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SUMMARY: Inactivation of the transcription factor AP-2� in a genetically mixed C57BL/6/129S1 mouse strain resulted in
perinatal lethality as a consequence of massively enhanced apoptotic death of renal epithelial cells (Genes Dev 1997;11:1938–
1948). Recently, we observed that the phenotype is modulated by genetic background because AP-2� mutant mice, backcrossed
onto 129P2 background, survive approximately 2 weeks after birth, allowing for a detailed analysis of kidney function. Here we
show that kidneys reveal varying amounts of cysts derived from all tubular structures (proximal and distal tubuli, collecting ducts).
However, all mice died irrespective of the degree of cyst formation. Serum analysis of AP-2� mutant animals revealed defective
tubular secretory function and ion homeostasis including severe hypocalcemia, hyperphosphatemia, and hyperuremia. Because
hormonal calcium regulation was not impaired, the mice developed secondary renal hyperparathyroidism as typically observed
in patients with terminal renal failure. We further demonstrate that molecular defects in the collecting duct system lead to
insufficient water retention and urinary concentration. In summary, our studies reveal essential, nonredundant roles of AP-2� in
renal tubular functions. (Lab Invest 2003, 83:571–578).

A P-2� belongs to a family of four closely related
transcription factors, AP-2�, AP-2�, AP-2�, and

AP-2�, which execute essential functions during mam-
malian embryonic development (Moser et al, 1995;
Oulad-Abdelghani et al, 1996; Williams et al, 1988;
Zhao et al, 2001). AP-2 genes have also been cloned
from nonmammalian organisms including chicken, Xe-
nopus, and Drosophila (Bauer et al, 1998; Mitchell et
al, 1991; Monge and Mitchell, 1998; Shen et al, 1997;
Snape et al, 1991), revealing considerable evolution-
ary conservation. All AP-2 proteins are characterized
by an N-terminal proline- and glutamine-rich transac-
tivation domain followed by a short, positively charged
DNA-binding region and two �-helical structures sep-
arated by a span region. The alpha helices and the
span region mediate dimerization of AP-2 proteins.
Both homo- and heterodimers have been described
(Williams and Tjian, 1991a, 1991b), leading to a large
variety of conceptual AP-2 complexes in tissues with
overlapping expression patterns.
During murine development, the previously ana-

lyzed AP-2 genes, AP-2�, AP-2�, and AP-2�, are
expressed in temporally and spatially overlapping pat-

terns in neuroectodermal, ectodermal, and urogenital
tissues (Chazaud et al, 1996; Mitchell et al, 1991;
Moser et al, 1995, 1997b). Coexpression of AP-2
genes is particularly observed in neural crest cells,
which migrate from the dorsal neural tube and give
rise to a number of different tissues and structures
including facial bones, the peripheral nervous system,
and melanocytes. In addition, these studies demon-
strate specific AP-2 gene expression patterns in skin
and urogenital tissues and also in the central nervous
system and the limb bud mesenchyme. Expression-
pattern specificity can best be seen in the developing
brain, where AP-2� is expressed in the forebrain,
AP-2� in the mid- and hindbrain, and AP-2� almost
exclusively in the cerebellum (Chazaud et al, 1995;
Moser et al, 1997b; Zhao et al, 2001). In mammals as
well as in evolutionarily lower animals like Drosophila,
Xenopus, and some avian species, AP-2 is strongly
expressed in facial structures, in the central nervous
system, the epidermis, and neural crest cells, indicat-
ing a general functional importance of AP-2 genes for
the development of these tissues (Bauer et al, 1998;
Epperlein et al, 2000; Monge and Mitchell, 1998; Shen
et al, 1997; Snape et al, 1991).
A recently performed mutagenesis screen to isolate

DAP-2 mutant alleles in flies resulted in several lethal-
point mutant alleles flies caused these flies to die as
adults or late pupal stages and show reduced probos-
cis, shortened legs, absent tarsal joints, and disruption
of the protocerebral central complex (Kerber et al,
2001; Monge et al, 2001). The functional importance of
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AP-2 genes for the development of craniofacial struc-
tures, limb formation, and kidney development was
also shown by gene inactivation of AP-2� (Schorle et
al, 1996; Zhang et al, 1996), AP-2� (Moser et al,
1997a), and AP-2� (Aumann et al, 2002; Werling and
Schorle, 2002) in mice. AP-2� knockout mice die
perinatally and develop exencephaly, which becomes
apparent at embryonic stage E9.5 when the cranial
neural folds fail to oppose to form the anterior neural
tube. In addition, increased apoptotic cell death in the
midbrain, hindbrain, and migrating cranial neural crest
cells contributes to the development of the cranial
defects. AP-2� knockout mice die very early during
embryogenesis because of severe defects in extraem-
bryonic tissues.

Although embryonic expression of AP-2�, AP-�,
and AP-� overlaps significantly during development,
the phenotype of AP-2� knockout mice does not show
any of the developmental defects of AP-2� or AP-2�
mutant mice. AP-2� knockout mice complete normal
embryonic development but show enhanced apopto-
tic cell death in renal epithelial cells, enlarged cystic
tubular structures, and die at birth (Moser et al,
1997a). Consistent with an undisturbed embryonic
development, the overall renal morphology was well
organized, and the expression of developmental
markers for the induction and conversion of mesen-
chymal cells into tubular structures was unaltered.

Although AP-2� mutant kidneys resemble human
autosomal recessive polycystic kidney disease, we
have previously excluded AP-2� as a candidate gene
(Mücher et al, 1998). Subsequent to these studies, a
large multidomain protein, PKHD1, was recently iden-
tified as the autosomal recessive polycystic kidney
disease gene in close proximity to the AP-2� locus on
chromosome 6p21 (Onuchic et al, 2002; Ward et al,
2002).

In this study, we demonstrate that AP-2� deficient
mice survive approximately 2 weeks after birth in a
129P2 background and can therefore be used for
detailed physiologic analysis of the phenotype. Our
data reveal that AP-2� mutant animals suffer from
impaired tubular secretory function, ion homeostasis,

and severe hypocalcemia. Because of kidney failure,
AP-2� mice develop secondary hyperparathyroidism.

Results

Growth Retardation of AP-2� Mutant Mice

We have previously described that AP-2� deficient
mice, generated on a mixed C57BL/6 � 129S1 ge-
netic background, develop polycystic kidney disease
and die perinatally (Moser et al, 1997a). In this study,
we analyzed the same mutation in 129P2 mice and
observed significant attenuation of the phenotype. For
the experiments described in this study, heterozygous
AP-2� mutant mice were mated with inbred 129P2
mice and then paired for eight further generations
within the same line before further analysis. On this
background, the Mendelian ratios are preserved pre-
natally, but only approximately 10% of homozygous
mutant animals survive between 10 and 14 days after
birth. AP-2� deficient mice were born and became
significantly retarded in development about 4 days
after birth (Fig. 1, A and B). Homozygous mutants
were easily detected as small animals with dry and
scaly skin and revealed a striking shivering and trem-
bling behavior accompanied with tetanic cramps.
However, these mice were able to feed because their
stomach was filled with milk and digestion appeared
normal upon internal inspection. Gross anatomy was
entirely preserved, with the exception of an additional
sixth digit representing postaxial hexadactyly of the
anterior extremity (data not shown).

Cysts Formation in Kidneys of AP-� Mutant Mice

In similarity to the previously characterized prenatal
AP-2� mutant animals, postnatal organs also ap-
peared histologically normal, with the exception of
kidneys (Moser et al, 1997a). Renal sections from a
number of different mutants showed varying numbers
of dilated tubules and tubular or collecting duct cysts,
ranging from only a few small isolated cysts to up to
hundreds of cystic structures dispersed throughout
the entire kidney (Fig. 2, A to D). To determine the

Figure 1.
Retardation in growth and development of AP-2� mutant mice. AP-2�-/- and wild-type litter mates at Day 10 postnatal (A). A statistical analysis (B) reveals severe
retardation in growth of the homozygote mutants. Values are derived from 8 (-/-), 32 (�/-), and 24 (�/�) animals, respectively.
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cellular origin of the cystic structures, immunohisto-
chemical and lectin stainings were performed using
markers for proximal tubular epithelium and collecting
ducts. Immunostaining of the aquaporin-2 water
channel, which is strongly expressed in the collecting
duct epithelium (Verkman and Mitra, 2000), revealed
that a portion of the cysts, with flattened epithelium

lining the fluid lumen, were derived from collecting
ducts. Furthermore, the lectin Tetragonolobus purpu-
reus was used to identify proximal tubular epithelium,
which was also shown to give rise to cysts (Fig. 3, A
and B). These cysts probably result from secondary
defects of distal tubular and collecting ducts because
AP-2� is not expressed in the proximal tubular epithe-

Figure 2.
Variation of number and size of renal cysts in different AP-2� deficient mice. Hematoxylin-eosin staining of kidney sections from wild-type (A) and homozygous
mutants (B to D) at Day 8 pn (magnification, �16).

Figure 3.
Immunostaining of proximal tubular epithelium and collecting-duct system. Tetragonolobus purpureus (A) and anti-aquaporin 2 (B) stainings (magnification, �200).
In situ hybridization of a 8 pn mouse kidney section with an AP-2� specific cDNA probe revealing specific expression pattern in distal tubular and collecting duct
epithelium (C) (magnification, �25).

AP-2� Knockout Mice
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lium, as shown by in situ hybridization with an AP-2�
specific probe (Fig. 3C). Ultrastructurally, the cyst
lining epithelia showed a very flat dedifferentiated
phenotype, whereas epithelia in ectatic tubuli re-
mained in a differentiated phenotype corresponding to
the respective tubular segment (Fig. 4, A and B).

In contrast with the phenotype of other cystic kidney
diseases, in particular ADPKD, glomerular cysts were
not observed. On the basis of examination by light
microscopy and electron microscopy, the glomerular
architecture was entirely normal (data not shown).

Defective Ion Homeostasis in AP-2� Deficient Mice

Because the degree of cyst formation differed signifi-
cantly in AP-2� mutant mice and did not correlate with
longer survival, we assessed kidney function by mea-
suring a number of different serum parameters in 6- to
10-day mutants and controls. Whole blood was iso-
lated by heart puncture and ion, urea, glucose, and
protein concentrations were determined from serum.
As summarized in Table 1, ion homeostasis was
severely impaired. Serum calcium levels were signifi-
cantly decreased and caused the nervous and trem-
bling behavior of mutant animals. Indeed, tetanic
cramps were easily provoked, even by relatively mild
manual manipulations, and eventually the animals
died between Days 10 and 14 from cardiac arrest. In
addition, increased urea, creatinine, and inorganic
phosphate concentrations indicated functional tubular
defects. Normal serum protein levels in AP-2� defi-
cient mice suggested undisturbed glomerular filtration
of primary urine consistent with the normal histologic
and ultrastructural morphology of glomeruli.

Because serum calcium concentration is strongly
dependent on regulation by parathyroid hormone
(PTH) and vitamin D, we analyzed the production of
these hormones in AP-2� deficient animals. On the
basis of the observation that AP-2� is expressed in
branchial arches that give rise to the parathyroid
glands and the fact that other mutant mouse strains
with developmental defects leading to parathyroid
gland agenesis have been identified (Gunther et al,
2000; Peters et al, 1998), we explored the possibility
that hypocalcemia resulted from a failure to develop
parathyroidal glands. Therefore, we prepared the

throat region of AP-2� knockout mice and studied the
morphology of parathyroidal glands on serial tissue
sections. As shown in Figure 5, A, B, D, and E, AP-2�
mutants developed parathyroidal glands that ap-
peared slightly hyperplastic and expressed large
amounts of PTH. Furthermore, the gene of a calcium
sensing receptor protein involved in the regulation of
PTH vesicle secretion was equally expressed in both
mutant and wild-type parathyroidal glands, indicating
that AP-2� mutant animals developed functional par-
athyroidal glands. This observation was further
strengthened by quantitation of vitamin D and PTH
serum levels. Using a quantitative radioimmunoassay
for the active form of vitamin D (1,25-OH2 vitamin D)
and PTH, we measured a significant increase in PTH
serum concentration, indicating a physiologic re-
sponse to the low serum calcium levels and also a
slight increase in vitamin D concentration (Fig. 6).

In summary, the renal histology, the disturbance of
ion homeostasis, and the subsequent increase in PTH
serum concentrations indicated development of sec-
ondary renal hyperparathyroidism in AP-2� deficient
mice.

Defects of Distal Tubular Epithelium and Collecting Duct
System Results in Kidney Failure

To test the capacity of the kidney to concentrate urine,
bladder aspirates were collected from wild-type, het-
erozygous, and mutant animals to measure osmolar-
ity. A decrease in urine osmolarity in AP-2� mutant
mice as compared with controls indicated a failure in
water retention and suggested that the renal water
resorption in the distal tubular structures and in the
collecting duct system was impaired (Fig. 7A). In
addition, urinary calcium concentration was reduced
in knockout mice as compared with wild-type con-
trols, indicating that AP-2� deficient mice lose water,
and thereby essential ions, by way of defective renal
tubular epithelium (Fig. 7B). This observation corre-
sponded with the dehydrated condition of the mutant
animals and their dry and scaly skin.

Discussion

Knockout studies unraveled essential functions of
AP-2 transcription factors during embryonic develop-
ment. Although AP-2 genes encode for highly homol-
ogous proteins, which are expressed at overlapping
expression patterns in many embryonic tissues, the
phenotypes of AP-2�, AP-2�, and AP-2� mice are
surprisingly different (Aumann et al, 2002; Moser et al,
1997a; Schorle et al, 1996; Werling and Schorle, 2002;
Zhang et al, 1996). We showed previously that inacti-
vation of the transcription factor AP-2� in a genetically
mixed C57BL/6/129S1 mouse strain resulted in peri-
natal lethality as a consequence of massively en-
hanced apoptotic death of renal epithelial cells (Moser
et al, 1997a). So far, other AP-2 genes have not been
implicated in kidney function.

In this study, the AP-2� mutation was bred onto the
129P2 background, resulting in significant attenuation

Figure 4.
Ultrastructure of ectatic tubuli and renal cysts in AP-2� deficient mice.
Ultrastructurally, epithelia in ectatic tubuli remained in a differentiated colum-
nar phenotype (A) whereas the cyst lining epithelia showed a very flat
dedifferentiated phenotype (B).
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of the phenotype and allowing for the first time for a
detailed analysis of the defects seen in the kidneys.
Obviously, the phenotype is attenuated by modifier
genes, and therefore a significant portion of the mice
survive 2 weeks after birth. Interestingly, a modifica-
tion of the phenotype has also been described for the
AP-2� mutation, where a significant portion of het-
erozygous animals suffers from exencephaly when
bred onto the 129P2 background (Kohlbecker et al,
2002). These findings suggest a more general role of
AP-2 gene dosage because a slight deregulation
might result in morphologic deficiencies.

Our data indicate that AP-2� gene activity is
redundant in most AP-2� expressing tissues (pe-
ripheral and central nervous system, neural crest
cell derivatives) except for kidneys. We have de-
tected previously that AP-2� is the only member
of the AP-2 genes that is expressed specifically

during renal tubulogenesis, in particular in distal
tubular and collecting duct epithelia (Chazaud et al,
1996; Moser et al, 1997b). Here, AP-2� deficiency
cannot be compensated for through the action of
other AP-2 family members.

Interestingly, data presented in this study clearly
show that death of AP-2� deficient mice occurs inde-
pendently of the number and size of cyst formation.
Rather, AP-2� expression seems to be essential for
maintaining functions of tubular and collecting duct
epithelia in secretion of metabolites and water and ion
homeostasis. Even animals without significant cyst
formation develop renal failure and die within 2 weeks
from massive hypocalcemia. Thus, our analyses point
to a novel function of AP-2� in kidney metabolism and
should trigger further studies of AP-2� expression in
kidney diseases that involve tubular or collecting duct
epithelia.

Figure 5.
AP-2� deficient animals develop functional parathyroid glands. In situ hybridization with specific probes for parathyroid hormone (PTH) (A, D) and calcium sensing
receptor protein (CasR) (B, E) on wild-type (A, B) and AP-2� deficient mouse sections of the throat region. (C, F) Hematoxylin-eosin stainings of B and E, respectively
(magnification, �25).

Table 1. Summary of Serum Ion and Metabolite Measurements

�/� �/� �/�

Ca�� [mmol/l] 2.59 (�/�0.20) 2.67 (�/�0.16) 1.43 (�/�0.30)
Na� [mmol/l] 139.4 (�/�1.62) 141.0 (�/�3.06) 145.5 (�/�2.38)
Mg�� [mmol/l] 0.97 (�/�0.04) 1.07 (�/�0.15) 1.33 (�/�0.11)
K� [mmol/l] 7.5 (�/�0.20) 7.3 (�/�1.34) 9.0 (�/�0.85)
Creatinine [�mol/l] 135.1 (�/�13.9) 176.9 (�/�50.3) 235.5 (�/�44.4)
Urea [mmol/l] 9.7 (�/� 3.5) 11.3 (�/� 2.5) 38.5 (�/�14.0)
NH3 [�mol/l] 281.3 (�/�33.7) 357.4 (�/�95.9) 396.5 (�/�72.1)
Glucose [mmol/l] 7.4 (�/�0.80) 7.2 (�/�1.66) 5.0 (�/�1.38)
Inorg. phosphate [mmol/l] 3.57 (�/�0.24) 3.49 (�/�0.37) � 4.3
Total protein [g/dl] 2.7 (�/�0.16) 3.3 (�/�0.63) 3.1 (�/�0.34)

AP-2� Knockout Mice
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Materials and Methods

Histologic Analysis and Immunohistochemistry

Tissues were dissected from wild-type, heterozygous,
and mutant animals at days 6 to 10 postnatal, fixed in
4% paraformaldehyde/PBS overnight and embedded
in paraffin. Five micrometer tissue sections were
stained with hematoxylin-eosin and used for immuno-
histochemistry or in situ hybridization.

Immunohistochemistry was performed as described
in detail previously (Bosserhoff et al, 1999). Anti-
aquaporin–2 antiserum (a generous gift from Dr. Ait-
ner, Department of Internal Medicine II, RWTH
Aachen, Germany) was incubated as a 1:100 dilution
overnight and reacted with a secondary antirat anti-
body (DAKO, Hamburg, Germany) conjugated with
horseradish peroxidase for 2 hours at room tempera-
ture, and then finally stained with diaminobenzidine
(Sigma, Deisenhofen, Germany). HRP-conjugated lec-
tin Tetragonolobus purpureus (Sigma) was diluted at
1:100, incubated for 2 hours at room temperature, and
visualized with the substrates provided by the LSAB2-
Kit (DAKO).

In Situ Hybridization

In situ hybridization was performed as described pre-
viously (Moser et al, 1995) using 33P-labeled sense
and antisense cRNA riboprobes for parathyroid hor-
mone, AP-2�, and calcium sensing receptor protein.

Proteinase K pretreated slides (10 �g/ml) were acety-
lated in acetic anhydride diluted 1:400 in 0.1 M trieth-
anolamine (pH 8) and hybridized at 50° C overnight in
50% formamide, 10% dextran sulfate, 10 mM Tris (pH
8), 10 mM NaPi (pH 7), 2xSSC, 5 mM EDTA (pH 8), 150
�g/ml tRNA, 10 mM DTT, and 10 mM

�-mercaptoethanol supplemented with 5 � 104

cpm/�l of 33P-labeled sense or antisense riboprobes.
The slides were washed twice in 50% formamide/2x
SSC/20 mM �-mercaptoethanol, digested with RNase
A (20 �g/ml) for 30 minutes at 37° C, and finally
washed three times for 30 minutes at 50° C with the
same washing buffer. After dehydrating, the slides
were coated with Kodak NTB2 emulsion (Kodak,
Rochester, New York) and exposed for 4 to 10 days. In
situ hybridization was performed from tissues of four
different animals of each genotype.

Determination of Serum and Urine Parameters

Whole blood was obtained by heart puncture from 6-
to 10-day-old mice, and the serum was recovered
after coagulation by centrifugation at 6000 rpm for 5
minutes. Urea, creatinine, ions, glucose, and protein
concentrations were measured by an autoanalyzer
(Johnson and Johnson, Neckarsgemünd, Germany).
To determine PTH and 1,25(OH)2 vitamin D levels,
both hormones were measured using radioimmunoas-
says against rat PTH or 1,25(OH)2 vitamin D (Meyer et
al, 1996) (Immutopics, San Clemente, California). For

Figure 6.
AP-2� deficient animals develop secondary renal hyperparathyroidism. Radioimmunoassays were used to measure serum levels of 1,25(OH)2 vitamin D and PTH in
wild-type (�/�), heterozygous (�/-), and AP-2� knockout mice (-/-).

Figure 7.
Defects in water retention results in kidney failure. Urinary osmolarity (A) and Ca2� concentration (B) in urine of wild-type (�/�), heterozygous (�/-), and AP-2�

knockout mice (-/-) indicated impaired water resorption.
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both tests, sera from six knockout mice were pooled
to obtain the required test volume of 100 �l. The
assays were performed following the manufacturer’s
instructions except that serum was diluted 1:1 with the
supplied 0 standard.

For urine analyses, bladder aspiration was per-
formed. Determination of urine osmolarity was mea-
sured in 50 �l of pooled urine from wild-type, het-
erozygous, and AP-2� knockout mice. Total urine
calcium levels were measured by a commercially
available assay (Sigma) using the o-cresolphthalein-
complexone method.

All serum and urine parameters shown in Table 1,
and Figures 5 to 7 represent mean values derived from
multiple individuals of each genotype. Depending on
availability, between 16 and 54 samples were ana-
lyzed for each mean value.
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