDrop 2000c 
(Thermo Fisher Scientific). Using about 2 μg total RNA, reverse transcription was performed using the Rever-
tAid cDNA Synthesis Kit (Thermo Fisher Scientific, K1621). qPCR was performed on an Applied Biosys-
tems StepOne Plus (Thermo Fisher Scientific) using Power SYBR Green PCR Master Mix (Thermo Fisher 
Scientific, 4368706). Oligonucleotide primers (5′–3′, forward and reverse) used were: Gapdh, CAACTTTGT-
CAAGCTCATTTCCTG and CCTCTCTTGCTCAGTGTCCTT; Nphs2, CTCTGGCCCTAACATCTCCA 
and TTCAGTGAGCAAGCAACCAG; Slc34a1, TGCTGAGAGACACTCCGTTG and TATTGGGGT-
GGCAAATTCTC; Slc12a1, AGCGGGCTCTCCTTAAGTTC and CTCAGGAGGCCAAGCAGAAT; 
and Slc12a3, AGCTGGAGAAGAGGCTTCAA and TGCAACTTCAAGGTCCAGAA. Two biological 
replicates of  control kidneys and 3 biological replicates of  Hnf4a mutant kidneys were used. Fold expression 
calculations were obtained using the ΔΔCt method.

von Kossa staining. Adult murine kidneys were fixed in 4% PFA/PBS overnight, dehydrated in 50% 
ethanol/PBS and 70% ethanol/PBS, and stored at 4°C in 70% ethanol/PBS before washing in xylene and 
embedding in paraffin (Thermo Fisher Scientific). von Kossa staining was performed on paraffin sections (5 
μm) by the CCHMC Pathology Research Core using standard protocols. Stained slides were imaged using 
a Nikon 90i upright widefield microscope.

RNA-seq. We isolated mRNA from 1 μg total RNA using NEBNext Poly(A) mRNA Magnetic Isola-
tion Module (New England Biolabs [NEB], E7490) following manufacturer’s instructions. Fragmentation of  
RNA followed by reverse transcription and second strand cDNA synthesis was done using NEBNext Ultra 
RNA Library Prep Kit for Illumina (NEB, E7530) following manufacturer’s instructions. The resulting dou-
ble-stranded cDNAs were further processed to DNA sequencing libraries using ThruPLEX DNA-seq 12S 
Kit (Clontech Laboratories, R400428). Libraries were size-selected by gel purification for an average size of  
350 bp. Each purified library was quantified using a Qubit fluorometer (Invitrogen), and equal amounts of  
each library were pooled and submitted for sequencing on the Illumina HiSeq 2500 by the DNA Sequencing 
and Genotyping Core at CCHMC. All RNA-seq reads were aligned to mm9 using TopHat (ver2.0.11), and 
the BAM files were generated using Samtools (ver0.1.19). Normalized gene expression values were calcu-
lated using Cufflinks (ver2.1.1). Data are available in Gene Expression Omnibus under accession number 
GSE112828 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE112828).

GO analysis. GO analysis was performed using DAVID Bioinformatics Resources on differentially 
expressed genes identified from the RNA-seq analysis (50, 51).

scRNA-seq data analysis. scRNA-seq (drop-seq) analysis of  P1 mouse kidney cells (GSE94333) was 
previously described (21). The cells from 4 drop-seq experiments were merged, and batch effects were 
minimized using Seurat’s canonical correlation analysis. Cell-type clusters and marker genes were iden-
tified using the R3.4.1 library Seurat2.0.1. All clustering was unsupervised, without driver genes. The 
influence of  the number of  unique molecular identifiers was minimized using Seurat’s RegressOut func-
tion. Initial cell filtering selected cells that expressed >1,000 genes. Genes included in the analysis were 
expressed in a minimum of  3 cells. Only 1 read per cell was needed for a gene to be counted as expressed 
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per cell. The resulting gene expression matrix was normalized to 10,000 molecules per cell and log 
transformed. Cells containing high percentages of  mitochondrial, histone, or hemoglobin genes were 
filtered out. Genes with the highest variability among cells were used for principal components analysis. 
Clustering was performed with Seurat’s t-SNE implementation using significant principal components 
determined by JackStraw plot. Marker genes were determined for each cluster using Seurat’s FindAll-
Markers function using genes expressed in a minimum of  10% of  cells and fold change threshold of  1.3. 
Over/under-clustering was verified via gene expression heatmaps.

Urine analysis. Nine Hnf4a mutant mice and their control littermates (5 males and 4 females) were placed 
individually in metabolic cages (Tecniplast, 01-814-25, Thermo Fisher Scientific). Mice were fed and received 
water ad libitum. Food and water consumption was measured for 24 hours. Urine was collected after 24 
hours. Urine samples were centrifuged at 1,690 g for 5 minutes at 4°C. The supernatant was stored at –80°C 
until testing. Glucose concentration tests and phosphate concentration tests were performed by Cincinnati 
Veterinary Laboratory Inc. and IDEXX Laboratories.

Statistics. Box-and-whiskers plots show median (line in box), 25th and 75th percentile (lower and upper 
edges of  box, respectively), and minimum and maximum values (whiskers). For the RNA-seq data, the 
whiskers are drawn to the 1st percentile and the 99th percentile. Comparisons between RNA-seq analysis 
of  nephron segmentation markers were assessed using a 1-way ANOVA with Tukey’s HSD post-hoc analy-
sis. Two-tailed Student’s t test was used for comparisons of  qPCR analysis between the control and mutant. 
Two-tailed Student’s t test was used for comparison of  urinalysis results between the control and mutant 
groups. P < 0.05 was considered to be statistically significant.

Study approval. All experiments were performed in accordance with animal care guidelines, and the pro-
tocol was approved by the IACUC of  the CCHMC (IACUC2017-0037 and IACUC2017-0011). We adhere 
to the NIH Guide for the Care and Use of  Laboratory Animals (National Academies Press, 2011).
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