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Presenilins are required for the formation of comma- and S-shaped
bodies during nephrogenesis
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Summary

Mammalian presenilins consist of two highly homologous
proteins, PSEN1 and PSEN2, which share redundant
activities in Notch processing and signaling. To bypass the
early lethality of the Psent and Psen2double (PSEN) null

embryos, we used a humaRPSEN1transgene to rescue the
somite patterning defects in PSEN-null animals and to
allow a determination of the function of presenilins in late

embryogenesis. We report here that expression of the
human PSEN1transgene supported the survival of PSEN-
null embryos to the perinatal stage. However, presenilin

to pattern to form proximal tubules and glomerular
epithelium. A presenilin-dependent, signaling-competent
form of Notchl was detected in mesenchymal derivatives
but not in the ureteric buds of wild-type mice. Consistent
with an obligatory role of presenilins in Notch processing
and activation, the active form of Notchl and its
downstream target Hesrl were absent in the PSEN-null
kidney. Importantly, sustained Notchl signaling was
required for the maintenance of Notch ligand Jagl
expression. These results identify presenilins as one

deficiency in the kidney led to severe nephrogenesis defects determinant of renal vesicle patterning in the developing
and virtually no comma- or S-shaped bodies, or mature mouse kidney, and we hypothesize that they act through the
glomeruli were formed. We document that the mesenchyme Notch signaling pathway.

was induced which could further progress to renal vesicles

in the PSEN-null kidney, indicating that the presenilins are

not essential for the inductive interactions and mesenchyme Key words: Presenilin, Notch, Kidney, Nephrogenesis, Patterning,
to epithelium transition. However, renal vesicles failed Proximal tubule

Introduction with complete absence of somite patterning, which resembles

Presenilins (PSEN1 and PSEN2) are polytopic transmembrafecompletéNotchlloss-of-function, or more preciselypotcht _
proteins that are essential to processpizenyloid precursor andNotch4double knockout phenotypes (Conlon et al., 1995;

protein (APP) at the-secretase site to generat@4® and Donoviel et al., 1999; H_er_rgman et al., 1999; Krebs et al.,
APB42, peptides that constitute major components offthe 2000). The rgdundant activities of PSEN1 and PSENZ may be
amyloid plaques characteristic of Alzheimer's disease (AD}he explanation _for the lack of overt organogenesis defects
(De Strooper et al., 1998; Selkoe, 1998). Autosomal dominafft €ach of the single knockouts. The early lethal phenotype
inheritance of mutations IRSEN1andPSENZeads to familial  ©f the PSEN-null embryos prevents the evaluation of
Alzheimer's disease and these mutations are known to affeBptential physiological roles of presenilins in mid-to-late
the y-secretase activity and to foster tBeamyloid plaque €mbryogenesis. _

pathology (Selkoe, 1998). Through similar mechanisms, Organogenesis is a highly regulated developmental
presenilins are required for the proteolytic cleavage of NotcRrogram involving cell-fate decisions, pattern formation and
(De Strooper et al., 1999), molecules that are crucial in variodfferentiation. In mammals, organogenesis initiates after the
cell-fate specification processes, and this activity is highljpody axes are established. Kidney organogenesis in mice
conserved (Levitan et al., 1996; Levitan and Greenwald, 199%¢gins at E11 and involves reciprocal inductive interactions
Struhl and Greenwald, 1999; Ye et al., 1999). In mammaliahetween the ureteric bud epithelium and metanephric
systems, the two presenilins play compensatory roles in thgesenchyme. The tips of the ureteric bud induce nephrogenic
Notch signaling pathway, as revealed by gene knockounesenchyme to form condensates followed by pretubular
studies. SpecificallyPsenlnaull mice die pre- or perinatally, aggregates, which then undergo mesenchyme to epithelium
exhibiting a Notchl-associated somite segmentation defettansition (MET) to progress into polarized epithelia of renal
(Shen et al., 1997; Wong et al., 1997). Although Bsen2 vesicles and comma- and S-shaped bodies (Saxen, 1987).
knockout does not have overt impairméPgent andPsen2  Morphogenesis and patterning of the epithelial structures then
double (PSEN) null embryos die at embryonic day 9.5 (E9.9eads to the formation of distal and proximal tubules and the
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glomerulus; the latter consists of podocytes, mesangial cell&) 0.5. Embryos with at least one wild-type allel®sénlgene were
and endothelial cells (Saxen, 1987). used as littermate controls.

A number of ductal- and mesenchymal-derived molecule
have been identified and loss-of-function studies hav
established their crucial roles in  nephrogenesi

Embryonic histology

mbryos were dissected and fixed in 10% neutral buffered formalin

. ; ; . (Sigma) for 24-48 hours and dehydrated through graded alcohols and
(http://golgi.ana.ed.ac.uk/kidnome.html). Relevant to thi stored in 70% ethanol at 4°C. Embryos were vacuum-embedded in

study,Retis prressed a.t the tlps of the n_ewly fqrmgd branph araffin wax, sectioned at jsm and stained with Hematoxylin and

of the ureteric bud and is crucial for the inductive interactionggin

through binding to its ligand GDNF, which resides in the

condensing mesenchyme (Moore et al., 1996; Pachnis et dh,situ hybridization

1993; Schuchardt et al., 1994). The paired box geag8and In situ hybridization was carried out using digoxigenin-labeled or

Pax8 are expressed in various mesenchymal derivatives ariéfS]UTP-labeled antisense riboprobes. Samples were fixed in 10%

ureteric bud epithelium (Dressler et al., 1993; Plachov et alheutral buffered formalin and embedded in paraffin wax. Sections were

1990; Rothenpieler and Dressler, 1993), and together théyt atSum for radioactive probes and g1 for nonradioactive probes.

regulate and define the nephric lineage (Bouchard et al., 2002)'¢ protc;colgugs;)d ;or rad|oac5|_ve In situ was essengi!lydas p“bl'fh?d
L) e ; u et al., . For non-radioactive in situ, a modified protocol o

Wnt4 has been docu.mented as an essential signaling molec ilkinson was employed (Wilkinson, 1992). In brief, sections were

frolm the metanephrlc. mese.nchyme for the mesenchymal Kewaxed and dehydrated, then fixed in 4% paraformaldehyde (PFA) for

epithelial cell conversion (Kispert et al., 1998; Stark et al.gg minutes at room temperature. Afterwashing with PBS, sections were

1994). WT1is expressed in both uninduced mesenchyme angeated with proteinase K (2@/ml) for 10 minutes, refixed with PFA

podocyte precursor cells of S-shaped bodies and matusgd washed with PBS. Samples were acetylated for 20 minutes, washed

glomeruli. It is required in the earliest phase of kidneyand hybridized (in 50% formamide, 20 mM Tris-HCI (pH 8.0), 500

formation (Armstrong et al., 1993; Kreidberg et al., 1993). Theig/ml tRNA, IxDenhardt’s solution, 10% dextran sulfate, 300 mM

winged helix transcription fact@®F2is specifically expressed NaCl, 10 mM NaP@(pH 8.0), 5 mM EDTA) with 200 ng probe/slide

in the interstitial stromal mesenchyme and has been shown gyernight at 65°C in a humidified chamber. Sections were washed for 40

e : inutes with 0.8SSC/20% formamide at 60°C followed by treatment
renpoit(:]uelﬁlltjemﬂzagt?rr]}sgtlo;}-oflcgzgré()j.ensed mesenchyme into tUbUI\%/]flth RNase for 30 minutes at 37°C, and washed again for 20 minutes

. . . . with 0.5xSSC/20% formamide at 60°C. Sections were blocked with
The Notch PathWay has been |mp||cated_ In kldneyblocking solution (100 MM maleic acid, 150 mM NaCl, 1% Boehringer
development. SpecificalliotchlandNotch2and their ligands  pocking agent) for 1 hour at room temperature and incubated with
Delta-likel (DIlI1) and Jagl are expressed in the maturing alkaline phosphatase-conjugated sheep polyclonal antidigoxigenin
nephron and glomerulus (Beckers et al., 1999; McCright et alantibody (Roche) diluted 1:2000 in TBS buffer overnight at 4°C. After
2001; Weinmaster et al., 1991; Weinmaster et al., 1992). In theashing twice with TBS, alkaline phosphatase activity was detected in

Xenopusgpronephros, Notch signaling has been proposed to e presence of NBT/BCIP (Roche).
involved in both the early determination of duct versus tubul
fate as well as in controlling tubule patterning (McLaughlin e
al., 2000). Furthermore, mice with a hypomorphic expressio
of Notch2exhibit a kidney glomerulogenesis defect (MccrlghtImmunohistochemical staining was performed in frozen (lanudin
etal., 2001). . . . ift from D. Abrahamson) or paraffin-fixed sections (all others).
We reported earlier that restricted expression of a humaBections were blocked with 5% goat serum, incubated with primary
PSEN1transgene in the developing brain and vertebral/sping|ntibodies at 4°C overnight, washed in PBS, incubated with 1/1000
column driven by the human Thy-1 promoter could rescue thglexa Fluor-488 or Alexa Fluor-594 conjugated secondary antibody
Psentnull patterning defects and lethal phenotype (Qian et al(Molecular Probe) for 1 hour at room temperature, washed in PBS,
1998). To bypass the early lethality of the PSEN null embryogyounted in glycerol/PBS. Digital images were obtained with a Zeiss
we bred the transgene onto tRseni and Psen2double  microscope (Axioskop 2). The primary antibodies used were Laminin
knockout background. We showed that expression of thgdigma, L9393), E-cadherin (Signal Transduction, C20820), WT1
humanPSEN1transgene supported the survival of the PSENflsevat: dcnc‘g’szgtgez)’3‘3"3(22%%\'5(;&?&""3'ggﬁ;l(iﬁg” Ségg‘i‘;'”g”\é‘f&)'
null embryos to the perinatal stage. Hoyvever, IOSS. of onoclonal antibody, developed by T. Jessell, and TROMA1l
presenilins resulted in profound nephrogenesis defects prlorcEe

?mmunohistochemical staining

SEN-null and the littermate control kidneys were dissected at various
evelopmental stages as specified in the figure legends.

. . monoclonal antibody, developed by P. Brulet, were obtained from the
development of comma- and S-shaped bodies. We provig§eyelopmental Stuélies Hybr?domgBank_

evidence that presenilins play an important role, probably

through the Notch signaling pathway, in the patterning of rendmbryonic proliferation and apoptosis

epithelial structures. Antibody to phosphorylated histone H3 (Upstate Biochemicals) was
used to detect mitotic cells (Wei et al., 1999). TUNEL assay was
performed as described (Gavrieli et al., 1992). All sections were

Materials and methods stained with methyl green to identify nucleated cells. Four-hundred to
i ] ) 600 cells per section were counted and the proportion of mitotic or
Breeding and genotyping of PSEN rescue mice apoptotic cells was determined as a fraction of the total number of

The generation and genotypingRdent andPsen2null and human nucleated cells, four kidneys/stage/genotype, five sections/kidney
PSEN1transgenic mice have previously been described (Donoviel etere counted.

al., 1999; Qian et al., 1998; Wong et al., 1997). The breeding strategy ) ) )

is shown in Fig. 1A. The mice analyzed in this study were on a mixeffidney organ culture and immunohistochemistry

genetic background of three strains (129, C57 and SJL). The day wh&mbryonic day 12.kidneyswere isolated and cultured in MEM/F12
the vaginal plug was observed was considered to be embryonic dagntaining 10% fetal bovine serum on Millicell culture plate insert
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(Millipore) at the medium/gas interface for 3 days. Kidneys were fixec A Psent-PSENL x Pser2--
in 2% paraformaldehyde for 10 minutes, then in 95% methanol for 1

minutes and washed in PBST (phosphate-buffered saline 0.1 M, p Psent- Pse®*- PSENL x Psent- Pser--
7.4, 0.1% Tween 20). They were stained whole-mount with anti-par
cytokeratin (Sigma, C2562) and WT1 (Santa Cruz, sc192) antibodie Psent- Pser?-~ PSENL x Psent- Pser?—-

at 4°C overnight, washed in PBS, incubated with 1/1000 Alexa Fluor
488 or Alexa Fluor-594 conjugated secondary antibody (Molecula
Probe) for 2 hours at room temperature, washed in PBS, mounted
glycerol/PBS and viewed under a Zeiss confocal microscop B Control Mutant Control Mutant
(LSM510).

Psent- Pser2--PSENL

Results

Morphological and histological characterization of ; :
presenilin rescue mice E135 PO

To generate mice carrying the hunfRBEN1transgene on the

endogenous mousd’sent and Psen2double knockout C  control Mutant D
(PsentPsen2PSEN1 or presenilin rescue) background, PSENL | s
we bred mice that were heterozygous for moRsenland
positive for PSEN1Rsent-PSEN1 line 16-4) (Qian et al.,
1998) with Psen2null (Psen2™) (Donoviel et al., 1999)
to produce offspring that were compound heterozygou
for endogenous presenilins and positive fG'SEN1
(PsenI/ Psen2’ PSEN). These mice were then crossed of presenilin rescue mice. (A) Mice carrying a single copy of the

twice with anlmals/ hetero/zygous fBisenland homozygous h,manPSENItransgene onto endogenous moBsent andPsen2

for Psen2 (Psent™Psen2™) to yield the desired mutant double knockoutRsent-Psen2-PSEN] or presenilin rescue)

genotype PsentPsen2/-PSEN]) (Fig. 1A). background were produced by three generations of breeding as
We reported earlier that expression of BfEN1transgene outlined. (B) Whole-mount photographs of presenilin rescue

was able to rescue the somite patterning defect oPsleat embryos (mutant) along with their littermates (control) at E13.5 (left)

null mice (Qian et al., 1998). Similarly, such transgeneand PO (right). (C) Dramatically reduced kidney size in presenilin

expression restored the somite structures that were completé%?cue (mutant) compared with that of a littermate control (control).

absent in PSEN-null embryos (Fig. 1B) (Donoviel et al., 1999)(_ ) Western blot analysis of PSEN1 expression of PO kidneys from

S AT : ontrol (lanes 1 and 2), presenilin rescue mutant (lane 3) and
Presenilin rescue mutants were indistinguishable whe SEN1-null (lane 4), documenting the absence of PSEN1 expression

compared with their littermate cor_1tr(_)IS prior tp E12'5' Atin the presenilin rescue kidney. Lower panel is hybridization with an
E13.5, the mutants were overtly similar to their littermatesyni s actin antibody as a loading control.

although they were slightly smaller in size, and this difference
became more dramatic over time (Fig. 1B). The mutants could
be unambiguously identified because their eyes lackegkspectively), only pretubular aggregates/renal vesicles (Fig.
pigmentation, a phenotype that is the subject of a separa2®, thin arrow) could be found in the PSEN-null kidney but
study. no comma- and S-shaped bodies were identified. This result
The presenilin rescue mutants died within 2 hours of birthindicates that presenilins play a critical role in the progression
Examination of the organs revealed that, at PO, the kidneys pretubular aggregates/renal vesicles towards comma- and S-
were dramatically smaller than that of the littermate controlshaped bodies during nephrogenesis. Analysis of kidneys at
(Fig. 1C), suggesting a defect in kidney development. Westelater stages (E15.5 and PO) supports this view as mature
blot analysis showed that the PSENL1 protein could be readitylomeruli, which could be readily detected in the controls (Fig.
detected in control kidneys (Fig. 1D, lane 1,2). However, as BE,G, thick arrows), were completely absent in the PSEN-null
was not detectable iRsentPsen2-PSEN1rescue mutant kidneys (Fig. 2F,H). The same kidney defect is present in
(Fig. 1D, lane 3), it suggests that the defect is due to the lossother PSEN rescue line (17-3) (data not shown), and we
of presenilins and the mutant kidney is herein referred atherefore conclude that the phenotype is the result of the loss
PSEN-null. of presenilin expression rather than transgene integration.
Histological analysis at various stages of kidney . . o )
development revealed that, at E12.5, the ureteric buds wefgalysis of inductive interactions
readily identified and were surrounded by condenseds kidney organogenesis involves reciprocal inductive
mesenchyme in both the control and the PSEN-null kidneysiteractions between the ureteric bud epithelium and the
(Fig. 2A,B, asterisks). This result suggests that the inductiveetanephric mesenchyme, we performed in situ hybridization
interactions between the ureteric bud epithelium and thef various ductal and mesenchymal markers to delineate the
metanephric mesenchyme proceeded normally in the absenaegin of the defect. Analysis dédnfand Bmp7showed that
of presenilins. However, at E13.5, while the kidneyboth molecules were expressed in PSEN-null kidneys similar
development was further advanced in the control, as evidencéaltheir littermate controls (data not shown), suggesting that the
by the appearance of pretubular aggregates/renal vesicleesenchymal stem cells were preserved. To investigate the
(distinguished upon further analysis, see Fig. 4) and comm#ductive processes, we analyzed the expressiofas®
and S-shaped bodies (Fig. 2C, thin arrow and arrowhead®x8 and Wnt4 At E12.5, comparable levels dfax2 in

B.a:tin — T— = ——

Fig. 1. Generation, morphological and biochemical characterization
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defect. The reduced numberRE&tpositive tips in the mutant
at E15.5 (Fig. 3D, compare ¢ with d) would thus probably be
the result of impaired secondary or tertiary branching
morphogenesis at this and later stages.

To exclude a possible contribution of stromal mesenchyme
to the defects, we further evaluated stromal mesenchyme
marker Bf2 expression and its levels were not significantly
different in the mutants and controls (data not shown).
Therefore, the combined data suggest that loss of presenilins
does not disrupt the early inductive interactions and that the
nephrogenic phenotype in PSEN-null kidney is probably due
to a defect intrinsic to the mesenchyme.

Analysis of mesenchymal to epithelial cell
conversion

The presence of mesenchymal condensates and aggregates but
absence of comma- and S-shaped bodies in PSEN-null kidney
prompted us to examine the mesenchyme to epithelium
transition (MET). The neuronal cell adhesion molecule
(NCAM) is highly expressed only in mesenchymal derivatives,
but not in the ureteric buds. NCAM-positive structures (green)
were readily detected in both the control and PSEN-null kidney
at E14.5 (Fig. 4A, parts a,b) and E16.5 (Fig. 4A, parts c,d).
The majority of NCAM-positive structures were also positive
for pan-laminin (Fig. 4A, red), which is found in the basement
membranes of both ductal and renal epithelia (Cho et al.,
1998). These data suggest that the mesenchymal derivatives
were competent for epithelization.

The proper expression of laminin A chain has been shown

Fig. 2. Hematoxylin and Eosin analysis of kidney development. to be crucial for epithelial polarization (Ekblom et al., 1990;
Right column, presenilin-null (Mutant); left column: littermate Klein et al., 1988). Polarized, laminial-positive renal
controls (control). At E12.5 (A,B), condensed mesenchyme vesicles were readily identifiable in PSEN-null kidney (Fig.
(asterisks) surrounding ureteric bud could be identified in both 4Bb, arrow). The epithelial nature of these mesenchymal

PSEN-null mutant (B) and the control (A). At E13.5 (C,D), while  gerivatives was further confirmed by their positive staining for
pretubular aggregates (arrows) could be seen in both the control (C)E-cadherin (present in both ductal and renal epithelia, green)

and the mutant (D), further advanced structures, such as comma- a . . . -
S-shaped bodies (arrowheads), could be detected only in the contro d negative for cytokeratin 8 (ductal epithelium only, red)

but not in PSEN-null kidney. At E15.5 (E,F) and PO (G.H), numerou Fig. 4C). These results establish the notion that presenilins are

glomeruli were formed in the control (E,G, arrows). These structured'0t required for MET.

were absent in the mutant (F,H). Scale bar: 10 . .
(FH) Hia Analysis of nephron patterning

Detailed examination of NCAM-positive structures revealed
mesenchymal condensates were observed in PSEN-null kidnéhat multiple types were identified, including laminin-low
and the control (Fig. 3A, compare a with b), but expressionsregular aggregates (Fig. 4A, asterisks), laminin-positive
of Pax8andWnt4were undetectable regardless of the genotyperganized renal vesicles with lumen (Fig. 4A, thin arrows), and
at this stage (not shown). At E13.5, levelsPak2 (Fig. 3A,  elongated laminin-expressing tubules (Fig. 4A, part d, thick
part f), Wnt4(Fig. 3B, part b) an®ax8(Fig. 3C, part b) were arrow), suggesting that the pretubular aggregates progressed
clearly detectable in mesenchymal derivatives, includingnto renal vesicles and tubules in PSEN-null mutant kidney.
aggregates (arrows), in PSEN-null kidney. However, there waSonsistent with this assessment, the E-cadherin-positive renal
reduced expression of these genes which is probably attributddrivatives in PSEN-null mutant, similar to the littermate
to the lack of differentiation to comma- and S-shaped bodiesontrol, have formed immature tubular structures which were
(Dressler et al., 1990; Plachov et al., 1990; Stark et al., 1994ither in close proximity (Fig. 4C, part b, arrowhead) or appear
Examination of these molecules at E15.5 of developmerib have connected with the duct (thick arrows in d and
yielded similar results (data not shown). arrowhead in f, Fig. 4C). These characteristics suggest the

Retmarks the tips of newly formed ureteric bud branchegormation of distal tubules. However, in contrast to the control
and its signaling is essential for inductive interactions (Pachnis which advanced tubules with adjoining glomerular clefts
et al., 1993). At E13.JRetexpression was comparable in the could be recognized (Fig. 4C, part e), the mutant structures
control and the mutant (Fig. 3D, compare a with b), indicatindailed to undergo further differentiation and patterning.
that the primary branching was not affected by the loss of To investigate a possible defect in proximal tubule
presenilins at this stage. As impaired nephrogenesis wakevelopment in the PSEN-null kidney, we performed staining
unambiguously documented at this stage, this result suggest#h Lotus Tetragonolobus lectin (LTL), which is a specific
that the ureteric bud signaling is not the primary cause for thmarker for proximal tubules (Cho et al., 1998). Remarkably,
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Control Mutant Control Mutant

A

E12.5 E13.5

Pax2 Pax2
B

E13.5 E13.5

Wnt4 s Pax8
D §a

E13.5 E15.5

Ret Ret

Fig. 3.In situ hybridization analysis #fax2(A), Wnt4(B), Pax8(C) andRet(D) expression. In A-C, the top panels are dark field and lower
panels are corresponding bright field. (A) At E12.5, the leveParx2were comparable between the control (a,c) and PSEN-null (mutant) (b,d).
At E13.5, reduce®ax2expression was observed in the mutant (f,h) compared with the control (e,g). This was also thé\tatde for

(B; compare b with a) andax8(C; compare b with a). Arrows indicate aggregate structures that are positive for all the markers. (D) At E13.5,
Retpositive structures were similar in the control (a) and the PSEN-null mutant (b). At E15.5, the nuRetgostitive tips was reduced in the
mutant (d) when compared with the control (c). Scale bars: in A part ani@@r A-C and D, parts a,b; in D, part ¢, 0@ for D parts c,d.

although the control kidney showed strong staining with LTLpart b). Close up examination of the ureteric bud tips showed
(Fig. 5A, parts a,c), no positive staining could be detected witthat, in PSEN-null culture, weak pan-cytokeratin positive
LTL in the mutant (Fig. 5A, part b,d). Immunostaining for renal tubules were formed and at least some appeared to have
WT1, which is highly expressed in the podocyte precursor celisised with the ureteric bud, which were strongly positive for
of S-shaped bodies and mature glomeruli (Ryan et al., 1995)an-cytokeratin (Fig. 5C, part d). However, compared with
revealed a complete absence of WT1 expression in PSEN-ntile control (Fig. 5C, part ¢), the PSEN-null renal derivatives
kidney as well (Fig. 5B). Thus, presenilins are absolutelyvere truncated and were negative for WT1 expression (Fig.
required for the formation of proximal structures including5C, part d). Similar results were also obtained when the
proximal tubules and glomeruli. control kidney cultures were treated with a presemn

To strengthen our in vivo findings, we next studied thesecretase inhibitor (data not shown). These in vitro organ
kidney development in organ cultures. Control and PSENeulture experiments thus lend support for an essential role of
null kidneys were dissected from E12.5 embryos angbresenilins in the patterning and differentiation of renal
cultured for 3 days. Whole-mount immunostaining withepithelial derivatives.
an anti-pan-cytokeratin antibody documented significant ) ) ) )
branching in both the control and PSEN-null kidneys afteFffect of proliferation and apoptosis during
three days of culture (Fig. 5C), consistent with the notio€phrogenesis
that the presenilins do not exert an effect on primarnalysis of cells undergoing active division with an anti-
branching morphogenesis. In agreement with our in vivgghosphorylated histone H3 antibody showed that the cell
results, PSEN-null kidneys were devoid of WT1 (Fig. 5C,proliferation profile was similar between the mutant kidney and
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Control Mutant Control Mutant

/CKS8

E16.5

Laminin oi] @

Fig. 4. Immunohistochemical characterization of renal derivatives. (A) Double staining with anti-NCAM (green) and anti-pan-laminin (red
antibodies at E14.5 (a,b) and E16.5 (c,d) of development. NCAM-positive, laminin-low (or negative) aggregates (asteriSidylanddN
laminin-positive renal vesicles (thin arrows) and tubules (thick arrow) were present in both the controls and PSEN-n)ll(Bh&Ea615

sections labeled with an anti-lamirarl antibody, which identified polarized renal epithelium in PSEN-null mutant (b, thin arrow). (C) Double
staining with anti-cytokeratin 8 (CK8, red, ductal only) and anti-E-cadherin (renal and ductal, green) antibodies. (a(o)d3E15.5.

(e,f) Magnified view of highlighted structures in c,d, respectively. E-cadherin-positive, cytokeratin 8-negative renal efeithvelises could

be identified that were either in close proximity (white arrowheads) or appear to have connected with the ureteric budtteckratavs).

Open arrowheads in e,f indicate site of fusion. Scale bars: in A, parfien &ir A,B and C, parts a-d; in C, part gu8 for C, parts e,f.

the control at both E13.5 (data not shown) and E15.5 (Fig. 6Activation (Fig. 6B, part d, arrowheads). Overall, our results
parts a,b). Double staining with the anti-NCAM (Fig. 6A, partssuggest that defective patterning of immature distal tubules
c¢,d) and cytokeratin 8 antibodies (not shown) indicated that the the absence of presenilins leads to the attenuation of
proliferation rate of renal and ductal derivatives, respectivelynephrogenesis and enhanced apoptosis.
were also similar. However, we cannot rule out the possibility _ o
that minor differences in cell proliferation in renal structuresAnalysis of Notch pathway molecules in kidney
affected the tubule growth and patterning in presenilirflevelopment
mutant. This finding is not unexpected because much of tHgecause an impaired Notch signal transduction is considered
mesenchymal derivatives that required active cell division havihe leading mechanism for the somite patterning defect of
already formed in the PSEN-null kidney. PSEN-null mice, we assessed the expression of Notch pathway
Measurement of apoptosis using the TUNEL assay revealedolecules in E14.5 PSEN-null kidneys. First, we examined
that, at E13.5, the number of apoptotic cells was low in botkell types exhibiting the preseniligsecretase activity by
the control and PSEN-null kidney, and no appreciablémmunostaining with an antibody that recognizes a PSEN-
differences could be identified (data not shown). However, atleaved and activated form of Notch1, the Notch intracellular
E15.5, the number of apoptotic cells was significantly highedomain (NICD) (Fig. 7A). Co-staining with an anti-cytokeratin
in the PSEN-null kidney when compared with the control (Fig8 antibody (CK8) marked the ductal derivatives. NICD was not
6B, compare a with b). Quantitative analysis showed that onlgxpressed above background in ureteric bud epithelium in both
0.93% of the cells was apoptotic in the control, while thehe control and PSEN-null samples (Fig. 7A). In the control
percentage of apoptotic cells reached 6.34% in PSEN-null. THedney, NICD immunoreactivity could be detected in
apoptotic cells were widespread with the majority localized tgretubular aggregates/renal vesicles (Fig. 7Aa), and comma-
the peripherial mesenchyme (Fig. 6B, part b, arrowheads). Tled S-shaped bodies (data not shown). PSEN-null kidney was
enhanced general apoptosis would contribute to the reduceeévoid of NICD although pretubular aggregates were present
kidney size in PSEN-null mutant. (Fig. 7A, part b). Notch activation was correlated with
Using co-immunostaining to detect the activated form ofxpression of its downstream tardgeéesrl (Heyl — Mouse
caspase 3 and NCAM (Fig. 6B, parts c,d), we were able tGenome Informatics) (Kokubo et al., 1999) in the control (Fig.
evaluate the apoptotic profile of the renal structures. Similar téB, part a). By contrasklesrlexpression cannot be detected
the control, pretubular aggregates and renal vesicles in PSEM-PSEN-null mutant (Fig. 7Bb), consistent with an obligatory
null exhibited no caspase 3 activity. However, high caspaser8le of presenilins in Notch processing and signaling. The
staining was observed in NCAM-positive tubular structures imesidual signal probably results from staining of blood vessels
the PSEN-null kidney (Fig. 6Bd, arrow). Similar to the TUNEL that also expresdesrl These results support the idea that a
staining, cortical mesenchyme also showed higher caspasepfesenilin-mediated nephrogenic signal is derived from the
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Control _

Control Mutant

B\ T |

WTI

Fig. 6.Cell proliferation and apoptosis analysis. Left column,
littermate controls; right column, presenilin-null. (A) Anti-
phosphorylated histone H3 was used to stain for mitotic cells (a,b).
Double staining with anti-phosphorylated histone H3 (red) and anti-
NCAM (green) antibodies labeled the renal derivatives undergoing
active division (c,d). (B) TUNEL assay revealed that the percentage
Fig. 5. Analysis of proximal derivatives. (A) Lotus Tetragonolobus  of apoptotic cells (arrowheads) was increased dramatically in the
lectin (LTL) staining revealed complete absence of mature proximal mutant (b) when compared with the control (a). (c,d) Double staining

tubules in PSEN-null (mutant) (b,d). (c,d) Magnified view of with anti-cleaved caspase 3 (red) and anti-NCAM antibodies (green)
highlighted structures in a,b, respectively. Residual positives in d  showed increased apoptosis in NCAM-positive renal derivatives
probably result from background staining of blood vessels. (arrow) as well as in cortical mesenchyme (arrowheads). The yellow

(B) Double staining with anti-E-cadherin (green) and anti-WT1 (red)dots are auto-fluorescence of the blood. Scale barmb0

antibodies documented the lack of WT1-expressing podocyte

precursors in PSEN-null kidney (b). (C) Whole-mount

immunostaining of kidney organ cultures with anti-pan-cytokeratin is not caused by the absence of mesenchymal derivatives as

(green) and anti-WT1 (red) antibodies. (c,d) Magnified view of ~ NCAM-positive pretubular aggregates and renal vesicles could
highlighted structures i_n a,b, respectively, revealing _the connection ¢fg readily identified in PSEN-null at this stage (Fig. 4A, part

weak-cytokeratin positive, truncated renal tubules with strong d). Therefore, this result suggests that Notch signaling is
cytokeratin positive ureteric bud terminal in PSEN-null kidney required for th’e maintenance Jeglexpression during kidney

culture (d). Scale bars: in A, parts a,b, 100; in A, parts c,d and B,

20 um; in C, parts a,b, 50m; in C, parts c,d, 1Am. organogenesis.

In situ hybridization analysis of another Notch ligabdl1,
showed that, in contrast téagl, DII1 was not expressed in
mesenchyme, and that presenilin-dependent Notch activatimondensed mesenchyme or pretubular aggredaitéspositive
and signaling is the mechanism in operation. staining could be seen in comma- and S-shaped bodies in the

We next investigated Notch liganddagl and DIl control kidney (Fig. 7D, part a, arrowheads), but Ditl
expression by in situ hybridization. At E14Jglwas not expression could be detected in the PSEN-null at any stages of
expressed in condensed mesenchyme (Fig. 7C, part arephrogenesis (Fig. 7D, part b). This negative staining could be
asterisks), but its expression was turned on in pretubulattributed by the lack oDIl induction caused by defective
aggregates in both the PSEN-null kidney and the control (FidNotch signaling or by the absence of comma- and S-shaped
7C, part a,b, arrows) and in comma-shaped bodies of thH®dies in PSEN-null mutant kidney. It is interesting to note that
control kidney (Fig. 7C, part a, arrowhead). Interestingly, aDIl1 expression seems to be restricted to a specific region of
E16.5, althoughlagl was strongly expressed in the control comma- and S-shaped bodies (Fig. 7D, part a, arrowheads),
kidney (Fig. 7C, part c, arrowhead), its expression was almosithough the fate of these cells is not clear. Similar to NICD and
undetectable in the mutant (Fig. 7C, part d). The losagf  Hesrl, both Notch ligands were not expressed in the ureteric
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Control Mutant undergoes further development to form pretubular aggregates,
renal vesicles and comma- and S-shaped bodies, only
pretubular aggregates and renal vesicles can be found in the
PSEN-null kidney. In situ hybridization analyses of kidney
development markers revealed thadnf and Bmp7 were
normally expressed in PSEN-null kidney (data not shown),
demonstrating that the uninduced mesenchyme was not
affected by the loss of presenilins. The positive staining of
Pax2 Pax8 and Wnt4 in the mutant established that the
metanephric mesenchyme was competent in receiving signals
from the ureteric bud to form condensates and aggregates. Last,
the fact thatRet which is a marker for the newly formed
ureteric bud tips, was expressed similarly in the control and
mutant at E13.5 suggests that presenilins do not exert a direct
effect on primary branching morphogenesis. The reduced
levels of mesenchymal markePax2 Pax8 and Wnt4in the
mutant at E13.5 and E15.5 are likely caused by the absence of
comma- and S-shaped bodies. The combined effect led to
impaired secondary and tertiary branching, as evidenced by the
decreased number Betpositive tips in the mutant at E15.5.
This notion is supported by kidney organ culture experiments
in which loss of presenilins only affected branching in a minor
fashion while formation of glomeruli were completely blocked.
Limited secondary and tertiary branching and increased
apoptotic cell death at later stages may in turn be the result of
the failed progression through nephrogenesis in the PSEN-null
kidney. These results, combined with our finding that
preseniliny-secretase activity is restricted to the mesenchymal
derivatives, support a role for presenilins in the differentiation
from pretubular aggregates and renal vesicles towards comma-
and S-shaped bodies within the mesenchyme.

Progression from pretubular aggregates to comma- and S-
shaped bodies requires the conversion and patterning of
mesenchymal cells into highly organized and polarized
epithelia. Analysis of cell adhesion molecules and
extracellular matrix proteins, NCAM and E-cadherin, revealed
that renal vesicles and tubular derivatives were partially
Fig. 7.Notch pathway analysis in the control (left) and PSEN-null  formed in the PSEN-null kidney. Importantly, laminin stained
(right) kidneys. (A) Immunohistochemical staining of presenilin-  these renal structures suggesting that they developed polarized
detpindetr)tl;llgﬁ(i(;grez?)(ceé(%;elssp?. lk-]‘r%t‘?é!c bt!ld was Im?‘rkefd by cells with basement membranes. Thus, presenilins are not
cytokeratin » ed). (B-D) In situ hybridization analysis o essential in the mesenchyme to epithelium transition.
Notch downstream targetesri(B), Notch ligandslagl(C) and However, despite the formation and apparent fusion of some

DII1 (D). All are at E14.5 except C, parts c,d, which are at E16.5. . - .
Thin arrows indicate pretubular aggregates/renal vesicles; E-cadherin positive distal renal tubule structures to the bud

arrowheads indicate comma- and S-shaped bodies. Scale bars: in APithelium, mature proximal tubules and glomeruli were
20um for A; B, 100um for B-D. completely absent in PSEN-null kidney. This conclusion was

supported by the negative binding to LTL and lack of
) ) _ expression of WT1, respectively. From these data, we

bud, again supporting a cell autonomous mechanism @fonclude that presenilins play an indispensable role in the
presenilin-dependent Notch signaling within the mesenchymeyatterning and differentiation of renal vesicles leading to

proximal tubules and glomeruli.
Discussion In contrast to inductive interactions and MET, our current

understanding about nephron patterning is limited. There are
Role of presenilins in nephrogenesis candidate regulatory mechanisms in tubule patterning by
Histological examination at various stages of kidneymolecules such as the cadherins, which are differentially
development showed that presenilin deficiency does not affeatgulated in the various renal epithelial compartments (Cho et
the reciprocal inductive interactions between the ureteric bual., 1998). However, gene knockout studies have not supported
epithelium and the metanephric mesenchyme. At E12.5, theeclear function of these molecules in nephron patterning (Dahl
mutant kidney was indistinguishable from that of littermateet al., 2002; Dressler, 2002; Mah et al., 2000). The presenilins
controls, as evidenced by the formation of condensetkepresent one of the first examples of molecules that play an
mesenchyme surrounding the ureteric buds. However, thessential role in patterning and differentiation of renal vesicle
difference became apparent at E13.5. While the control kidnejerivatives.

;‘
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Role of presenilins in Notch signaling during Although the physiological significance is not clear, impaired
nephrogenesis processing of these molecules cannot be excluded as a potential
Presenilins are indispensable for the processing and signalingechanism for the kidney defects. Through processing-
of Notch. This activity is highly conserved and likely accountandependent mechanisms, PSEN1 has been shown to interact
for the role of presenilins during somite patterning (Donovielith 3-catenin and to facilitate its turnover (Kang et al., 2002;
et al., 1999; Takahashi et al., 2000). Our analysis showed théia et al., 2002). Therefore, it is possible that deregulation of
the preseniliny-secretase activated form of Notchl (NICD), the B-catenin pathway in the PSEN-null may contribute to the
Notch downstream targédesrl and ligandsDII1 and Jagl  kidney phenotype. The Wnt pathway has been implicated in the
were expressed in mesenchymal derivatives and that theirductive phase of kidney development (Dressler, 2002), but is
expressions were critically impaired in PSEN-null kidneys.essentially unaffected in the PSEN-null. In addition, we have
Thus, the Notch pathway, particularly signaling throughcreated mice with a deletion of exon 10 of the endogenous
Notchl, may be the underlying mediator for presenilinPsenlessential for3-catenin interaction. Homozygous exon
activity in kidney development. It is noteworthy that mice 10-deleted mice, when crossed ontoRken2null background,
expressing a hypomorphic allele dfotch2 exhibit kidney are viable and do not exhibit kidney defects (H.Z.,
glomerulogenesis defects (McCright et al., 2001). As all fouunpublished). These observations thus argue against a potential
mammalian Notch proteins are presenilin substrates in vitrf-catenin involvement in the PSEN-null kidney.
(Saxena et al., 2001), a defective Notch2-mediated pathway In addition to the kidney patterning defe®sent and
may also account for the PSEN-null kidney phenotypePsen2double null embryos display other abnormalities, most
However, the presence of glomeruli in Notch2 mutant kidneysjoticeably defects in heart looping and vascular remodeling
albeit structurally abnormal, indicates that Notch2 functiongDonoviel et al., 1999; Herreman et al., 1999). These defects
downstream of tubule patterning (McCright et al., 2001).  were apparently corrected by the hunBEN1transgene
Although an essential role for the presenilins in Notchpresumably because of its early expression in mesoderm and
signaling has been well established, how this regulation affecis relevant cell derivatives. Indeed, the human Thy-1 promoter
Notch ligand expression has been the subject of controverdyas been shown to be active in endothelial cells (Gordon et
Some support a lateral inhibition model in which loss of Notchal., 1987), and expression dflesrl, although absent in
signaling resulting from presenilin deficiency leads to ectopicleveloping nephrons of the PSEN-null kidney, can be detected
overexpression of the ligand (Donoviel et al., 1999; Handlemn blood vessels. The analysis of mechanisms leading to these
et al., 2000); Others suggest that presenilin-mediated Notghhenotypes is currently ongoing.
signaling is necessary for proper induction of its ligand In summary, using our novel presenilin ‘rescue’ system, we
(Takahashi et al., 2000). The differences may be caused in padve identified a novel function of the presenilins in
by variations of the systems of study; as ligand expressiomephrogenesis. Specifically, presenilins are indispensable for
seems to be subjected to strict temporal-, spatial- and cell typtre patterning of renal epithelial structures to form mature
specific regulation. proximal tubules and glomeruli. Loss of presenilins is
In kidney development, detailed examination of expressioassociated with failed progression from renal vesicles to
patterns oflaglandDII1 yielded some interesting findings. comma- and S-shaped bodies. On the molecular level, we reveal
(1) Jaglis not expressed in condensed mesenchyme but its1 obligatory role of presenilins in the activation of Notch
expression can be detected in pretubular aggregates and resighaling and maintenance of the Notch ligdaglexpression
vesicles. This distinclaglstaining pattern was similar in the in the mesenchymal derivatives during kidney development.
control and the PSEN-null kidneys at E14.5, suggesting that
transition from condensed mesenchyme to pretubular The probes and antibody were mainly donated by R. Johnson (DII1,
aggregates does not depend on presenilins. Interestingf{p9l and Hesrl), Y. Furuta (Bpm7 and Bf2), B. Hogan (Gdnf), F.
although pretubular aggregates and renal vesicles still exist fPstantini (Ret) and D. Abrahamson (anti-lamanifh antibody). M.
PSEN-null mutant at E16.3aglexpression is lost. These data >'¢&rman and H. Lewis provided us with the preseytiacretase

inhibitor. We are grateful to R. Kopan and H.-T. Cheng for their advice

suggest that sustained Notch activation is necessary for ﬂaﬁ NICD immunostaining, and for sharing their results prior to

maintenance ofaglexpression during nephrogenesis. _ publication. We thank T. Zaidi, X. Chen and Z. Yu for expert technical
(2) In contrast tddagl DII1 message cannot be detected insupport, and J. Xu for image assistance. Valuable inputs from J. Miner,
pretubular aggregates. In the control kidrigyl expression R. Johnson, J. Rosen, R. Davis, S. Tsai, M. Justice and X. Wu are
seems to be restricted to a specific region of the comma- agckatly appreciated. This work was supported by grants from NIH
S-shaped bodies at E14.5. Although the origin of these cel(8/S40039 and AG20670) and Alzheimer's Association (IIRG-00-
is not known, this spatiotemporally restricted expressio®21). H.Z.is a New Scholar of the Ellison Medical Foundation.
pattern may imply functional significance. Indeed, during
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