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ABSTRACT

The transcription factor hepatocyte nuclear factor—18 (HNF-18) is essential for normal kidney development and
function. Inactivation of HNF-13 in mouse kidney tubules leads to early-onset cyst formation and postnatal
lethality. Here, we used Pkhd1/Cre mice to delete HNF-1p specifically in renal collecting ducts (CDs). CD-specific
HNF-18 mutant mice survived long term and developed slowly progressive cystic kidney disease, renal fibrosis,
and hydronephrosis. Compared with wild-type littermates, HNF-13 mutant mice exhibited polyuria and poly-
dipsia. Before the development of significant renal structural abnormalities, mutant mice exhibited low urine
osmolality at baseline and after water restriction and administration of desmopressin. However, mutant and wild-
type mice had similar plasma vasopressin and solute excretion levels. HNF-18 mutant kidneys showed increased
expression of aquaporin-2 mRNA but mislocalized expression of aquaporin-2 protein in the cytoplasm of CD cells.
Mutant kidneys also had decreased expression of the UT-A urea transporter and collectrin, which is involved in
apical membrane vesicle trafficking. Treatment of HNF-18 mutant mIMCD3 cells with hypertonic NaCl inhibited
the induction of osmoregulated genes, including Nr1h4, which encodes the transcription factor FXR that is re-
quired for maximal urinary concentration. Chromatin immunoprecipitation and sequencing experiments revealed
HNF-18 binding to the Nr1h4 promoter in wild-type kidneys, and immunoblot analysis revealed downregulated
expression of FXR in HNF-18 mutant kidneys. These findings reveal a novel role of HNF-183 in osmoregulation
and identify multiple mechanisms, whereby mutations of HNF-13 produce defects in urinary concentration.
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Hepatocyte nuclear factor-18 (HNF-18) is an es-
sential transcription factor that regulates tissue-
specific gene expression in the epithelium of the
kidney, liver, pancreas, and genitourinary tract.!
HNF-18 contains an N-terminal dimerization
domain, a POU homeodomain that mediates bind-
ing to the consensus sequence (5'-RGTTAATNAT-

(CDs), where it regulates the expression of
kidney-specific genes, such as SlcI12al and Cdhl16.
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TAACM-3'), and a C-terminal transactivation
domain.2 HNF-183 binds to target gene promoters
and activates transcription, although transcriptional
repression has also been reported.®* In the adult kid-
ney, HNF-1f is expressed in tubular epithelial cells in
all segments of the nephron and renal collecting ducts
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In the developing kidney (metanephros), HNF-1f is expressed
in the ureteric bud, renal vesicles, comma- and S-shaped bodies,
and maturing nephrons.® Inactivation of HNF-1f in the ureteric
bud leads to abnormal branching and defective mesenchymal-
epithelial transition,” whereas inactivation in the metanephric
mesenchyme prevents the proper segmentation of the nephron.®

Consistent with its essential role in kidney development,
humans with heterozygous mutations of HNFIB develop con-
genital renal abnormalities, including renal cysts and diabetes,
congenital anomalies of the kidney and urinary tract, and auto-
somal dominant tubulointerstitial kidney disease.® The spectrum
of renal structural anomalies includes renal hypoplasia/agenesis,
renal dysplasia, horseshoe kidney, glomerulocystic kidney dis-
ease, and multicystic dysplastic kidney.>!? Functional abnormal-
ities include hyperuricemia and hypomagnesemia.!!

HNE-1p also plays a central role in a transcriptional net-
work that is involved in polycystic kidney disease. Transgenic
mice expressing dominant negative mutant HNF-18 under
the control of a kidney-specific promoter develop kidney cysts
and renal failure, which is similar to the phenotype of humans
with HNFI1B mutations.!? Similarly, kidney-specific deletion
of HnflB using Cre/loxP recombination results in renal cyst
formation in mice.!3 Characterization of the cystic kidneys has
revealed that HNF-1 regulates the transcription of numerous
cystic disease genes, including Pkhdl, Pkd2, Umod, Glis2, and
Kif12,1415 suggesting that mutations of HNF-1 produce kid-
ney cysts by downregulating the expression of these genes.
HNF-183 may also control tubular diameter through regula-
tion of planar cell polarity.'¢

Using ChIP-chip in combination with gene expression pro-
filing, we have described additional roles for HNF-18 in the
mouse kidney. HNF-13 regulates renal cholesterol metabo-
lism by controlling the expression of cholesterol biosynthetic
genes and Pcsk9, a key gene involved in cholesterol uptake.!”
HNE-1p also regulates the expression of microRNAs, and we
have discovered a novel IncRNA under regulatory control of
HNF-1p that gives rise to the miR-200 family of miRNAs.!8

Kidney-specific inactivation of HNF-13 using a tubule-
specific Cre line (Ksp/Cre) results in the rapid formation of
kidney cysts, renal failure, and early postnatal lethality.!3 To
assess the functions of HNF-1p specifically in renal CDs, we
inactivated HNF-1f using a CD-specific Cre line (Pkhd1/Cre).
Characterization of CD-specific mutant mice revealed a novel
role of HNF-18 in urinary concentration and osmoregulation.

RESULTS

CD-Specific Deletion of Hnf1p

To examine the role of HNF-18 in the CD, we generated
Pkhd1/Cre;Hnf18"" (HNE-18 mutant) mice. Pkhd1/Cre
transgenic mice carry a 4.7-kb genomic fragment that con-
tains the promoter of Pkhdl and directs expression of Cre
recombinase in renal CD beginning at embryonic day 14.13
Hnf1B8"  mice contain two loxP sites flanking the essential first
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exon of Hnflf.'3> Generation of bitransgenic Pkhdl/Cre;
Hnf1B"" mice allowed targeted deletion of HNF-18 in CD
without affecting other nephron segments. PCR analysis de-
tected the recombined allele of Hnflf in genomic DNA from
kidneys of HNF-183 mutant mice, confirming Cre-mediated
recombination (Supplemental Figure 1A). To identify the cells
in which recombination occurred, an enhanced yellow fluo-
rescent protein (EYFP) reporter that is activated by Cre/loxP
recombination (R26R-EYFP) was introduced into the genetic
cross. Kidney sections from control mice (Pkhd1/Cre;Hnf18";
R26R-EYFP) and HNF-18 mutant mice (Pkhd1/Cre;Hnf1B"
R26R-EYFP) were costained with an antibody against HNF-13
and an antibody against green fluorescent protein that also
recognizes EYFP. In Cre-positive control mice that were het-
erozygous for the floxed Huflf allele, expression of HNF-183
was maintained in EYFP-positive renal tubules (Supplemental
Figure 1, B-E). In Cre-positive homozygous Hnf18"" mutant
mice, HNF-18 was absent in EYFP-positive tubular epithelial
cells at postnatal day 7 (P7) and P14 (Supplemental Figure 1,
F-M), confirming the deletion of HnfIf at two different time
points.

Histologic Characterization of HNF-18 Mutant Mice
Previous studies showed that kidney-specific knockout of
HNF-1 with the Ksp/Cre transgene produced 75% mortality
by age P21.15 In contrast, CD-specific HNF-18 knockout mice
showed similar survival as wild-type littermates up to 420 days
of age (P=0.90; Mantel-Cox test; n=9). Hematoxylin and
eosin staining of kidney sections from CD-specific HNF-1
mutant mice revealed slowly progressive cyst formation (Figure
1A). At P7, HNF-18 mutant mice had relatively normal medul-
lary architecture (Supplemental Figure 1F). A few dilated med-
ullary tubules and small cysts started to develop at P14 (Figure 1,
B and C). Thereafter, medullary cyst number and size increased
significantly with age, such that, by P35, all mutant mice exhibit-
ed medullary cysts (Figure 1D). Cortical cysts were first noted at
P21 and became more prominent over time (Figure 1G). In
contrast to kidney-specific Ksp/Cre;Hnf1B"" mice that devel-
oped azotemia as early as P8,!1> serum creatinine at P35 was
only mildly elevated in CD-specific Pkhd1/Cre;Hnf1B"" mice
compared with control littermates (0.110+0.005 versus
0.0830.004 mg/dl; P<0.05; n=9).

Immunostaining with an antibody against aquaporin-2
(AQP2) confirmed that the medullary cysts in Pkhd1/Cre;
Hnf1B8"" mutant kidneys originated from the CD (Figure 1E,
Supplemental Figure 1N). NKCC2-positive thick ascending
limbs of loops of Henle (TALH) were unaffected (Supplemen-
tal Figure 10). Interstitial fibrosis developed beginning
around P35 in both cystic and noncystic regions of the kidney
(Figure 1, H and I). Mild hydronephrosis was present as early
as P7 (Figure 1, ] and K) and progressed to severe hydroneph-
rosis by the age of 40 weeks old (Figure 1L). The complete
spectrum of phenotypes observed in HNF-18 mutant mice is
depicted in Supplemental Table 1. Mutant phenotypes were
observed in both male and female mice.
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A Control HNF-1B mutants

Figure 1. Characterization of CD-specific HNF-18 mutant mice. (A) Hematoxylin and eosin (H&E) staining of kidney sections from
control mice and HNF-18 mutant mice at the indicated ages. All images were acquired at the same magpnification. (B and F) Higher
magnification images of control kidneys at P14 showed normal histology of (B) the medulla and (F) the cortex. (C and D) Higher
magnification images of HNF-18 mutant kidneys showed (C) a few dilated tubules at P14 and (D) significant cyst formation at P35. (E)
Staining with an antibody against aquaporin-2 (red) showed that the cysts originated from the CD. Nuclei were counterstained with 4’6-
diamidino-2-phenylindol (blue). (G) At 20 weeks of age (P140), the majority of HNF-18 mutant mice also exhibited glomerular cysts. (H
and I) Trichrome staining of kidneys from mutant mice at 20 weeks revealed interstitial fibrosis (blue; H) surrounding medullary cysts and
() in the renal cortex. (J and K) H&E staining showed that hydronephrosis was (K) present in some mutant mice at P7 and (J) absent in
control littermates. (L) Hydronephrosis was more severe and frequent in mutant mice at later ages (P140). A control kidney is shown to
the right. Scale bars, 50 um in B-D and F-I; 20 um in E; 100 um in J-K.
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HNF-18 Mutant Mice Develop Polyuria and Impaired
Urinary Concentration

HNF-18 mutant and control mice were placed in metabolic
cages and acclimated for 3 days; then, water intake and urine
output were measured. HNF-18 mutant mice (n=11) pro-
duced approximately twice the volume of urine compared
with control mice both at baseline and after 24 hours of water
restriction, indicating the presence of polyuria (Figure 2A).
Mutant mice had higher water intake and lower urine osmo-
lality at baseline compared with controls (Figure 2, B and C).
Although urine osmolality increased after water restriction, the
maximal urine concentrating ability was still impaired in mutant
mice (Figure 2C). Baseline plasma sodium concentration was
not significantly different in mutant mice (139+1.5 mEq/L) and
control mice (136*+1.3 mEq/L; P=0.13; n=9). When hydro-
nephrosis was excluded, mutant mice (n=7) were persistently
polyuric (4.10 versus 1.81 ml; P=0.001) with defective urinary
concentrating ability (852 versus 1821 mosmol/kg H,0;
P=0.001). The urinary concentrations of sodium, potassium,
and urea were all reduced by a similar magnitude in HNF-183
mutant mice (Supplemental Table 2). Total 24-hour urinary sol-
ute excretion was similar to control mice, further indicating a
water diuresis rather than a solute diuresis (Figure 2D). Plasma
arginine vasopressin levels were similar between control and
mutant mice after 24 hours of water restriction (Figure 2E).
The V, vasopressin receptor agonist desmopressin was admin-
istered after 24 hours of water restriction, and urine was col-
lected over a 12-hour period. Urine osmolality increased in
HNF-18 mutant mice but remained lower than in control
mice (2579 versus 4854 mosmol/kg H,O; n=4) (Figure 2F).

To determine if polyuria was present before the develop-
ment of significant renal structural abnormalities, we analyzed
mice at an earlier time point (P17) and excluded those with
visible hydronephrosis. Similar to adult mice, 17-day-old HNF-
13 mutant mice (n=7) exhibited polyuria and produced approx-
imately three times the volume of urine compared with control
mice both at baseline and after water restriction (Figure 2G).
Baseline water intake was also higher in P17 mutant mice (Figure
2H). HNF-18 mutant mice at P17 had lower urine osmolality at
baseline compared with controls and also failed to maximally
concentrate their urine after water restriction (Figure 2I). Mu-
tant mice had similar 24-hour total solute excretion as control
littermates (Figure 2J). The effects of exogenous desmopressin
could not be determined, because young mutant mice did not
tolerate administration of desmopressin after water restriction.
Collectively, these data indicate that the development of polyuria
and impaired urinary concentration in HNF-13 mutant mice is
not simply secondary to cyst formation or hydronephrosis.

Next, we performed quantitative real-time PCR (qPCR) to
measure the expression of genes that are known to be involved
in urinary concentration. Two genes, Agp2 and Uta (Slc14a2),
encoding the aquaporin-2 water channel and urea trans-
porters UT-A1-UT-A4, respectively, were differentially ex-
pressed between HNF-18 mutant and control kidneys.
Utal/3 mRNA levels were decreased by 54%, whereas Agp2

2890 Journal of the American Society of Nephrology

mRNA was increased by 72% (Supplemental Figure 2A). West-
ern blot analysis using an antibody against AQP2 and an anti-
body that recognizes UT-A1 and UT-A2 showed that HNF-1
mutant kidneys had increased levels of AQP2 (Supplemental
Figure 3A) and reduced levels of UT-A1/2 (Supplemental Figure
2]). Immunostaining of control kidneys showed that AQP2 was
colocalized with UT-Al, the isoform that is expressed in renal
CD (Supplemental Figure 2, B-E). Consistent with the changes
in mRNA expression, antibody staining for UT-A1 was reduced,
and staining for AQP2 was increased in the cystic CD of HNF-13
mutant mice (Supplemental Figure 2, F-I). The urea transporter
gene Uta has been shown to be required for urinary concentra-
tion.'” However, ChIP-seq and ChIP-PCR showed that the Uta
(Slc14a2) region did not contain binding sites for HNF-1f, in-
dicating that the downregulation of UT-A1 was indirect (not
shown).

Kidneys from CD-specific HNF-18 mutant mice contained
elevated levels of the second messenger cAMP (Supplemental
Figure 3B). The increased levels of cAMP may explain the in-
creased expression of AQP2, because Agp2 transcription is
stimulated by cAMP response element binding protein
(CREB).2% Expression of another cAMP-regulated gene, V,
vasopressin receptor,?! was also increased in CD-specific
HNF-18 mutant kidneys (Supplemental Figure 3C). Because
defects in urinary concentrating ability would not be expected
in mice with increased expression of AQP2, we performed
confocal laser scanning microscopy to study the subcellular
localization of AQP2. In control kidneys, AQP2 was localized
exclusively in the apical membrane and subapical region of
cells in the CD (Supplemental Figure 3D). In contrast, HNF-
18 mutant CD cells showed accumulation of AQP2 in the
cytoplasm and basolateral region, suggesting a defect in apical
protein trafficking (Supplemental Figure 3D). Consistent with
this mechanism, mutant kidneys showed decreased expres-
sion of Tmem27, an HNF-1B-regulated gene that encodes
collectrin, a protein involved in apical vesicle trafficking
(Supplemental Figure 3E).

HNF-1p8 Plays a Novel Role in the Transcriptional
Response to Hypertonicity

To further understand the mechanism of the urinary concen-
trating defect in HNF-18 mutant mice, we treated HNF-183
mutant mIMCD?3 cells with hypertonic NaCl. mIMCD3 cells
exposed to hypertonic NaCl upregulate expression of osmo-
sensitive genes and mimic some of the changes that occur in
the CDs of dehydrated mice.?? To assess the dependency on
HNF-18, we studied mIMCD?3 cells that express dominant
negative mutant HNF-18 (53A cells).? 53A cells were treated
with mifepristone to induce expression of mutant HNF-1
and then incubated in medium supplemented with 100 mM
NaCl for 48 hours. Uninduced cells were used as a control
(Figure 3A). RNA was extracted, and gene expression profiles
were obtained by RNA-seq. Treatment of control cells with
hypertonic medium resulted in downregulation of 567 genes
and upregulation of 1242 genes (—1> log, fold change >1
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Figure 2. CD-specific HNF-18 mutant mice develop polyuria and urine concentration defects. (A) Adult (P41) HNF-18 mutant mice
produced higher urine volumes than controls both at baseline and after 24 hours of water restriction (n=11). (B and C) Mutant mice had
(B) higher water intake and (C) lower urine osmolality than controls at baseline and after 24 hours of water restriction. (D) Total solute
excretion was not significantly different between control and mutant mice. (E) Control and HNF-18 mutant mice had similar plasma
vasopressin (AVP) levels 24 hours after water restriction (n=6). (F) Urine osmolality increased after desmopressin (dDAVP) injection but
remained lower in HNF-18 mutant mice compared with controls (n=4). (G-J) At P17, a precystic time point, HNF-18 mutant mice (n=7)
produced (G) higher urine volumes than controls both at baseline and after 24 hours of water restriction. Mutant mice had (H) higher
water intake and (I) lower urine osmolality than controls at baseline and after 24 hours of water restriction. (J) No significant differences
were observed in total solute excretion between control and mutant mice. Error bars indicate SEM. *P<0.05.
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and a Benjamini—-Hochberg corrected P value <0.05) (Figure
3B). As validation, we observed upregulation of several genes
that are known to be induced by chronic hypertonicity,
including Nfat5, Slc6al2, Akr1b3, Sgkl, and Agp1.23-2° In
HNF-18 mutant cells, 648 genes were downregulated by
hypertonicity, and 2022 were upregulated. Of the 1809 genes
that were differentially regulated in control cells, 52 genes
with size effect >1 or <—1 failed to respond in mutant cells.
To identify genes that were directly regulated by HNF-18, we
overlapped the RNA-seq data with our previous ChIP-seq data
obtained from mIMCD3 cells.!” Twenty-seven of 52 genes
contained nearby HNF-18 binding sites and were, therefore, con-
sidered direct HNF-1p targets (Figure 3C). The remaining
25 genes were considered indirect targets (Supplemental Table 3).

Of the 27 direct targets, Fxr (Nr1h4) showed the greatest
difference in osmoregulation between HNF-18 mutant and
control cells. Fxr (Nri1h4) encodes the farnesoid X receptor,
FXR, a member of the nuclear hormone receptor superfamily.
Genetic deletion of FXR has been shown to impair urinary
concentration in mice,?” similar to the phenotype of HNF-183
mutant mice. Quantitative RT-PCR confirmed that the ex-
pression of Fxr (Nr1h4) was fivefold higher in control cells
treated with hypertonic medium compared with those treated
with isotonic medium (Figure 3D). In contrast, expression was
downregulated by 80% in HNF-18 mutant cells under hyper-
tonic conditions. We conclude that HNF-18 plays an impor-
tant role in regulating genes that are induced by hypertonicity,
including Fxr (Nr1h4).

HNF-1p8 Binds to the Fxr Promoter and Regulates Its
Expression In Vivo

FXR (NR1H4) encodes four isoforms in both humans and
mice (FXRal, FXRa2, FXRa3, and FXRa4) as a result of al-
ternative splicing of exon 5 and the use of two distinct pro-
moters that initiate transcription from either exon 1 or exon
3.28:29 ChIP-seq experiments in mIMCD3 cells identified
HNF-1 binding sites within the two known Fxr promoters
(Figure 4A).1” We confirmed HNF-1f binding at the respective
sites in vivo by performing ChIP-qPCR on chromatin isolated
from mouse kidney. Relative to control IgG, HNF-13 was sig-
nificantly enriched by >14-fold at both Fxr promoters (Figure
4B). To determine if the binding of HNF-18 correlated with
changes in Fxr expression, we measured Fxr mRNA in wild-
type and HNF-183 mutant kidneys by qPCR. The expression of
Fxr was reduced by 60% in mutant kidneys compared with con-
trols (Figure 4C). Collectively, these experiments indicate that
HNEF-18 transcriptionally regulates Fxr in vivo by binding to its
promoter region.

FXR Protein Is Downregulated in Cyst Epithelium of
HNF-18 Mutant Kidney

To determine whether the changes in Fxr (Nr1h4) mRNA were
associated with corresponding changes in FXR protein, we
performed western blot analysis and antibody staining. As
shown previously,?” FXR was expressed in renal tubules in
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both the cortex and the medulla (Supplemental Figure 4, A-F).
Minimal FXR was detected in glomeruli (Supplemental Figure
4, B and C). Western blot analysis showed that the expression of
FXR protein was reduced in HNF-18 mutant kidneys com-
pared with controls (Figure 5A). Antibody staining in control
mice showed that FXR was located in the nuclei of tubular
epithelial cells in the renal medulla (Figure 5, B-D). In mutant
mice, FXR was almost undetectable in the epithelia lining
the cysts but present in the surrounding noncystic tubules
(Figure 5, E-J). FXR expression did not change in the proximal
tubules of mutant kidneys, where HNF-1 expression was still
maintained (Supplemental Figure 4, G-L). These data indicate
that HNF-1p is required for the expression of FXR mRNA and
protein in the CD.

DISCUSSION

In this study, we describe a new mouse model, in which HNF-18
was deleted from the CD of the mouse kidney. Unlike removal of
HNEF-18 throughout the nephron, which results in early cyst
formation, renal failure, and postnatal lethality,'> CD-specific
deletion leads to more slowly progressive cyst formation
and long-term survival. HNF-18 mutant mice developed
hydronephrosis as early as the first week of life. Hydronephrosis
can be caused by obstruction of the urinary tract or excessive
urine production that results in the dilation of the renal pelvis.
When dye was injected into the kidneys of mutant mice, it
appeared in the bladder, indicating that hydronephrosis was
not due to complete obstruction of the urinary tract (data
not shown). Consistent with a functional etiology, HNF-1
mutant mice exhibited polyuria due to defects in the ability
to maximally concentrate urine. Even in the absence of overt
hydronephrosis, mutant mice were persistently polyuric. In
addition, polyuria and impaired urinary concentration persisted
after 24 hours of water restriction, which suggests that polydipsia
was not the cause of polyuria. Both control and mutant adult
mice had similar plasma vasopressin levels, indicating that poly-
uria is not due to the complete absence of vasopressin. Admin-
istration of exogenous desmopressin raised urine osmolality;
however, mutant mice had persistently more dilute urine com-
pared with control mice. Collectively, these results indicate that
HNF-18 mutant mice have partial nephrogenic diabetes insip-
idus and develop hydronephrosis as a consequence of polyuria.
Hydronephrosis has previously been observed in polyuric mice
with mutations in other genes affecting the urinary concen-
tration mechanism (e.g., Taz and Nkcc2).3031

Expression of SlcI14a2, which encodes the UT-A family of
renal urea transporters, was decreased in HNF-1 mutant
kidneys. Inactivation of UT-Al and UT-A3, two members of
the family that are expressed in renal CD, produces urinary
concentration defects.!® Thus, inhibition of Slc14a2 may con-
tribute to the HNF-18 mutant phenotype. However, the
mechanism of downregulation is not known, because tran-
scription of Slc14a2 does not seem to be directly regulated
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Figure 3. HNF-18 mutant cells display impaired response to hypertonicity. (A) mIMCD3 cells that can be induced to express dominant
negative mutant HNF-18 (53A cells) were cultured for 24 hours until they reached 70%-80% confluency; then, they were treated with
mifepristone (Mif) to induce mutant HNF-18 or vehicle (EtOH) as a control. After 6 hours of induction, NaCl was added to the medium
(100 mM), and cells were cultured for another 48 hours followed by RNA extraction and sequencing. (B) Scatter plot showing differential
gene regulation in response to NaCl treatment in control cells (x axis) and HNF-18 mutant cells (y axis). The color scale bar indicates the
degree of interaction (effect size) between the dominant negative mutant effect and the hypertonicity effect in the statistical model for each
gene. (C) Heat map (left panel) showing the changes in gene expression in response to hypertonicity in control and HNF-18 mutant cells for
a subset of genes (wild-type log, fold change >1 or <—1; effect size >1 or <—1; P<0.05) that are directly bound by HNF-18. The scale of
expression measured in fragment per kilobase of transcript per million mapped reads (log, FPKM) is indicated. Effect size (right panel) shows
top up- (green) and downregulated (red) genes in control cells compared with mutant cells. (D) Changes in expression of Nr1h4 (Fxr) in
response to hypertonicity in mutant cells (right panel) compared with control cells (left panel). Error bars indicate SEM. *P<0.05.
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Figure 4. HNF-18 binds to the Fxr (NrTh4) promoter and regulates its expression in vivo. (A) ChIP-seq showing occupancy of HNF-18
on the promoter regions of Fxra and FxrB (arrows) in chromatin from mIMCD3 cells. Black boxes indicate exons, and arrowheads
indicate the direction of transcription. Data were visualized using IGV software. (B) Quantitative ChIP-qPCR confirming binding of
HNF-18 to the respective sites on the Fxr (Nr1h4) promoter in the adult kidney. Data shown are mean*SEM of three indepen-
dent experiments. (C) Expression of Fxr (Nr1Th4) mRNA transcripts in control kidneys and HNF-18 mutant cystic kidneys (n=3). *P<0.05.

by HNEF-18. Expression of another renal urea transporter, UT-
B (Sic14al), has been correlated with the miR-200 family of
microRNAs, members of which are regulated by HNF-183.18
The 3’ untranslated region of SlcI4al contains a sequence that
is complementary to the seed sequence of miR-200¢, and UT-
B and miR-200c show reciprocal expression in dehydrated
mice, suggesting that miR-200c regulates levels of UT-B.32
HNEF-18 regulates expression of miR-200b and miR-429,

2894 Journal of the American Society of Nephrology

which contain the same seed sequence as miR-200c; however,
it is unlikely that HNF-18 regulates tonicity-responsive ex-
pression of UT-B in the kidney, because HNF-18 is exclusively
expressed in renal tubules whereas UT-B is primarily ex-
pressed in vasa recta.

We previously showed that the levels of cAAMP and activity of
CREB were elevated in HNF-18 mutant kidneys and cells.3?
Here, we found that cAMP content was also increased in mice
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Figure 5. Loss of FXR expression in the cyst epithelium in HNF-18 mutant kidney. (A) Western blot analysis showing the expression of
FXR in control kidneys (Pkhd1/Cre;Hnf18*"*) and cystic kidneys (thd1/Cre;an1Bf/f) at P35 (n=>5). Right panel shows densitometric
analysis of the western blots. FXR levels were normalized to the levels of actin. (B—J) Immunohistochemical staining for FXR on (B-D)
kidney sections from control mice and (E-J) cystic kidneys from HNF-18 mutant mice. FXR staining is indicated in brown, and sections
were counterstained with hematoxylin. All images were taken from the medullary region of the kidney. (F, G, |, and J) Higher mag-
nification images show absence of staining in the cyst epithelium (arrowheads) and presence in surrounding noncystic tubules (arrows).
Scale bars, 20 um.
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with CD-specific ablation of HNF-18. Elevated cAMP would
explain the increased expression of Agp2 observed in HNF-183
mutant kidneys, because activated CREB stimulates transcrip-
tion of Agp2.2° Although the expression of Agp2 was in-
creased, confocal laser scanning microscopy revealed that
AQP2 protein accumulated in the cytoplasm and basolateral
region of HNF-18 mutant CD cells rather than the exclusively
apical localization found in wild-type cells. Similar cytoplas-
mic and basolateral mislocalization has been observed in mice
with nephrogenic diabetes insipidus due to missense muta-
tions of AQP2 that affect protein trafficking.3* These findings
suggest that urinary concentrating defects are present, despite
increased abundance of AQP2 owing to impaired trafficking to
the apical membrane. As a potential mechanism, we found
decreased expression of Tmem27, an HNF-1B-regulated
gene that encodes collectrin, a protein involved in apical ves-
icle exocytosis in the kidney.3> Collectrin directly binds
to snapin and thereby, regulates soluble N-ethylmaleimide—
sensitive factor attachment protein receptor complexes that
mediate vesicle fusion with the plasma membrane.3>>3¢ Col-
lectrin also interacts with actin-myosin proteins that are in-
volved in vesicle trafficking. Inhibiting collectrin reduces the
plasma membrane expression of apical transport proteins in
renal epithelial cells.37-3° Because vesicle fusion represents the
final step in the insertion of AQP2 in the apical membrane,
inhibition at this step could reduce the apical localization of
AQP2, despite increased cAMP levels. It is possible that other
HNEF-18-dependent genes that have not yet been identified
also contribute to the observed defect in AQP2 trafficking.

In addition to the CD, abnormalities in the loop of Henle
can produce defects in urinary concentration. We have pre-
viously identified an HNF-1 binding site in the promoter of
the Slc12al gene, which encodes the apical NKCC2 in the
TALH.40 Inactivation of Slc12al in mice produces polyuria
and hydronephrosis,3® which is similar to the phenotype of
HNEF-1 mutant mice. However, Cre activity in HNF-18 mu-
tant mice was absent from TALH, expression of Nkcc2 mRNA
transcripts was unchanged, and immunostaining showed apical
localization of NKCC2 protein in noncystic TALH. These find-
ings indicate that polyuria observed in CD-specific HNF-183
mutant mice is not due to alterations in TALH structure or
NKCC2 expression.

To further understand the mechanism underlying the de-
fects in urinary concentration in HNF-18 mutant mice, we
performed RNA-seq on HNF-18 mutant mIMCD3 cells treat-
ed with hypertonic NaCl. We identified 52 genes, 27 direct
targets and 25 indirect targets, with regulation in response to
hypertonicity that was dependent on HNF-183. By comparing
the lists of HNF-1p targets with the National Institutes of
Health (NIH) Database of Osmoregulated Proteins in Mam-
malian Cells,*! we identified three direct gene targets (Plat,
Cavl, and LoxI4) and two indirect targets (Bsnd and Zscan4c)
that encode known osmoregulated proteins, further support-
ing the validity of the experimental approach. These studies
are the first to implicate HNF-18 in the transcriptional
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response to hypertonicity. The levels of expression of HNF-
1B itself were not altered in mIMCD3 cells subjected to hy-
pertonic stress (data not shown), which suggests that HNF-1
might have a permissive effect on osmoregulatory gene ex-
pression. The transcription factor NFAT5/TonEBP is a key
regulator of gene expression in response to osmotic stress.*
Although ChIP-seq identified a small HNF-18 binding peak
near the Nfat5 gene, we were unable to confirm this result by
ChIP-qPCR. Moreover, NFATS5 and several of its known tar-
gets (Slc6al2, Akrlb3, Sgkl, and Agpl) were appropriately up-
regulated in both control cells and HNF-18 mutant cells in
response to hypertonicity. In contrast, expression of another
NFAT5-regulated gene, Slc14a2,%3 was decreased in HNF-1
mutant mice. Two osmosensitive genes that we identified as
direct targets of HNF-18, Pagr5 and Cnnml, are also known
targets of NFAT5.44 Further studies will be needed to deter-
mine whether HNF-1p is needed for NFAT5-dependent gene
regulation.

Ofthe 27 osmosensitive genes that were directly regulated by
HNF-1p, Fxr (Nr1h4) showed the greatest difference in osmo-
regulation between wild-type and mutant cells. We presented
multiple lines of evidence establishing that HNF-18 directly
regulates the transcription of Fxr in renal CD. Previous studies
have shown that the expression of FXR in the liver is regulated
by HNF-1a#>; however, regulation by HNF-18 has not been
shown previously. The principal known function of FXR is to
regulate bile acid metabolism in the liver and intestine.® Al-
though the functions of FXR in the kidney are less clear, a
recent study showed that deficiency of FXR impairs urinary
concentration.?” This phenotype was attributed to decreased
expression of Agp2, which was identified as an FXR target. In
contrast, we found that the expression of Agp2 was increased in
HNF-18 mutant mice, despite downregulation of FXR, which
suggests that additional FXR targets other than Agp2 underlie
the urinary concentrating defects in HNF-13 mutant mice.

We examined the published lists of genes that are known to
be regulated by FXR#4748 and identified several genes other
than Agp2 that have been implicated in the response to hyper-
osmotic stress, including Aqp4, I11b, Mapki14, and Enol.#° Sev-
eral of the osmosensitive genes that we identified as targets of
HNF-18 are also known targets of FXR, including C3, Agt,
Loxl4, P2rx7, Mgstl, and Plat. Comparison of the lists
of known FXR-regulated genes with the NIH Database of
Osmoregulated Proteins in Mammalian Cells identified addi-
tional genes that encode osmoregulated proteins (Supplemental
Table 4). These results suggest that FXR regulates the expres-
sion of multiple osmosensitive genes that could contribute to
the urinary concentrating defect in HNF-18 knockout mice.

Hydronephrosis and polyuria have been observed in hu-
mans with mutations of HNFI1B.!! Proposed etiologies of
polyuria include glycosuria due to early-onset diabetes melli-
tus and renal sodium and potassium wasting causing intra-
uterine polyuria and polyhydramnios. Here, we identify
another possible mechanism involving impaired HNF-18-
dependent expression of FXR and UTA-1. In addition,
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patients with sporadic renal dysplasia frequently present with
polyuria, nocturia, and enuresis, reflecting an impairment in
urinary concentration. Because mutations of HNF-18 are
among the more common genetic abnormalities seen in renal
dysplasia, one possibility is that the downregulation of HNF-
13 targets underlies the observed urinary abnormalities.

In summary, loss of HNF-1f3 in the renal CD produces defects
in urinary concentration through multiple mechanisms, includ-
ing directly inhibiting the transcription of osmosensitive genes,
such as FXR; indirectly downregulating genes, such as the urea
transporter UT-A1; and altering trafficking of AQP2. These
findings reveal a novel role of HNF-1p in osmoregulation and
expand the spectrum of renal disorders caused by inherited
mutations in HNF-18.

CONCISE METHODS

Transgenic Mice
Pkhd1/Cre mice that express Cre recombinase under the control of the

Pkhdl promoter and Hnf1B"" mice containing loxP sites flanking
exon 1 of HnflfB have been described previously.!>>0 R26R-EYFP
mice that express EYFP after Cre/loxP recombination were provided
by Frank Costantini (Columbia University).5! Pkhd1/Cre mice were
crossed with HnfIB"" mice, and the bitransgenic progeny were in-
tercrossed to generate Pkhd1/Cre;Hnf18"f mice (HNF-18 mutant
mice). Cre-negative or Pkhd1/Cre;Hnf1B"* littermates were used as
negative controls. The genetic background of the mice was C57BL/6,
and animals of both sexes were studied. All experiments involving an-
imals were performed under the auspices of the Institutional Animal
Care and Research Advisory Committees at the University of Texas
Southwestern and the University of Minnesota.

Cell Culture
mIMCD?3 cells were obtained from ATCC and maintained in DMEM

supplemented with 10% FCS. A cell line derived from mIMCD3 (53A
cells) that expresses dominant negative mutant HNF-183 has been
described previously?; 53A cells were seeded in triplicate and cultured
for 24 hours to 70%—-80% confluency. Cells were then treated with
mifepristone to induce expression of dominant negative mutant
HNE-18 or vehicle as a negative control. For chronic hypertonicity
experiments, the medium was supplemented with 100 mM NaCl, and
cells were cultured for an additional 48 hours before analysis.

Metabolic Studies
Mice were housed in a controlled 12-hour light/dark cycle in individ-

ual metabolic cages (Tecniplast) with free access to water and food.
After 3 days of acclimation, urine was collected for 24 hours as a
baseline. Mice were then water restricted for 24 hours with ad libitum
access to food, and urine was collected for osmolality and solute
measurements. Urine osmolality was measured using an osmometer
(model 3D3; Advanced Instruments, Norwood, MA). Urine sodium,
potassium, and urea were measured using a Vitros 250 chemistry
analyzer. Blood was obtained by cardiac puncture, and plasma vaso-
pressin was measured by RIA as described previously.>> Measurements
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of serum creatinine by capillary electrophoresis were performed by the
University of Texas Southwestern O’Brien Kidney Research Core Center.
In some experiments, desmopressin (0.4 ug/kg) was injected intraperi-
toneally after 24-hour water restriction, and urine was collected for 12
hours after injection. Animals with grossly apparent hydronephrosis
were excluded from the analysis.

qPCR
Total RNA was extracted from cells or kidneys from adult wild-type or

HNEF-18 mutant mice using the RNeasy Mini Kit (Qiagen, German-
town, MD) according to the manufacturer’s protocol. cDNA was syn-
thesized using the iScript cDNA Synthesis Kit (Bio-Rad), and qPCR
was performed with the iTAG Universal SYBER Green Supermix
(Bio-Rad) using the CFX Connect Real-Time System (Bio-Rad).
Gene expression levels were normalized to 18S rRNA. Primers used
for qRT-PCR are listed in Supplemental Table 5.

RNA Sequencing

TruSeq stranded mRNA libraries were made for each sample and
sequenced in a 50-bp PE run on the HiSEq 2500 instrument using
v4 chemistry by the University of Minnesota Genomics Center. Se-
quence data were trimmed (Trimmomatic, version 0.32), mapped to
the GRCm38 build of mouse genome guided by ENSEMBL 84 anno-
tations (STAR, version STAR_2.4.2a_modified), and sorted (Samtools
version 1.0) using resources at the Minnesota Supercomputing In-
stitute. Gene quantification and deferential expression were per-
formed using the GenomicAlignments®* and DESeq2>* packages in
Bioconductor. Raw and processed data have deposited with NCBI
GEO under accession number GSE85976.

Quantitative ChlP-qPCR
ChIP assays were performed using the EZ ChIP kit (Millipore) ac-

cording to the manufacturer’s protocol. Briefly, mouse kidney tissue
was crosslinked with 1% formaldehyde for 15 minutes at room tem-
perature. Crosslinked tissues were homogenized into a single-cell
suspension, and chromatin samples were extracted from the nuclei
and sonicated. Immunoprecipitation was performed with 5 ug rabbit
anti—-HNF-1 (sc-22840; Santa Cruz) or rabbit IgG (sc-2027; Santa
Cruz) as a negative control. Immunoprecipitated DNA or 1% of the
input was diluted 1:20 in dH20O, and real-time PCR was performed
in triplicate using gene-specific primers and SOSadvanced cyber
green supermix (Bio Rad). ChIP-qPCR data were normalized using
the percentage input method according to the following formula:
100 2((Ctlinput) —6.644)= CUHNE18)) primers used for ChIP-qPCR were
Peak 1 (5'-AACCCTGAAACTGCATCACC-3', 5'-GAAAGGGTTCCC-
CAAAATGT-3") and Peak 2 (5'-TTCTCTGGGGTGAGATGAGG-3', 5'-
ACAAGACAGCCAGCAGACCT-3').

Western Blot
Whole kidneys from control and mutant mice (n=5 each group) were

homogenized, and proteins were extracted and separated by SDS-PAGE
(25 ug protein per lane). Proteins were transferred to nitrocellulose
membranes using the wet transfer method. Immunoblotting was per-
formed using primary antibodies against FXR (1:200; Santa Cruz),
AQP2 (1:500; Sigma Aldrich), UT-A1/2 (1:1000; Stressmarq Biosciences
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Inc.), and B-actin (1:5000; Santa Cruz) or GAPDH (1:10,000; Santa
Cruz) as an internal control. Densitometric analysis was performed
using a Bio-Rad gel analyzer and Quantity One 1-D analysis software.
Band densities were normalized to B-actin or GAPDH.

Antibody Staining

Mice were euthanized, and kidneys were fixed by perfusion and incu-
bation in 4% paraformaldehyde. Kidney tissue was embedded in paraf-
fin, sectioned, and stained with hematoxylin and eosin or incubated
overnight in 30% sucrose, frozen in OCT, and sectioned at 10 um. For
immunohistochemistry, cryosections were heated in heat-induced an-
tigen retrieval buffer (RV100M; Biocare Medical) for 30 minutes, treat-
ed with 3% hydrogen peroxide, and blocked in 100% Rodent Block M
(RBM961; Biocare Medical) for 1 hour. FXR primary antibody
(sc-13063; 1:4000; Santa Cruz) was added to the slides in 10% Rodent
Block and incubated overnight at 4°C. Slides were incubated in Rabbit-
on-Rodent HRP-Polymer (RMR622; Biocare Medical) for 20 minutes
and then treated with DAB (926603-buffer A; 926503-buffer B; Biolegend)
for 5 minutes. Sections were counterstained with hematoxylin. For im-
munofluorescence, the following antibodies and lectins were used:
HNF-18 (1:500; Santa Cruz), green fluorescent protein (1:400; Rockland),
AQP?2 (1:400; Sigma Aldrich), UT-A1/2 (1:500; Stressmarq Biosciences
Inc.), NKCC2 (1:500; LifeSpan BioSciences), and fluorescein-labeled
Lotus tetragonolobus agglutinin (FL-1321; 1:200; LTA; Vector Laborato-
ries). Secondary antibodies were conjugated to Alexa Fluor 488 or Alexa
Fluor 594 (1:400; Molecular Probes). Costaining of AQP2 and UT-A1/2
was performed using a tyramide amplification kit (HRP goat anti-rabbit
IgG and Alexa Fluor 488 tyramide; Life Technologies). Nuclei were coun-
terstained with 4'6-diamidino-2-phenylindol. Images were captured
using a Leica DM5500 B upright microscope and DFC7000 T camera.
Confocal laser scanning microscopy was performed by the Imaging Core
of the University of Minnesota Center for Immunology with an Olympus
FV1000 Confocal Microscope.

cAMP Assays
Content of AMP was measured using the Direct cAMP ELISA Kit from

Enzo Life Sciences according to the manufacturer’s directions. Briefly,
kidneys from control and mutant mice were snap frozen in liquid nitro-
gen and pulverized, and 0.1 mg tissue was resuspended in 1 m1 0.1 M HCL.
Absorbance at 405 nm was measured using a plate reader. cAMP was
measured in triplicate for each sample and normalized to protein content.

Statistical Analyses
Statistical analysis was performed using GraphPad Prism software.

Two-tailed unpaired ¢ test was used for pairwise comparisons. The
Mantel-Cox test was used for survival analysis. P<<0.05 was consid-
ered to be significant.
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