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MOLECULAR PATHOGENESIS OF GENETIC AND INHERITED DISEASES
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The distal tubule (DT) helps regulate blood pressure and electrolytes. We describe a novel, autosomal
recessive, morphofunctional DT abnormality in inbred mice evident as columnar alternations and age-
related cystic changes. This abnormality developed in both sexes of DBA/2Cr. Similar phenotypes were
observed in A/J, C3H/He, DBA/1J, and FVB/N strains, but not in AKR/N, BALB/c, or C57BL/6N strains.
In DBA/2Cr, abnormal DT localized to straight and convoluted segments and showed IL-36a DT injury
marker expression. However, DT epithelial proliferation, examined by bromodeoxyuridine incorporation,
was not remarkably altered with the progression of abnormality. Abnormal DT epithelial cells in DBA/2Cr
displayed elongated primary cilia, loose intercellular adhesions, and numerous vesicles with altered
localization of CD9, Naþ/KþATPase, and E-cadherin, indicating altered cell function, adhesion, and
polarity. DBA/2Cr-type D12Mit182-D12Mit83 was identified as a candidate locus designated DBA/2 renal
cyst (drecy). Within drecy, the gene regulated by estrogen in breast cancer protein (Greb1) transcript
variant 2 was significantly up-regulated in DBA/2Cr kidney versus C57BL/6N. Greb1 localized to DT
cytoplasm in C57BL/6 and to cytoplasm and nucleus in DBA/2Cr. Greb1-overexpressing M-1 kidney cells
showed an altered epithelial-mesenchyme phenotype. B6.D2-(D12Mit182-D12Mit83) congenic mice
carrying drecy did not show DT abnormalities, whereas DBA/2Cr � B6.D2-(D12Mit182-D12Mit83) mice
did. Identification of this novel DT abnormality regulated by a DBA/2Cr mouse chromosome 12ederived
locus and additional genetic factors improve the understanding of DT pathogenesis. (Am J Pathol 2018,
188: 2120e2138; https://doi.org/10.1016/j.ajpath.2018.05.011)
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The mammalian kidney has crucial roles in regulating blood
filtration and reabsorption, as well as in regulating systemic
blood pressure and electrolyte balance. To support these
renal functions, nephrons and collecting ductsdand the
cells that comprise those structuresddevelop highly
specialized morphologies to perform their specialized
functions (morphofunction). Each renal tubule segment,
including the proximal tubule (PT) and distal tubule (DT),
has unique molecular expression patterns corresponding to
its unique function(s). Quantitative or qualitative alterations
of those patterns can lead to local tubular lesions with
abnormal morphologies, such as atrophy and dilations.
stigative Pathology. Published by Elsevier Inc
Renal disease phenotypes often reflect the role of the
mutated gene. For instance, in humans, polycystin 1
(PKD1), PKD2, and fibrocystin/polyductin (PKHD1) regu-
late the functions of primary cilia. When mutated, they
cause the PT-derived cysts found in autosomal dominant
polycystic kidney disease (PKD) or collecting duct-derived
cysts found in autosomal recessive PKD.1 Furthermore,
. All rights reserved.
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Distal Tubule Abnormality in Inbred Mice
nephronophthisis (NPH) is characterized by tubulointer-
stitial nephritis, corticomedullary cystic lesions, and pro-
gression to end-stage renal disease before 30 years of age in
humans. The pathologic contributions of known or un-
known NPH-related genes associated with cilium function
have been suggested in NPH pathogenesis.2,3

Although candidate gene mutations strongly affect kid-
ney disease phenotypes, the genetic background is also an
important contributing factor in both humans and animals.
Susceptibility to kidney diseases differs among genetic
backgrounds, including race and ethnicity. Polymorphisms
of IL-6 receptor (IL6R),4 apolipoprotein L1 (APOL1),5 and
transforming growth factor-b1 (TGFB1)6 are associated
with the risk of human cystic kidney disease. Susceptibility
to kidney diseases also varies among experimental mouse
models. For example, the kat2J allele on chromosome (Chr)
8 causes late-onset PKD and anemia, and this phenotype is
modified by the genetic loci on mouse Chr 1, 2, and 19.7

PKD model mice (pcy mice) carry a mutant allele of
nephronophthisis 3 (Nphp3) and present with cystic kidney
disease,3 but the severity of the phenotype is strongly
affected by their genetic background. For example, pcy
mice on a DBA/2 background (DBA/2-type pcy mice) show
a more severe phenotype than pcy mice on a C57BL/6
background.8 In addition, whole-genome analysis of DBA/
2-type pcy mice has identified two major loci, D4Mit111
and D16Mit1, associated with renal cyst progression.9 The
presence of the DBA/2 Chr 10 also modifies the phenotypes
of juvenile cystic kidney (jck) mice.10

The DBA/2 mouse strain has been globally used in genetic
and phenotypic comparisons with other inbred strains. The
DBA/2 mouse genome contains several loci associated with
cystic kidney diseases, as described above. Several other
kidney-related phenotypes are also associated with the DBA/2-
type genome. They include the appearance of giant lysosomes
in the PTs of DBA/2 mice,11 higher albumin excretion in the
urine of DBA/2 mice than in the urine of C57BL/6 mice,12 the
development of ureteritis-hydronephrosis in the progenies
between C57BL/6 mice and DBA/2 mice,13 and higher kidney
calcium concentrations in DBA/2 mice than in C57BL/6
mice.14 In addition, streptozotocin-induced diabetic nephrop-
athy is more severe in DBA/2 mice than in other inbred
strains, including C57BL/6 mice.15 Concerning systemic
phenotypes, DBA/2 mice also show higher susceptibility of
experimental systemic lupus erythematosus by the immuni-
zation with the human monoclonal anti-DNA antibody
compared with C57BL/6 mice.16

Expanding on these previously identified phenotypes, we
present that DBA/2Cr (D2Cr) mice frequently developed a
severe DT abnormality characterized by aging-related renal
cystic changes with altered molecular expression associated
with altered DT morphofunction. Interestingly, although
Chr 12 regulated the DT phenotype in D2Cr mice, we were
unable to identify any cilium-associated genes within this
candidate locus. The DT is a relatively short segment
compared with the PT, but is a crucial regulation center for
The American Journal of Pathology - ajp.amjpathol.org
blood pressure and electrolytes. Therefore, this novel result
will be important for the full understanding of renal path-
ogenesis and dysfunction, and the susceptibility to kidney
diseases, especially those regulated by the genetic factors
associated with the DT abnormality.

Materials and Methods

Ethics Statement

Animal experimentation was approved by the Institutional
Animal Care and Use Committee of the Graduate School of
Veterinary Medicine, Hokkaido University (Sapporo, Japan;
approvals 08-0180, 09-0129, 11-0033, 13-0031, 13-0032,
and 16-0124). Investigators adhered to the Guide for the
Care and Use of Laboratory Animals of Hokkaido Univer-
sity, Graduate School of Veterinary Medicine (approved by
the Association for the Assessment and Accreditation of
Laboratory Animal Care International).

Mice and Tissue Preparation

A/J, AKR/N, BALB/c, C57BL/6N (B6N), C3H/He, DBA/
1J, and D2Cr mice were purchased from Japan SLC Inc.
(Shizuoka, Japan). FVB/N mice were purchased from
CREA Japan Inc. (Tokyo, Japan). Some D2Cr mice were
injected intraperitoneally with bromodeoxyuridine (BrdU;
100 mg/kg) 2 hours before sampling. Kidneys were
collected and fixed in either 4% paraformaldehyde for his-
tologic analysis or 2.5% glutaraldehyde for electron mi-
croscopy analysis. A part of each kidney was stocked in
RNA later (Thermo Fisher Scientific, Waltham, MA) until
gene expression analysis.

Histochemical Analysis

Paraffin-embedded kidney sections were stained by periodic
acid-Schiff. Other sections were analyzed by immunohis-
tochemistry or immunofluorescence using the primary an-
tibodies listed in Table 1, as described previously,17 and
evaluated for expression of the following proteins: uromo-
dulin, calbindin D28k, IL-1 family member 6 (IL-1F6/IL-
36a), E-cadherin, claudin 3, Naþ/Kþ ATPase, vimentin,
gene regulated by estrogen in breast cancer protein (Greb1),
and synaptopodin. Whole-mount immunohistochemical
analysis was performed to detect IL-1F6/IL-36aþ DTs, as
described previously,18 by fluorescence microscopy using a
model BZ-X710 microscope (Keyence, Osaka, Japan).

Electron Microscopy

Glutaraldehyde-fixed kidneys were postfixed with 1% OsO4 in
0.1 mol/L phosphate buffer for 2 hours. Specimens were then
dehydrated with an ascending series of alcohol concentrations
and embedded in epoxy resin (Quetol 812 Mixture; Nisshin
EM,Tokyo, Japan). The epoxyblockswere cut at a thickness of
2121
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Table 1 Antibodies Used in This Study

Antibody Source Dilution Secondary antibody

Goat anti-IL-1F6/IL-36a AF2297 (R&D Systems,
Minneapolis, MN)

1:400 Biotinylated donkey anti-goat IgG antibodies
(Santa Cruz Biotechnology, Dallas, TX)

Alexa Fluor 546 donkey anti-goat IgG antibodies
(1:500; Thermo Fisher Scientific, Waltham, MA)

Rabbit anti-calbindin D28k E10340 (Spring Bioscience,
Pleasanton, CA)

1:500 Biotinylated goat anti-rabbit IgG antibodies
(SAB-PO kit; Nichirei, Tokyo, Japan)

Rabbit anti-CD9 ab92726 (Abcam,
Danvers, MA)

1:500 Biotinylated goat anti-rabbit IgG antibodies
(SAB-PO kit; Nichirei)

Rabbit antieE-cadherin sc-7870 (Santa
Cruz Biotechnology)

1:300 Biotinylated goat anti-rabbit IgG antibodies
(SAB-PO kit; Nichirei)

Rabbit anti-claudin 3 34-1700 (Thermo
Fisher Scientific)

1:400 Biotinylated goat anti-rabbit IgG antibodies
(SAB-PO kit; Nichirei)

Rat anti-BrdU ab6326 (Abcam) 1:200 Alexa Fluor 488 donkey anti-rat IgG antibodies
(1:500; Thermo Fisher Scientific)

Rabbit anti-Naþ/Kþ/ATPase ab76020 (Abcam) 1:500 Biotinylated goat anti-rabbit IgG antibodies
(SAB-PO kit; Nichirei)

Rabbit anti-uromodulin sc-20631 (Santa
Cruz Biotechnology)

1:500 Biotinylated goat anti-rabbit IgG antibodies
(SAB-PO kit; Nichirei)

Rabbit anti-Greb1 HPA024616 (Sigma,
St. Louis, MO)

1:100 Biotinylated goat anti-rabbit IgG antibodies
(SAB-PO kit; Nichirei)

Mouse anti-synaptopodin 10R-S125a (Fitzgerald,
North Acton, MA)

1:50 Alexa Fluor 488 donkey anti-mouse IgG antibodies
(1:500; Thermo Fisher Scientific)

Antigen retrieval: 20 mmol/L Tris-HCl, 105�C, 15 to 20 minutes.
BrdU, bromodeoxyuridine; Greb1, gene regulated by estrogen in breast cancer protein; IL-1F6, IL-1 family member 6.
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60 nm, stained with uranyl acetate and lead citrate, and then
examined via transmission electron microscopy using a JEM-
1210 microscope (JEOL, Tokyo, Japan). For scanning elec-
tron microscopy, glutaraldehyde-fixed kidneys were treated
with tannic acid and postfixed with 1% OsO4 in 0.1 mol/L
phosphate buffer for 1 hour. The specimens were dehydrated
with graded alcohol, transferred to 3-methylbutyl acetate, and
finally dried using a model HCP-2 critical point dryer (Hitachi,
Tokyo, Japan). Scanning electronmicroscopywas done using a
model S-4100 microscope (Hitachi).
Morphometric Analysis

Histoplanimetry of DT abnormality was performed. For all
DTs observed in the kidney section, DTs displaying an
abnormality were enumerated on transverse kidney sections
for each grade (0 to 5) of abnormality (Figure 1, AeF). The
abnormalities were graded by comparison with normal DT
features evident as in B6N mice (Figure 1A). Grade 1
(Figure 1B) features the presence of columnar epithelial
cells in a DT. Grade 2 is characterized by slight dilation of
the lumen (less than the glomerular size) with the columnar
epithelial cells in a DT. Grade 3 (Figure 1C) features mild
dilation of the lumen (approximately one to three times
larger glomerular size) in a DT. Grade 4 (Figure 1D) fea-
tures more severe dilation of lumen than in grade 3 in a DT.
Finally, grade 5 (Figure 1E) is characterized by several
grade 4 DT lesions in the same observation area. The DT
abnormality score was calculated as follows:
2122
100 � [(number of grade 0 � 0) þ (number of grade 1 �
1) þ (number of grade 2 � 2) þ (number of grade 3 �
3) þ (number of grade 4 � 4) þ (number of grade 5 � 5)].
The average value of the examined sections (at least four sec-

tions permouse) was used as theDT damage score of each strain.
To examine cell proliferation, the ratio determined by the

number of nuclei incorporating BrdU divided by the total
number of nuclei in a DT was calculated. The correlation
between the ratio and the index of DT size indicated by the
number of total nuclei was analyzed in D2Cr mice. Simi-
larly, by using Greb1-immunostained sections, the number
of Greb1-positive nuclei was determined and divided by the
total number of nuclei in a DT, and the percentage of Greb1-
positive nuclei was compared between B6N and D2Cr mice.
To evaluate the alternation of cell heights and cilia lengths

with the development of abnormal DTs in D2Cr mice, these
dimensions were measured in periodic acid-Schiffestained
sections and scanning electron microscopy specimens, respec-
tively. Cell height was defined as the shortest distance from the
apical portionof thecell to thebasementmembrane.At the same
time, the tubular lumen area was also measured as the index of
DT size, and the correlation between cell height or cilia length
and tubular lumen area was analyzed.
To evaluate the alternation of cell polarity in DTs of D2Cr

mice, the localization of Naþ/Kþ ATPase in DT epithelial cells
was examined. Briefly, the immunohistochemical images for
Naþ/KþATPase were obtained and converted to binary images
usingAdobePhotoshop software version 11.0.2 (San Jose,CA).
The ratio of the positive intensity in the lateral side of cytoplasm
to that in the basal side was examined by measuring the mean
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 Abnormal distal tubule (DT) morphology in inbred mouse strains. AeF: Periodic acid-Schiffestained kidney sections. A: Normal DT morphology is
shown in a male C57BL/6N (B6N) mouse at 3 months (arrows). B: DT with columnar epithelial cells in a male DBA/2Cr (D2Cr) mouse at 3 months of age (arrow)
indicates a histoplanimetry DT abnormality score of grade 1. Inset: The abnormal DT (asterisk), including macula densa (arrowhead). C: The DT lumen is
dilated in a male D2Cr mouse at 8 months of age (arrow), indicating histoplanimetry abnormality score of grade 3. D: Cystic DT can be seen in a male D2Cr
mouse at 8 months of age (arrow), for a histoplanimetry grade of 4. E: Several cystic DTs are visible in male D2Cr mice at 8 months of age (arrows), for a
histoplanimetry grade of 5. F: Large cystic DTs occupy the renal cortex (arrow). G and H: Immunohistochemistry for the DT markers, uromodulin and calbindin
D28k. Male A/J, female C3H/He, male DBA/1J, and male FVB/N mice, aged 5 to 8 months, display DT abnormalities similar to D2Cr mice, and these tubules
react positively for uromodulin and calbindin D28k (arrow). I: DT abnormality scores in inbred mice at 5 to 8 months of age. J: Time course of DT abnormality
scores in D2Cr mice. Data are expressed as means � SEM (I and J). *P < 0.05, **P < 0.01 comparing same-sex D2Cr mice; yP < 0.05 for the difference from the
same sex at 10 weeks. Scale bars: 50 mm (AeC, G, and H); 200 mm (DeF). Av, average age in months in the examined mice; ND, not detected.

Distal Tubule Abnormality in Inbred Mice
gray value using ImageJ software version 1.51j8 (NIH,
Bethesda, MD; http://imagej.nih.gov/ij).

Genetic Analysis

(D2Cr � B6N) F1, (B6N � D2Cr) (BDF1), BDF1 � D2Cr
(N2), and BDF1 � BDF1 (F2) progeny mice were obtained
from each mating. To explore the candidate locus for DT
The American Journal of Pathology - ajp.amjpathol.org
abnormality, linkage analysis was performed using genomic
DNA obtained from N2 and F2 progeny (96 and 153 mice,
respectively). The appearance of DT abnormality was defined
as a phenotype trait, and the mouse genotype was examined
by genotyping based on PCR for microsatellite markers
(Table 2). PCR amplification products were electrophoresed
in a 2% agarose gel and imaged under light-emitting diode
illumination. Genotype-phenotype linkage was analyzed by
2123
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Table 2 Primers Used in This Study

Gene Gene ID Forward primer Reverse primer Size, bp Application

Actb 11461 50-TCCTTCGTTGCCGGTCCACA-30 50-TGGGCCTCGTCACCCACATA-30 196 Real-time PCR,
normalization

Adam17 11491 50-TGGCAAATGTGAGAAACGAG-30 50-AACCAGAACAGACCCAACGA-30 121 Real-time PCR
Asap2 211914 50-GGGAAACAAGGAGCATGGAAC-30 50-ACACTTCCTCTTCTGCCACAC-30 88 Real-time PCR
Atp6v1c2 68775 50-GCGATATTGTCAGCAAGGAAG-30 50-GGAAGAGAGTCACCGTGAAGAG-30 192 Real-time PCR
Cpsf3 54451 50-TGAGAAGCGTGAAGAGCGAG-30 50-GAGCAAAGACAGGAATGAGCC-30 92 Real-time PCR
Ddx1 104721 50-ACTGCACCATTTCCCAGGTC-30 50-CTTTGTAGTTTCCACCGCCAG-30 108 Real-time PCR
E2f6 50496 50-AACCACATTCGGTGGATAGG-30 50-GAAAGCTTGAATGCCGTGA-30 219 Real-time PCR
Fam84a 105005 50-GATAGATCGGAACCGCAGTC-30 50-TTGGTTGCCCATCAATGAC-30 172 Real-time PCR
Gapdh 14433 50-CCGCATCTTCTTGTGCAG-30 50-TGCCGTGAGTGGAGTCATAC-30 199 Real-time PCR,

normalization
Greb1 Tv1 268527 50-GCGCGAGAGCTCCCATAAAG-30 50-CTTGTGACCCGTGGCAGAT-30 89 RT-PCR,

real-time PCR
Greb1
Tv1, Tv2

268527 50-ACATGGACTACGGCAACAGAG-30 50-GATACTGAGGAACTGCAGGTAGG-30 119 RT-PCR,
real-time PCR

Grhl1 195733 50-AGATAAAGGTCTTCTGCGACAAGG-30 5ʹ-TGTCTGTCCGTTTGTGCGAG-3ʹ 123 Real-time PCR
Hpcal1 53602 50-TCCTCCGTGATGAAGATGCC-30 50-GGCCAAGCCTGTGTTTCTC-30 230 Real-time PCR
Iah1 67732 50-GGGTCATCCTTATCACGCCA-30 50-TTCTGCATCAGGGTCCACAG-30 178 Real-time PCR
Itgb1bp1 16413 50-TCTGGGCGTTTCTAAGTACGG-30 50-CTTGCATCTGTGGTCTTGAGTG-30 156 Real-time PCR
Kcnf1 382571 50-GTAGAGACGGCTTGCATCGG-30 50-TGTACGTTGGTCAGCTCCATC-30 185 Real-time PCR
Klf11 194655 50-TGCACCTGATCTACCAAAGGAC-30 50-AGTGGTTCCCTCTTGCTCAG-30 195 Real-time PCR
Lpin1 14245 50-GAAAGGCCACAATACCGGAGA-30 50-TGTAGCTGACGTTGGACAAGAG-30 146 Real-time PCR
Nbas 71169 50-ATGCCTGTGATGTCTGCCTG-30 50-TCATCTCTTCGCGTGCTTCTAC-30 129 Real-time PCR
Nol10 217431 50-AGGGTTGGCGTGTTAGACTG-30 50-CCCATACTGGTGATCCTTAACTAGC-30 189 Real-time PCR
Ntsr2 18217 50-TGGCGGTTATCATGGGACAG-30 50-AAGGAGACCAGCACGTTCAC-30 136 Real-time PCR
Odc1 18263 50-CACATCGAGAACCATGAGCAG-30 50-GTCCGCAACATAGAACGCATC-30 145 Real-time PCR
Pdia6 71853 50-AGCCAAGAAGACATGCGAGG-30 50-GAACCCTCCAATCCCTAGTGC-30 205 Real-time PCR
Pqlc3 217430 50-TGTGGAAGGTACAAGATTCAGGAG-3ʹ 50-CATTCAGCTTTGGTGGCAGAC-30 202 Real-time PCR
Rock2 19878 50-TTCTTAACAGACAGGGAGGTACG-30 50-CGGGAAGGTCTCTACATCGC-30 201 Real-time PCR
Taf1b 21340 50-CCACTCTACCGTTCACACATCG-30 50-ATCAGTGCCTTCTTCAGTCCAG-30 162 Real-time PCR
Ywhaq 22630 50-CCATCGCAGAGCTTGATACAC-30 50-CACATTCTTCTCCTGCACTGTC-30 117 Real-time PCR

ID, identification; Tv, transcript variant.

Ichii et al
c2 test (P < 0.01). To obtain B6N-based congenic mice car-
rying the D2Cr mouse-derived Chr 12, congenic mice were
generated, as described previously, from crossing B6N and
D2Cr mice>10 times.19 Congenic regions were examined by
genotyping based on PCR for the microsatellite markers
D12Mit182, D12Mit209, D12Mit169, D12Mit170,
D12Mit58, D12Mit10, and D12Mit282.
Deep Sequencing

Kidneys from B6N and D2Cr mice were collected, and
genomic DNA was isolated using the DNeasy kit (Qiagen,
Valencia, CA). Exome capture was performed using the
Sureselect XT Mouse All Exon kit (Agilent Technologies,
Santa Clara, CA). Whole-exome sequencing was performed
with the HiSeq2000 system (Illumina, San Diego, CA). The
University of California Santa Cruz (UCSC) Genome
Browser [Dec.2011 (GRCm38/mm10)] (http://genome.ucsc.
edu/cgi-bin/hgGateway, last accessed January 12, 2018)
was used as the reference genome for alignment. The
reads were mapped by BWA version 0.5.9 (http://bio-bwa.
sourceforge.net). Single-nucleotide variants and small
2124
insertions/deletions were identified using SAMtools
version 0.1.18 (http://samtools.sourceforge.net).

Cell Culture

M-1 kidney epithelial cells (Dainippon Sumitomo Pharma,
Osaka, Japan) were maintained in Ham’s F-12 mediume
Dulbecco’s modified Eagle’s medium (1:1) supplemented with
5% fetal bovine serum, 100 U/mL penicillin and streptomycin
mixture, 2 mmol/L glutamine, and 5 mmol/L dexamethasone at
37�C in a humidified incubator with 5% CO2. To obtain stable
expression lines, M-1 cells were transfected with a Greb1
expression construct containing a cytomegalovirus promoter
(Ex-Mm30281-M46; GeneCopoeia, Rockville, MD) using
Xfect Transfection Reagent (Takara Bio USA, Inc., Mountain
View, CA). Similarly, Ex-NEG-M46 (GeneCopoeia) was also
transfected as a negative control. Stable transfectants were
selected usingG418 (1:100;MerckMillipore, Burlington,MA).
Theobtained cellswere harvested on coverslips and stainedwith
hematoxylin and eosin, and their morphology was analyzed by
fluorescence microscopy using a BZ-X710 microscope equip-
pedwith a BZ-X analyzer (Keyence). Some cells were collected
for gene expression analysis.
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Morphologic characteristics of abnormal distal tubules (DTs) of DBA/2Cr (D2Cr) mice. AeF: Immunohistochemistry staining for uromodulin or
calbindin D28k in kidneys of 8-montheold male D2Cr mice. A and B: Abnormal DTs (blue dotted line) in D2Cr mice express uromodulin and calbindin D28k
having the apical localization (A) and the different staining intensity among DT epithelial cells (B, arrows), respectively. C and D: Many well-developed cysts
were positive for uromodulin but not for calbindin D28k. Arrows in C indicate normal DTs positive for uromodulin. E and F: Dilated DTs positive for both
uromodulin and calbindin D28k are also evident (arrows), and the cells lining these DTs were heterogeneously positive or negative for calbindin D28k
(F, inset, shown at a threefold magnification) Asterisks in CeF indicate the same DTs showing positive reactions for either uromodulin or calbindin D28k.
G: Immunohistochemistry for IL-1 family member 6 (IL-1F6)/IL-36a in kidneys of male 8-montheold D2Cr mice. Arrow indicates IL-1F6/IL-36aepositive
detached epithelial cells. H: Immunofluorescence for IL-1F6/IL-36a (red), bromodeoxyuridine (BrdU; green), and uromodulin (blue) in kidneys of male 8-
montheold D2Cr mice. Arrows indicate BrdU containing DT epithelial cells. I: Correlation analysis between the percentage of BrdU-positive nuclei and the
total number of nuclei in the DT of a D2Cr mouse. Dotted line indicates the approximate line. JeL: Whole-mount immunohistochemistry for IL-1F6/IL-36a in
kidneys of male 8-montheold D2Cr mice. Arrows indicate the entrance to (J) and exit from (K and L) abnormal IL-1F6/IL-36aepositive DTs. Scale bars: 50 mm
(A, B, H, and JeL); 100 mm (CeF); 20 mm (G).

Distal Tubule Abnormality in Inbred Mice
Gene Expression Analysis

Total RNA isolated from kidneys and cultured cells was
used as a template to synthesize cDNA using qPCR RT
Master Mix with gDNA Remover (Toyobo, Osaka, Japan).
PCR was performed using Greb1-specific primers and
cDNA templates, and the amplified samples were used for
2% agarose gel electrophoresis and imaging under LED
The American Journal of Pathology - ajp.amjpathol.org
illumination. Quantitative PCR analysis was performed
using Brilliant III SYBR Master Mix for kidneys (Agilent
Technologies) and specific primers (Table 2) with an
MX3000P system (Agilent Technologies). The specificity of
each PCR was confirmed by melting curve analysis. The
expression data were normalized to the expression levels of
the genes for b-actin (Actb) or glyceraldehyde-3-phosphate
dehydrogenase (Gapdh).
2125
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Figure 3 Scanning electron microscopy (SEM) examination of ultrastructure of abnormal distal tubule (DT) of DBA/2Cr (D2Cr) mice. AeG: SEM images of
kidney sections from female 8-montheold D2Cr mice. A: The asterisk indicates a large cyst. B: The normal DT morphology with primary cilia (arrows). C:
Abnormal DTs (dotted line) have columnar epithelial cells. D: A higher magnification view of the boxed area marked in C. The apical surface of DT epithelial
cells has a dome shape with primary cilia (arrows). EeG: Surfaces of cystic DTs are covered with flattened, polygonal, epithelial cells (EeG) with elongated
primary cilia (F and G, arrows). F: A higher-magnification view of the boxed area marked in E. H: Correlation analysis between the cilia length and tubular
lumen in a DT from a D2Cr mouse. Dotted line indicates the approximate line. Scale bars: 500 mm (A); 5 mm (B and G); 25 mm (C and E); 6 mm (D and F).

Ichii et al
Statistical Analysis

All statistical analyses were performed in a nonparametric
manner. U-test (P < 0.05) was used for comparisons
2126
between two groups. For multiple comparisons, Dunnett’s
test (P < 0.05) was performed when statistical significance
was observed with the Kruskal-Wallis test (P < 0.05).
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Figure 4 Light microscopy and transmission electron microscopy (TEM) examinations of ultrastructure of abnormal distal tubule (DT) epithelial cells in
DBA/2Cr (D2Cr) mice. A and B: Periodic acid-Schiffestained kidney sections. C57BL/6N (B6N) mouse showing normal DT epithelial cells characterized by
undeveloped brush border and apical localizations of nuclei (A, dotted lines and arrows). However, abnormal DTs (asterisks) in a D2Cr mouse show greater
cell heights and wider intercellular spaces. These characteristics are prominent in the DTs having columnar epithelial cells (arrows), rather than more dilated
tubules (arrowheads). Inset: The measurement of cell height in graph in C. C: Scatter plot of the cell heights (y axis) and tubular lumen (x axis) in a DT from
a D2Cr mouse. The blue line indicates the average of cell heights (12.2 mm, 216 cells) examined in B6N mice. Red dotted line indicates the approximate line
in D2Cr. D: Kidney sections of a male 8-montheold B6N mouse examined using TEM. DT epithelial cells show normal features with well-developed basal
infoldings and regular mitochondria. E: Semithin toluidine blueestained kidney sections of a male 8-montheold D2Cr mouse. This panel shows a high-
magnification image of abnormal DT epithelial cells showing a columnar shape and increased intercellular space (arrows). FeL: Kidney sections of a
male 8-montheold D2Cr mouse examined using TEM. F: Abnormal DT epithelial cells show increased intercellular space and abundant irregularly arranged
mitochondria. G and H: The cytoplasm of abnormal DT epithelial cells contains numerous horseshoe-like vesicles (G), which are also abundant in the apical
portion of abnormal DT cytoplasm (H). I: Lamellar-like structures are abundantly observed in the lumens of abnormal DT. J: In abnormal DT, the basal
membrane (BM) is thickened and basal infolding is irregular. K: In the increased intercellular space, numerous lamellar-like structures are observed (arrows).
L: Epithelial detachment is also observed in abnormal DT (arrows). Scale bars: 50 mm (A and B); 1 mm (D and L); 10 mm (E); 2 mm (F); 200 nm (G and IeK);
100 nm (H). Cap, capillary; N, nucleus; TL, tubular lumen.
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Figure 5 Molecular expression associated with morphofunction of distal tubules (DTs) in kidney of DBA/2Cr (D2Cr) mice. A: Expression of genes associated
with the intracellular vesicle function in the kidney of mice at 6 months of age, as determined by real-time PCR. A significant difference between C57BL/6N
(B6N) mice and D2Cr mice is indicated. B and C: Immunohistochemistry for CD9 in kidneys of 6-montheold D2Cr mice. Positive reactions are detected at the
basal portion of DTs, but not in abnormal DTs (asterisks). C: A higher magnification view of the boxed area in B. Epithelial cells of abnormal DTs are negative
for CD9 (arrows). D: Gene expression associating with the intercellular adhesion in the kidney at 6 months of age. Real-time PCR. A significant difference
between B6N mice and D2Cr mice is indicated. EeG: Immunohistochemistry for E-cadherin, CD9, and Naþ/Kþ ATPase in kidneys of 6-montheold D2Cr mice.
These positive reactions are strong at the basal portion of DTs, but are more clearly localized to the lateral membrane of epithelial cells in abnormal DTs
(asterisks, insets, and arrows). G: The positive reaction of Naþ/Kþ ATPase was lacking in some epithelial cells of abnormal DTs (arrowheads). Insets in EeG
show threefold magnification views of the boxed areas. H: Correlation analysis between the Naþ/Kþ ATPase intensity ratio (lateral/basal) and tubular lumen in
a DT of a D2Cr mouse. Red dotted line indicates the approximate line. Values are expressed as means � SEM (A and D). n Z 8 kidneys (A and D). *P < 0.05,
**P < 0.01. Scale bars: 100 mm (B); 50 mm (EeG).
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Spearman’s correlation test (P < 0.05) was used to analyze
the correlation between two parameters.

Results

Abnormal DTs Found in the Inbred Mouse Strains

First, the renal histology among inbred mouse strains was
compared (Figure 1). Normal DT epithelium was observed
in B6N mice (Figure 1A). However, in D2Cr mice,
columnar epithelial cells and dilated lumens were observed
(Figure 1, B and C). In the D2Cr mice, these seemed to be
DT segments because they showed several morphologic
characteristics of DT, such as undeveloped brush border
compared with PT, with some being attached with renal
corpuscles as macula densa (Figure 1B). Some D2Cr mice,
especially older mice, showed cystic tubules (Figure 1D).
Older D2Cr mice tended to have more and larger cysts
2128
(Figure 1E). Developed cysts occupied the renal cortex of
some D2Cr mice (Figure 1F). Similar renal tubule abnor-
malities were observed in the A/J, C3H/He, DBA/1J, and
FVB/N mice, and these tubules showed the immune-
positive reactions for uromodulin and calbindin D28k,
epithelial cell markers for straight and convoluted segments
of DTs, respectively (Figure 1, G and H). In a comparison of
DT abnormality scores at 5 to 8 months of age, both sexes
of D2Cr mice showed high scores among the strains
examined (Figure 1I). The DT abnormality scores of D2Cr
male mice were significantly higher than those of C3H/He,
DBA/1J, and FVB/N males (Figure 1I). D2Cr mice showed
no significant differences in DT abnormality scores between
males and females, but female C3H/He mice showed higher
scores than C3H/He males. DT abnormality scores of both
sexes of D2Cr mice tended to increase with age, and a
significant increase was observed at 24 to 32 weeks of age
compared with 10 weeks in both sexes (Figure 1J).
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Table 3 Appearance of Distal Tubular Lesions in D2Cr and Their Progeny with B6N

Strain Sex Age, weeks

Grade*

1 2 3 4 5

D2Cr Male 10 33 (6/18) 17 (3/18) 17 (3/18) 11 (2/18) 0 (0/18)
12e14 38 (5/13) 38 (5/13) 38 (5/13) 23 (4/13) 0 (0/13)
24e32 56 (5/9) 67 (6/9) 67 (6/9) 44 (4/9) 22 (2/9)

D2Cr Female 10 0 (0/7) 0 (0/7) 0 (0/7) 0 (0/7) 0 (0/7)
12e14 50 (2/4) 50 (2/4) 25 (1/4) 25 (1/4) 0 (0/4)
24e32 33 (3/9) 56 (5/9) 33 (3/9) 22 (2/9) 0 (0/9)

DBF1
y Male 10 0 (0/4) 0 (0/4) 0 (0/4) 0 (0/4) 0 (0/4)

28e32 0 (0/6) 0 (0/6) 0 (0/6) 0 (0/6) 0 (0/6)
Female 10 0 (0/6) 0 (0/6) 0 (0/6) 0 (0/6) 0 (0/6)

28e32 0 (0/3) 0 (0/3) 0 (0/3) 0 (0/3) 0 (0/3)
BDF1

z Male 10 0 (0/10) 0 (0/10) 0 (0/10) 0 (0/10) 0 (0/10)
28e32 0 (0/5) 0 (0/5) 0 (0/5) 0 (0/5) 0 (0/5)

Female 10 0 (0/5) 0 (0/5) 0 (0/5) 0 (0/5) 0 (0/5)
28e32 0 (0/10) 0 (0/10) 0 (0/10) 0 (0/10) 0 (0/10)

N2x Male 12 11 (5/45) 16 (7/45) 9 (4/45) 4 (2/45) 0 (0/45)
Female 12 12 (6/51) 12 (6/51) 12 (6/51) 6 (3/51) 2 (1/51)

F2
x Male 10 6 (5/84) 6 (5/84) 6 (5/84) 0 (0/84) 0 (0/84)

24 6 (9/153) 5 (7/153) 5 (8/153) 5 (7/153) 2 (3/153)

Number Z animals.
*Data are given as percentage (number/total).
yFemale D2Cr � male B6N.
zFemale B6N � male D2Cr.
xFemale DBF1 � male DBF1, female BDF1 � male BDF1, and female BDF1 � male D2Cr.
B6N, C57BL/6N; BDF1, (B6N � D2Cr); D2Cr, DBA/2Cr; DBF1, (D2Cr � B6N) F1; F2, BDF1 � BDF1; N2, BDF1 � D2Cr.

Distal Tubule Abnormality in Inbred Mice
Characteristics of Abnormal DTs in D2Cr Mice

Because the D2Cr mice more obviously displayed DT
abnormalities without sex-related differences compared
with the other strains that were examined (Figure 1), the
D2Cr mice were investigated more intensively. Immu-
nohistochemistry analysis of abnormal tubules from
D2Cr mice revealed the expression of uromodulin and
calbindin D28k, which displayed apical localization and
different staining intensities among DT epithelial cells,
respectively (Figure 2, A and B). Many well-developed
cysts were positive for uromodulin but not for calbin-
din D28k (Figure 2, C and D). In addition, large cysts
that were positive for both uromodulin and calbindin
D28k were observed, and those lining the epithelium
showed heterogeneous cell patterns, with some being
positive for calbindin D28k and others being negative,
similar with Figure 2B (Figure 2, E and F). Detached
epithelial cells in dilated DTs were also positive for the
DT injury marker IL-1F6/IL-36a20 (Figure 2, G and H).
Some dilated DTs of D2Cr mice also incorporated BrdU
(Figure 2H). However, the percentage of cells with BrdU
in their nuclei did not increase with the development of
DT abnormalities (Figure 2I). Whole-mount immuno-
histochemistry for IL-1F6/IL-36a revealed continuous
connections between nondilated tubule portions and
cystic structures in the DTs of D2Cr mice (Figure 2,
JeL).
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Characteristics of Abnormal DT Epithelial Cells in D2Cr
Mice

Next, abnormal DT epithelial cells were examined in
D2Cr mice using scanning electron microscopy and
transmission electron microscopy (Figure 3). Occasion-
ally, large cysts were noted in the renal cortex of D2Cr
mice (Figure 3A). Compared with DT segments having a
normal morphology (Figure 3B), the affected DT epithe-
lial cells in D2Cr mice showed an increased major axis
with a columnar and apical dome shape, elongated pri-
mary cilia, and apical spherical structures (Figure 3, C and
D). The surfaces of larger cystic tubules were covered by
polygonal squamous epithelial cells with microvilli and
elongated primary cilia (Figure 3, EeG). In D2Cr mice,
the primary cilia varied markedly in length in the
abnormal DTs, and a significant positive correlation was
observed between cilia length and tubular lumen area
(Figure 3H). The heights and the intercellular spaces of
epithelial cells composed of abnormal DT in D2Cr mice
were higher and wider compared with those of DT
epithelial cells in B6N mice (Figure 4, A and B). More
important, some abnormal epithelial cells showed higher
heights with the dilated tubular lumen (Figure 4C), but
they were significantly decreased with the development of
cysts, indicating a squamous morphology. Transmission
electron microscopy observation of B6N DT epithelial
cells revealed normal structures characterized by basal
2129
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infolding with regular arrangement of mitochondria
(Figure 4D). However, in semistained sections, abnormal
DT epithelial cells displayed increased intracellular space
(Figure 4, E and F) and the number of mitochondria also
tended to be increased in some abnormal DTs of D2Cr
mice (Figure 4F). Moreover, cytoplasmic horseshoe-like
vesicles were abundantly observed (Figure 4G). These
vesicles were also observed in the apical portion of the
cytoplasm, and vesicles or lamellar-like structures were
also found in the lumen of abnormal DTs (Figure 4, H and
I). Furthermore, irregular basal infolding, thickened basal
membrane, and increased intercellular space with loose
intercellular adhesions and numerous vesicles were
observed in the abnormal DTs in D2Cr mice (Figure 4,
JeL).

Molecular Expression Patterns of DTs in D2Cr Mice

On the basis of the results of the morphologic observations,
it was predicted that genes associated with DT morpho-
function would show altered transcript and/or protein
expression patterns in DTs of D2Cr mice. Expression of
Cd9, an extracellular vesicle marker and an important os-
motic stresserelated molecule in DTs,21 was significantly
decreased in D2Cr mice compared with B6N mice
(Figure 5A). However, expression of another extracellular
vesicle marker, tumor susceptibility gene 101 (Tsg101), and
autophagy-related 8a (Atg8a), Atg8b, and Atg12 did not
differ between D2Cr and B6N mice.

Interestingly, the immunohistochemical analysis indi-
cated that CD9 was basally localized in normal DT
epithelium (Figure 5B), whereas CD9 expression was
faint in abnormal DTs in D2Cr mice (Figure 5, B and C).
Gene expression of cell adhesion molecules, including E-
cadherin/cadherin 1 (Cdh1), tight junction protein-1
(Tjp1)/zonula occludens-1, and occludin (Ocln), was
significantly lower in the renal tissue of D2Cr mice than
in kidney tissue of B6N mice (Figure 5D). E-cadherin
protein was basally localized in normal DT epithelium,
but showed strong lateral localization in abnormal DTs
(Figure 5E). Furthermore, although there was no differ-
ence in claudin 3 (Cldn3) gene expression between D2Cr
and B6N kidneys, claudin 3 protein expression was
stronger in the lateral portions of abnormal DT epithelial
cells than in normal ones in D2Cr mice (Figure 5F).
Finally, Naþ/Kþ ATPase, an important molecule for the
development of cystic lesions,22 was basally localized in
renal tubules, but showed strong localization to the lateral
membranes of abnormal DT epithelial cells (Figure 5G).
To identify representative molecules to examine these
basal to lateral translocations, the ratio of Naþ/Kþ

ATPaseepositive intensity was also calculated in the
lateral side to that in the basal side in DT epithelial cells
of D2Cr mice (Figure 5H). A severe variance was
observed among cells, and epithelial cells having a higher
ratio of Naþ/Kþ ATPaseepositive intensity was
2130
significantly increased with the dilation of DTs. Thus,
these data indicate that molecules associated with DT
morphofunction showed altered patterns of gene expres-
sion and/or protein localization in D2Cr abnormal DTs.

Genetic Factors Regulating the Appearance of
Abnormal DTs in D2Cr Mice

Table 3 summarizes the rate of each histopathological grade
of abnormal DTs in D2Cr mice and their progeny obtained
from mating with B6N mice. No abnormal DTs were
observed in the F1 progeny [(D2Cr � B6N) F1 and BDF1].
This indicated that the trait was regulated in a recessive
manner in D2Cr mice and that the Y chromosome was not
responsible. However, abnormal DTs appeared in some N2
and F2 progeny, indicating either an autosomal or an
X-chromosomal contribution. Linkage analysis was per-
formed with N2 or F2 progeny that showed DT abnormal-
ities (Table 4). One significant linkage was found on the
telomeric region of the D2Cr-type Chr 12, and the F2 and
N2 progeny displayed statistical significance for the
D12Mit182-D12Mit5 (5.52 to 37.16 cM) and D12Mit182-
D12Mit83 (5.52 to 9.69 cM) intervals, respectively
(P < 0.01). From the N2 analysis, this candidate locus on
mouse Chr 12 (D12Mit182-D12Mit83) was defined as
DBA/2 renal cyst (drecy).
Further examination of N2 and F2 progeny mice with DT

abnormalities revealed two individuals carrying the
necessary genotypes to narrow the candidate region in
drecy (Figure 6A). Twenty-five candidate protein-coding
genes on D12Mit169-D12Mit282 were studied
(Figure 6B). At 4 weeks, renal gene expression levels of
Greb1, nucleolar protein 10 (Nol10), PQ loop repeat
containing (Pqlc3), tribbles pseudokinase 2 (Trib2), Rho-
associated coiled-coil containing protein kinase 2 (Rock2),
ornithine decarboxylase, structural 1 (Odc1), and lipin 1
(Lpin1) differed between D2Cr and B6N mice. At 8 weeks,
renal gene expression levels of Greb1, grainyhead-like
transcription factor 1 (Grhl1), potassium voltage-gated
channel, subfamily F, member 1 (Kcnf1), and Lpin1
differed between D2Cr and B6N mice (Figure 6B). Most
notably, renal Greb1 expression was significantly higher in
D2Cr mice than in B6N mice at both 4 and 8 weeks (5.26-
and 11.80-fold, respectively). Therefore, Greb1 was stud-
ied further.
Mouse Greb1 has two transcript variants (Tvs). The

expression of both Greb1 Tvs (Tv1 and Tv2) was
examined in several mouse organs by RT-PCR
(Figure 6C). A Tv1 band alone was not detected in the
kidney, but the primers amplifying both Tv1 and Tv2
showed a specific band in kidney tissue. The band was
more evident in samples from D2Cr mice than in samples
from B6N mice. Exome sequencing identified five single-
nucleotide polymorphisms associated with an amino acid
substitution between the genomes of B6N and D2Cr mice
(Table 5).
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Table 4 Summary of Genetic Linkage Analysis for the Appearance of Abnormal DT in D2Cr

Chr Marker cM

Genotype (F2) Genotype (N2)

c2 Test (F2) c2 Test (N2)BB BD DD BB BD DD

1 211 10.59 3/10 4/10 3/10 0/13 6/13 7/13 0.837 0.958
324 29.13 4/10 3/10 3/10 0/13 8/13 5/13 0.416 0.243
103 59.48 2/10 4/10 3/10 0/13 6/13 7/13 0.934 0.958
541 81.02 3/10 3/10 4/10 0/13 7/13 6/13 0.748 0.542

2 369 24.51 5/10 2/10 3/10 0/13 7/13 6/13 0.104 0.542
249 54.07 3/10 4/10 3/10 0/13 7/13 6/13 0.837 0.542
395 59.97 1/10 5/10 3/10 0/13 7/13 6/13 0.606 0.542
229 88.99 4/10 2/10 4/10 0/13 7/13 6/13 0.291 0.542

3 164 2.00 2/10 6/10 2/10 0/13 6/13 7/13 0.440 0.958
182 21.70 2/10 5/10 3/10 0/13 6/13 7/13 0.846 0.958
12 43.70 2/10 5/10 3/10 0/13 7/13 6/13 0.846 0.542
346 50.20 2/10 5/10 3/10 0/13 7/13 6/13 0.846 0.542
320 66.80 2/10 4/10 4/10 0/13 8/13 5/13 0.966 0.243

4 235 3.57 3/10 5/10 2/10 0/13 5/13 8/13 0.556 0.614
286 23.00 3/10 4/10 3/10 0/13 5/13 8/13 0.837 0.614
178 34.92 3/10 4/10 3/10 0/13 5/13 8/13 0.837 0.614
248 52.31 4/10 2/10 4/10 0/13 6/13 7/13 0.291 0.958
12 57.60 3/10 4/10 3/10 0/13 4/13 9/13 0.837 0.289
127 80.52 2/10 3/10 5/10 0/13 3/13 10/13 0.655 0.106

5 346 2.62 3/10 5/10 2/10 0/13 6/13 7/13 0.556 0.958
108 23.91 4/10 3/10 3/10 0/13 6/13 7/13 0.416 0.958
197 32.92 3/10 3/10 4/10 0/13 5/13 8/13 0.748 0.614
20 47.77 3/10 3/10 4/10 0/13 4/13 9/13 0.748 0.289
168 76.15 1/10 5/10 4/10 0/13 5/13 8/13 0.626 0.614

6 159 12.36 1/10 3/10 6/10 0/13 6/13 7/13 0.279 0.958
74 23.70 1/10 4/10 5/10 0/13 7/13 6/13 0.542 0.542
10 52.75 2/10 2/10 6/10 0/13 4/13 9/13 0.264 0.289
59 69.36 3/10 2/10 5/10 0/13 5/13 8/13 0.398 0.614

7 114 15.42 1/10 7/10 2/10 0/13 7/13 6/13 0.175 0.542
82 32.76 2/10 6/10 2/10 0/13 7/13 6/13 0.440 0.542
66 64.30 2/10 7/10 1/10 0/13 5/13 8/13 0.136 0.614
189 72.40 1/10 5/10 4/10 0/13 4/13 9/13 0.626 0.289

8 4 18.89 2/10 6/10 2/10 0/13 7/13 6/13 0.440 0.542
100 29.70 3/10 5/10 2/10 0/13 8/13 5/13 0.556 0.243
211 52.00 3/10 4/10 3/10 0/13 8/13 5/13 0.837 0.243
200 61.37 3/10 3/10 4/10 0/13 8/13 5/13 0.748 0.243

9 90 17.80 2/10 7/10 1/10 0/13 7/13 6/13 0.136 0.542
289 38.58 1/10 7/10 2/10 0/13 7/13 6/13 0.175 0.542
35 51.41 3/10 4/10 4/10 0/13 8/13 5/13 0.865 0.243
51 57.46 3/10 5/10 2/10 0/13 8/13 5/13 0.556 0.243
18 71.49 2/10 4/10 4/10 0/13 9/13 4/13 0.966 0.085

10 248 5.21 2/10 5/10 3/10 0/13 5/13 8/13 0.846 0.614
213 9.75 2/10 5/10 3/10 0/13 5/13 8/13 0.846 0.614
3 16.53 2/10 6/10 2/10 0/13 7/13 6/13 0.440 0.542
61 34.80 2/10 4/10 4/10 0/13 5/13 8/13 0.966 0.614
186 38.56 2/10 4/10 4/10 0/13 6/13 7/13 0.966 0.958
230 45.28 1/10 7/10 2/10 0/13 6/13 7/13 0.175 0.958
134 54.72 1/10 7/10 2/10 0/13 7/13 6/13 0.175 0.542

11 226 5.64 2/10 6/10 2/10 0/13 5/13 8/13 0.440 0.614
21 25.94 1/10 7/10 2/10 0/13 6/13 7/13 0.175 0.958
212 54.34 3/10 6/10 1/10 0/13 6/13 7/13 0.220 0.958
48 82.96 3/10 6/10 1/10 0/13 9/13 4/13 0.220 0.085

12 182 5.52 0/10 0/10 10/10 0/13 0/13 13/13 <0.001y 0.001y

169 7.03 0/10 0/10 10/10 0/13 0/13 13/13 <0.001y 0.001y

12 8.49 0/10 0/10 10/10 0/13 1/13 12/13 <0.001y 0.006y

(table continues)
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Table 4 (continued )

Chr Marker cM

Genotype (F2) Genotype (N2)

c2 Test (F2) c2 Test (N2)BB BD DD BB BD DD

83 9.69 0/10 0/10 10/10 0/13 1/13 12/13 <0.001y 0.006y

136 13.00 0/10 1/10 9/10 0/13 2/13 11/13 0.002y 0.03*
46 15.67 0/10 1/10 9/10 0/13 3/13 10/13 0.002y 0.106
172 21.09 0/10 1/10 9/10 0/13 3/13 10/13 0.002y 0.106

5 37.16 0/10 1/10 9/10 0/13 5/13 8/13 0.002y 0.614
158 38.14 2/10 1/10 7/10 0/13 5/13 8/13 0.063 0.614
233 59.29 2/10 5/10 3/10 0/13 7/13 6/13 0.846 0.542

8 62.10 2/10 5/10 3/10 0/13 7/13 6/13 0.846 0.542
13 17 7.73 3/10 5/10 2/10 0/13 5/13 8/13 0.556 0.614

91 24.50 3/10 5/10 2/10 0/13 5/13 8/13 0.556 0.614
191 45.05 2/10 7/10 1/10 0/13 5/13 8/13 0.136 0.614
148 59.69 3/10 6/10 1/10 0/13 4/13 9/13 0.220 0.289

14 10 6.41 3/10 4/10 3/10 0/13 5/13 8/13 0.837 0.614
120 20.88 2/10 5/10 3/10 0/13 6/13 7/13 0.846 0.958
193 37.26 3/10 4/10 3/10 0/13 7/13 6/13 0.837 0.542
266 64.86 3/10 4/10 3/10 0/13 6/13 7/13 0.837 0.958

15 111 13.02 3/10 5/10 2/10 0/13 9/13 4/13 0.556 0.085
5 16.74 3/10 5/10 2/10 0/13 9/13 4/13 0.556 0.085

63 29.03 4/10 3/10 3/10 0/13 8/13 5/13 0.416 0.243
90 30.86 4/10 3/10 3/10 0/13 8/13 5/13 0.416 0.243
156 32.19 4/10 4/10 2/10 0/13 8/13 5/13 0.353 0.243
245 48.21 4/10 4/10 2/10 0/13 8/13 5/13 0.353 0.243

16 131 3.41 3/10 3/10 4/10 0/13 6/13 7/13 0.748 0.958
59 26.86 3/10 4/10 3/10 0/13 5/13 8/13 0.837 0.614
140 40.30 3/10 6/10 1/10 0/13 7/13 6/13 0.220 0.542
106 57.68 3/10 5/10 1/10 0/13 8/13 5/13 0.310 0.243

17 113 8.14 0/10 6/10 4/10 0/13 5/13 8/13 0.204 0.614
135 17.00 2/10 4/10 4/10 0/13 4/13 9/13 0.966 0.289
89 32.82 2/10 5/10 3/10 0/13 4/13 9/13 0.846 0.289
221 59.77 3/10 4/10 3/10 0/13 4/13 9/13 0.837 0.289

18 132 11.92 2/10 7/10 1/10 0/13 6/13 7/13 0.136 0.958
177 21.39 2/10 5/10 3/10 0/13 7/13 6/13 0.846 0.542
124 32.15 2/10 4/10 4/10 0/13 7/13 6/13 0.966 0.542

4 57.53 3/10 3/10 4/10 0/13 7/13 6/13 0.748 0.542
19 69 8.93 3/10 2/10 5/10 0/13 7/13 6/13 0.398 0.542

16 13.82 2/10 3/10 5/10 0/13 7/13 6/13 0.655 0.542
80 18.24 3/10 2/10 5/10 0/13 6/13 7/13 0.398 0.958
19 34.08 2/10 3/10 5/10 0/13 6/13 7/13 0.655 0.958
10 39.37 2/10 3/10 5/10 0/13 7/13 6/13 0.655 0.542
33 51.76 1/10 4/10 4/10 0/13 6/13 7/13 0.691 0.958

Bz D{ Bz BDx D{

X 166 28.26 3/10 7/10 5/13 0/13 6/13 0.449 0.114
1 37.29 3/10 7/10 4/13 1/13 8/13 0.449 0.297

95 45.86 6/10 4/10 3/13 3/13 7/13 0.819 0.702
130 55.45 5/10 5/10 3/13 3/13 7/13 1.000 0.702
117 53.75 5/10 5/10 3/13 3/13 7/13 1.000 0.702
38 57.40 7/10 3/10 3/13 3/13 7/13 0.449 0.702
186 76.75 5/10 5/10 4/13 4/13 5/13 1.000 0.228

*P < 0.05.
yP < 0.01.
zC57BL/6N-type male.
xHeterozygote female.
{D2Cr-type male.
BB, C57BL/6N-type homozygote; BD, heterozygote; Chr, chromosome; D2Cr, DBA/2Cr; DD, D2Cr homozygote; DT, distal tubule; F2, (B6N � D2Cr) (BDF1) �

BDF1; N2, BDF1 � D2Cr.
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Figure 6 Analysis of drecy locus by using
C57BL/6N (B6N) and DBA/2Cr (D2Cr) mice and
their progeny. A: Genotype of (B6N � D2Cr; BDF1)
� BDF1 (F2) and BDF1 � D2Cr (N2) progenies
showing distal tubule (DT) abnormalities and
having a narrower genomic locus compared with
drecy, as determined in Table 1. Red box indicates
the candidate region in drecy (D12Mit169-
D12Mit282). B: Gene expression coded on chro-
mosome 12 (D12Mit169-282) in the kidneys. The
result of real-time PCR summarized by heat map
(left side) and values (right side). Values denote
the fold increase compared with B6N mice at the
same age. A significant difference with B6N is
indicated. C: Mouse Greb1 gene structure and its
expression in the kidney. Left side: Numbers,
black boxed areas, and white boxed areas indi-
cate the exon numbers, untranslated regions, and
translated regions, respectively. Right side: RT-
PCR analysis using whole organs. *P < 0.05,
**P < 0.01. 4w, 4-weekeold mice; 8w,
8-weekeold mice; B, B6N type; bl., bladder; D,
D2Cr type; gl., gland; H, heterozygote; int., in-
testine; Kid., kidney; mar., marrow; Tv, transcript
variant; w, weeks.

Table 5 SNP of Greb1 Exons Associated with the Amino Acid
Alternation Between B6N and D2Cr

Chr start Chr end B6N D2Cr SNP quality Alternation

16696556 16696556 C A 222 A1238S
16696760 16696760 A G 173 S1170P
16696807 16696807 G A 165 A1154V
16708727 16708727 C T 222 V663I
16723384 16723384 G T 159 P230T

Exome analysis.
B6N, C57BL/6N; Chr, chromosome; D2Cr, DBA/2Cr; SNP, single-

nucleotide polymorphism.

Distal Tubule Abnormality in Inbred Mice
Kidneys of D2Cr mice displayed increased expression
of Greb1 mRNA that was sustained through 24 weeks
(Figure7A). The Greb1-positive reaction was observed in
the renal cortex rather than in the medulla (Figure 7, B and
C), especially in renal tubules and glomeruli (Figure 7D).
Of interest, Greb1 localization was mainly cytoplasmic in
renal tubules of B6N mice (Figure 7E), whereas Greb1
nuclear localization was observed in D2Cr mice
(Figure 7F). Abnormal renal tubules in D2Cr mice also
showed a Greb1-positive reaction (Figure 7G), indicating
DT localization of Greb1. Greb1 was confirmed to be
localized to DTs, including the macula densa, by coun-
terstaining with periodic acid-Schiffehematoxylin, and
glomerular podocytes, by double staining with synapto-
podin (Figure 7, GeI). The percentage of nuclei showing
a Greb1-positive reaction in DTs was significantly higher
in D2Cr mice compared with B6N mice (Figure 7J). An
in vitro experiment showed that Greb1 overexpression in
M-1 cells increased the gene expression of Greb1 and
vimentin (Vim) and decreased the expressions of Cd9 and
Cdh1 (Figure 7K). Morphologic analysis of Greb1-over-
expressing cells revealed a reduced cell size and fusiform
cell shape, although the DNA concentration in the me-
dium, which was attributable to detached cells, was not
changed (Figure 7, LeN). In the D2Cr mouse kidney,
some epithelial cells of abnormal DTs showed weak
positive reactions for vimentin, and mononuclear cells in
tubulointerstitial lesions also showed strong positive re-
actions (Figure 7O).

Finally, B6N-based congenic mice carrying the drecy
locus, D12Mit182-83, were generated (Figure 8A). Similar
to D2Cr, Greb1 expression in the kidney was significantly
The American Journal of Pathology - ajp.amjpathol.org
higher in B6.D2-(D12Mit182-83) congenic mice than in
B6N mice, and the expression of ATPase, Hþ transporting,
lysosomal V1 subunit C2 (Atp6v1c2) was also relatively
higher in the kidney of D2Cr mouse than in that of B6N
mice (Figure 8B). Phenotype analysis of B6.D2-
(D12Mit182-83) congenic mice revealed DT abnormalities
in N6 progeny (homozygotes, 1.6% of D2Cr mouse
genome) but not in N10 progeny (homozygotes, 0.1% of
D2Cr mouse genome) (Figure 8C). On the other hand, the
F1 progeny of D2Cr and B6.D2-(D12Mit182-83) congenic
mice (50.0% of D2Cr mouse genome) showed DT abnor-
malities. These results suggest that the development of DT
abnormality in D2Cr mice requires interaction(s) between
drecy and another locus (or other loci) in the D2Cr mouse
genome. The abnormal DTs in the F1 progeny of D2Cr and
B6.D2-(D12Mit182-83) congenic mice showed positive re-
actions for uromodulin and calbindin D28k and an intense
reaction of Naþ/Kþ ATPase at the lateral side of cells
(Figure 8D).
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http://ajp.amjpathol.org


Figure 7 Gene regulated by estrogen in breast cancer protein (Greb1) expression in mouse kidney and in vitro overexpression analysis. A: Gene
expression of Greb1 in the kidney at 6 months of age. Real-time PCR results. A significant difference between C57BL/6N (B6N) mice and DBA/2Cr (D2Cr)
mice is indicated. BeG: Immunohistochemistry for Greb1 in the kidney at 8 months of age. B and C: Greb1-positive reactions are detected in the cortex,
but not in the medulla, of D2Cr mice at 8 months of age. DeG: In the cortex, normal and abnormal distal tubules (DTs; asterisks) as well as glomeruli
show positive reactions. E and F: Nuclear localization is observed in the DT of D2Cr mice (inset and arrowheads; F), but not in B6N mice (E). Inset in F
shows a threefold magnification view of the boxed area. H: Immunohistochemistry for Greb1 with periodic acid-Schiffehematoxylin staining in the kidney
at 8 months of age. Greb1-positive reactions evident in the DT (arrows), including the macula densa (arrowhead). I: Double staining for Greb1 (brown)
and synaptopodin (green) in the kidney at 8 months of age. Glomerular podocyte (arrows) shows both positive reactions. Nuclei are visualized by Hoechst
(blue). J: The percentage of Greb1-positive nuclei in DT. A significant difference between B6N mice and D2Cr mice is indicated. KeN: Analysis of Greb1
overexpression in vitro. K: Gene expression associated with DT morphofunction in mouse M-1 kidney cell line. Real-time PCR. L and M: Compared with
control cells (Cont; L), Greb1-overexpressing cells (M) show increased major axis/minor axis with slightly decreased cells sizes. Hematoxylin and eosin
staining. N: Morphometrical analysis. A significant difference between control cells and Greb1-overexpressing cells is indicated. O: Immunohistochemistry
for vimentin in the kidneys of D2Cr mice. Vimentin-positive reactions are observed in some epithelial cells of abnormal DTs (arrows) with weak positive
reactions, and mononuclear cells in tubulointerstitial lesions also show strongly positive reactions. Data are expressed as means � SEM (A, J, K, and N).
n Z 8 kidneys (A); n Z 10 (J, B6N mice); n Z 6 (J, D2Cr mice); n Z 4 (K and N, cell culture plates). *P < 0.05, **P < 0.01. Scale bars: 200 mm (B and
C); 100 mm (D); 50 mm (EeI, L, M, and O).
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Figure 8 Analysis of congenic mice carrying
the DBA/2Cr (D2Cr)etype drecy locus. A: Genotype
of D12Mit182 and D12Mit83 flanking drecy locus.
Analysis was by PCR. Hetero indicates an individual
having both B6N- and B6.D2-type genotypes. B:
Expression of genes on chromosome (Chr) 12
(D12Mit169-282) in the kidneys at 5 weeks of age,
as determined by real-time PCR. A significant dif-
ference with C57BL/6N (B6N) is indicated. C: Ge-
notype of Chr 12 and appearance of abnormal distal
tubule (DT) in B6.D2-(D12Mit182-D12Mit83)
(B6.D2) congenic mice. Gray boxed areas indicate
the D2Cr-type locus. D: Immunohistochemistry for
uromodulin, calbindin D28k, Naþ/Kþ ATPase, and
gene regulated by estrogen in breast cancer protein
in the kidney of F1 progeny of D2Cr and B6.D2-
(D12Mit182-83) congenic mice. C: The abnormal
DTs (asterisks) in the F1 progeny of D2Cr and
B6.D2-(D12Mit182-83) congenic mice display pos-
itive reactions for uromodulin and calbindin D28k
and an intense reaction for Naþ/Kþ ATPase at the
lateral side of cells (arrows). Data are expressed as
means � SEM (B). n Z 8 kidneys (B). *P < 0.05,
**P < 0.01. Scale bar Z 50 mm (C and D).

Distal Tubule Abnormality in Inbred Mice
Discussion

The renal histopathology of seven inbred mouse strains was
examined, and it was found that the A/J, C3H/He, DBA/1J,
D2Cr, and FVB/N mice had similar DT abnormalities
characterized by cystic features. Kidney phenotypes asso-
ciated with these strains have been reported. A/J mice
develop renal tumors and small tumors showing cystic
lesions lined with multilayered epithelial cells when
exposed to the ferric complex of nitrilotriacetic acid.23 In
addition, C3H mice are highly susceptible to glucocorticoid-
induced newborn PKD compared with DBA mice,24 and
FVB/N mice are highly susceptible to kidney disease,
particularly to experimental glomerulosclerosis.25 Thus,
each strain has kidney-related phenotypes. However, a
common kidney phenotype or a shared genotype associated
with kidney abnormalities among these strains has not been
described. The DBA/2-type genome has several kidney-
related phenotypes, including high susceptibility for
PKD,8e10 giant lysosome in PTs,11 higher albumin excre-
tion,12 development of ureteritis-hydronephrosis,13 higher
kidney calcium concentrations,14 and streptozotocin-
induced diabetic nephropathy.15 Although it is possible
that the specific genetic factors causing DT abnormality
might be shared among A/J, C3H/He, DBA/1J, D2Cr, and
FVB/N mice, a global genetic and phenotypic linkage
analysis would be needed to clarify this possibility. In this
study, D2Cr mice were studied because they had more
The American Journal of Pathology - ajp.amjpathol.org
obviously evident DT abnormalities without sex-related
differences compared with the other mouse strains.
Furthermore, there is a great deal of knowledge of the ge-
netics of D2Cr mice.

More important, both female and male D2Cr mice
showed the highest DT abnormality scores in the present
study. DT abnormalities of D2Cr mice were characterized
by columnar epithelial cells, dilated lumens, and age-related
progression of cystic lesions. The most unique feature was
the limited localization to DTs, including distal tubules that
were straight and convoluted. Well-developed abnormal DT
was heterogeneous for calbindin D28k, with positive and
negative reactions observed. The data indicate the possi-
bilities of altered cell phenotypes or the involvement of
calbindin D28k-negative cells in the development of
abnormal tubules in D2Cr mice. DT-specific cystic changes
of DT are reported to be scarce but are found in distal renal
tubular acidosis of human patients26 and some types of
NPH.27 Although proliferative activity in the cells lining
renal cysts has been suggested,28 in the present study,
abnormal DT epithelial cells incorporating BrdU did not
increase in number with the progression of abnormality in
D2Cr mice, indicating the weak contribution of proliferation
to the development of this phenotype. Furthermore, trans-
mission electron microscopy and molecular analyses
revealed the altered expression and localization of CD9,
E-cadherin, and Naþ/Kþ ATPase in abnormal DTs in D2Cr
mice, indicating the altered morphofunction of DT
2135
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associated with osmotic stress in DTs,21 cell adhesion,28 and
cell polarity,29 as found in renal cysts in human and animal
models. Furthermore, in humans, tight junction proteins,
including zonula occludens-1 and occludin, are also abun-
dantly expressed and correctly localized in renal cysts of
PKD,30 but these mRNA expressions were presently
reduced in kidney tissue of D2Cr mice. DT abnormality of
D2Cr mice was milder compared with the cystic lesions
found in the patient and animal models for PKD, distal renal
tubular acidosis, or NPH. This was the most prominent
difference between known renal cystic features in human
and animal models and those in D2Cr mice. In fact,
although data of blood electrolyte balance of B6N, BALB/c,
and D2Cr mice were obtained at 10 and 20 weeks of age
(n Z 10) from the commercial breeder (Japan SLC Inc.,
Shizuoka, Japan), no related change of electrolytes was
noted in D2Cr mice compared with the other two strains of
mice that did not display DT abnormality (eg, the respective
blood levels of sodium, potassium, and chloride in 20-
weekeold male mice was 151.5, 5.17, and 119.4 mEq/L
in D2Cr mice, respectively; 150.8, 4.48, and 113.4 mEq/L
in B6N mice, respectively; and 152.7, 5.36, and 121.0 mEq/
L in BALB/c mice, respectively). Although strain differ-
ences were observed, there was no clear tendency between
D2Cr mice and B6N and BALB/c mice. Furthermore, the
cystic DTs of D2Cr mice were connected with normal DTs,
whereas the cysts that develop in PKD reportedly separate
from the original nephron.29 Thus, the unique characteristics
of renal tubule abnormality were specific localization to DT
segments with altered morphofunction associated with cell
adhesion and polarity. This phenotype seems to be novel in
humans and animals.

The abnormal DT in D2Cr mice expressed IL-36a/IL-1F6
and displayed expanded primary cilia. These phenotypes
have been reported in unilateral ureter obstruction mice.31

IL-36a/IL-1F6 expression in the kidney is associated with
tubulointerstitial inflammation (such as immune cell
infiltration), cell death, and fibrosis, and can induce the
production of IL-6 and protease, serine 35 (Prss35)
protease, an inflammatory cytokine, and collagen
remodelingeassociated enzyme, respectively, in cultured
fibroblasts via IL-36a/IL-1F6 receptor signaling.31 There-
fore, IL-36a/IL-1F6 from abnormal DTs in D2Cr mice
would also participate in the tubulointerstitial pathogenesis.
Of importance, unilateral ureter obstruction persisting for 8
days can cause injury and dilation of DTs, accompanied by
a significant increase in cilia length.32,33 Cilia have receptors
and ion channels associated with phototransduction, olfac-
tory sensing, mechanosensing, and extracellular signaling.34

Many organs and tissues, including the brain, kidney, liver,
pancreas, oviduct, and olfactory cells, also have nonmotile
primary cilia that sense the external environment. Functional
defect of cilia is termed ciliopathy. PKD or NPH are well-
known kidney-related hereditary ciliopathies. The genetic
analysis in the present study revealed that the DT abnor-
mality in D2Cr mice was autosomal recessive, and the
2136
candidate locus for DT abnormality in D2Cr mice was
identified on Chr 12 (D12Mit182-D12Mit83) and designated
as drecy. In particular, Chr 12 (D12Mit169-D12Mit282) in
drecy would encode the candidate genes, but this locus did
not contain any cilium-associated genes. Therefore, the
morphologic change of primary cilia in DT of D2Cr mice
might be a secondary effect attributable to dilations of the
DT lumen.
Concerning Atp6v1c2 on Chr 12 (D12Mit169-D12Mit282)

in drecy, it was reported that mutations of its gene family in
humans, especially ATPase Hþ transporting V1 subunit B1
(ATP6V1B1), is associated with human distal renal tubular
acidosis with sensorineural deafness.35 Although Atp6v1c2
expression in the kidney was significantly higher in B6.D2-
(D12Mit182-D12Mit83) congenic mice than in B6N mice,
the expression was similar between B6N and D2Cr mice, and
there was no common single-nucleotide polymorphism of
Atp6v1c2 among DT abnormality-prone strains (A/J, C3H/
HeJ, DBA/1J, DBA/2J, and FVB/NJ) examined in theMouse
Phenome Database (https://phenome.jax.org, last accessed
January 12, 2018). On the other hand, Greb1 expression in
the kidney was remarkably higher in D2Cr mice compared
with B6N mice at 4, 8, and 24 weeks, and five single-
nucleotide polymorphisms associated with an amino acid
substitution were identified between these strains. Interest-
ingly, Greb1 protein is localized to the DT cytoplasm in B6N
mice, but in the cytoplasm and nucleus in D2Cr mice. The
differences associated with the expression level, amino acid
sequence, and protein localization of Greb1 might strongly
affect the development of DT abnormality compared with
other genes on drecy.
Recent studies showed that the mutation of growth

regulation by estrogen in breast cancer 1-like associated
with congenital kidney malformations in humans and
mice.36,37 However, the relationship between Greb1 and the
kidney is unknown. Greb1 is considered to play important
roles in sex hormoneeresponsive tissues and cancers, such
as breast and prostate cancer.38,39 A female-dominant DT
abnormality was noted in C3H/He mice. However, this sex-
related phenotype was not evident in D2Cr mice in the
present study. On the other hand, a recent study revealed
that Greb1 regulates tissue morphogenesis, in particular
convergent extension, during zebrafish development.40

Interestingly, the expression levels of Tv1 and Tv2 of
Greb1 differed among organs, and Tv2-dominant expres-
sion was detected in the mouse kidney. Furthermore, Greb1-
overexpressing M-1 cells displayed an altered gene
expression balance associated with the epithelium-
mesenchyme phenotype with morphologic changes. There-
fore, the elevated and organ-specific Tv expression of Greb1
might be associated with DT abnormality attributable to
altered cell behaviors, such as cell proliferation, and
epithelial-mesenchyme phenotypes. However, B6.D2-
(D12Mit182-D12Mit83) N10 congenic mice did not display
DT abnormality, whereas D2Cr � B6.D2-(D12Mit182-
D12Mit83) N10 mice did. The latter harbor a D2Cr-type
ajp.amjpathol.org - The American Journal of Pathology
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homogeneous drecy locus and heterogeneous genotype
derived from B6N and D2Cr. Inbred mice, including the
DBA/2 strain, have several modifier genes of renal cystic
phenotypes on Chr 1, 2, 4, 10, 16, or 19.7e10 Therefore, in
addition to the main candidate gene on drecy, including
Greb1, the interactions from other genes would be needed to
fully develop the DT abnormality in mice.

The genetic region of mouse chromosome 12 containing
drecy is strongly homologous to human chromosome 2
(2p25.1). Although human chromosome 2 contains several
kidney diseaseeassociated loci, such as NPHP on 2q12-
q13,41,42 and renal anomalies on 2p15 and p16,43 there is
no report for 2p25.1. We identified a novel DT abnormality
characterized by aging-related renal cystic changes with
altered molecular expression associated with DT morpho-
function in D2Cr mice. This phenotype was regulated by the
D2Cr-derived drecy locus on chromosome 12.

However, an important limitation of this study is that the
functions of candidate genes within the drecy region remain
unclear. In future studies, the candidate gene, especially
focusing on Greb1, and the interactive effects from the other
unknown genes should be examined to clarify the molecular
basis of this novel phenotype.
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