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GATA3 is a zinc finger transcription factor that plays a crucial role in embryonic kidney development, while its precise functions
in the adult kidney remain largely unexplored. Here, we demonstrate that GATA3 is specifically expressed in glomerular mesan-
gial cells and plays a critical role in the maintenance of renal glomerular function. Newly generated Gata3 hypomorphic mutant
mice exhibited neonatal lethality associated with severe renal hypoplasia. Normal kidney size was restored by breeding the hypo-
morphic mutant with a rescuing transgenic mouse line bearing a 662-kb Gata3 yeast artificial chromosome (YAC), and these
animals (termed G3YR mice) survived to adulthood. However, most of the G3YR mice showed degenerative changes in glomeru-
lar mesangial cells, which deteriorated progressively during postnatal development. Consequently, the G3YR adult mice suffered
severe renal failure. We found that the 662-kb Gata3 YAC transgene recapitulated Gata3 expression in the renal tubules but
failed to direct sufficient GATA3 activity to mesangial cells. Renal glomeruli of the G3YR mice had significantly reduced amounts
of platelet-derived growth factor receptor (PDGFR), which is known to participate in the development and maintenance of glo-
merular mesangial cells. These results demonstrate a critical role for GATA3 in the maintenance of mesangial cells and its abso-
lute requirement for prevention of glomerular disease.

Kidney development is regulated by the intimate interplay of a
large number of transcription factors that are expressed in the

urogenital primordia. Hereditary mutation of genes encoding
these factors often leads to congenital renal anomalies or adult-
onset kidney diseases (reviewed in reference 1). Among these
pathologically important factors is Gata3, which encodes a tran-
scription factor containing two GATA-type zinc fingers that serve
as its DNA binding domain. This domain recognizes and binds to
the cognate consensus motif (A/T)GATA(A/G) and is highly con-
served among the six members (Gata1 to Gata6) that constitute
this multigene family (2–5).

In developing embryos, Gata3 is tissue specifically expressed in
several immature tissues, including the urogenital primordium
(Wolffian duct and ureteric bud) as well as in the pharyngeal
arches (6–9). The former gives rise to reproductive tissues and the
kidney, while the latter contribute to adult craniofacial structures,
including the upper and lower jaws. GATA3 is indispensable for
the development of both tissues, as Gata3-null deficiency leads to
kidney agenesis and lower jaw defects (10–12). Prominent GATA3
expression is also detected in the developing sympathetic nervous
system, in which GATA3 participates in embryonic catecholamine
biosynthesis and subsequent cardiovascular development (11,
13). Indeed, Gata3 null mutant mice die of cardiovascular defects
around embryonic day 11 (e11) due to catecholamine deficiency,
while this fatal defect can be rescued to late embryonic stages by
pharmacological administration of catecholamine intermediates
(11). Such postnatal lethality completely obscures the physiolog-
ical functions of GATA3 in adult-stage organogenesis.

Human GATA3 haploinsufficiency causes a unique, domi-
nantly inherited condition known as HDR syndrome (i.e., hypo-
parathyroidism, sensorineural deafness, and renal dysplasia) (14).
Kidney abnormalities that have been reported to be associated
with HDR syndrome include nephrotic syndrome, chronic kidney
disease, and various congenital kidney anomalies, i.e., cystic kid-
ney, renal dysplasia, hypoplasia, and agenesis (15). More recently,

a clinical study reported an HDR syndrome case that is associated
with glomerulonephritis (16). These results suggested that
GATA3 plays a crucial role in human renal development and for
maintenance of glomerular homeostasis. Despite accumulating
clinical evidence, the lack of a faithful kidney disease model result-
ing from GATA3 deficiency has impeded postembryonic analysis.

To at least partially resolve this issue, in the present study we
have generated a hypomorphic Gata3 mutant allele in which
GATA3 expression is diminished to less than the haploid expres-
sion level. Utilizing various mouse mutants and transgenic ani-
mals, we demonstrate here that the level of GATA3 activity in the
developing kidney must be stringently maintained for the devel-
opment of glomerular mesangial cells and for prevention of glo-
merular disease.

MATERIALS AND METHODS
Generation of the Gata3g hypomorphic allele. The targeted conditional
knock-in GATA3-green fluorescence protein (GFP) allele was generated
by inserting a cDNA encoding a GATA3-GFP fusion protein in frame at
the Gata3 gene start codon in 129Sv-derived embryonic stem (ES) cells
(Gata3g) (Fig. 1A). To construct the GATA3-GFP conditional targeting

Received 23 March 2016 Returned for modification 9 April 2016
Accepted 6 June 2016

Accepted manuscript posted online 13 June 2016

Citation Moriguchi T, Yu L, Otsuki A, Ainoya K, Lim K-C, Yamamoto M, Engel JD.
2016. Gata3 hypomorphic mutant mice rescued with a yeast artificial
chromosome transgene suffer a glomerular mesangial cell defect. Mol Cell Biol
36:2272–2281. doi:10.1128/MCB.00173-16.

Address correspondence to Takashi Moriguchi, moriguch@med.tohoku.ac.jp, or
James Douglas Engel, engel@umich.edu.

* Present address: Takashi Moriguchi, Division of Medical Biochemistry, Tohoku
Medical Pharmaceutical University, Sendai, Japan.

T.M. and J.D.E. are joint senior authors.

Copyright © 2016, American Society for Microbiology. All Rights Reserved.

crossmark

2272 mcb.asm.org September 2016 Volume 36 Number 17Molecular and Cellular Biology

http://dx.doi.org/10.1128/MCB.00173-16
http://crossmark.crossref.org/dialog/?doi=10.1128/MCB.00173-16&domain=pdf&date_stamp=2016-6-13
http://mcb.asm.org


vector, 3.5 kb of sequence corresponding to the promoter and 5= untrans-
lated region (UTR) of the Gata3 gene (5= homology region) was ligated to
the GATA3-GFP cDNA, both ends of which were flanked by loxP se-
quences. The 3= end of the GATA3-GFP cassette was then ligated to a
neomycin resistance gene cassette that was flanked by FRT (flip recombi-
nase target) sequences. An additional 3-kb Gata3 genomic fragment in-
cluding exon 3 (for the 3= homology region) was added at the 3= end of the
construct. Discosoma red fluorescent protein (Dsred2) DNA was inserted
in exon 3 of the 3= homology region, which was designed to generate red
fluorescence upon deletion of the GATA3-GFP cDNA. The targeting vec-
tor was linearized and electroporated into R1 mouse ES cells (17); appro-
priately targeted ES clones (as determined by PCR) were then used to
generate chimeric animals by injection of the cells into blastocysts. Chi-
meric animals were backcrossed to C57BL/6J mice to generate germ line
Gata3g/� progeny. The Neor cassette was then excised by crossing
heterozygous mutants with mice that ubiquitously express FLP recombi-
nase (18). All mice were handled according to the regulations of the stan-
dards for use of laboratory animals at both Tohoku University and the
University of Michigan. All the animal procedures follow guidelines es-
tablished for the proper conduct of animal experiments from the ministry
of education, culture, sports, science and technology (MEXT) of Japan.

Transgenic and germ line mutant mice. The Gata3 lacZ knock-in
(Gata3Z) null mutant allele has been described previously (19). The Gata3
B125lacZ yeast artificial chromosome (YAC) transgenic line (TgB125Z),
which contains 662 kb of genetic information (from kb �451 to �211 of
the Gata3 locus), was marked by insertion of a lacZ expression cassette at
the Gata3 start codon (8). The Gata3 B125 (wild-type) YAC transgenic
lines (TgB125-G3) have been described previously (9, 12). The copy number
and integrity of the transgenes were determined by genomic quantitative
PCR as previously described (20). Primers used for genomic quantitative
PCR are listed in Table 1.

Histological analysis and SEM studies. Tissues were fixed overnight
in 4% paraformaldehyde at 4°C and then processed for hematoxylin and
eosin staining in paraffin sections. Whole-mount X-Gal (5-bromo-4-
chloro-3-indolyl-�-D-galactopyranoside) staining was performed as pre-
viously described (9). For the scanning electron microscope (SEM) stud-
ies, the P0 palatal samples were processed by standard protocols (21).
The images were viewed on an AMRAY 1000-B scanning electron mi-
croscope in the Microscopy and Image Analysis Laboratory, Univer-
sity of Michigan.

Immunohistochemistry. Immunohistochemical analysis was per-
formed as previously described (22). The antibodies used were �CD73
(abcam ab91086) and �Synaptopodin (abcam ab50859).

Flow cytometry. Flow cytometry was performed as described previ-
ously (23). The fluorescence-activated cell sorter (FACS) Aria (BD Bio-
science) was used to separate the GFP-positive cell population recovered
from the kidneys of Gata3g/g and Gata3g/� mice. Total RNA from GFP-
positive cells was prepared with the RNeasy Micro kit (Qiagen) and sub-
jected to quantitative reverse transcription-PCR (RT-qPCR) analysis, as
described previously (20). Primers used for the RT-qPCR analysis are
listed in Table 1.

Glomerular isolation and real-time RT-PCR. Glomeruli were iso-
lated from the mice by injection of magnetic beads that become trapped
within glomerular capillaries (24). Briefly, mice were anesthetized with 1
mg/10 g body weight ketamine and 0.15 mg/10 g body weight of xylazine.
Blood was washed from the animals by perfusion of the heart with Hanks’
balanced salt solution (HBSS) followed by intracardiac injection of 2 �
106 Dynabeads M-450/ml in HBSS (Invitrogen). Kidneys were removed
and minced on ice, followed by digestion at 37°C with 1 mg/ml collage-
nase and 100 U/ml DNase I for 30 min. Digested kidneys were treated
twice by separation through 100-�m Falcon cell strainers, and the col-
lected tissue was pelleted by gentle centrifugation (200 � g, 5 min). Glom-
eruli were isolated by three rounds of DynaMag-2 (Invitrogen) magnetic
particle concentrator treatment, resuspending in HBSS after each collec-
tion. These purified glomerular preparations were briefly spun, frozen

FIG 1 Generation of Gata3 hypomorphic (Gata3g) mice. (A) Strategy for
GATA3-GFP cDNA knock-in to the Gata3 locus by homologous recombina-
tion. S and N, restriction enzyme cleavage sites for SacI and NcoI, respectively;
Neo, neomycin resistance gene; Dsr2, DsRed2 (Discosoma red fluorescent pro-
tein). (B) The SacI restriction fragments detected with the 2nd intron probe in
the wild type (7.2 kb) and Gata3g allele (8.5 kb) are indicated. (C) Flow cytom-
etry analysis of kidney cells. GFP-positive GATA3-expressing cells (dotted
line) from Gata3g/� and Gata3g/g kidney were sorted and subjected to RT-
qPCR analysis. (D) GATA3-GFP mRNA abundance in the Gata3g/g kidney was
diminished to 35% compared with the total abundance of GATA3 and
GATA3-GFP mRNA in the Gata3g/� kidney (g/�, n � 3; g/g, n � 3); statistical
significance of differences is indicated (**, P 	 0.05 by Student’s unpaired t
test). (E) Western blot analysis using nuclear extract of kidney. Note that the
65-kDa GATA3-GFP fusion protein is detected in the Gata3g/� and Gata3g/g

samples. *, nonspecific protein. (F) GATA3-GFP-to-GATA3 protein expres-
sion ratio in the Gata3g/� heterozygous mice. GATA3-GFP protein abundance
is lower than that of normal GATA3 protein in the Gata3g/� heterozygotes. (G)
Gata3g/g mice show air-swallowing abnormality with drinking inability. Con-
trol wild-type mouse shows normal milk accumulation in the stomach (aster-
isk). (H) Surface electron microscope analysis shows soft palate defects in the
neonate Gata3g/g mouse. Wild-type littermates show a normal palatal struc-
ture. High-magnification images are derived from the dashed inset in the low-
magnification images. Scale bars, 1 mm.
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immediately on dry ice, and stored at �80°C. Total RNA was isolated
using the RNeasy Micro kit (Qiagen). The RNA sample was subjected to
RT-qPCR analysis, as described previously (20). Primers used for the RT-
qPCR analysis are listed in Table 1.

RESULTS
Perinatal lethality in Gata3 hypomorphic mutant mice. We
wished to create a new Gata3 germ line mutant allele in which a
cDNA encoding GATA3 was fused to the N terminus of GFP, with
the expectation that this would allow us to trace endogenous
GATA3 expression by GFP while maintaining GATA3 transcrip-
tional activity (Fig. 1A). The GATA3-GFP protein was able to
trans activate a GATA-responsive luciferase reporter gene after
transient transfection into multiple cell lines. However, the tran-
scriptional activity of GATA3-GFP protein was slightly lower than
that of wild-type GATA3 depending on the transfected cell line
(data not shown).

This same construct was targeted in embryonic stem cells to the
first coding exon of Gata3, and germ line mutant mice expressing
the GATA3-GFP fusion protein were recovered (Gata3g) (Fig. 1A
and B). Importantly, no genetic information was deleted from the
endogenous locus after targeted insertion of the GATA3-GFP
cDNA. To address GATA3 mRNA abundance, we purified GFP-
positive cells from Gata3g/� and Gata3g/g kidneys by flow cytom-
etry (Fig. 1C). GATA3 mRNA levels in the Gata3g/g kidneys (ex-
pressing only the fusion protein) were reduced to only 35%
compared to its abundance in Gata3g/� kidneys (expressing both
GATA3 and GATA3-GFP mRNA) (Fig. 1D). Western blot analy-
sis revealed that GATA3-GFP protein abundance was only 10% to
25% (depending on the tissue source) of the amount produced
in mice with the wild-type Gata3 allele (Fig. 1E and F) (25). There-
fore, homozygous mutant mice generate significantly less
GATA3-GFP fusion protein than the amount of wild-type protein
that normally accumulates in Gata3�/� mice.

The homozygous Gata3g/g mice looked healthy immediately
after birth, but shortly thereafter they developed severe gastroin-
testinal dilation due to air swallowing (Fig. 1G). We carefully ex-
amined the upper respiratory tract and eventually found that
Gata3g/g mice often exhibited partial clefts in the soft palate (Fig.
1H), which presumably skewed respiratory airflow and led to the
aberrant air-swallowing. Consequently, none of the homozygous

mutant pups survived for more than 2 days after birth. Since
Gata3-null mutants die at embryonic day 11 of secondary cardiac
defects (11), these results confirm that the Gata3g fusion allele is
hypomorphic, thus conferring survival of Gata3g/g pups past birth
until they succumb to direct or indirect lethal effects of palatal
deficiencies.

Gata3g/g mice exhibit renal abnormalities. We noticed on dis-
section that homozygous mutant neonates had significantly hypo-
trophic kidneys (Fig. 2A), which was associated with a reduced
number of nephrons and prominent fibrosis in comparison to
wild-type control kidneys (Fig. 2B and C, asterisks). Kim1 (kidney
injury molecule 1) and Ngal (neutrophil gelatinase-associated li-
pocalin) are widely used biomarkers for renal tubular cell damage
(26). The Gata3g/g kidney exhibited robust induction of Kim1 and
Ngal in comparison to the levels in wild-type kidneys (Fig. 2D).
The remaining glomeruli of Gata3g/g mice had a hypoplastic mor-
phology with diminished cellularity (Fig. 2F), whereas the control
kidneys had normal glomerular development (Fig. 2E). We sur-
mised that the hypomorphic GATA3 protein abundance (or ac-
tivity) in the Gata3g/g mice was insufficient to fulfill a normal kid-
ney developmental program and thereby produced severe renal
hypoplasia and subsequent fibrosis during embryonic to postnatal
development. The hypotrophic kidneys in the Gata3g/g neonates
rarely generate urine in the bladder (Fig. 2A, asterisk), suggesting
that a presumptive renal failure in the Gata3g/g newborns may also
contribute to neonatal lethality.

Gata3 flanking sequences direct lacZ reporter expression to
the renal primordium and pharyngeal arch. Previously, we gen-
erated transgenic mouse lines carrying a 662-kb Gata3 YAC (yeast
artificial chromosome) that contains approximately 451 kb of 5=
flanking sequence and 211 kb of 3= flanking sequence as well as the
entire structural (transcribed) gene (the parental B125 YAC), but
modified to include a lacZ reporter gene inserted in frame at the
Gata3 translational initiation codon (here referred to as TgB125Z)
(Fig. 3A) (8, 9). Most of the embryonic tissues where the lacZ
reporter gene was expressed in the TgB125Z mice reflected tissues
that were labeled in Gata3Z/� germ line lacZ knock-in mutant
mouse embryos at e10.5 (Fig. 3B) (9, 19). Importantly, TgB125Z

mice recapitulated the Gata3 expression pattern in the urogenital
primordia, i.e., in the mesonephric duct and ureteric bud region

TABLE 1 Sequences of primers used in RT-qPCR and genomic qPCR

Gene Sense primer Antisense primer Assay

Kim1 AAACCAGAGATTCCCACACG GTCGTGGGTCTTCCTGTAGC RT-qPCR
Ngal CAAGCAATACTTCAAAATTACCCTGTA GCAAAGCGGGTGAAACGTT RT-qPCR
Nephrin GACCGGGACACAAGAAGCTC GATGTCCCCTCAGCTCGAAG RT-qPCR
Podocin CATGTGTCCAAAGCCATCCA CTTTTCCCCTTCTGCAGCAA RT-qPCR
Pdgfb ATCCGCTCCTTTGATGATCT GAGCTTTCCAACTCGACTCC RT-qPCR
Pdgfra TCCTTCTACCACCTCAGCGAG CCGGATGGTCACTCTTTAGGAAG RT-qPCR
Pdgfrb CGGCCTGTGACTAGAAGTCC GAGCTTGAGGCGTCTTGG RT-qPCR
Megsin GGCGGTTCAATTTGTCTACCA ATGTACATGCTTATGCCACCA RT-qPCR
Avpr2 GGTCTCGGTCATCCAGTAGC CTGGTGTCTACCACGTCTGC RT-qPCR
Aqp2 CAGCTCGAAGGAAGGAGACA GCATTGGCACCCTGGTTCA RT-qPCR
Gata3 GGTGGACGTACTTTTTAACATCGA CCCTGACGGAGTTTCCGTAG RT-qPCR
Itih 5=-UTR CTGGACAGGCTGGAATTGAT CAGCGGGAGCTAACAAGAAC Genomic qPCR
Itih 3=-UTR AGATAGGGCATGTGGAGTGG AGCTCGTGCTCATTGGAGAT Genomic qPCR
Gata3 KE GGCCTACTCTTTCTGGCAAA AGCTGATGACCCAGTGAACC Genomic qPCR
Int S1-E2 for YAC CGAAGACCTAGTGCCCTCCAGAATTTCAGG CTTGGCGCTCAGAGACGGTTGC Genomic qPCR
Gata3 3= 100 kb AATGCTCCTCAAATGCATCC TGTGTGTGTTTGCCAGGAAT Genomic qPCR
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(Fig. 3B, arrows) (9). Furthermore, the B125Z YAC directs lacZ
reporter gene expression to the pharyngeal arch in e10.5 embryos
(arrowheads in Fig. 3B), which gives rise to craniofacial tissues at
later developmental stages. Given these lacZ expression patterns,

we surmised that GATA3 expression directed by the B125 YAC
transgene would complement GATA3 activity in the renal pri-
mordia and the pharyngeal arch tissues and might thereby restore
normal development of the kidney and maxillary palate in the
Gata3g/g hypomorphic mutant mice.

The Gata3 YAC transgene rescues neonatal lethality in the
Gata3g/g hypomorphic mutant mice. To test whether the B125
YAC could reconstitute a normal developmental program in the
kidney and craniofacial tissues of the Gata3g/g mice, we generated
a transgenic mouse line harboring one intact copy of the B125
YAC (TgB125-G3). After backcrossing the founder for more than 10
generations onto an ICR/CD-1 genetic background, the integrity
of the B125 YAC was confirmed by quantitative PCR using 5 dif-
ferent primer pairs recognizing sequences within the Gata3 flank-
ing region (Fig. 4A). We found that single-copy DNA from 300 kb
5= to 130 kb 3= to the Gata3 structural gene was stably transmitted
(Fig. 4A). TgB125-G3 mice showed a higher level of Gata3 mRNA in
the kidney than did wild-type littermate mice (Fig. 4B), indicating
that the urogenital primordium-directed regulatory activity in the
B125 YAC functions in the adult definitive kidney (8, 12).

We next crossed the TgB125-G3 mice into the Gata3g/g back-
ground to ask whether the B125 YAC could rescue the observed
neonatal lethality in the Gata3g/g mice. When multiple litters of
interbred mice were examined at 3 weeks after birth, 18 TgB125-G3

transgene-rescued homozygous Gata3 hypomorphic mutants
(Gata3g/g::TgB125-G3) were recovered among 154 total progeny
(Table 2). Thus, the YAC rescue was approximately 82% effective
according to the anticipated Mendelian frequency from this com-

FIG 2 Gata3g/g mice exhibit renal deformity. (A) Gata3g/g neonate (P0) mouse shows atrophic kidney in comparison with wild-type control. Note that Gata3g/g

mouse shows no urinary collection in bladder (asterisk). (B, C) Gata3g/g mouse shows significant thinning of renal cortex and robust renal fibrosis in the
medullary region (asterisks in panel C), while the wild-type kidney shows a normal histological appearance. Scale bar, 0.5 mm. (D) Gata3g/g neonate shows robust
increase of mRNA expression of renal injury markers, Kim1 and Ngal (WT, n � 5; g/g, n � 6; statistical significance of differences is indicated: **, P 	 0.05 by
Student’s unpaired t test). (E, F) Gata3g/g kidney shows a reduced number of glomeruli in comparison with the wild-type control (circles). Remaining glomeruli
in Gata3g/g kidney show diminished cellularity and often associate with enlarged glomerular capillary. Bar, 50 �m.

FIG 3 (A) The 662-kb B125 YAC DNA contains approximately 451 kb of 5=
and 211 kb of 3= flanking sequences and all the exons of Gata3 gene. The
lacZ cassette is inserted in the 2nd exon (9). (B) Embryonic day 10.5
Gata3Z/� (a) and TgB125Z (b) embryos show similar lacZ expression pat-
terns in the ureteric bud region (arrows) and the pharyngeal arch
(arrowheads).
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plex mating. The Gata3g/g::TgB125-G3 mice showed no palatal de-
formity (data not shown), underscoring at least one point of suc-
cessful rescue with the TgB125-G3 YAC transgene. The compound
mutant Gata3g/g::TgB125-G3 mice exhibited slight growth retarda-
tion in comparison to their wild-type littermates (Fig. 4C and D).
Collectively, in the YAC transgene-rescued Gata3 hypomorphic
mutants, the lethality normally encountered as a consequence of
homozygous Gata3 hypomorphic loss of function was successfully

rescued to adulthood by the activity conferred by the TgB125-G3

transgene. We refer to these Gata3g/g::TgB125-G3 rescued mice here
as G3YR mice (i.e., Gata3 YAC rescued mice) and subjected them
to detailed analysis for renal function and histology.

G3YR mice exhibit pathological changes in renal glomeruli.
The gross size of the kidneys in the G3YR mice was comparable to
that of wild-type control mice (Fig. 5A). The ratio of kidney
weight to body weight of the G3YR animals was almost the same as
that of their wild-type littermates (Fig. 5B). When we examined
renal histology by hematoxylin and eosin (H&E) staining, we
found that the glomerular and tubular structure of the newborn
G3YR pups was almost normal in appearance compared to that of
wild-type littermates (Fig. 5C, top panels). Of note, from 1 month
after birth onward, all the G3YR mice exhibited enlarged capillar-
ies and very dense deposition of extracellular matrix in the glo-
merular mesangial region (Fig. 5C, middle panels). This capillary
enlargement and accumulation of mesangial matrix were progres-
sively exacerbated by 3 months after birth (Fig. 5C, bottom pan-
els). These pathological features are compatible with mesangial

FIG 4 Analysis of the structural integrity of Gata3 YAC transgene by genomic qPCR. (A) Diagram of area around the Gata3 locus. PCR primer pairs for genomic
quantitative PCR were designed at the five sites distributed from the 300-kb 5= flanking sequence to the 130-kb 3= flanking sequence in the Gata3 locus. The
TgB125-G3 mouse line harbors a single copy of transgene for most of the part, while an additional 5= end fragment may remain. (B) Whole-kidney sample of adult
TgB125-G3 mice showed increased Gata3 mRNA expression in comparison with wild-type control (WT, n � 4; TgB125-G3, n � 5). The mRNA level is normalized
with the GAPDH level. The statistical significance of the difference between WT and TgB125-G3 is indicated (*, P 	 0.05; Student’s unpaired t test). (C) Gross
appearance of Gata3g/g::TgB125-G3 (G3YR) mouse and wild-type littermate. (D) Postnatal body weight gain of G3YR (n � 9) and wild-type (WT, n � 7) mice. Note
that a certain fraction of G3YR mice show severe growth retardation.

TABLE 2 Rescue of the Gata3g/g neonatal lethal phenotype by 662-kb
TgB125-G3 YACa

Gata3
genotype

No. of pups

Tg� Tg�

�/� 24 21
g/� 47 44
g/g 0 18
a The neonate 3-week-old mice are derived from intercross between Gata3g/� and
Gata3g/�::TgB125-G3 mice.
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proliferative glomerulonephritis in the renal glomerulus (27).
While this type of glomerular nephritis is often observed in dia-
betic nephropathy, the steady-state serum blood sugar levels of the
G3YR mice were comparable to that of wild-type mice (data not
shown).

In agreement with our initial diagnosis of progressive mesan-
gial proliferative glomerulonephritis, the G3YR mice exhibited
increased serum creatinine (s-Cre) and blood urea nitrogen
(BUN) (Fig. 5D). While urine volume was not significantly al-
tered, urine protein levels, when normalized to urine creatinine
levels, were significantly elevated in the G3YR mice (Fig. 5D).
These data are indicative of diminished glomerular function. Col-
lectively, the results demonstrate that G3YR mice suffer from non-
diabetic mesangial glomerulonephritis, which is associated with
chronic, progressive renal failure.

GATA3 is expressed in glomerular mesangial cells. Given the
progressively worsening pathology observed in the glomeruli of
G3YR mice, we carefully reexamined the GATA3 expression pat-
tern in the glomerulus. Podocytes and mesangial cells are two of
the major cell lineages in the renal glomerulus (27). To delineate
which glomerular cell lineage expressed GATA3, we costained
kidneys recovered from Gata3g/� mice with antibodies recogniz-
ing CD73 (a mesangial cell marker [28]), synaptopodin (a podo-
cyte marker [29]), or GATA3-GFP expressed from the Gata3g tar-
geted allele. These colocalization studies demonstrated that a large
proportion of GATA3-GFP-positive cells coexpressed CD73 (Fig.
6A) while the GFP-labeled cells rarely colocalized with antisynap-
topodin (Fig. 6B). These data thus indicate that GATA3 is pre-
dominantly expressed in glomerular mesangial cells but not in
podocytes.

We next stained the kidneys of Gata3Z/� knock-in mice with
X-Gal to examine the distribution of lacZ-positive cells in the
kidney. We found that robust lacZ-positive cells were detected in
the central region of the glomerulus, where the glomerular mes-
angial cells reside (Fig. 6C, panels a and c, circles). The lacZ-pos-
itive cells were also detected in the renal tubules of the Gata3Z/�

mice (Fig. 6C, panel a, arrowheads) as reported previously (12).
Importantly, TgB125Z mice exhibited lacZ staining only in the tu-
bules (Fig. 6C, panel b, arrowheads), while lacZ activity was largely
absent from the glomeruli of TgB125Z mice (Fig. 6C, panels b and d,
circles). These results indicate that this transgene might geneti-
cally complement the missing GATA3 activity required for tubu-
lar development but also that the 662-kb B125 YAC is incapable of
directing mesangial-cell-specific Gata3 gene expression. We sur-
mise that even this very large 662-kb region surrounding and con-
taining the Gata3 locus still lacks the required regulatory elements
that control glomerular mesangial-cell-specific gene expression.

GATA3 deficiency in mesangial cells alters glomerular gene
expression. We next quantitatively examined the expression pat-
tern of glomerulus- and tubule-related genes. To this end, we sep-
arated glomerular and tubular tissues of the kidney from G3YR
and wild-type control mice. We used younger (3- to 4-week-old)
mice in which minimum progression of glomerulonephritis was
in evidence in order to preclude contamination with severely
damaged cells. The mice were perfused by intracardiac injection
with magnetic beads that become trapped within the glomerular
capillaries (24). Kidneys were then digested with dispase, and the
glomerulus-enriched fraction was separated using a magnetic par-
ticle concentrator (Fig. 7A and B; see Materials and Methods). The
glomerular fraction and other kidney cells (the tubular fraction)

FIG 5 (A) Kidneys of G3YR (Gata3g/g::TgB125-G3) mouse and wild-type (WT) littermate show comparable sizes. (B) G3YR (n � 9) and WT (n � 7) mice show
comparable kidney weights normalized to body weight. (C) H&E staining of renal glomerulus. At the postnatal day 0 (P0) stage, the two genotypes of mice show
similar histological appearances. At 1 month (1MO) afterward, the G3YR mice show reduced glomerular cellularity associated with dilated capillary and robust
accumulation of mesangial matrix. Wild-type control mice show a normal histological appearance. Scale bar, 50 �m. (D) G3YR mice (n � 9) show increased
levels of serum creatinine and blood urea nitrogen in comparison with the wild-type littermates (n � 7). Urine volumes normalized to body weight for the two
genotypes are comparable. Statistical significances in differences are indicated (*, P 	 0.05; Student’s unpaired t test).
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were separately subjected to RT-qPCR in order to examine the
expression of glomerulus- and tubule-related genes. platelet-de-
rived growth factor receptor � (PDGFR�) and PDGFR�, encoded
by Pdgfra and Pdgfrb, respectively, are receptors for platelet-de-
rived growth factor (PDGF), which participates in the develop-
ment and maintenance of the mesangial cells (30, 31). We found
that the level of Pdgfra and Pdgfrb mRNAs was significantly re-
duced in the glomeruli of the G3YR mice compared with the levels
in wild-type mice (Fig. 7C). Podocin and nephrin genes, two
podocyte-related genes involved in the formation of filtration slits
in the glomerulus (27), were both expressed at lower levels in the
G3YR mice than in the wild-type control mice, although the dif-
ferences did not achieve statistical significance (Fig. 7C). Mean-
while, we found that Avpr2 and Aqp2, two tubular-cell-specific
GATA factor target genes (23), are comparably expressed in the
tubular cell fraction of the G3YR and wild-type mice (Fig. 7D).
These results indicate that expression of mesangial-cell-affiliated
genes is most significantly affected in the G3YR kidneys, while
expression of tubule-related genes was largely unaffected. This
result underscores the possibility that tubular-cell-specific Gata3
complementation by the TgB125-G3 transgene restored the expres-
sion of tubular-cell-related genes in G3YR mice.

Megsin, a mesangial-cell-specific serine protease inhibitor, is
known to be induced during the progression of glomerular injury
and to participate in the pathogenesis of mesangial nephritis (32).
Notably, we found that the G3YR mouse kidneys showed signifi-
cantly increased expression of megsin in the glomerular cell frac-
tion (Fig. 7C). This observation shows that reduced GATA3 activ-
ity leads to induction of megsin, which participates in the
progression of mesangial nephritis in the G3YR mice, suggesting
that GATA3 is a direct or indirect negative regulator of megsin
mRNA accumulation. Collectively, these results demonstrate that
GATA3 is highly expressed in glomerular mesangial cells and plays
a crucial role in their maintenance and thereby contributes to the
prevention of glomerular nephritis.

FIG 6 GATA3 expression in the renal glomerulus. (A) GATA3-GFP-positive
cells (green) are colocalized with CD73-positive (red) mesangial cells (arrow-
heads in the merged image). (B) GATA3-GFP (green) and synaptopodin (red)
immunoreactivities are rarely colocalized. (C) X-Gal staining of kidney from
Gata3Z/� (left) and TgB125Z (right) mice. Gata3Z/� mice show lacZ activity-
positive cells in the renal tubular cells (arrowheads) and the central region of
the glomerulus (circles) (a and c). TgB125Z mice show lacZ-positive cells only in
the tubules (arrowheads) (b and d). lacZ activity is largely missing from the
glomeruli of TgB125Z mice. Bars, 50 �m.

FIG 7 Expression of glomerulus and tubule-related genes in the young G3YR
mice. Glomerular (A) and tubular (B) fractions of kidney from wild-type and
G3YR (Gata3g/g::TgB125-G3) mice are separately subjected to RT-qPCR analysis.
(C) Gene expression signature in the glomerular cells. Expression of Pdgfra
and Pdgfrb, a mesangial-cell-specific marker, is significantly decreased in the
G3YR mice. Podocin and Nephrin, two representative podocyte markers, are
relatively maintained. Megsin, a serine protease inhibitor, is highly induced in
the G3YR mice. Statistical significances in differences are indicated (WT, n �
7; G3YR, n � 7; *, P 	 0.05; Student’s unpaired t test). (D) Gene expression
signature in tubular cells. Ae1 and Aqp2, two target genes of the GATA factor,
are comparably expressed in the G3YR and wild-type mice.
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DISCUSSION

In the present study, we demonstrated that a fusion protein gen-
erated by inserting a GATA3 cDNA ligated in frame to GFP into
the Gata3 gene results in the generation of hypomorphic mutant
mice. This hypomorphic activity of Gata3g allele could be attrib-
utable primarily to the lower abundance of GATA3-GFP protein.
Additionally, the altered transcriptional activity of GATA3-GFP
protein might also contribute to the hypomorphic activity of the
GATA3-GFP allele. Given the relatively large molecular mass of
GFP, GFP fusion to the C-terminal may affect the activity of
GATA3.

We demonstrated that homozygous mutant hypomorphs sur-
vive longer than do Gata3-null mutant mice and yet still expire at
the neonatal stage. We proposed that this novel execution time for
neonatal lethality due to the homozygous Gata3g/g mutant allele
was due to severe kidney hypotrophy and craniofacial defects. In
support of this hypothesis, the initial perinatal lethality was suc-
cessfully rescued by crossing with a transgenic mouse line harbor-
ing a YAC containing 662 kb both surrounding and including the
Gata3 locus. This YAC was capable of directing GATA3 expres-
sion in the pharyngeal arch and the ureteric bud-derived renal
tubules but lacks the regulatory activity for renal glomerular me-
sangial-cell-specific Gata3 expression (summarized in Fig. 8). As a
secondary possible explanation, the YAC-directed transgenic
GATA3 expression might be attenuated by position effect varie-
gation of transgene integration. Consequently, the transgenic
GATA3 expression might fail to reach the threshold activity re-
quired for maintenance of mesangial cells, albeit other parts of
kidney undergo normal development. If this hypothesis is correct,
our results may suggest that a high level of GATA3 activity is a
prime requisite for maintenance of mesangial cells. Alternatively,
the YAC transgene integration site could be at a genomic position
that somehow suppressed mesangial gene expression from the
(fully rescuing) YAC.

We previously reported the activity of a urogenital primordi-
um-specific enhancer, located 113 kb 5= to the Gata3 structural
gene (12). Transgenic GATA3 expression directed by this single
enhancer successfully rescues an embryonic kidney developmen-
tal defect detected in Gata3-null embryos (12). Meanwhile, it is
known that the newborn kidney remains structurally and func-
tionally primitive and that a substantial part of nephron function
is achieved during postnatal development (33). Importantly, glo-
merular mesangial cells retain self-renewal activity and replace
themselves upon cellular insults even after birth (27). We presume
that additional regulatory activity would be needed to direct
GATA3 expression specifically in mesangial cells to execute their
postnatal differentiation and maintenance.

Due to diminished GATA3 activity in the glomerular mesan-
gial cells, the G3YR mice exhibited severe and specific degenera-
tive changes and subsequently developed progressive renal failure.
These observations suggest that a precise level of GATA3 activity
must be stringently regulated for maintenance of mesangial cells
and for prevention from glomerular disease. It is well established
that PDGF secreted by podocytes and endothelial cells transmit
growth signals through binding to the PDGF receptors (� and �)
expressed on the mesangial cell surface to promote their differen-
tiation and maintenance (31). It was reported that PDGFR�-de-
ficient mice exhibit ballooning of glomerular capillary tufts (34),
which is remarkably reminiscent of the glomerular abnormality
displayed by G3YR rescued mice. Considering that the glomerular
cells of the G3YR mice also had diminished expression of
PDGFR� and -�, we surmise that the GATA3-PDGFR regulatory
axis may play a crucial role in the differentiation and maintenance
of mesangial cells.

Embryonic urogenital development begins when a ureteric
bud (UB) sprouts from the posterior mesonephric tubules and
then branches into the adjacent metanephric mesenchyme (MM).
Reciprocal inductive signals between these two mesodermal de-
rivatives govern the subsequent kidney developmental program
(35). Gata2 and Gata3 are coexpressed in ureteric bud epithelial
cells of the mouse embryo (36, 37), and we demonstrated previ-
ously that GATA2 plays an essential role in ureter-bladder junc-
tional development (37, 38). Perturbation of this process leads to
hydronephrosis and megaureter in the Gata2 hypomorphic mu-
tant neonatal mice (37, 39). The Gata3 hypomorphic mutant ne-
onate mice that were generated in this study exhibited severely
hypoplastic kidneys, whereas there was scant evidence for hydro-
nephrosis or megaureter (data not shown). These results indicate
that GATA2 and GATA3, despite their similar, often overlapping,
expression profile in the urogenital system, exert different func-
tions in early urogenital development. Detailed analysis of the
distinct versus redundant function of these two urogenital GATA
factors is of particular importance, given that these two genes
account for distinct urogenital anomalies in inherited human dis-
eases (15, 40, 41).

During definitive kidney development, the UB gives rise to the
collecting ducts and the ureter while MM differentiates into glom-
erulus and proximal and distal tubules (35, 42, 43). During em-
bryonic renal development, GATA3 is expressed predominantly
in the UB tissues and not in the MM (12, 36). Subsequently,
GATA3 expression is maintained in the UB-derived adult renal
tubular collecting-duct cells (23). The developmental origin of
mesangial cells appears to be distinct from that of the UB,
because recent lineage tracing studies with FoxD1-CreERT2

FIG 8 Mesangionephritis in the G3YR mice. Gata3 is expressed in both tubu-
lar cells and glomerular mesangial cells (GMC). The 625-kb Gata3 YAC directs
Gata3 expression in tubular cells but not mesangial cells. G3YR (Gata3g/g::
TgB125-G3) mice show mesangionephritis because the B125 Gata3 YAC fails to
complement GATA3 in mesangial cells.
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mice have revealed that mesangial cells are derived from the
FoxD1-expressing stroma cells, neither UB nor MM (44).
Given these data, robust GATA3 expression in the glomerular
mesangial cells of the adult kidney cannot be explained by clas-
sical ontogeny, posing a conundrum that we currently plan to
investigate by lineage tracing.

A series of studies have reported that a fraction of glomerular
mesangial cells are derived from bone marrow hematopoietic cells
(45, 46). Bone marrow transplantation into nephritis model mice
facilitates the replacement of mesangial cells with normal bone
marrow-derived cells (45). In support of this model, it is also
known that mesangial cells express hematopoietic cell surface im-
mune phenotypes. For example, rat mesangial cells express Thy1.1
(thymocyte differentiation antigen 1) as a specific marker (47),
and administration of anti-Thy1.1 antisera evokes mesangial pro-
liferative glomerulonephritis in rat (47). These results raise the
possibility that mesangial cells retain hematopoietic phenotypes.
GATA3 is thought to be a master regulator of T-lymphocyte dif-
ferentiation and is specifically expressed in thymocyte lineage cells
in the adult hematopoietic system (reviewed in reference 48). Ro-
bust expression of GATA3 in thymocytes and glomerular mesan-
gial cells may imply an ontogenic relationship between thymo-
cytes and the bone marrow-derived mesangial cells.

Tissue-specific cis elements for Gata3 gene are distributed over
an extensive area surrounding and within the Gata3 gene locus.
Indeed, a thymocyte-specific regulatory element for Gata3 gene
has been identified beyond the boundaries described by the B125
YAC, around 280 kb 3= to the Gata3 structural gene (49, 50).
Discovery of the missing mesangial-cell-specific cis-regulatory el-
ement that presumably lies outside the domain described by the
B125 YAC would be of significant interest for future study. A
potential common regulatory mechanism for Gata3 in the two
lineages of bone marrow-derived (T lymphocyte and mesangial)
cells would constitute an interesting hypothesis to further explore.

In summary, the present study demonstrates a previously un-
revealed function for transcription factor GATA3 in glomerular
mesangial cells. Further analysis to comprehensively address the
set of GATA3 target genes that govern renal glomerular mesangial
cell differentiation and elucidation of their precise physiological
roles should significantly expand our understanding of this newly
discovered function of GATA3 in the kidney. Furthermore, we
anticipate that the G3YR mice may serve as a faithful model to
elucidate the pathogenic mechanisms leading to glomerular ne-
phritis, thereby potentially serving a role through which we may
be able to develop therapeutic strategies to treat this highly prev-
alent kidney disease.
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