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GATA2 Regulates Body Water Homeostasis through Maintaining
Aquaporin 2 Expression in Renal Collecting Ducts
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The transcription factor GATA?2 plays pivotal roles in early renal development, but its distribution and physiological functions
in adult kidney are largely unknown. We examined the GATA2 expression pattern in the adult kidney by tracing green fluores-
cent protein (GFP) fluorescence in Gata2S*'* mice that recapitulate endogenous GATA2 expression and found a robust GFP
expression specifically in the renal medulla. Upon purification of the GFP-positive cells, we found that collecting duct (CD)-spe-
cific markers, including aquaporin 2 (Aqp2), an important channel for water reabsorption from urine, were abundantly ex-
pressed. To address the physiological function of GATA?2 in the CD cells, we generated renal tubular cell-specific Gata2-deficient
mice (Gata2-CKO) by crossing Gata2 floxed mice with inducible Pax8-Cre mice. We found that the Gata2-CKO mice showed a
significant decrease in Agp2 expression. The Gata2-CKO mice exhibited high 24-h urine volume and low urine osmolality, two
important signs of diabetes insipidus. We introduced biotin-tagged GATA2 into a mouse CD-derived cell line and conducted
chromatin pulldown assays, which revealed direct GATA2 binding to conserved GATA motifs in the Agp2 promoter region. A
luciferase reporter assay using an Aqp2 promoter-reporter showed that GATA?2 trans activates Aqp2 through the GATA motifs.
These results demonstrate that GATA2 regulates the Agp2 gene expression in CD cells and contributes to the maintenance of the

body water homeostasis.

ody water homeostasis is tightly regulated through the coor-

dinated function of aquaporin (Aqp) that is expressed in the
renal tubular cells. Of the various members of the Aqp family,
Aqpl is expressed in the proximal tubules and is responsible for
constitutive reabsorption of water from primary urine. In addi-
tion, the final adjustment of urinary osmolality and its volume
takes place in the renal collecting duct (CD), which comprises
principal cells and intercalated cells (1). Three members of the
Aqp family, i.e., Aqp2, Aqp3, and Aqp4, are expressed in principal
cells of CD (1) and involved in arginine vasopressin (Avp)-medi-
ated water reabsorption for tight control of body water balance.
Avp is an antidiuretic hormone secreted from the hypothalamic
neurons, and the primary target of the Avp signaling for urine
volume regulation is Aqp2 (2, 3, 4). Avp binds to Avpr2 (Avp
receptor type 2) in the principal cells of CD and subsequently
induces phosphorylation of Aqp2 (via protein kinase A [PKA])
and its translocation to the luminal side of the principal cells.
Aqp2 at the luminal surface of CD reabsorbs water from the tu-
bular lumen to reduce urine volume and maintain systemic blood
pressure (5). Since Aqp2-deficient mice exhibit severe urinary
concentrating defects and polyuria, the importance of Aqp2 for
body water balance has been well recognized (6).

GATA transcription factors are characterized by two zinc fin-
gers that serve as DNA binding domains and are conserved among
all six members of the GATA family (GATAL1 through GATA®6)
(7). These zinc fingers bind most avidly to the consensus sequence
5'-(A/G)GATA(A/T)-3" (8, 9). Among the six members of the
GATA transcription factor family, GATA2 and GATA3 partici-
pate in the genetic program for renal and urinary tract develop-
ment (10, 11). Of note, while a 271-kb Gata2 yeast artificial chro-
mosome (YAC) transgene (Gata2 d16B YAC; spanning kb —198
to +73 of the mouse Gata2 locus) rescues Gata2-null mutant
embryos from lethal hematopoietic deficiency, most of the YAC-
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rescued mutant neonates die of defects in urogenital development
(12). We have identified two urogenital primordium-specific
Gata?2 distal enhancers, UG2 and UG4, between 75 kb and 113 kb
3’ to the Gata2 structural gene (13). Furthermore, we have dem-
onstrated that Gata2 knockdown mice show similar urogenital
anomalies, reminiscent of human congenital anomalies of the kid-
ney and urinary tract (CAKUT) (14). These anomalies can be
rescued by a GATA2 transgene driven by the UG4 distal urogenital
enhancer of Gata2 gene (10, 14), indicating that GATA?2 is indis-
pensable for proper development of the urogenital system.
Perturbations of Avp signaling lead to nephrogenic diabetes
insipidus (NDI), which is a clinical entity featuring abnormally
large amounts of urine (15). The majority of congenital NDI cases
are caused by mutation of either the Agp2 or the Avpr2 gene, and
the expression level of Agp2 has been shown to be a critical deter-
minant of normal water reabsorption in the principal cells (16).
Long-term water deprivation induces Aqp2 gene expression
through activating the Avpr2 and PKA/CREB (cyclic AMP-re-
sponsive element binding protein) pathway in the principal cells
(17). Moreover, bilateral ureteral obstruction reduces Agp2 gene
expression levels and leads to large urine volume after release of
the obstruction, which is reminiscent of acquired NDI (18). On
the other hand, increased Aqp2 levels in pregnancy and congestive
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TABLE 1 Sequence of primers used in quantitative genomic PCR, qRT-PCR, and genotyping

Gene or genomic

element Sense primer Antisense primer Assay

Gata2 ACCTGTGCAATGCCTGTGGG TTGCACAACAGGTGCCCGCT qRT-PCR
Gata3 GGTGGACGTACTTTTTAACAT CGA CCCTGACGGAGTTTCCGTAG qRT-PCR

Ael (Sledal) TATGGGGTCGCCCACATCTAT AGGCCGAATCTGATCCTCGTA qRT-PCR

Ae4 (Slc4a9) CCAATTTCCTGGGCATCA GGGCATCGGGATGAACTT qRT-PCR
Agp2 CAGCTCGAAGGAAGGAGACA GCATTGGCACCCTGGTTCA qRT-PCR

Agp3 CTGGGGACCCTCATCCTT TGGTGAGGAAGCCACCAT qRT-PCR

Aqp4 TGGAGGATTGGGAGTCACC TGAACACCAACTGGAAAGTGA qRT-PCR
Crebl CCAAACTAGCAGTGGGCAGT CCCCATCCGTACCATTGTT qRT-PCR

NCC (Slc12a3) CCTCCATCACCAACTCACCT CCGCCCACTTGCTGTAGTA qRT-PCR
Nkec2 (Sle12al) ATGCCTCGTATGCCAAATCT CCCACATGTTGTAAATCCCATA qRT-PCR

Sglt1 (Slc5al) CTGGCAGGCCGAAGTATG TTCCAATGTTACTGGCAAAGAG qRT-PCR

Sglt2 (Slc5a2) GCTGGATTTGAGTGGAATGC CGGTCAGATACACTGGCACA qRT-PCR
Umod CTCAGTGTCCAAGGCTGCTT GGAAACAACAGCAGCCAGAT qRT-PCR
Avpr2 GGTCTCGGTCATCCAGTAGC CTGGTGTCTACCACGTCTGC qRT-PCR
Gapdh GTCGTGGAGTCTACTGGTGTCTT GAGATGATGACCCTTTTGGC qRT-PCR
Gata2"1°x AGGGACCGGGTACCATAACT CCTCTAACCCTTCCCTGTCC Genomic qPCR
Agp2 promoter CGAGGAAAACAGAGACGTCAA AAGGCCTATCACCCCATCTT Genomic qPCR
G1-14.4 kb CAGGGCACAGCGAGTTTAGAG CCTGTCCTTGGAGCTTGTGAA Genomic qPCR
G1-3.8 kb CCCTTATCTATGCCTTCCCA GTGCAAGGCCCAGAAGTC Genomic qPCR
G2-2.8kb GCCCTGTACAACCCCATTCTC TTGTTCCCGGCGAAGATAAT Genomic qPCR
GATA?2 flox TCCGTGGGACCTGTTTCCTTAC GCCTGCGTCCTCCAACACCTCTAA Genotyping
GATA2 GFP CTGAAGTTCATCTGCACCACC GAAGTTGTACTCCAGCTTGTGC Genotyping
Pax8-rtTA CCATGTCTAGACTGGACAAGA CTCCAGGCCACATATGATTAG Genotyping
TRE-Cre ACGTTCACCGGCATCAACGT CTGCATTACCGGTCGATGCA Genotyping

heart failure coincide with excessive water uptake in principal cells
(19, 20). These lines of evidence indicate that regulation of Agp2
expression levels is crucial for maintenance of the water reabsorp-
tion processes in the principal cells of CD. However, it remains
uncertain how Agp2 expression is regulated under physiological
and pathological conditions in the principal cells.

Despite accumulating knowledge of GATA?2 function during
kidney development, GATA?2 function in the adult kidney is still
unexplored. In this study, we shed light on GATA?2 function in the
kidney and find that GATA?2 is expressed predominantly in the
principal cells of CD in adult mouse kidney. We demonstrate that
in renal tubular cell-specific GATA2 knockout mice there is a
10-fold increase in urine production and a decrease in urine
osmolality. This marked defect of urinary concentration is associ-
ated with reduced Agp2 expression in the CD cells. Collectively,
these results demonstrate, for the first time, the prominent partic-
ipation of GATA?2 in body water balance regulation in the kidney
through regulation of Agp2 gene expression.

MATERIALS AND METHODS

Mutant mice. Gata2 GFP knock-in (Gata2®t' ™), Gata3 LacZ knock-in
(Gata2"*<#'*), and Gata2°* mutant mice are maintained in a C57BL/6]
genetic background (11, 21, 22). (tetO)7CMV-Cre transgenic mice were
kindly provided by Jeffrey Whitsett (23). Rosa26TdTomato (R26T) re-
porter transgenic mice and Pax8-rtTA transgenic mice were purchased
from Jackson Laboratory (24). Four-week-old mice were fed with 1
mg/ml doxycycline (Dox) in drinking water. After 4 weeks of continuous
Dox feeding (at 8 weeks old), mice were subjected to analysis (see Fig. 3A).
Genomic quantitative real-time PCR was performed to determine the
recombination efficiency of the Gata2™* allele after knockout induction
as described earlier (25). Primers used are listed in Table 1.

Generation of Gata2 conditional knockout mice (Gata2-CKO).
Gata2-CKO mice were generated by mating Gata2“T*/1°::Pax8-rtTA and
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Gata2SFP1°%::tetO-Cre mice. Offspring genotyped as Gata2ST*/10%::Paxg-
1tTAtetO-Cre or Gata2®1°%::Pax8-rtTA::tetO-Cre mice were named
Gata2-CKO mice, while littermate mice (Gata21°¥1°% or Gara2Ctr/ox)
were used as controls for all experiments. Genotyping primers for
Gata2S*?, Gata2™°*, Pax8-rtTA, and tetO-Cre are listed in Table 1.
Genomic quantitative real-time reverse transcription-PCR (RT-PCR) was
performed to determine the recombination efficiency of the mouse
Gata2"** allele after knockout induction.

Cell culture and generation of stable transfected cell line.
mIMCD-3, an inner medullary collecting duct (IMCD) cell line, was
maintained in Dulbecco’s modified Eagle medium (DMEM)—F-12 with
10% fetal bovine serum (FBS), 40 units/ml penicillin, and 40 pg/ml strep-
tomycin. mIMCD cells were transfected with an Escherichia coli BirA-
expressing plasmid by the Neon transfection system (Invitrogen), and a
stable transfected cell line was selected by 1 mg/ml G418 (Geneticin;
Roche). FLBio-GATA2 plasmid was then introduced into the BirA-
mIMCD to make a double stable transfected cell line and selected by 1
mg/ml G418 as well as 5 wg/ml puromycin (Sigma).

Plasmid construction, transfection, and luciferase reporter assay. A
1.5-kb fragment containing the Agp2 promoter was amplified from
mouse kidney genomic DNA by primer STAR DNA polymerase
(TaKaRa) with additional Mlul and BglII sites (sense, 5'-ACTGACGCG
TGACCCGTGTTGTGTATGTGG-3'; antisense, 5'-ACTGAGATCTAG
AGGCTAGACTGTGGGCACT-3'). The amplified PCR product was
ligated to pGEM-T easy vector (Promega) for generation of substituted
mutations in GATA sites (pGEM-T-1.5kb-Agp2). To mutate the GATA
sites, pPGEM-T-1.5kb-Agp2 vector was amplified by primer STAR DNA
polymerase with 5'-phosphorylated primers (sense, 5'-GTCAGCTGTGA
AAGCTAAGATGGGGTAATAGGCCTTC-3'; antisense, 5'-TAATGTTC
TCCTCATTAATGGACTCCAAATAAGGATTGAC-3"). The PCR prod-
uct was digested with Dpnl to eliminate the template plasmid DNA and
then self-ligated. A 1.5-kb wild-type (WT)/mutated Agp2 promoter was
cut out and inserted into pGL3-Basic vector by Mlul and BglII. pGL3-
WT-Agp2-LUC or pGL3-Mut-Aqp2-LUC was cotransfected with pEF-
GATA2 and pRL-null into mIMCD cells by the Neon transfection system
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(Invitrogen). Forty-eight hours after transfection, luciferase activity was
assayed by the dual-luciferase reporter assay system (Promega) and a Lu-
mat LB 9507 luminometer (Berthold Technologies).

To construct the FLBio-GATA2 plasmid, GATA2 ¢cDNA was ampli-
fied by PCR with additional BglII and Xbal digestion sites (sense, 5'-CG
AGATCTCCATGGAGGTGGCGCCTGAGCAGCC-3'; antisense, 5'-CG
TCTAGACTAGCCCATGGCAGTCACCATG-3'). The digested fragment
was inserted into the BamHI and Xbal sites of pEF1a/Biotag vector (provided
by A. B. Cantor, Children’s Hospital and the Dana Farber Cancer Institute,
Harvard Medical School).

qRT-PCR. Total RNA was extracted by Isogen. cDNA was synthesized
by SuperScript III (Invitrogen). Quantitative real-time RT-PCR (qRT-
PCR) was performed with ABI 7300 and SYBR green master mix (Nippon
Gene). The mRNA expression level was normalized to 18S rRNA. At least
three Gata2°1°% control and three Gata2-CKO mice were subjected to
the analysis.

The molar ratio of Gata2 transcript against Gata3 transcript was cal-
culated by the following equation (26): molar ratio of mRNA (Gata2/
Gata3) = [L; X (1 + }“:‘(),3)(“T33]/[Lg2 X (1+ Egz)(“ng].Lg2 and L5 indicate
the lengths of the PCR products for Gata2 and Gata3 transcripts, respec-
tively. E, and E_; indicate the amplification efficiency of a primer set for
Gata2 and Gata3 transcripts, respectively. CT,, and CT,; indicate the
numbers of threshold cycles for the Gata2 and Gata3 transcripts, respec-
tively. The primers used in real-time RT-PCR are listed in Table 1.

Renal tubular cell sorting by flow cytometry and biotinylated DBA/
streptavidin magnet beads. Mice were anesthetized and perfused with 10
ml cold phosphate-buffered saline (PBS) from heart to wash blood cells.
After removal of kidney membrane, the kidney was immersed with 1 ml
fresh-made digestion buffer (0.52 U/ml liberase TM [Roche] and 3 U/ml
DNase I [Roche] in Hanks balanced salt solution [HBSS; Invitrogen]).
Kidney was minced using scissors and incubated in a 37°C water bath for
2 h by gently pipetting every 30 min. After incubation, the cells were
filtrated through a 40-pm cell strainer (BD Bioscience) to remove clots.
Fluorescence-activated cell sorter (FACS) Aria (BD Bioscience) was used
to separate the GFP-positive population from kidney of Gata2SFF/flox
mice. GFP-positive cells were sorted into cold Isogen and stored at —80°C
until use. For Dolichos biflorus agglutinin (DBA) magnetic sorting, the
kidney cell suspension was incubated with biotinylated DBA (Vector Lab-
oratories) in the cold room for 1 h. DBA-labeled cells were incubated with
Dynabeads M-280 streptavidin (Life Technologies) and separated by
magnet concentrator 4 times (Life Technologies).

Microarray analyses and data mining. CD cells separated by biotin-
ylated DBA labeling from Gata2-CKO and wild-type mice were pooled (3
mice/group) and subjected to a whole-mouse genome microarray analysis
(4x44K; Agilent Technologies). The expression data were analyzed by
Gene Spring software (Agilent Technologies). Heat maps were generated
using Cluster 3.0 (http://bonsai.hgc.jp/~mdehoon/software/cluster/)
and JAVA Treeview (http://jtreeview.sourceforge.net/). The classification
of the selected genes according to their biological functions was con-
ducted using Ingenuity pathway analysis (IPA) software (Ingenuity
system) and the Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway database (http://www.genome.jp/kegg/pathway.html).

Induction of Gata2"** allele recombination and measurement of
urine volume and osmolality. Four-week-old Gata2-CKO mice
(Gata2S*P1o%.:pax8-rtTAx:tetO-Cre or Gata21°¥1°%::Pax8-rtTA::tetO-
Cre) and littermate control mice (Gata2?°%°%:Pax8-rtTA or
Gata2"°¥/°%) were fed with doxycycline hyclate solution (1 g/liter Dox
[Sigma] and 50 g/liter sucrose [Wako] in double-distilled water) for 4
weeks to delete the Gata2°* allele. After knockout induction, the 24-h
urine volume was measured by metabolic cage with a Dox solution supply
and osmolality was also measured (SRL, Inc.).

Nuclear extraction, whole-kidney extraction, and Western blotting.
Nuclear extract was prepared from 70% confluent BirA-mIMCD and
FLbioG2/BirA-mIMCD cells as described before (10). Equal amounts of
nuclear extract were loaded onto 10% SDS-PAGE and transferred to a
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polyvinylidene difluoride (PVDF) membrane using a semidry device. The
same membrane was stained first by anti-GATA2 (RC1.1.1) (12), and
antibody was removed and then stained by anti-lamin B (M-20, sc-6217;
Santa Cruz). The antibody was removed again and stained by a biotinyla-
tion detection kit (Vectastain Elite ABC kit; Vector Laboratories). Whole-
kidney extraction was performed after PBS perfusion. One-half volume of
buffer A (25 mM HEPES [pH 7.4], 3 mM EDTA, 1 mM dithiothreitol
[DTT], 1X protease inhibitor cocktail) was added to one kidney, and the
sample was homogenized and added to the same volume of buffer B (25
mM HEPES [pH 7.4], 3 mM EDTA, 1 mM DTT, 1X protease inhibitor
cocktail, 10% glycerol). After centrifugation, the supernatant was sub-
jected to SDS-PAGE. The same amount of extract was loaded onto 10%
SDS-PAGE. The membrane was first stained by anti-Aqp2 (C-17, sc-9882;
Santa Cruz), and then the antibody was removed and stained by antitu-
bulin antibodies (D-10, sc-5274; Santa Cruz). Band intensity was quanti-
fied by Image-]J software (NIH-image).

Immunostaining. Kidney was fixed by 4% paraformaldehhyde at 4°C
for 3 h and 20% sucrose—PBS at 4°C overnight. The next day, the sample
was embedded in O.C.T. compound (Sakura Finetechnical) to make fro-
zen sections. Frozen sections (10 pm) were cut and incubated with 1:100
diluted anti-Aqp2 (sc-9882; Santa Cruz) at 4°C overnight, 1:500 diluted
Alexa Fluor 555—donkey anti-goat antibody (Invitrogen) for 1 h, and
1:1,000 diluted 4',6-diamidino-2-phenylindole (DAPI) for 5 min at room
temperature. Fluorescence was observed by an LSM510 confocal imaging
system (Carl Zeiss).

ChPD and quantitative PCR (qPCR). The chromatin pulldown
(ChPD) assay was performed as previously described (27). BirA-mIMCD
and FLBioGATA2/BirA-mIMCD cells were fixed at room temperature
with 1% formaldehyde for 10 min and quenched with 0.125 M glycine.
The fixed cells were resuspended in NP-40 Nuclei Swelling buffer (10 mM
Tris-HCI [pH 8.0], 10 mM NacCl, 0.5% NP-40) and kept on ice for 10 min.
Then, the cells were pelleted by centrifugation and lysed in SDS lysis buffer
(50 mM Tris-HCI [pH 8.0], 1% SDS, 10 mM EDTA). The cross-linked
chromatin was fragmented by sonication to a chromatin size of 200 to 500
bp. Pulldowns were conducted by incubating the fragmented chromatin
with Dynabeads M-280 streptavidin (Invitrogen) in the cold room over-
night. After washing the beads using standard protocols (Upstate Biotech-
nology), reverse cross-linking and DNA elution were done by incubating
the beads in elution buffer (20 mM Tris-HCI [pH 7.5], 1% SDS, 5 mM
EDTA, 50 mM NaCl) with 1.5 pg/ml proteinase K at 65°C overnight.
DNA was recovered by phenol-chloroform extraction and ethanol precip-
itation. The aliquots of pulldown DNA were subjected to quantitative
PCR analysis with normalization to input control. Primers amplifying
Aqp2 and Avpr2 loci are listed in Table 1.

Microarray data accession number. Microarray data are available
through the Gene Expression Omnibus database (accession no.
GSE52448).

RESULTS

GATA2 is highly expressed in the renal medulla of adult mouse.
To explore the physiological function of GATA?2 in adult kidney,
we first examined the expression pattern of GATA?2 in the kidney,
utilizing Gata2 GFP knock-in (Gata2™'*) mice, in which GFP
expression faithfully represents the tissue-specific distribution of
endogenous GATA2 expression (21). In this analysis, we exploited
GFP immunohistochemistry for the better resolution of the tis-
sues. We found that GFP was abundantly expressed in renal
medulla, while sparse expression of GFP was observed in the cor-
tex (Fig. 1A).

To further clarify the expression of GATA2 in the medulla, we
used biotinylated Dolichos biflorus agglutinin (DBA), which spe-
cifically labels adult kidney CD cells (28). We purified the biotin-
ylated DBA-labeled mouse CD cells by using streptavidin mag-
netic beads, and the CD cells were subsequently subjected to the
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FIG 1 GATA2 expression in adult renal collecting duct (CD) cells. (A) GFP
immunoreactive-positive cells are located mainly in the medulla of adult kid-
ney, while sparse GFP expression is observed in the cortex. Scale bar, 0.5 mm.
(B) mRNA expression level of the CD cell-affiliated genes. Dolichos biflorus
agglutinin (DBA)-labeled CD cells show higher expression levels of Ael, Ae4,
Aqp2, Gata2, and Gata3 than do the whole kidney cells. The experiments were
repeated three times. Data are presented as means * standard deviations (SD).
The statistical significance of differences between the whole kidney sample and
the DBA-sorted cells are indicated (s, P < 0.01; Student’s unpaired t test).

quantification of Gata2 mRNA expression by quantitative RT-
PCR. The DBA-labeled CD cells expressed Ael and Ae4 mRNAs at
a higher level than whole-kidney cells did (Fig. 1B). Both genes
encode bicarbonate (HCO; ) transporters preferentially ex-
pressed in the CD cells (29).

Aqp2 transcripts were also highly enriched in the DBA-labeled
CD cells (Fig. 1B), indicating that the purification methods em-
ploying the biotinylated DBA labeling efficiently enriched the CD
cells. We also found that Gata2 mRNA was highly expressed in the
biotinylated DBA-labeled cells (Fig. 1B). Of note, Gata3 tran-
scripts were also enriched in the CD cells compared to the whole-
kidney sample (Fig. 1B). These results thus suggest that Gata2 is
highly expressed in CD cells of the renal medulla and that Gata3
expression overlaps that of Gata2.

GFP/GATA2-positive cells are CD cells. To assess the overlap
of biotinylated DBA-labeled cells and GFP-positive cells, we con-
ducted an immunohistochemical double-fluorescence analysis
utilizing biotinylated DBA labeling. We found that the vast ma-
jority of GFP-positive cells in the kidney of Gata2%™ " mice con-
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FIG 2 GATA2 is specifically expressed in CD cells of mouse kidney. (A) GFP
immunoreactivity (green) in kidney of Gata2S™* mice is colocalized with
DBA-lectin-positive (red) CD cells. (B) Flow cytometry analysis of kidney
cells. GFP-positive renal tubular cells (red dots) from Gata2™'* are sorted
and subjected to the QRT-PCR analysis. SSC, side scatter. (C) Transcripts of
CD cell-affiliated genes (Ael, Ae4, and Agp2) are highly enriched in the GFP-
positive renal cells of Gata2“F*'* mice in comparison with the whole kidney
sample. Expression of proximal or distal tubular markers (NCC, Nkec2, Sglt1,
Sglt2, and Umod) in GFP-positive cells is lower than that in the whole kidney
cells. The experiments were repeated three times. Data are shown as the
means * SD. The statistical significance of the differences between the GFP-
positive cells and whole kidney cells are indicated (:#:, P < 0.001; unpaired
Student’s t test).

siderably overlapped the DBA-positive CD cells (Fig. 2A, panel ¢).
However, we also found that the GFP signal labeled the contigu-
ous CD cells more thoroughly than the DBA signal did (Fig. 2A,
panels a and b). Given these data, we conclude that the GFP-
positive cells are CD cells and that the DBA specifically labels CD
cells with relatively low efficiency.

To examine the GFP/GATA2-expressing cell-specific gene sig-
nature, we conducted flow-cytometric sorting of the GFP-positive
cells from Gata2“™'* mouse kidney and quantified mRNA ex-
pression levels of a series of nephron segment-specific markers.
We successfully isolated GFP-positive cells with low side scatter
(SSC) from adult Gata2“™'* mouse kidney (Fig. 2B). Based on
the number of recovered cells and their appearance, we consider
that these GFP-positive sorted cells enrich the CD cells (data not
shown). Consistent with the double-fluorescence immunohisto-
chemical analysis, GFP-positive cells showed significantly higher
levels of CD-affiliated mRNAs (i.e., Ael, Ae4, and Agp2) than did
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FIG 3 Renal tubular cell-specific conditional deletion of Gata2 gene (Gata2-CKO). (A) Experimental time course of doxycycline (dox)-induced tubular
cell-specific Gata2 deletion. (B) Cre activity indicated by tdTomato are observed exclusively in the tubular cells (T) but not in the glomeruli (G) of the kidney in
the Pax8-rtTA::tetO-Cre::Rosa26 TdTomato (R26T) reporter transgenic mice. Scale bars, 100 uwm. (C) Schematic diagram of Gata2°*", Gata2"* and recombined
Gata2™ alleles. Primer pairs used to detect the Gata21°* allele are depicted. (D) Genomic quantitative PCR analysis of the unrecombined Gata2°* allele in the
collecting duct (CD), spleen (SP), and bone marrow (BM) cells. Data are shown as means =+ SD derived from three independent experiments. (E) Gata2 mRNA
expression level in the CD, SP, and BM cells of Gata21°¥** control and Gata2-CKO mice. Statistical significance of differences between Gata21°S*" (n = 3) and

Gata2-CKO (n = 3) mice is depicted (s, P < 0.001; *, P < 0.05; N.S., not significant).

the whole kidney cells (Fig. 2C). In contrast, mRNA levels of
markers for proximal and distal tubules (NCC, Nkcc2, Sglt1, Sglt2,
and Umod) were lower in the GFP-positive cells than in whole-
kidney cells (Fig. 2C). These data thus further confirm that
GATAZ2 is predominantly expressed in the CD cells of adult mouse
kidney.

Tubular epithelial-cell-specific Gata2 deletion. To examine
the physiological contribution of GATA2 in the CD cells of adult
kidney, we utilized the doxycycline-inducible Cre transgenic
mouse system and deleted the Gata2 gene’s 5th coding exon spe-
cifically in the adult renal tubular cells. It has been shown that
Pax8-rtTA::tetO-Cre double transgenic mouse expresses Cre re-
combinase upon doxycycline feeding specifically in the tubular
epithelial cells of kidney (24). We generated Gata2**/1°%:: Paxs-
rtTA:tetO-Cre (here, referred to as Gata2-CKO) mice by crossing
Gata2F*1°%::pax8-rtTA and Gata2°F*1°%::tetO-Cre mice. The
resulting Gata2-CKO mice were subjected to subsequent anal-
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ysis, while the littermate mice genotyped as Gata2%**/1°* or
Gata21¥1°% were used as controls for experiments.

As mouse kidney development is completed around 14 days
after birth (30), we started feeding doxycycline hyclate solution (1
mg/ml) in drinking water to induce recombination of the
Gata2™~ allele at 4 weeks after birth to circumvent potential tox-
icity on postnatal nephrogenesis (Fig. 3A). After 4 weeks of Dox
feeding (i.e., at 8 weeks after birth), we confirmed the tubular-
cell-specific activation of Cre recombinase utilizing separately
prepared Pax8-rtTA::tetO-Cre::Rosa26TdTomato (R26T) re-
porter transgenic mice. Cre activity indicated by tdTomato red
fluorescence was observed exclusively in the tubular cells (T in
Fig. 3B) but not in the glomeruli (G in Fig. 3B) of the kidney.
The structures of Gata2** and Gata2"°* alleles are depicted in
Fig. 3C.

Subsequently, we examined the recombination efficiency of
the Gata2™* allele by means of genomic quantitative PCR
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(gQPCR) analysis using the DBA-sorted CD cells prepared either
from the Gata2-CKO or control mouse (Fig. 3D). A primer pair
specifically amplifying a fragment containing nucleotide se-
quences of the 3’ loxP site in the 5th intron was used to quantify
the unrecombined Gata2™* allele (Fig. 3C). The threshold cycle
(Cy) value was normalized with that of the control locus at the kb
—2.8 Gata2 IS-promoter upstream region (31). gQPCR analysis
demonstrated that the control mice (Gata21°S™) (white bars in
Fig. 3D) harbored a single copy of Gata2"** allele in the multiple
tissues (i.e., collecting ducts [CD], spleen [SP], and bone marrow
[BM]) (Fig. 3D), whereas the Gata2o¥1ox Jittermates (graybarsin
Fig. 3D) carried two copies of Gata2™* alleles, confirming the
quantitative accuracy of the gQPCR analysis. As anticipated,
90% of the Gata2™™ allele was excised in the CD cells of the
Gata2-CKO mice, while the Gata2"* allele remained largely
intact in hematopoietic tissue, including spleen and bone mar-
row (black bars in Fig. 3D). Consequently, the Gata2 mRNA
level in the DBA-sorted CD cells was decreased to 28.5% in the
Gata2-CKO mice compared to that in the Gata2 St control
mice, while Gata2 expression in hematopoietic tissues was
largely unchanged in the Gata2-CKO mice (Fig. 3E). These
data demonstrate that the 5th coding exon of the Gata2"**
allele was deleted specifically and efficiently in the renal CD
cells of Gata2-CKO mice.

Gata2 deletion leads to increased urine volume and de-
creased urine osmolality. Assuming that the GATA2 defi-
ciency in kidney might cause impairment in renal function in
the Gata2-CKO mice, we examined several renal functional
and biochemical parameters. We found that the levels of BUN
(blood urea nitrogen), electrolytes (sodium, potassium, and
chloride) (Fig. 4C and D), and blood glucose (Fig. 4B) in serum
were comparable for Gata2-CKO and Gata2""°* control
mice. We next measured total daily urine volume and daily
water intake by collecting 24-h urine from Gata2-CKO mice
and Gata2"*'"°* Jittermate control mice using metabolic cages.
Interestingly, Gata2-CKO mice showed a 10-fold-more-abun-
dant urine volume than control mice did (Fig. 5A). Consistent
with this increase in urine volume, urinary osmolality of Gata2
CKO mice was much lower than that of control mice (Fig. 5B).
Concomitantly, Gata2-CKO mice exhibited 10-fold-more-in-
creased daily water intake (Fig. 5C). The total volume of daily
urinary sodium excretion was not changed, while that of po-
tassium and that of chloride were decreased in the Gata2-CKO
mice (Fig. 4E). Despite a significant increase in the urine vol-
ume, Gata2-CKO mice showed neither gross abnormality nor
body weight changes after Dox feeding (Fig. 4A and data not
shown). Histological examinations of kidney in the Gata2 CKO
mice exhibited practically no microscopic abnormality in
glomeruli and CDs (Fig. 5D). Collectively, these observations
demonstrate that GATA2 deficiency in the renal CD cells re-
sults in increased urinary volume without any signs of diabetes
mellitus or renal failure. These signs are reminiscent of human
nephrogenic diabetes insipidus.

Gata?2 deletion alters expression of multiple water reabsorp-
tion-related genes in CD cells. To explore the potential cause of
polyuria and urinary concentration defects in the Gata2-CKO
mice, we conducted expression microarray analysis using CD cells
and searched for potential GATA2 target genes. We purified the
CD cells by biotinylated DBA labeling from 3 Gata2-CKO and 3
wild-type mice. RNA samples prepared from the pooled CD cells
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of either genotype were subjected to expression microarray anal-
ysis. We selected a series of genes that are highly expressed in the
CD cells and potentially participate in water reabsorption mech-
anism using Ingenuity pathway analysis (IPA) software and the
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway da-
tabase (http://www.genome.jp/kegg/pathway.html). We com-
pared the expression profiles and found that expression levels of
multiple genes in this category were changed, albeit subtly, in the
Gata2-CKO mice (Fig. 6A and Table 2).

We further selected several candidate genes that were changed
in Gata2-CKO mice and confirmed their mRNA expression levels
by qRT-PCR. Among these genes, we found that Agp2 gene ex-
pression was most profoundly diminished in the CD cells of
Gata2-CKO mice in comparison with the control mice; the de-
crease reached approximately 62% in qRT-PCR analysis (Fig. 7A).
Immunoblotting analysis using anti-Aqp2 antibody showed a de-
creased level of Aqp2 protein in the whole-kidney cell extract of
Gata2-CKO mice (Fig. 7B), and the decrease was approximately
50% (Fig. 7C).

We found that in the kidney of the Gata2**/1°* control
mice, the GFP fluorescence signal nicely overlapped the Aqp2
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littermate control mice. Scale bars, 50 pm.

immunostaining signal (Fig. 7D). This result supports the no-
tion that GATA?2 is coexpressed in the Aqp2-expressing prin-
cipal cells of CD. Immunofluorescence analysis with the Aqp2
antibody showed the reduction of Aqp2 staining signal signif-
icantly in the outer medulla and modestly in the inner medulla
of Gata2-CKO mouse kidney (Fig. 7E). These results indicate
that GATA?2 regulates the Agp2 gene and contributes to the
maintenance of the Aqp2 expression level in principal cells of
CD (see Fig. 10C).

We observed a 43% reduction of Agp3 mRNA expression level
in the GATA2-deficient CD cells by means of qRT-PCR, while
Aqp4 expression levels were comparable for the two genotypes of
CD cells (Fig. 6B). Both Aqp3 and Aqp4 are located at the baso-
lateral cell membrane of the principal cells and provide a pathway
for water exit from the principal cells (see Fig. 10C) (1). Avpr2
expression was also significantly decreased to 42% in the Gata2-
CKO mice (n = 12) compared to the control (n = 9) (Fig. 6B).
Transcript levels of Creb, encoding CREB (cyclic AMP-responsive
element binding protein), which mediates Avp-mediated tran-
scriptional regulation of Agp2 (32), were barely changed in the CD
cells of Gata2-CKO mice (Fig. 6B). Collectively, these data indi-
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cate that GATA2 maintains multiple gene expressions associated
with water reabsorption mechanism, particularly including
Avpr2, Agp2, and Agp3 in the CD cells.

Differential functions of Gata2 and Gata3 in the CD cells.
CD cells of the Gata2 CKO mice showed an increase in mRNA
expression of Gata3 (Fig. 6B), another member of the GATA fam-
ily expressed in the CD cells. Given this observation, we addressed
whether total mRNA abundance of the two renal GATA factors
(i.e., GATA2 plus GATA3) was changed in the CD cells of the
Gata2-CKO mice. To this end, we quantified the molar ratio of
Gata2 and Gata3 mRNAs in the CD cells of the Gata2”" control
mice. We found that the Gata2 mRNA level was 2.4-fold higher
than that of Gata3 mRNA in the CD cells of the control mice (Fig.
8A). In the CD cells of the Gata2-CKO mice, Gata2 mRNA was
decreased to 28.5% of the control, while Gata3 mRNA was in-
creased to 158.9% of the control (Fig. 8A). The total abundance of
Gata2 and Gata3 transcripts in the CD cells of the Gata2-CKO
mice was still lower than that of control mice (Fig. 8A), suggesting
that the increase in GATA3 mRNA is not sufficient to fully com-
pensate the GATA2 loss in the Gata2 CKO mice.

To further explore functional differences between Gata2 and
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N.S; not significant).

Gata3 genes in the urinary concentration processes, we compared
both Agp2 mRNA levels and urine volume between heterozygous
deficient mice for Gata2 (Gata2® ') and Gata3 (Gata3™#' ")
and the control Gata2”/ mice. We found that the Gata2°™™'* mice
showed a decrease in Agp2 mRNA levels and a resultant increase in
urine volume, as is the case for the Gara2-CKO mice (Fig. 8B and
C). However, the Gata3“*““/* mice showed no significant differ-
ences in these parameters. These observations thus indicate that
GATA3 does not functionally compensate for GATA?2 in the CD
cells.

GATA?2 directly transactivates Aqp2 gene expression. As-
suming a major contribution of reduced Aqp2 expression to the
urinary concentration defect in the Gata2-CKO mice, we next
clarified whether GATA?2 directly transactivates Agp2 gene expres-
sion. While no solid evidence for the GATA2-mediated activation
of the Agp2 promoter has been reported, two phylogenetically
conserved GATA binding sites are located in the kb —0.3 pro-
moter region of the Agp2 gene (33, 34). To examine whether
GATA2 directly binds to the Agp2 promoter region, we performed
chromatin pulldown (ChPD) experiments using a mouse inner
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medullary collecting duct cell line. An mIMCD cell line derived
from inner medullary cells of mouse kidney is known to retain
many differentiated characteristics of CD cells (35). A Flag-biotin
tag harboring a sequence motif that can be biotinylated by E. coli
BirA biotin ligase was ligated at the N terminus of mouse GATA2
(FLBio-GATA?2) (Fig. 9A). We stably transfected E. coli BirA bio-
tin ligase into mIMCD cells to establish BirA-mIMCD cells. Sub-
sequently, the BirA-mIMCD cells were introduced with the FL-
Bio-GATA2 expression plasmid to generate an mIMCD cell line
stably coexpressing BirA and FL Bio-GATA2. We refer to this cell
line as BirA/FLBio-G2 mIMCD (Fig. 9A).

In our immunoblotting analysis with GATA2 antibody, we
found that BirA/FLBio-G2 mIMCD cells showed an additional
tagged band at a higher-molecular-weight region than that of the
endogenous GATA2 protein (top panel in Fig. 9B; left lane, BirA
mIMCD; right lane, BirA/FLBio-G2 mIMCD). We confirmed
biotinylation of the FLBio-GATA2 protein by incubating the
membrane with avidin-conjugated horseradish peroxidase (HRP)
followed by chemiluminescence reaction (Fig. 9B, middle panel).
We used this BirA/FLBio-G2 mIMCD cell line for the subsequent
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TABLE 2 Microarray analysis of water balance-related genes in CD cells of Gata2 CKO mice

Fold change
Category and gene name Description (Gata2-CKO/WT)
Translocation of aquaporins
Adcy6 Adenylate cyclase 6 1.251
Dctn4 Dynactin 4 1.289
Arhgdib Rho, GDP dissociation inhibitor (GDI) beta 1.154
Vamp2 Vesicle-associated membrane protein 2 1.199
Dynll2 Dynein light chain LC8-type 2 1.49
Prkacb Protein kinase, CAMP dependent, catalytic, beta 0.811
Avpr2 Arginine vasopressin receptor 2 0.671
Dync2lil Dynein cytoplasmic 2 light intermediate chain 1 0.689
Adcy9 Adenylate cyclase 9 0.901
Dyncli2 Dynein cytoplasmic 1 intermediate chain 2 0.892
Prkx Protein kinase, X-linked 0.919
Dctn2 Dynactin 2 0.931
Prkaca Protein kinase, cAMP dependent, catalytic, alpha 1.011
Rabl1b RAB11B, member of RAS oncogene family 0.995
Dctnl Dynactin 1 0.975
Dectn5 Dynactin 5 0.973
Nsf N-Ethylmaleimide-sensitive fusion protein 0.976
Stxda Syntaxin 4A 0.97
Arhgdia Rho GDP dissociation inhibitor (GDI) alpha 1.03
Rablla RAB11a, member RAS oncogene family 1.066
Dynlll Dynein light chain LC8-type 1 1.094
Dctné Dynactin 6 1.094
Rabsc RAB5C, member RAS oncogene family 1.083
Rabsa RAB5A, member RAS oncogene family 1.111
Transcription factors
Gata3 GATA binding protein 3 1.23
Hifla Hypoxia inducible factor 1, alpha subunit 1.226
Klfi5 Kruppel-like factor 15 1.466
Crebbp CREB binding protein 0.856
Gatad2b GATA zinc finger domain containing 2B 0.96
Tefep2l1 Transcription factor CP2-like 1 0.92
Hoxb7 Homeobox B7 1.089
Nr1h2 Nuclear receptor subfamily 1, group H, member 2 1.098
Nfat5 Nuclear factor of activated T cells 5 1.106
Creb3I2 cAMP-responsive element binding protein 3-like 2 Gene 1.013
Creb3 cAMP-responsive element binding protein 3 1.025
Hmbox1 Homeobox containing 1 1.031
Crebl cAMP-responsive element binding protein 1 0.794
Usf2 Upstream transcription factor 2 0.809
Elf3 E74-like factor 3 0.778
Nfatcl Nuclear factor of activated T cells, cytoplasmic, calcineurin-dependent 1 0.761
Junb Jun-B oncogene 0.715
Water channels
Aqp2 Aquaporin 2 0.843
Aqp3 Aquaporin 3 0.741
Aqp4 Aquaporin 4 1.533

ChPD experiments, and the BirA mIMCD cells were utilized as a
negative background control. Results of the ChPD experiments
revealed high-level accumulation of FLBio-GATA2 protein
around the GATA-binding sites in the Agp2 promoter region (Fig.
9C). We used two genomic regions (G1-14.5 kb and G1-3.8 kb) in
the proximity of mouse Gatal gene as negative controls (Fig. 9C).
Binding of FLBio-GATA2 to these negative loci was not observed
in the BirA/FLBio-G2 mIMCD cells.

To further address the question as to whether GATA?2 directly
activates the Agp2 promoter through these conserved GATA sites,
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we performed a luciferase reporter assay using the 1.5-kb Agp2
promoter with or without GATA site substitution with mIMCD
cells (Fig. 9D). Cotransfection of GATA2-expressing plasmid
(PEF-GATAZ2) increased the activity of the wild-type Agp2 pro-
moter reporter (Aqp2-WT-LUC), while the GATA site-mutated
Aqp2 reporter (Aqp2-mut-LUC) was barely activated upon
cotransfection of GATA2 (Fig. 9E). This result clearly indicates
that GATA2 induces the Agp2 gene promoter activity through the
conserved two GATA sites. Collectively, the present data demon-
strate that GATA2 is specifically expressed in the CD cells of kid-
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FIG 7 GATA2 is important for maintenance of Aqp2 expression. (A) Agp2
mRNA level is decreased in the DBA-sorted CD cells of Gata2-CKO mice (n =
3) compared to that of the Gata2®S™? control mice (n = 3). (B) Represen-
tative immunoblot analysis of Aqp2 using whole-cell extract of kidney in
Gata2°1% control (n = 3) and Gata2-CKO (n = 3) mice. (C) Aqp2 protein
level is quantified and normalized to the a-tubulin level. Data are presented as
the means = SD. The statistical significance of the differences between Gata2
CKO and the Gata2™¥1°% control littermates is indicated (*, P < 0.05; Stu-
dent’s unpaired ¢ test). (D) Colocalization of GFP and Aqp2 immunoreactiv-
ities in renal tubules of the Gata2™S*™ mouse. (E) Immunofluorescence
analysis shows the reduced Aqp2 expression in the outer and inner medulla of
kidney in the Gata2-CKO mouse. Scale bar, 50 pm.
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ney (Fig. 10A and B) and participates in the renal regulation of
urine concentration through directly activating Agp2 gene expres-
sion (Fig. 10C).

DISCUSSION

Principal cells in the CD (collecting duct) are responsible for Avp-
induced water reabsorption, and Avp-induced luminal translocation
of Agp2 has been shown to be a crucial step for the process. In con-
trast, how regulation of the Agp2 gene transcription contributes to
the Avp-induced water reabsorption remains to be clarified. In this
study, we found that GATA?2 is predominantly expressed in the CD of
adult mouse kidney. Renal tubular cell-specific Gata2-deficient mice
exhibit significant reduction of Agp2 gene expression, thereby giving

1938 mcb.asm.org

A 6 = B —
G3 150 1 *
B ' :
1.4 A ;,
= £100 A
= i 5
s 12 * g
g 2 50 A
- =
= 8 g
2 038 A
S
E C 2 X
2 06 1 ~ —
= S .
§ 3 —
0.4 - * g
[ 1 -
5
_ <
0.2 2
s
&
0 - 0 -
O Gata2 &F°/+

. Gata3 LacZ/+
. Gata2 flox/flox

G tazﬂoxlflox
Gata2 CKO

FIG 8 GATA2 is more crucial than GATA3 for Aqp2 trans activation in vivo.
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Aqp2 mRNA level (C). Statistical significance of differences is indicated (*, P <
0.05; Student’s unpaired ¢ test).

rise to alarge volume of urine with low osmolality. We also found that
GATA2 directly binds to the two conserved GATA bindingsites in the
promoter region of the Agp2 gene. GATA2 trans activates expression
of Agp2-LUC, an Agp2 gene-based reporter harboring the two GATA
motifs. These results demonstrate that GATA?2 is responsible for the
body water homeostasis through the epistatic regulatory relationship
to Aqp2.

Structural alterations of Avpr2 and Aqp2 caused by genetic
mutations of Avpr2 and Agp2 genes have been shown to lead to
inherited forms of nephrogenic diabetes insipidus (NDI), which is
characterized by polyuria. Importantly, there are increasing lines
of evidence implying that downregulation of the Agp2 gene ex-
pression provokes polyuria associated with acquired forms of NDI
in many pathological conditions in humans (16). Indeed, Aqp2
expression level is diminished in multiple water balance disorder
animal models, such as puromycin-induced nephritic syndrome
(36) and 5/6 nephrectomy-induced chronic renal failure (37). Re-
versible bilateral urinary obstruction of rats, a model for chronic
kidney disease, is also known to reduce the Aqp2 level by approx-
imately 25% to 50%. Consistent with this Aqp2 reduction, a
urine-concentrating defect associated with a persistent polyuria
emerges after the release of obstruction (18). Additionally, it is
well known that in the recovery phase of murine kidney from
ischemia-reperfusion injury, robust polyuria is induced following
downregulation of Aqp2 (38).
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by streptavidin-HRP and is absent from the BirA-only transfected cells (middle panel). Lamin B antibody is used as loading control (bottom panel). (C)
Chromatin pulldown experiments show that FLBio-GATA2 binds to the Agp2 promoter in the mIMCD cell. Two genomic DNA regions around Gatal locus
(G1-3.8 kb and G1-14.4 kb) are used as negative controls. Data are presented as means = SD from three independent experiments. Statistical significance of
differences is indicated (*, P < 0.05; Student’s unpaired ¢ test). (D) Construction of 1.5-kb wild-type (Aqp2-WT-LUC) or GATA site-mutated (Aqp2-mut-LUC)
Aqp2 promoter-luciferase reporter. Asterisks indicate nucleotides that are conserved between human and mouse Agp2 genes. (E) Cotransfection of GATA2-
expressing plasmid (pEF-GATA2) in the mIMCD cells activates the Aqp2-WT-LUC reporter but not the Aqp2-WT-LUC reporter. Data are presented as means

SD from three independent experiments. Statistical significance of differences is indicated (s, P < 0.001; Student’s unpaired ¢ test).

In spite of these observations demonstrating the Agp2 gene
downregulation, the mechanisms underlying the Agp2 gene sup-
pression associated with pathological conditions of kidney have
been unclear. In this regard, it is noteworthy that transgenic re-
porter mice harboring a 9.5-kb sequence 5’ to the Agp2 gene in
front of GFP recapitulate the principal cell-specific expression of
Agp2 gene and dynamic changes of the expression after the path-
ological stimuli (39). This observation provides compelling evi-
dence that cis-regulatory elements responsible for the dynamic
change of Agp2 expression in pathological conditions reside in
this 9.5-kb region. The 9.5-kb sequence contains several transcrip-
tion factor-binding motifs (as summarized in reference 33). A
conventional reporter transfection assay using cell lines suggests
that a cAMP-response element (CRE) located 314 bp upstream of
the transcription start site may be responsible for the Avp-medi-
ated induction of the Agp2 gene (32). Similarly, multiple binding
motifs for NFAT (nuclear factor of activated T cells) located 600 to
321 bp upstream of mouse Agp2 gene are crucial for the gene
regulation depending on the osmolality of extracellular fluid (40).
In contrast to the reporter transfection-transactivation assays, this
study has revealed a critical contribution of GATA2 for mainte-
nance of Agp2 gene expression in vivo. Indeed, we recently found
that Gata2 expression is downregulated in the kidney following
ischemia-reperfusion injury (L. Yu and T. Moriguchi, unpub-
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lished observation). We surmise that the Gata2 reduction may
contribute to the attenuation of Agp2 gene expression and subse-
quent alteration of water balance after the renal ischemia-reper-
fusion injury.

Our microarray analysis using CD cells of the Gata2-CKO
mouse revealed downregulation of a number of genes related to
water reabsorption in addition to Agp2. Among these genes, we
have confirmed the statistically significant decrease in mRNA level
of Agp3 and Avpr2 by qRT-PCR. Although Agp4 expression is
increased in the Gata2-CKO mice in the microarray analysis, qQRT-
PCR analysis shows that the expression is not different for Gata2-
CKO and control mice. Aqp3 knockout mice are reported to ex-
hibit a marked polyuria, while Aqp4-deficient mice show only a
mild defect in urine-concentrating ability (41, 42). Therefore, pre-
dominant reduction of Agp3 and Avpr2 may also contribute to the
development of polyuria in the Gata2-CKO mice.

Since we observed the reduction of Avpr2 gene expression in
the kidney of Gata2-CKO mouse, this suggests an intriguing pos-
sibility. Avpr2 is responsible for Avp-induced intracellular signal-
ing within the principal cells. As summarized in Fig. 10C, it has
been reported that upon Avp stimulus, Avpr2 induces luminal
translocation of Aqp2 and activation of CREB (32). The activated
CREB is postulated to trans activate Aqp2 gene expression. There-
fore, GATA2 may contribute to the Avpr2-mediated phosphory-
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FIG 10 GATA2 regulates the Agp2 gene expression in the CD and contributes
to maintenance of the body water homeostasis. (A) Schematic diagram of
nephron. Agp2-mediated water absorption takes place in the CD. (B) GATA2
is expressed in all the CD cells, including principal cells. (C) In the principal
cells of CD, GATA2 directly activates Agp2 gene expression and maintains the
normal water reabsorption mechanism from urine. Upon Avp stimulus,
Avpr2 signaling induces PKA (protein kinase A)-mediated phosphorylation of
Agp2 and CREB. Phosphorylated Aqp2 translocates to the luminal side of
principal cells. Phosphorylated and activated CREB participates in transacti-
vation of Agp2 gene.

Basolateral side

lation/activation of Aqp2 and activation of CREB, in addition to
the direct transactivation of Agp2 gene expression. Furthermore,
we found an evolutionarily conserved GATA motif at 2.5 kb 5’ to
the mouse Avpr2 gene transcription start site, although contribu-
tion of the motif to Avpr2 gene regulation needs to be clarified
experimentally.

Avpr2-mediated regulation of Aqp2 abundance appears to take
place predominantly in the outer medulla and cortical collecting
ducts, which are largely impermeable to water in the absence of Avp
(43). Indeed, Avpr2 antagonist represses the Aqp2 expression level
more predominantly in the outer medulla collecting duct cells than in
the inner medulla collecting duct cells (44). Assuming that the Avpr2-
mediated regulation of Aqp2 abundance is also under the influence of
GATA2, the profound reduction of Aqp2 in the outer medulla of
Gata2-CKO mice may potentially be due to the diminished Avpr2
expression in the Gata2 CKO mice.

GATA3 is another member of the hematopoietic GATA family
and involved in the regulation of renal and urinary tract develop-
ment (45). We found that GATA3 is also expressed in the CD cells,
and its expression level shows a compensatory increase in the
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GATA2-deficient CD cells. Genetic redundancy of GATA2 and
GATA3 has been observed in several developmental processes,
including acoustic neurons and trophoblasts (46, 47). In these
tissues, GATA2 and GATA3 cooperatively function for their de-
velopment, and loss of GATA2 or GATA3 is compensated by in-
creased expression of the other factor. Therefore, it is quite likely
that both GATA2 and GATA3 cooperatively function in the prin-
cipal cells of renal tubules. However, we found that Gata3 mRNA
abundance was lower than that of Gata2 mRNA in the CD cells of
mouse kidney. Therefore, the total abundance of GATA2 and
GATA3 transcripts in the CD cells of Gata2 CKO was still lower
than that of control mice. We surmise that Gata3 gene does not
fully compensate for Gata2 deficiency in the CD cells.

In summary, we revealed a novel GATA?2 function in the prin-
cipal cells of renal collecting ducts. GATA2 directly activates Agp2
gene expression, which is crucial for body water homeostasis
(summarized in Fig. 10). Disruption of the GATA2-Agp2 axis
might result in water imbalance of the acquired form of NDI in
human. With the rise in chronic kidney disease becoming a seri-
ous worldwide health care issue, associated NDI has been also
emerging as a major complaint. In this regard, the present obser-
vation may provide insight into a potential treatment for acquired
NDI through complementation of Aqp2 levels by enhancing the
activity of GATA2.
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