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PAX2 is a transcription factor belonging to the evolu-
tionarily conserved paired box family and is required
during development of the central nervous system
and genitourinary axis. Mutations in the PAX2 gene
cause a rare autosomal dominant renal-coloboma
syndrome, characterized by optic nerve colobomas
and renal hypoplasia. Recent analysis of a spontane-
ous PAX2 mutant mouse model (1Neu) revealed that
the major cause of renal hypoplasia is reduced
branching of the ureteric bud (UB) and fewer
nephrons. We have observed that this abnormality is
associated with a striking increase in the number of
UB cells undergoing programmed cell death during
nephrogenesis. To ascertain whether apoptosis is di-
rectly linked to the level of PAX2 expression, we have
studied the role of PAX2 in cultured renal cells. We
show that mIMCD-3 cells, a murine collecting duct
cell line with high endogenous PAX2 expression, un-
dergo apoptosis when transfected with anti-sense
PAX2. In contrast, HEK293 cells expressing exoge-
nous PAX2 are protected against apoptotic death in-
duced by caspase-2. PAX2 has no effect on prolifera-
tion of embryonic kidney or in cultured kidney cells.
Our observations imply a direct role for PAX2 in sur-
vival of ureteric bud cells. (Am J Pathol 2000,
157:833-842)

Development of the mammalian metanephric kidney be-
gins early in fetal life when the ureteric bud emerges from
the Wolffian duct and grows outward in response to tro-
phic signals from adjacent metanephric mesenchyme.’
From its inception, the ureteric bud expresses PAX2, a
gene belonging to the PAX family of transcription factors
which share homologous DNA-binding paired domains
and influence the patterns of tissue-specific develop-
ment. As the ureteric bud penetrates naive mesenchyme,

it continues to express PAX2 but responds to local sig-
nals and begins to undergo extensive branching as
growth continues.?® In turn, signals from the tip of each
ureteric bud branch induce clusters of adjacent mesen-
chymal cells to adhere to one another and condense into
discrete vesicular units, which will form the individual
nephrons. As the induced mesenchymal cells undergo
dramatic transformation into polarized epithelial cells lin-
ing a vesicular lumen, they also begin to express PAX2.
At its distal end, each PAX2-positive vesicular structure
fuses with the ureteric bud to establish continuity with the
parent collecting system. At its proximal end, PAX2 is
suppressed as each emerging tubule interacts with an
ingrowing capillary to form the glomerular filtration appa-
ratus. Renal PAX2 is down-regulated once nephrogen-
esis is complete and is not detected in mature kidney.3*

Without PAX2 function, the normal program of nephron
development cannot proceed according to plan. Torres
et al have shown that transgenic mice homozygous for a
null PAX2 mutation are anephric and lack the caudal
portion of the Wolffian duct, preventing outgrowth of the
ureteric bud.® Even partial loss of PAX2 appears to effect
normal kidney development; Sanyanusin et al have
shown that humans who are heterozygous for PAX2 mu-
tations have the autosomal dominant renal-coloboma
syndrome consisting of ocular colobomas, renal hypopla-
sia, and progressive renal failure in childhood.®” We
recently examined fetal kidney morphology in a strain of
mice (1Neu) transmitting a PAX2 mutation identical to that
in some humans.®® At an early stage (E15) of develop-
ment, we noted that individual nephrons have normal
morphology but are reduced in number, implying defec-
tive arborization of the ureteric bud. We also found a
striking increase in apoptosis among cells of the devel-
oping collecting ducts derived from the ureteric bud.
These observations prompted the hypothesis that PAX2
is critical for the survival of cells that form the branching
fetal collecting duct and that PAX2 haploinsufficiency
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permits excessive apoptotic cell death, interfering with
optimal branching morphogenesis.

Apoptosis, or programmed cell death, occurs in many
tissues during normal vertebrate embryogenesis and is
presumably essential for the continuous remodeling of
emerging structures.’® For example, in the rat optic nerve
approximately 50% of newly produced oligodendrocytes
undergo apoptosis during normal development.’ Similar
proportions of cells have been found to die by apoptosis
during normal rat kidney development.'2'2 Unlike necro-
sis, in which the cell contents are spilled out, leading to
inflammation, apoptosis is a self-programmed cell sui-
cide in which the cell and its nucleus undergo specific
morphological changes, including shrinkage and frag-
mentation. After fragmentation, the apoptotic cell is
phagocytosed by adjacent cells and/or macrophages.
The apoptotic process is rapid and dead cells are
cleared within 1 to 2 hours.™

An interesting aspect of apoptosis during embryogen-
esis is that selective control can be achieved by increas-
ing the level of survival factors in specific tissues. For
example, it was shown that metanephric mesenchymal
cells undergo apoptosis during explant cultures of em-
bryonic kidney; this apoptosis can be rescued by epithe-
lial growth factor (EGF), protein kinase C activators, or
signals from tissues with inductive activity, such as ure-
teric bud.? The ureteric bud itself and the collecting duct
also undergo high levels of apoptosis during normal kid-
ney development.'® The mechanisms by which apopto-
sis is accomplished are gradually being elucidated, and
these include the activation of a caspase cascade.'®
However, little is known about how the process is con-
trolled in developing tissues and what determines the
number of cells that ultimately survive.

In this report, we provide evidence for the hypothesis
that PAX2 serves a critical anti-apoptotic function in de-
veloping murine kidney collecting duct. Heterozygosity
for a null PAX2 mutation produces striking apoptosis of
collecting duct cells in embryonic 1Neu mice without
affecting markers of proliferation. In cultured murine col-
lecting duct (mIMCD-3) cells, we show that inactivation of
endogenous PAX2 expression greatly increases apopto-
tic cell death; conversely, PAX2 has no effect on prolifer-
ation of MDCK cells derived from mature collecting duct.
We also demonstrate that cultured human embryonic
kidney cells (HEK293) lacking endogenous PAX2 are
relatively protected from caspase-2-induced apoptosis
when transfected with a PAX2 expression vector.

Materials and Methods

Mouse Stocks and Embryo Preparation

All wild-type and PAX2 mutant (1Neu) mouse embryos
were obtained from breeding colonies maintained in Neu-
herberg, Germany. Genomic DNA was extracted from
embryonic yolk sacs and genotyped as described.® Het-
erozygous 1Neu mutant embryos and their wild-type lit-
termates were fixed in paraformaldehyde and embedded
in paraffin. Sagittal 5-um sections of both kidneys from

each mutant and wild-type embryo were prepared on
Superfrost/Plus slides (Fisher, Fairtown, NJ).

Proliferating Cell Nuclear Antigen (PCNA)
Immunostaining

Mouse sections were deparaffinized and hydrated. En-
dogenous peroxidase activity was quenched by incubat-
ing in methanol containing 0.3% H,O,. Slides were incu-
bated in the presence or absence (control) of 2.5 ug/ml
PCNA monoclonal antibody (Oncogene Research, Cam-
bridge, MA) for 30 minutes, followed by two washes in
phosphate buffered saline (PBS). The primary antibody
was detected with Vectastain ABC Mouse IgG kit (Vector
Laboratories, Burlingame, CA) as described by the man-
ufacturer, followed by incubation with DAB substrate
(Sigma, St. Louis, MO).

Analysis of Apoptosis on Embryo Sections

The in situ cell detection kit POD (Boehringer Mannheim,
Mannheim, Germany) was used to detect apoptotic cells
in heterozygous 1Neu mutant and wild-type kidneys by
terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling (TUNEL) assay. Briefly, tissues were
deparaffinized and treated with Proteinase K (30 wg/ml)
in 1 mmol/L Tris, pH 7.4, for 20 minutes at 37°C. After
washing with PBS, endogenous peroxidase was
quenched in 0.3% H,0, in methanol. Tissues were then
incubated with labeling solution and terminal deoxytrans-
ferase (TdT) and detected by peroxidase 3,3’-diamino
benzidine staining according to the manufacturer’s rec-
ommendations. Positive controls (sections treated with
DNasel before TdT reaction) and negative controls (no
TdT enzyme) were included in each experiment. Each
experiment was repeated three times.

Cell Lines, in Vitro Transfections, and
Statistical Analyses

To examine the relationship of PAX2 to apoptosis, we
used the following kidney cell lines: mIMCD-3 cells,
widely used as a model of the murine collecting duct
lineage'®: HEK293 cells and HEK293/tTA/hPAX2 cells,
immortalized from human fetal kidney and stably trans-
fected with a tetracycline-inhibitable PAX2 expression
vector'®; COS-7 cells, an easily transfectable epithelial
line lacking PAX2 expression originally, immortalized
from monkey kidney'”; Madin-Darby canine kidney cells
(MDCK) negative for PAX2 but expressing some features
of the collecting duct'®; and stably transfected MDCK/
tTA/hPAX2 cells expressing hPAX2 under a tetracycline-
regulatable promoter as previously described.'® All cell
lines were plated in six-well dishes 24 hours before tran-
sient transfection experiments.

HEK293/tTA/hPAX2 cells and MDCK tTA/hPAX2 cells
were grown in the presence or absence of 1 ug/ml of
tetracycline (Sigma). Cells were transiently cotransfected
using Fugene-6 according to the manufacturer’s recom-



mendations (Boehringer Mannheim) with 2.5 ug of sense
or anti-sense PAX2 construct or 0.5 to 1 wg of mutant
(819 Cys to Gly) or wild-type caspase-2 expression vec-
tors and 1.5 ug of RSV-B-galactosidase (B-Gal) or 1.0 ug
of pTracer-SV40 (green fluorescent protein, GFP, Invitro-
gen, Carlsbad, CA) expression vectors per dish. Both
wild-type and mutant (319 Cys to Gly) caspase-2 expres-
sion vectors were gifts from Dr. S. Kumar (Hanson Center
for Cancer Research, Adelaide, Australia). Twenty-four
hours after transfection, cells were fixed in 0.2% glutar-
aldehyde (Sigma) and 2% formaldehyde (Fisher) in PBS
for 10 minutes, washed twice in PBS, and visualized by
fluorescent microscopy (for GFP cotransfections) or, for
B-Gal transfections, cells were stained with X-Gal sub-
strate overnight and visualized by light microscopy as
described by Kumar.'® In each experiment, 3000—6000
B-Gal-positive cells were evaluated for morphology and
classified as normal or apoptotic. In some experiments,
the caspase inhibitor N-benzyloxycarbonyl-Val-Ala-Asp-
fluoromethylketone, z-VAD-fmk (Calbiochem, La Jolla,
CA), 20 or 50 umol/L, was added at the time of transient
transfections.

For proliferation assays, MDCK tTA/hPAX2 cells were
grown in six-well dishes in the presence or absence of 1
wpg/ml of tetracycline and 10% fetal calf serum in Dulbec-
co’s modified Eagle’s medium. Twenty-four hours before
assay, medium was changed to Dulbecco’s modified
Eagle’s medium containing 2% fetal calf serum, and cells
were pulsed with [°H]-thymidine for 18 hours. Cells were
then lysed and thymidine incorporation into TCA-precip-
itable material was measured by B-scintillation counting.

Statistical analysis was done using INSTAT-2 software
(GraphPad Software Inc, San Diego, CA).

Plasmid Preparation

A sense human PAX2 expression vector was created by
subcloning a 1.2-kb EcoRI-Spel (542-1721 bp) cDNA
fragment of the human PAX2 coding sequence.® The
cDNA was cut out from a Bluescript vector using a PAX2
internal Ncol restriction site and the vector Xbal site. The
Ncol site was converted into a Bgl-ll restriction site by
blunt-ending and ligation to a Bgl-ll-adaptor. The result-
ant construct was subcloned into the Bgl-II-Xbal sites of
pCMV5 expression vector (a gift of Dr. J. Pelletier, McGill
University). An anti-sense PAX2 vector was constructed
by subcloning a 2-kb EcoRl-Xbal fragment of the human
PAX2 cDNA into Xbal-EcoRl sites of the pcDNA3.1 ex-
pression vector (Invitrogen, Carlsbad, CA). Transcription
of both genes in HEK293 cells was detected by Northern
blot analysis using a 2-kb EcoRI-Spel hPAX2 cDNA
probe.

Western Blot Analysis

mIMCD-3, COS-7, HEK293, HEK293 tTA/hPAX2, and
MDCK tTA/PAX2 cells were isolated; nuclear protein ex-
tracts were prepared and resolved on 10% sodium do-
decy!l sulfate-polyacrylamide gels. Blots were probed
with polyclonal anti-mPAX2 antibody (Zymed, San Fran-
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cisco, CA) followed by the anti-rabbit IgG secondary
antibody and detected with an enhanced chemilumines-
cence detection system (Amersham, Piscataway, NJ) as
previously described.'®

Results

1Neu (+/—) Embryonic Mouse Kidneys Have
Increased Apoptosis but No Change in
Proliferation of Collecting Duct Cells

In a previous report, our detailed analysis of heterozy-
gous 1Neu mice 15 to 16 embryonic days of age (E15—
16) revealed that mutant kidneys are hypoplastic, aver-
aging about 60% of the maximal cross-sectional area of
wild-type littermates.® Individual E15 nephrons appeared
to have normal morphology but the number of emerging
nephrons was reduced, implying a decrease in the ar-
borization of the ureteric bud/collecting ducts and, thus,
in the rate of new nephron induction.

To ascertain whether renal hypoplasia in 1Neu het-
erozygotes is due to reduced cell proliferation versus
increased apoptosis in the branching collecting ducts,
we analyzed embryos from a timed mating between 1Neu
heterozygous C57BI/6 males and normal C57BI/6 fe-
males. At E15, embryonic sections were immunostained
with anti-PCNA antibody. This antigen (PCNA) is associ-
ated with rapidly dividing cells and has been used by
others to identify zones of cell proliferation in developing
organs.?® In wild-type E15 kidneys, PCNA staining was
intense in the collecting ducts and induced mesen-
chyme; no immunostaining was detectable when primary
antibody was omitted (data not shown). We were unable
to detect any difference in the pattern or intensity of
anti-PCNA staining between mutant and wild-type E15
embryos (Figure 1, A and B). In contrast, when E15
mutant kidneys were analyzed by TUNEL assay to detect
apoptosis, we found a striking increase in the number of
TUNEL-positive cells along the developing collecting
ducts compared to wild-type littermates (Figure 1, C and
D). This effect was most striking in the medullary region.

Several reports have noted an association between
PAX2 expression and cell proliferation. To investigate
whether PAX2 influences cell proliferation in cultured
cells, MDCK cells were stably transfected with tetracy-
cline-repressible PAX2 expression constructs (Figure 2,
lanes 6 and 7). MDCK cells, derived from mature canine
collecting ducts, have no detectable endogenous PAX2
expression. We found no significant difference in [°H]-
thymidine uptake by MDCK cells whether PAX2 was
strongly expressed (no tetracycline) or fully suppressed
(1 mg/ml tetracycline; Figure 3).

Apoptosis in Murine Inner Medullary Collecting
Duct (mIMCD-3) Cells Transiently Transfected
with Anti-Sense PAX2 cDNA

If collecting duct apoptosis in the 1Neu mouse is directly
attributed to the level of PAX2 expression in collecting
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Figure 1. Analysis of cell proliferation and apoptosis in E15 fetal kidneys of wild-type and Pax2'¥" +/— mice. PCNA immunostaining of wild-type (A) and 1Neu
(B) fetal kidneys. UB, ureteric bud structures; original magnification, X200. TUNEL staining of wild-type (C) and 1Neu (D) fetal kidneys. Note increased number
of brown-stained nuclei in UB structures of the mutant embryo. Original magnification, X200.

duct cells, then survival of collecting duct cells should be
influenced by the level of PAX2 expression in vitro. We
inactivated PAX2 mRNA in mIMCD-3 cells by transfecting
them with an expression plasmid containing the full-
length PAX2 cDNA in reverse orientation. mIMCD-3 cells
are derived from the inner medullary collecting duct of
normal mice and exhibit branching tubulogenesis when
exposed to a variety of branching morphogens such as
transforming growth factor-a (TGF-a) and hepatocyte
growth factor (HGF).2" In contrast to certain other renal
cell lines (eg, HEK293 and MDCK), we showed by West-
ern immunoblotting that IMCD-3 cells express PAX2 pro-

HEK293 MDCK
= b4 )]
S 398 &4 & 3
] e = £ H
- z 7 &+
.- - - ¢ Pwx2
1 2 3 4 5 6 7

Figure 2. Western immunoblotting with PAX2 antibody for various cell lines.
Lanes 1-3: Endogenous expression of PAX2 protein in mIMCD-3, COS-7 and
HEK293 kidney cell lines, respectively. Lanes 4 and 5: Expression of exog-
enous PAX2 protein in HEK293 tTA/PAX2 cells grown in the absence or the
presence of 1 wg/ml of tetracycline. Lanes 6 and 7: Expression of exogenous
PAX2 protein under regulation of the tetracycline-sensitive promoter in
MDCKtTA/hPAX2 cells in the absence or presence of tetracycline.

tein (Figure 2, lane1) comparable to levels in developing
kidney (data not shown).

To define the apoptotic phenotype of mIMCD-3 cells,
we first cotransfected the cells with marker plasmids
(B-Gal or GFP) and an expression vector containing
caspase-2 or an inactive caspase-2 mutant containing a
319Cys-to-Gly substitution. Caspase-2 is a powerful ini-
tiator/effector of programmed cell death belonging to the
family of mammalian interleukin-1B-converting enzyme
(ICE)-related genes and has been shown to trigger apo-
ptosis in NIH3T3 and other cells.’ Twenty-four hours
after transfection with caspase-2, about 40 to 45% of
transfected mIMCD-3 cells showed evidence of apopto-
sis. These morphological changes included nuclear and
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Figure 3. Analysis of proliferation in MDCK tTA/hPAX2 cells. Cells were
grown in the absence or presence of 1 ug/ml of tetracycline and assayed for
[PH]-thymidine incorporation as described in Materals and Methods. There is
no significant difference between the rate of proliferation in cells with high
(No Tet) or undetectable level (+Tet) of PAX2 protein expression. (2= 0.5).
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Figure 4. Apoptosis in mIMCD-3 cells transfected with anti-sense PAX2 ¢cDNA. Cells transfected with caspase-2 (A), anti-sense PAX2 (B), and sense PAX2 (C)
vectors and B-Gal marker. Cells transfected with caspase-2 (D), anti-sense-PAX2 (E), and sense-PAX2 (F) and GFP marker. Apoptotic condensed cells (arrows)
at early stage of apoptosis (A, B, and E) and vesicular apoptotic bodies (arrow, D) at late apoptosis stages are indicated.

cellular condensation, membrane blebbing and formation
of apoptotic bodies in contrast to the flattened, spreading
appearance of normal cells with intricate cytoplasmic ex-
tensions (Figure 4, A and D). These apoptotic changes
were noted in only 4 to 8% of mIMCD-3 cells transfected
with the mutant caspase-2 or the empty pCDNAS3.1 vector.

To examine the effects of PAX2 inactivation on apopto-
sis, we attempted to stably transfect mIMCD-3 cells with
an anti-sense PAX2 expression vector. However, despite
extensive effort, we were unable to identify PAX2-defi-
cient clones after selective growth in neomycin-contain-
ing medium. Consequently, we adopted the transient
cotransfection strategy used in the caspase-2 experi-
ments above. The anti-sense PAX2 construct, the corre-
sponding sense PAX2 vector or an empty pCDNA3.1
plasmid were introduced into mIMCD-3 cells along with a
marker plasmid. After 24 hours, apoptotic changes were
consistently observed in 26.5 + 0.9% (mean = SEM) of
cells transfected with anti-sense PAX2 vector (Figure 4, B
and E, and Figure 5A). This represents a 4.5-fold in-
crease in apoptosis above baseline; only 7.0 = 0.6 of
IMCD-3 cells cotransfected with the sense PAX2 vector
exhibited apoptotic features (Figure 5A). By comparison,
most cells transfected with the sense PAX2 construct
retained a normal flattened appearance with graceful

cytoplasmic extensions as above (Figure 4, C and F). For
each condition, we evaluated 3000-6000 transfected
cells in five separate experiments. When the anti-sense
PAX2 vector was introduced into cell lines (HEK293 and
COS7) that lack endogenous PAX2 protein, no increase
in the basal level of apoptosis (4-7%) was observed in
either cell line. Thus, the pro-apoptotic effect of the anti-
sense PAX2 cDNA is selective for cells with high endog-
enous PAX2 expression and does not represent nonspe-
cific toxicity.

PAX2 Protects against Caspase-2-Induced
Apoptosis in HEK293 Cells

On the basis of the experiments above, we reasoned that
if inactivation of endogenous PAX2 expression increased
apoptosis in mIMCD-3 cells, overexpression of PAX2 in
cell lines lacking the endogenous transcription factor
might protect cells against programmed cell death. To
address this issue, we took advantage of an HEK293 cell
system previously developed in our laboratory; these
cells were stably transfected with a full-length PAX2
driven by a tetracycline-inhibitable promoter.'® When
cells were grown in the absence of tetracycline, PAX2
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Figure 5. Anti-sense PAX2 causes increased apoptosis of cells expressing a
high endogenous level of PAX2 protein. mIMCD-3 (A), COS-7 (B), and
HEK293 (C) cells transfected with B-Gal marker alone, anti-sense-PAX2 and
sense-PAX2 expression vectors as described in Materials and Methods. *, P=
0.0001. Each condition represents the average of 4 or 5 separate experiments;
in some cases the SE bar is not visible.

protein was strongly expressed; in the presence of tetra-
cycline (1 ug/ml) PAX2 protein was undetectable (Figure
2, lanes 4 and 5).

In HEK293 cells grown in the presence of tetracycline
(PAX2 down-regulated), 83.1 = 0.9% of caspase-2 trans-

fected cells exhibited apoptotic morphological changes
as opposed to basal levels of apoptosis (7.6 = 0.3%) in
cells transfected with the caspase-2 mutant. However, in
the absence of tetracycline (PAX2-up-regulated), apo-
ptosis occurred in only 56.9 = 0.25% of transfected cells
(Figure 6). This represents protection for about 40% of
these cells, which would have otherwise entered the ap-
optotic pathway.

Caspase Inhibitors Rescue IMCD Cells
Transfected with Anti-Sense PAX2

To determine whether PAX2 can intervene after the apo-
ptotic pathway has been initiated, we determined
whether a caspase inhibitor might rescue the transfected
cells. z-VAD-fmk, an inhibitor of multiple caspases,®*23
was added to the culture medium at the time of transfec-
tions. To establish the concentration of z-VAD-fmk effec-
tive in blocking the caspase cascade in mIMCD-3 cells,
we first showed that 41.6 = 0.64 of the mIMCD-3 cells
transfected with caspase-2 exhibit apoptotic changes
(Figure 7A). Addition of z-VAD-fmk (20 or 50 wmol/L) to
the culture medium rescued approximately 40% of the
cells otherwise targeted by caspase-2 to undergo pro-
grammed cell death. The basal level of apoptosis (7.5 +
0.3%) was unaffected by either dimethylsulfoxide (sol-
vent for the caspase inhibitor) or by an inactive
caspase-2 mutant (319 Cys-to-Gly). We then cotrans-
fected IMCD-3 cells with the anti-sense-PAX2 expression
construct and B-Gal marker plasmids in the presence or
absence of z-VAD-fmk (20-50 umol/L). As seen in Figure
7B, addition of z-VAD-fmk rescued 62 * 0.25% of anti-
sense PAX2-transfected IMCD-3 cells from apoptosis.

Discussion

Mutations of the PAX2 gene cause the autosomal domi-
nant renal-coloboma syndrome (RCS) in humans (Online
Mendelian Inheritance of Man #120330). This disease is
associated with optic nerve colobomas, renal anomalies
leading frequently to end stage renal failure, hearing loss,
vesico-ureteral reflux, and some other, less common fea-
tures.®~®24727 The most common PAX2 mutation associ-
ated with RCS in humans (about 30% of cases) is a single
basepair insertion (613+G) causing a frameshift within
the DNA-binding PAX2 paired domain.?® This same mu-
tation has also arisen spontaneously in a mouse strain
(1Neu) described by Favor et al.° Homozygous 1Neu
mice die shortly after birth and have no detectable kidney
tissue, making them unsatisfactory for investigation of the
specific functions of PAX2 during renal development. On
the other hand, heterozygous 1Neu mice, like their hu-
man counterparts, are viable despite moderate renal hy-
poplasia. PAX2 haploinsufficiency causes a marked de-
crease in PAX2 protein in developing kidney. Thus, the
heterozygous 1Neu mouse is an ideal model of human
RCS and affords the opportunity to investigate the con-
sequences of reduced PAX2 expression during nephro-
genesis.
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In our previous study, we found that renal hypoplasia
was evident among heterozygous 1Neu fetuses at early
stages of kidney development.® The maximal cross-sec-
tional area of mutant E15 kidneys was about 60% that of
wild-type littermates, mimicking similar observations
among humans with RCS. Histological analysis showed
that hypoplasia is due to a defect in the extent of ar-
borization of the collecting system and, thus, in the rate of
new nephron induction.® This deficit in collecting system
arborization was associated with a striking increase in
TUNEL-positive apoptotic collecting duct cells. We in-
ferred from these studies that high levels of PAX2 protein
might be necessary for survival of collecting duct cells
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Figure 6. PAX2 overexpression protects HEK293 cells induced against apo-
ptosis with caspase-2. A and B: HEK293 cells transfected with caspase-2 and
either B-Gal marker (A) or GFP marker (B). C and D: HEK293 cells trans-
fected with the mutant (319 Cys to Gly) form of caspase-2 and B-Gal (C) or
GFP (D). Arrows show characteristic apoptotic cells at the late stage of
programmed cell death. E: Graph showing the proportion of HEK293 cells
undergoing apoptosis when PAX2 protein is present (no Tet) or when PAX2
expression is absent (+ Tet). *, P = 0.0001.

and optimal branching morphogenesis during renal de-
velopment.

In this study, we confirmed the striking increase in
TUNEL-positive apoptotic cells distributed throughout the
trunk and branches of the collecting system of E15 1Neu
(+/—) embryos. However, others have suggested that
PAX2 could be involved in driving cell proliferation. When
renal carcinoma cells expressing high levels of PAX2
were treated with anti-sense PAX2 oligonucleotides in
vitro, cell number was dramatically reduced.?® Gnarra et
al inferred that this was due to an effect on cell prolifer-
ation, though apoptosis was not directly assessed.?® Our
observations both in vivo and in vitro indicate that the
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bars are not visible.

primary function of PAX2 is anti-apoptotic rather than
mitogenic. PAX2 haploinsufficiency had no effect on cell
proliferation in embryonic 1Neu mouse kidney as as-
sessed by PCNA immunostaining (this study) or by BRDU
staining®; proliferation of MDCK cells (this study) and
HEK293 cells'® was unaltered by PAX2 expression in
vitro. Thus, PAX2 haploinsufficiency appears to be asso-
ciated with an increased susceptibility of fetal collecting
duct cells to apoptosis, although surviving cells are able
to respond to mitogenic signals normally.

To provide direct evidence for an effect of PAX2 on
apoptotic pathways, we targeted endogenous PAX2
mRNA in mIMCD-3 cells, an established cell line derived
from the inner medullary collecting ducts of mouse kid-
ney. These cells were appropriate for the study, in that it
was the collecting duct that underwent apoptosis in the
fetal 1Neu mouse. We attribute our initial unsuccessful
efforts to inactivate PAX2 in stably transfected mIMCD-3
cells to the hypothesis that PAX2 is critical for cell survival
in vitro and that cells expressing the PAX2 anti-sense
vector were eliminated during the selection process. As a
practical alternative, we adopted the transient transfec-
tion approach used by other groups in the study of pro-
apoptotic genes.'®2° The efficiency of transient transfec-

tion of MIMCD-3 cells was approximately 2 to 4%; among
these transfected cells, the background level of apopto-
sis was 7 to 8%. Morphological changes characteristic of
apoptosis were present in a high percentage of cells
transiently transfected with caspase-2, known to initiate
the apoptotic caspase cascade.'® Much of this apoptosis
could be prevented with z-VAD-fmk. Similarly, transient
transfection with anti-sense, but not sense PAX2 vector,
resulted in a high percentage of apoptotic cells that also
could be rescued by the caspase inhibitor.

In keeping with the above, we found that PAX2 expres-
sion was able to serve a pro-survival function in cells. The
HEK293 human fetal kidney cell line lacks endogenous
PAX2 expression and is susceptible to apoptosis in-
duced by camptothecin and other pro-apoptotic drugs (E
Torban, unpublished results). Our observation that PAX2
expression protects about 40% of HEK293 cells targeted
to undergo apoptosis by caspase-2 transfection is com-
parable to the 60% protective effect of Bcl-2 on caspase-
2-activated apoptosis described in other cell systems.'®

It is unclear how PAX2 influences the apoptotic cas-
cade, but some general inferences can be drawn based
on our observation that PAX2 has a protective effect on
caspase-2-induced apoptosis. Caspase-2 is thought to
be an “initiator” caspase. Certain pro-apoptotic signals
cause Bcl-2-dependent release of caspase-2 from mito-
chondria in an inactive form, along with pro-caspase 9
and cytochrome C.'9%%3" Once activated in the cyto-
plasm, caspase-2 activates other effector caspases such
as caspase-3.3° Because PAX2 promotes survival of
cells transfected with caspase-2, its effects may lie within
the effector limb of the apoptotic cascade. Interestingly,
caspase-2 expression has been noted in the cortical
layer of fetal kidney, during the same developmental
window when PAX2 expression occurs.™ It is conceiv-
able that certain cells in the developing kidney are ren-
dered susceptible to apoptosis by caspase-2 activation
unless rescued by timely PAX2 expression.

Other investigators have reported an association be-
tween apoptosis and other members of the paired box
gene family. For example, PAX3 mutant mice show in-
creased apoptosis of the somitic mesoderm.®? Moreover,
PAX2, PAX5, and PAX8 all inhibit transcription of p53, a
pivotal molecule regulating entry into the final common
apoptotic pathway.®*3* Mutation of eyeless, the Drosoph-
ila homologue of mammalian PAX6, leads to excessive
apoptosis of photoreceptor precursors.®® However, the
consequent retinal degeneration can be prevented by
overexpression of p35, a known baculoviral inhibitor of
apoptosis.®® In this study, we provide evidence for a
direct anti-apoptotic effect of PAX2 on renal collecting
duct cells. Thus, it is possible that there is a fundamental
role for PAX genes in promoting cell survival by inhibiting
the apoptotic pathway.

How could increased apoptosis in fetal ureteric bud
lead to reduced arborization of the collecting duct system
and renal hypoplasia? Our observations suggest a gen-
eral concept of renal branching morphogenesis in which
arborization is dependent on accumulation of sufficient
cell mass in the ureteric bud trunk to allow the next
branch-point in the tree to occur. By protecting collecting



duct cells from apoptosis, PAX2 reduces the time re-
quired to accumulate sufficient cells to pass some thresh-
old. Such a theory might invoke the existence of an
inhibitor of branching, which forms a gradient along the
trunk of the collecting system tree in between branch
points. As the growing trunk extends beyond the influ-
ence of this inhibitory field, signals from nearby branch-
ing morphogens once again gain precedence and in-
duce bifurcation. Interestingly, homozygous inactivation
of the EGF receptor produces such renal hypoplasia and
in vivo administration of EGF has been shown to protect
against apoptosis in developing rat kidney.'? Further ex-
perimentation is required to determine whether the ef-
fects of PAX2 on collecting duct cell apoptosis constitute
the only mechanism by which it determines the extent of
branching renal morphogenesis.

In conclusion, we show that renal hypoplasia in the
PAX2 haploinsufficient 1Neu mouse is associated with a
striking increase in apoptosis, providing direct in vitro
evidence that PAX2 is a critical arbiter of apoptosis in
renal cells. During development, expression of PAX
genes may have a rate-limiting function in the selection of
specific cell lineages for survival. Thus, in the developing
kidney, PAX2 serves to enhance survival of selected cells
and thereby optimizes branching morphogenesis. This
hypothesis has implications for the pathogenesis of renal
hypoplasia in the renal-coloboma syndrome and possibly
for other pathologies (eg, polycystic kidney disease) in
which PAX2 is inappropriately expressed in the postnatal
period.
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