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Zusammenfassung

Berichtet wird tiber ein phanotypisch weibli-
ches Neugeborenes der 37. SSW, welches
unter dem Bild einer Niereninsuffizienz am
14.Lebenstag verstarb. Das Kind zeigte einen
normalen ménnlichen Chromosomensatz
von 46 XY und eine ungewdhnlich stark aus-
gepragte, diffuse Mesangiosklerose mit in-
terstitieller Nephritis. Molekulargenetische
Untersuchungen sicherten die Diagnose ei-
nes Drash-Syndroms.

Diskussion: Das Drash-Syndrom ist ein selte-
nes sporadisch auftretendes Krankheitsbild
mit Glomerulopathie, urogenitalen Fehlbil-
dungen und Wilms-Tumor-Risiko. Die
Glomerulopathie ist das klinische Leitsym-
ptom. In der Regel entwickelt sich binnen
des 1.Lebensjahrs eine Niereninsuffizienz.

Schliisselworter

Drash-Syndrom - Kongenitales
Nierenversagen - Nierenentwicklung -
Pseudohermaphroditismus - Nephrotisches
Syndrom - Mesangiale Glomerulosklerose

M. Guschmann - M.Vogel - Abteilung fiir Paidopathologie und Plazentologie,
Medizinische Fakultat, Virchow-Klinikum, Humboldt-Universitat, Berlin
V.Schumacher - B. Royer-Pokora - Max-Planck-Institut fiir Molekulare Genetik, Berlin
H. Neitzel - Institut fir Humangenetik, Medizinische Fakultat, Virchow-Klinikum,
Humboldt-Universitdt, Berlin - Th. Lennert - Kinderklinik, Klinikum Benjamin Franklin,

Freie Universitat Berlin

Frither neonataler Tod
bei Drash-Syndrom

1970 beschrieben Drash et al. [4] 2 Fille
von Kindern mit Pseudohermaphrodi-
tismus. Beide Kinder entwickelten ei-
nen Wilms-Tumor und ein progredien-
tes Nierenversagen. Denys et al. be-
schrieben 1967 [3] ebenfalls ein Kind
mit Pseudohermaphroditismus, Wil-
ms-Tumor und Nephropathie. Die
Kombination dieser Befunde wird seit-
her als Drash-Syndrom oder korrekter
als Denys-Drash-Syndrom beschrie-
ben.

Dieses seltene Syndrom zeigt eine
Glomerulosklerose, die innerhalb der
ersten 3 Lebensjahre zum terminalen
Nierenversagen mit nephrotischem
Syndrom fiihrt. Daneben kénnen Fehl-
bildungen der Genitalien, wie Hypo-
spadie und Pseudohermaphroditismus
auftreten. Sehr hiufig, jedoch nicht in
jedem Fall, findet sich ein Wilms-Tu-
mor, moéglicherweise aufgrund der hédu-
fig kurzen Lebenszeit bis zum termina-
len Nierenversagen oder einer Nieren-
transplantation [15,16].

Der nachstehend dokumentierte
Fall eines genotypisch médnnlichen Kin-
des mit Denys-Drash-Syndrom ist inso-
fern auflergewohnlich, als das Kind in
einem Alter von 14 Tagen unter dem
Bild eines terminalen Nierenversagens
mit diffuser Glomerulosklerose ver-
starb, Befunde, die in der Regel erst Pa-
tienten in einem Alter von etwa 2 Jah-
ren zeigen [5].

Methode

Die Genanalyse wurde an Lymphozyten
mit der PCR-SSCP-Analyse (single
stranded  conformation  polymor-
phism) durchgefiihrt.

Es wurden eine Fixierung des Ge-
webes in 5 %igem Formalin, sowie eine
Routineeinbettung in Paraffin durchge-
fithrt. Folgende Farbungen wurden an-
gefertigt: HE-Fdrbung, Trichromfar-
bung nach Masson-Goldner, PAS-Fir-
bung, Elastika-van-Gieson-Fiarbung,
SFOG-Silberimpriagnation und MO-
VAD-Férbung.

Kasuistik

Berichtet wird iiber ein Neugeborenes
der 36+5 SSW. Die Mutter des Kindes
war eine 32-Jahrige II. Gravida, II. Para.
Das 1. Kind war ein gesundes Méddchen,
wobei dieses Kind jedoch von einem
anderen Partner stammte. Wihrend
der 2. Schwangerschaft entwickelte sich
zunédchst ein Oligohydramnion, zum
Zeitpunkt der Geburt bestand ein An-
hydramnion. Das Kind wog bei der Ge-
burt 3960 g, bei einer Scheitel-Fersen-
Lénge von 50 cm und einem Kopfum-
fang von 33,0 cm. Es bestand ein hoch-
gradiges generalisiertes Odem. Das
Abdomen war unauffillig. Beim Kind
lieBen sich folgende Laborparameter
nachweisen: Gesamteiweif 39 g/l, Krea-
tinin 2,3 mg/dl, Harnstoff 43 mg/dl. Un-
ter hochgradiger Proteinurie bis zu
2 g/Tag entwickelte sich binnen der
néchsten Tage eine zunehmende Hypo-
proteindmie bei gleichzeitigem Krea-
tininanstieg auf 4,5 mg/dl, deutlicher
Hypertonie und zunehmenden Ode-
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Medizinische Fakultdt, Virchow-Klinikum,
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Early neonatal death in Drash syndrome
Summary

A female phenotype newborn of a 37-week
gestation developed renal failure and died
after 14 days.The infant with a normal male
chromosome set 46 XY showed a moderate
diffuse mesangial sclerosis with interstitial
nephritis. The molecular genetic examina-
tion secured the diagnosis of Drash-syn-
drome.

Discussion: The Drash-syndrome is a rare
sporadic disease comprising glomerular dis-
ease, urogenital malformation and risk of
wilms-tumor.The glomerular disease is the
cardinal symptom.As a rule renal failure de-
velops within the first year of life.

Key words

Drash syndrome - Congenital nephropathy -
Kidney development -
Pseudohermaphroditism - End-stage-renal-
failure - Mesangial glomerulopathy

Originalien

men. Die Diurese war trotz Furosemid-
therapie riickldufig auf 0,3 ml/kg und h.
Eine Ultraschalluntersuchung zeig-
te rudimentdre Hoden. Eine zytogeneti-
sche Untersuchung ergab einem ménn-
lichen Chromosomensatz, 46 XY, bei
weiblichem Phénotyp. Die Kombinati-
on eines kongenitalen nephrotischen
Syndroms und eines Pseudoherm-
aphroditismus masculinus lieff an die
Diagnose eines Drash-Syndroms den-
ken. Trotz minimaler Fliissigkeitszu-
fuhr nahm das Kind schnell an Gewicht
zu. Bei zunehmender Ateminsuffizienz
lehnten die Eltern, nach eingehender
Riicksprache mit den behandelnden
Arzten, unter Beriicksichtigung der
Prognose des Drash-Syndroms, eine
weitere Therapie ab. Das Kind verstarb
nach 13'/, Tagen im Nierenversagen bei
konnatalem nephrotischem Syndrom.

Obduktionsbefund

Zur Obduktion gelangte ein Kind mit
einem Korpergewicht von 4500 g und
einer Scheitel-Fersen-Linge von 54,0
cm. Wir fanden einen Pseudoherm-
aphroditismus masculinus mit dufle-
rem weiblichem Genitale und Uterus
didelphys. Im kleinen Becken fanden
sich strangférmige hypoplastische Ho-
den in Hohe der Linea terminalis.
Beide Nieren waren vergroflert
(rechts 18,6 g, links 19,4 g), mit starker
Renkulierung sowie regelhafter Struk-
tur der Nierenbecken, Ureteren und

versorgenden Geféfle. Die Schnittfliche
war blafl-rot-braun. Infolge des ne-
phrotischen Syndroms waren diffuse
Weichgewebsodeme, eine serofibrindse
Pleuritis und Perikarditis sowie serofi-
brindse Ergiisse (je maximal 20 ml) in
den Korperhohlen nachweisbar. Neben
petechialen Blutungen wiesen beide
Herzkammern eine Dilatation auf.

Bei der Obduktion des Kindes
konnten weder die Manifestation eines
Wilms-Tumors noch evtl. Vorstadien,
im Sinne von kortikalen Blasteminseln,
diagnostiziert werden. Auch eine Aniri-
die lief3 sich nicht nachweisen.

Plazentabefund

Groflherdige Zottenreifungsarretierung
und -retardierung. Die Plazenta war
mit 835 g iibergewichtig.

Mikroskopischer Befund

Nieren: Zahlreiche Glomeruli mit Ver-
breiterung und Verwachsung der
Schlingen sowie diffuser Sklerosierung
der Kapillarlichtung waren sichtbar
(ADbD. 1, 2). Es fand sich eine Vermeh-
rung von PAS-positiver mesangialer
Matrix. Zahlreiche Tubuli waren atroph
und mikrozystisch aufgeweitet. Es fan-
den sich vielfach eiweiflreiche Zylinder
in den Lichtungen. Das Interstitium
war fokal fibrosiert. Interstitiell fand
sich ein Infiltrat, vorwiegend lympho-
zyto-monozytir. Zahlreiche Nierenge-
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Abb.1 A Nierenveranderungen eines 14 Tage alten Kindes mit Denys-Drash-Syndrom; mesangiale
Glomerulosklerose, EiweiBzylinder in zahlreichen Tubuli, interstitielles Entziindungszellinfiltrat
(Pfeil); (PAS, Vergr.100:1)

Abb.2 A Diffuse mesangiale Glomerulosklerose bei Drash-Syndrom mit Verbreiterung der mesangia-
len Matrix (Pfeil) und erhéhter Zellzahl innerhalb der Glomeruli; (PAS, Vergr. 400:1)





file zeigten eine Mediahypertrophie
und eine Fibrose der Adventitia.
Hoden: Es fanden sich beidseits schma-
le hypoplastische Gonaden. Innerhalb
eines lockeren Bindegewebes lagen
schmale Tubuli, entsprechend primiti-
ven, soliden Samenkanilchen.

Molekulargenetische Untersuchungen

Aus der DNA von Nierenzellen wurde
eine heterozygot vorliegende Mutation
im Tumor-suppressorgen WT1 festge-
stellt. Es handelte sich um eine Keim-
bahnmutation, die zu einem Aminosiu-
reaustausch in der Zinkfingerdoméne
II des kodierenden Proteins fiihrte. Die
Mutation ldf3t sich wie folgt beschrei-
ben: Exon 8; 1475 G:A bzw. 366 Arg:His.
Damit war bei der Kombination eines
Pseudohermaphroditismus masculinus
und diffuser mesangialer Glomerulo-
sklerose mit einer Keimbahnmutation
im WT1-Gen die Diagnose eines Drash-
Syndroms gesichert.

Diskussion

Zusammenhinge zwischen Fehlbildun-
gen des Urogenitaltraktes und des dufle-
ren Genitals sind bekannt [4]. In einer
grofleren Literaturiibersicht fand sich
in 66 von 265 Fillen eine Assoziation
von Urogenitalfehlbildungen und Pseu-
dohermaphroditismus [5]. Eine Asso-
ziation zwischen Hermaphroditismus
und der Ausbildung eines malignen go-
nadalen Tumors ist ebenfalls nicht un-
gewohnlich [5,8,9,13]. Der erste Bericht
eines Wilms-Tumors im Zusammen-
hang mit einem hermaphroditischen
Kind erschien 1912 [21].

Ein Syndrom, bei dem diese Kom-
bination anzutreffen ist, ist das Denys-
Drash-Syndrom. Das Denys-Drash-
Syndrom ist ein seltenes, sporadisch
auftretendes Krankheitsbild mit Glo-
merulopathie, urogenitalen Fehlbildun-
gen und Wilms-Tumor-Risiko. Erstmals
beschrieben wurde das Syndrom 1967
durch Denys, wenige Jahre spéter (1970)
durch Drash. Seither sind ca. 60 solcher
Fille beschrieben worden [9]. In einzel-
nen Fillen fand sich eine unvollstindi-
ge Auspriagung der oben beschriebenen
Trias. Die Glomerulopathie ist obligat,
Genitalfehlbildungen und Wilms-Tu-
mor konnen fehlen. In diesen Fillen
wird von einem inkompletten Drash-
Syndrom gesprochen [14,15].

Es besteht in der Regel vom 1. Le-
bensjahr an eine Glomerulopathie mit
einem sich rasch entwickelnden chro-
nischen Nierenversagen mit nephroti-
schem Syndrom, histologisch mit foka-
ler oder diffuser Mesangiosklerose.
Auffdllig werden die Kinder im Alter
zwischen 1 und 3 Jahren mit Protein-
urie, die rasch in eine Niereninsuffizi-
enz {ibergeht [5]. Nur in Einzelfdllen be-
steht bereits von Geburt an eine Nie-
reninsuffizienz [9].

Der hiufig vorhandene Pseudo-
hermaphroditismus tritt in unter-
schiedlicher Form auf. Bei einem
ménnlichen Karyotyp findet sich meist
ein intersexuelles oder weibliches du-
Beres Genitale, dabei evtl. mit einer Tes-
tisdysgenesie. Bei einem weiblichen
Karyotyp besteht meist ein unauffilli-
ges weibliches dufleres Genitale, evtl.
mit Hypoplasie von Vagina und Uterus.
Selten findet sich ein schmales streifen-
formiges Ovar. Beim Drash-Syndrom
besteht in der Mehrzahl der Fille ein
ménnlicher Pseudohermaphroditismus
[12].

Die Assoziation zwischen Fehlbil-
dungen des Urogenitaltrakts und der
Ausbildung eines Wilms-Tumors, mit
Bildung von undifferenziertem mesen-
chymalem Tumorgewebe, 1df8t einen
entwicklungsbedingten =~ Zusammen-
hang der Differenzierung der genitalen
und renalen Strukturen deutlich wer-
den [3, 4].

Der Zusammenhang ist in der Rol-
le des Tumorsuppressorgens WT1 zu
suchen [2]. Vor wenigen Jahren fiihrte
die Analyse zytogenetischer Deletionen
beim WAGR-Syndrom zur Klonierung
des Gens WT1, aus der Region p13 des
Chromosoms 11 [1, 7]. Das WT1-Gen
enthdlt 10 kodierte Exons. Aus der
Struktur 1463t sich ableiten, daf es sich
um ein DNA-bindendes Protein handelt
[1, 7]. Dieses Gen ist in etwa 10-15 % al-
ler Wilms-Tumoren deletiert oder mu-
tiert. Auch beim Denys-Drash-Syn-
drom konnten Mutationen in diesem
Gen nachgewiesen werden [18]. Die
Mutationen betreffen Aminosdureaus-
tausche in den Zinkfingerregionen und
fithren zur Synthese von Proteinen mit
verdnderten Eigenschaften. Hier findet
sich der Zusammenhang mit dem WTi-
Gen. Das WT1-Gen reguliert offenbar
Gene, die die epitheliale Differenzie-
rung innerhalb der Nephrone der Nie-
renentwicklung beeinflussen [20].

Werden diese ,,Zielgene“ nicht ak-
tiviert oder dereguliert, etwa beim Ver-
lust oder einer Mutation des Gens WT1,
kann es zur Transformation neoplasti-
schen Gewebes innerhalb der Nieren
kommen [22, 23].

Die beim Denys-Drash-Syndrom
stets vorhandenen Nierenverdnderun-
gen sind primére Verdnderungen, und
nicht, wie frither angenommen wurde,
hdmodynamischen Stérungen zuzu-
schreiben [17]. Stets sind samtliche
anatomischen Strukturen der Nieren
betroffen. Es finden sich eine teils foka-
le, teils diffuse mesangiale Sklerose,
charakterisiert durch eine Verbreite-
rung der mesangialen Matrix und eine
Zunahme der mesangialen Zellen in-
nerhalb der Glomeruli. Der Raum der
Bowman-Kapsel ist eng, die jux-
tamedulldren Glomeruli sind grofier
und ausgereifter als die subkapsuléren.
Der subkapsulidre Kortex ist eher atro-
phisch, mit schmalen Glomeruli [9, 10,
17,24]. Zahlreiche Glomeruli zeigen eine
fehlende Ausreifung. Die Glomeruli
sind in ihrer Gesamtzahl reduziert
[10]. Periglomeruldr iiberwiegt die Fi-
brose [9].

Zahlreiche Epithelzellen der Tubuli
sind geschwollen. Interstitiell findet
sich ein Infiltrat, vorwiegend lympho-
zyto-monozytdr, jedoch auch granu-
lozytér, herdformig mit Ausbildung von
Mikroabszessen, verstirkt in Nihe der
Kapsel [5,16].

Zahlreiche Nierengefifle, unab-
hingig von ihrer Grofle, sind verdickt
im Sinne einer Mediahypertrophie und
Fibrose der Adventitia. Die GefafSlumi-
na sind in der Regel schmal, mit geringer
Wandhyalinose der Arteriolen [4].

Histologisch entspricht das Bild
einer mesangialen Glomerulopathie
[9, 10]. Es ist anhand der histologi-
schen Veridnderungen allein unméog-
lich, das Krankheitsbild des Drash-
Syndroms von anderen kongenitalen
nephrotischen Syndromen abzugren-
zen.

Das Drash-Syndrom muf3 differen-
tialdiagnostisch gegen das Frasier-Syn-
drom abgegrenzt werden. Hierbei han-
delt es sich um ein Krankheitsbild mit
Nephropathie, XY-Gonadendysgenesie
und Gonadoblastomrisiko. Es 1483t sich
keine WTi-Mutation nachweisen, zu-
dem treten die Nierenverdnderungen
deutlich spiter als beim Drash-Syn-
drom auf [6,18,19].
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Treten neben Genitalfehlbildungen
und einem Wilms-Tumor noch eine
Aniridie und eine geistige Retardierung
auf, dann wird dieser Komplex assozi-
ierter Krankheiten als WAGR-Syndrom
bezeichnet. Hier liegen u. a. zytogene-
tisch Deletionen im Chromosom 11 vor
[13, 22]. In Féllen eines nephrotischen
Syndroms innerhalb des 1. Lebensjahrs
miissen die kongenitale Nephrose des
Finnischen Typs, die Minimal-change-
Nephrose und die diffuse mesangiale
Proliferation ebenfalls mit in die diffe-
rentialdiagnostischen Erwdgungen ein-
bezogen werden, lassen sich jedoch von
den oben beschriebenen Krankheitsbil-
dern insofern abgrenzen, als in der Regel
keine weiteren Fehlbildungen oder
Stigmata nachweisbar sind [16].

Die Therapie des Drash-Syndroms
besteht bei élteren Kindern im Fall der
terminalen Urdmie in Peritonealdialy-
se, Hdmodialyse oder einer Nieren-
transplantation [17].

Die Kombination einer Nephropa-
thie mit Plazentaverdnderungen in
Form einer Plazentomegalie und Zot-
tenreifungsarretierung wurde bereits
beim konnatalen nephrotischen Syn-
drom beobachtet, sowohl beim Finni-
schen Typ als auch bei der diffusen me-
sangialen Glomerulosklerose [11]. Eine
grofherdige Zottenreifungsarretierung
liegt zudem gehduft in Kombination
mit Fehlbildungen bzw. chromosoma-
len Aberrationen vor [25].
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Abstract Constitutional missense mutations in the W71
gene are usually associated with the Denys-Drash syn-
drome, characterized by a rapid progressive nephropathy,
male pseudohermaphroditism, and an increased risk for
Wilms tumor. We report here a patient with scrotal
hypospadias and a slow progressive nephropathy due to
focal and segmental glomerulosclerosis. WT'/ mutation
analysis revealed a constitutional missense mutation in
exon 9 resulting in an exchange F392L. This mutation has
previously been reported by others in a patient with a
similar mild course of nephropathy. In contrast, a muta-
tion in the corresponding codon of exon 8 (F364L) was
previously found by us in a patient with a very rapid
progression to end-stage renal disease. Whether the
position of a mutation may influence the course of the
nephropathy must be evaluated in a larger patient cohort.
The individual tumor risk for this alteration cannot be
given at present because neither of the two patients has
shown evidence of a Wilms tumor or a gonadoblastoma to
date.

Petras Kaltenis and Valérie Schumacher contributed equally to the
work

P. Kaltenis - A. Jankauskiené
Vilnius University Children’s Hospital,
Vilnius, Lithuania

V. Schumacher - B. Royer-Pokora

Institute of Human Genetics and Anthropology,
University Hospital, Heinrich Heine University,
Diisseldorf, Germany

A. Laurinavicius
Vilnius University and National Center of Pathology,
Vilnius, Lithuania

V. Schumacher (5)

Institut fiir Humangenetik und Anthropologie,
Heinrich-Heine Universitit Diisseldorf,
Universititsstrasse 1, 40225 Diisseldorf, Germany
e-mail: schumacv@uni-duesseldorf.de

Tel.: +49-211-8112356

Fax: +49-211-8112538

Keywords Denys-Drash syndrome - Frasier syndrome -
Focal segmental glomerulosclerosis - Diffuse mesangial
sclerosis - Nephropathy - Wilms tumor

Introduction

The Wilms tumor suppressor gene W7/ plays an impor-
tant role in the development of the urogenital system and
the gonads. Constitutional missense and splice mutations
in this gene cause the two similar clinical conditions
Denys-Drash syndrome (DDS) and Frasier syndrome
(FS). Both syndromes are characterized by male pseudo-
hermaphroditism, a progressive glomerulopathy, and the
development of genitourinary tumors, but specific char-
acteristics apply to each disorder [1, 2, 3, 4]. Accumu-
lating evidence supports the notion that DDS and FS form
two ends of a spectrum of disorders with clinical and
mutational overlaps [5, 6]. The predominant mutation
types in DDS are missense mutations in exon 8 and 9,
whereas splice mutations affecting the splice site usage in
exon 9, and thus resulting in an abnormal +KTS/-KTS
isoform ratio, are usually found in FS [7, 8]. We present
here a child with scrotal hypospadias and non-progressive
nephrotic syndrome carrying a missense mutation in the
WTI gene resulting in F392L. The same mutation has
been reported in a child with characteristics of FS rather
than DDS [9].

Case report

The patient was born from a second uneventful pregnancy with
signs of heavy (perineal) hypospadias: small, curved, clitoris-like
penis, urogenital sinus, urethra opening at the middle of scrotum;
the testes were not palpable, right-sided inguinal hernia and
umbilical hernia were noted. Karyotyping showed a normal XY
karyotype. Gonadotropin and testosterone levels were slightly
elevated. At the age of 3 years the patient underwent surgery
because of cryptorchidism. Right orchidopexy was performed and
the left gonad was removed. Its pathomorphological examination
showed rests of testicular and ovarian tissues. Later two further
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surgical procedures were performed to correct the urethra and
scrotum.

At the age of 1.5 years proteinuria was detected for the first
time, ranging from 0.5 to 5 g/l. Slight hypertension and edema were
occasionally noticed. No active treatment was given except for
captopril at times of elevated blood pressure. Proteinuria persisted
in the range of 1.5-2 g/day. At the age of 4 years 9 months a renal
biopsy was performed.

The light microscopy specimens contained renal cortex with 21
glomeruli. No globally sclerosed glomeruli were present. The
glomeruli revealed mild expansion of mesangial matrix without
hypercellularity, with focal positivity for collagen by van Gieson
stain. Seven of the glomeruli (especially those located in the
subcapsular area of the kidney) showed extensive mesangial
expansion with segmental sclerosis and hyalinosis of the capillaries.
Segmental thickening of the glomerular capillary wall was noted in
some glomeruli. Tubular epithelial cells showed pronounced
degenerative changes. A few tubules showed microcystic dilatation
with slightly positive casts with periodic acid-Schiff staining. The
interstitium contained very few and small foci of mononuclear cell
infiltration and fibrosis. Small arteries were unremarkable. Congo
red staining for amyloid was negative. Immunofluorescence on
frozen sections using Dako rabbit polyclonal antisera against
human IgG, IgA, IgM, and C3 revealed weak-to-moderate staining
for IgM in the mesangium and weak segmental pseudolinear IgG in
the periphery of the glomerular capillary wall. The changes were
summarized as focal and segmental glomerulosclerosis (FSGS)
with focal features of mesangiosclerosis and mesangial deposition
of IgM.

Treatment with prednisolone (40 mg/day) with cyclophospha-
mide (50 mg/day) and enalapril was introduced. One month later no
substantial decrease of proteinuria was observed. The treatment was
changed to three intravenous pulses of methylprednisolone fol-
lowed by alternate-day prednisolone, cyclophosphamide, and enal-
april. However, this produced no obvious benefit. For this reason
cyclophosphamide was replaced by cyclosporine at doses of 100—
200 mg/day depending on its serum concentration. These changes
of treatment resulted in a marked decrease in proteinuria, enabling
us to gradually taper doses of prednisolone and finally discontinue
the steroid therapy. Proteinuria decreased to approximately 0.1 g/
day, blood pressure and blood chemistry normalized. The general
status of the patient was good at all times. No new complaints
appeared, except for a mild gingival hyperplasia. Proteinuria was
minimal, renal function remained stable, and kidney ultrasonogra-
phy normal. After approximately 2.5 years of cyclosporine therapy,
a second kidney biopsy was performed to judge the necessity of
further therapy.

The specimen submitted for light microscopy contained renal
cortex with 15 glomeruli. There were no globally sclerosed
glomeruli present. A few glomeruli revealed mild expansion of
mesangial matrix without hypercellularity. Three of the glomeruli
revealed segmental thickening and reduplication of glomerular
capillary wall. No evidence of FSGS was found. Tubular epithelial
cells were unremarkable. Interstitium was not expanded. Small
arteries were unremarkable. Congo red staining for amyloid was
not performed. Immunofluorescence was performed on frozen
sections using Dako rabbit polyclonal antisera against human IgG,
IgA, IgM, and C3. Six glomeruli were present in the sections and
revealed segmental weak pseudolinear and slightly granular fluo-
rescence for IgM and IgG and equivocal staining for IgG and C3 in
the periphery of the glomerular capillary wall. Electron microscopy
was not performed. The changes were summarized as focal
mesangial and membranoproliferative glomerular changes with
weak segmental deposition of IgM and IgG in the periphery of the
glomerular capillary wall. Immunosuppressive treatment was dis-
continued and the patient received only enalapril.

Several months later proteinuria increased to approximately
1.5 g/day and a transitory rash was observed that was considered
due to enalapril. Cyclosporine therapy was reintroduced and
enalapril replaced by lacidipine.

Several mild adverse effects, possibly related to immunosup-
pressive therapy, were noted during the next 6 months, namely,

Control
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Reverse strand: 1176 AAG=>AAC
Forward strand: 1174 TIC=TIG 392 Phe=Lleu
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Fig. 1 Sequencing chromatogram of the reverse strand from exon
9. The nucleotide exchange is marked by an arrow and the mutated
triplet and corresponding amino acid change are shown

transient aphthous eruptions in the mouth, upper respiratory tract
infection with radiological signs of sinusitis, and desquamation of
fingers, toes, and soles, considered by a dermatologist as a fungal
infection. Cyclosporine therapy was discontinued.

The last examination at the age of 9 years revealed some
elevation of blood pressure (128/98 mmHg); peripheral blood
analysis showed a slightly elevated erythrocyte sedimentation rate
(24 mm/h by Westergren). The serum creatinine level was 79 umol/
1. The glomerular filtration rate by the Schwartz formula was 94 ml/
min per 1.73 m?. Kidney ultrasound examination remained without
noticeable changes. Proteinuria reached 3.6 g/day. The parents
refused the reintroduction of cyclosporine therapy and the patient
remained on enalapril only.

At the age of 8 years a genetic analysis of the WT'I gene was
performed. Using polymerase chain reaction/single-strand confor-
mation polymorphism analysis as described previously [10], an
altered banding pattern was found in exon 9 of the W7/ gene.
Direct sequencing revealed a transversion from TTC>TTG at
nucleotide position 1176 (Fig. 1). This results in an exchange from
Phe>Leu at codon 392. The same mutation has been found
previously in a patient described as having FS [9]. The main
characteristics of that patient were hypospadias, cryptorchidism,
and proteinuria noted at 5 years, with a slow progression.

Discussion

This patient is interesting in several aspects. Firstly, one
of the undescended testes contained both testicular and
ovarian elements with fimbriae. Secondly, the nephrop-
athy was morphologically characterized as FSGS rather
than diffuse mesangial sclerosis. To date it is non-
progressive and partially responsive to immunosuppres-
sive therapy. Under such therapy the nephropathy even
improved, as was shown by the second kidney biopsy.
Such a course and gonadal dysgenesis are more charac-
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P49953!WT1_ SMIMA 162 RHQRRHTGVKPFQCKTCQRK |F| SRSDHLKTHTRTHTGKTSEK 202
P49952!WT1 RAT 371 RHQRRHTGVKPFQCKTCOQRK [F| SRSDHLKTHTRTHTGKTSEK 411
062651 !WT1_PIG 372 RHORRHTGVKPFQCKTCQRK |FF| SRSDHLKTHTRTHTGKTSEK 412
P22561!WT1 MOUSE 372 RHQRRHTGVKPFQCKTCQRK |F| SRSDHLKTHTRTHTGKTSEK 412
P19544!WT1 HUMAN 372 RHQRRHTGVKPFQCKTCQRK |F| SRSDHLKTHTRTHTGKTSEK 412
P50902!WT1_ALLMI 211 RHQRRHTGVKPFQCKTCQRK |F| SRSDHLKTHTRTHTGKTSEK 251

Fig. 2 Comparison of a part of the W7/ sequence from different
species demonstrating conserved amino acids. The affected phe-
nylalanine (F) is highlighted by a box and the two cysteines (C) and

Fig. 3 Schematic drawing of
the zinc finger domain of the
WTT1 protein. Highlighted is the
mutation described here
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two histidines (H) of the zinc finger are printed in bold (SMIMA
Sminthopsis macroura, ALLMI Alligator mississippiensis)
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teristic of FS [11]. However, the mutation found in this
patient is not a splice site mutation, characteristic for FS,
but a missense mutation. Missense mutations are usually
associated with DDS.

The same mutation has been previously described in a
patient with FS [9]. Interestingly, the clinical course was
very similar to that of our patient. Proteinuria was noted at
the age of 5 years with minimal change on renal biopsy.
At the age of 8 years, proteinuria was aggravated, and at
the age of 13 years renal biopsy showed a progressive
stage of glomerulosclerosis. Hemodialysis was started at
that time. He had a 46,XY karyotype with hypospadias
and cryptorchidism. Pathological findings at the time of
gonadectomy revealed gonadal dysgenesis or streak
gonad. He did not develop Wilms tumor. Missense
mutations commonly associated with DDS have not been
reported in FS patients to date. For this reason Kohsaka et
al. [9] analyzed whether the nucleotide change affects the
splicing of the +KTS formation. This was not the case.

Most missense mutations found in DDS patients
involve amino acids either important for DNA binding
(exon 8 and 9, arginines and aspartic acids) or critical for
zinc finger structure (exon 8 and 9, histidines and
cysteines) by complexing zinc ions [12]. To assess the
effect of DDS mutations affecting the arginine at position
394 and the aspartic acid at position 396, Pelletier et al.
[7] performed gel shift experiments with an oligonucle-
otide containing the EGR consensus sequence. Neither of
the two mutant WT1 proteins was capable of binding this
sequence. The mutation at codon 392 Phe>Leu presented
here does not fall into the two categories described but
affects an amino acid critical for the zinc finger structure,
and may therefore lead to a protein with defective DNA
binding. The WTI1 protein belongs to the category of
C2H2 zinc fingers where two cysteines and histidines
coordinate a zinc ion. The following pattern describes this
zinc finger. #-X-C-X(1-5)-C-X3-#-X5-#-X2-H-X(3-6)-
[H/C], where X can be any amino acid, and numbers in
parentheses indicate the number of residues. The posi-
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tions marked # are those that are important for the stable
fold of the zinc finger. The final position can be either His
or Cys. The C2H2 zinc finger is composed of two short
beta strands followed by an alpha helix, and binds to the
major groove of the DNA double helix (accession number
PF00096). In the case of zinc finger 3 of WTI the
sequence is as follows: FQCKTCQRKEFSRSDHLK-
THTRTH. Underlined is the affected amino acid phenyl-
alanine, corresponding to one of the amino acids marked
with # in the sequence above. This phenylalanine is
conserved in WT1 zinc fingers 2, 3, and 4 and between
different species (Fig. 2). Previously, we have found a
mutation in exon 8 at codon 364 changing a phenylala-
nine to leucine at the corresponding position in zinc finger
2 (Fig. 3, Schumacher et al. [13]). The patient had DDS
with male pseudohermaphroditism and an early onset of
nephropathy (6 months) progressing to end-stage renal
disease within 3 months. Renal biopsy revealed the
classical diffuse mesangial sclerosis as described by
Habib et al. [14]. This rapid progression is in contrast to
the slow progression in the patient presented here and
reported by Kohsaka et al. [9], suggesting a positional
effect of the mutations. Interestingly, Jeanpierre et al. [15]
found a similar positional effect of mutations on the
phenotype. Depending on which arginine was affected,
R394 in exon 9 or the corresponding R366 in exon 8§, the
external genitalia were ambiguous or female in 46,XY
patients. They concluded that exon 8 and 9 mutations may
have different roles in urogenital development. Whether
the F392L mutation is typically associated with a milder
form of nephropathy or may present phenotypically as
variable as the R362X [16] needs further investigation. In
conclusion, WT'1 genotype-phenotype correlation studies
may be useful for estimation of the prognosis in children
with a nephropathy. As none of the two patients with the
F392L mutation has either developed a Wilms tumor or a
gonadoblastoma, the individual tumor risk cannot be
given at present.
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Bilateral Wilms Tumor in a Boy with Severe
Hypospadias and Cryptorchidism Due to a
Heterozygous Mutation in the WT1 Gene

BIRGIT KOHLER, VALERIE SCHUMACHER, URSULA SCHULTE-OVERBERG,
WOLFGANG BIEWALD, THOMAS LENNERT, DAGMAR I"ALLEMAND,
BRIGITTE ROYER-POKORA, ANNETTE GRUTERS

Departments of Pediarric Endocrinology [B.K., DA., A.G.] and Pediutric Hematology/Oneology [U.5.-0.},
Humbold: Universitiit zu Berlin, Departments of Pediatric Surgery [W.B.] and Pediatric Nephrofogy (T.L.].
Freie Universitdt Berlin, Institute of Huwman Genetics [V.5., B.R.-P.], Universitdt Diisseldorf, Germany.

Mutations in the WT! gene causing Wilms tumors were first (o the conclusion that in newborns with severe urogenital malfor-
reported in WAGR syndrome (Wilms tumor, Aniridia, Genitouri-  mations not due to known chromosomal or endocrine disorders
nary malformation, mental Retardation) and Denys Drash syndrome  mutational screening of the W11 gene should be performed, to
(pseudohermaphroditism, Wilms tmor, nephropathy), butonly ina  evaluate the high risk of developing 2 Wilms tumor. We favor
few patients with hypospadias and cryptorchidism without other  mutational screening in these patients as an easy tool for investiga-
signs of Denys Drash (DDS) or WAGR syndrome WIT mutations  tion, because i the future it will probably decrease the necessity of
were identified. We report a boy, who was bomn in 1989 with  frequent control visits in patients without a WT1 mutation. (Pediafr
hypospadias and bilateral cryptorchidism. Previous karyotyping and ~ Res 45: 187-190, 1999)
endocrine studies had ruled out any known cause of male
pseudohermaphroditism. Subsequenty, he developed a bilaleral Ahbbreveations
Wikms tumor, which was detected by palpation at the age of 15 WT1, Wilms tumor suppressor gene |
months during a routine visit by the general pediatrician. Because of ~ DNA, desoxyribonucleid acid
its extensive size, surgery and chemotherapy were needed for kb, kilobuses
treatment. Analysis of the WTI gene was performed 5 y after  WAGR Wilms tumer, aniridia, genitourinary malformation,
diagnosis and revealed a C to T {ransition in one allele generating 4 mental retardation
stop codon at codon 362 and subsequently leading o a truncated  DDS, Denys Drash syndrome
protein with loss of its ability to bind to DNA. No signs of DDS or  HCG, human chorionic gonadotropin
WAGR syndrome are present in the boy. The work up of this patient  PCR, polymerase chain reaction
and the so far known few comparable cases from the lierature lead  SSCP, single stranded conformational polymorphism
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The Wilms tumor suppressor gene 1 (WTI) encodes a tumors, germline mutations of the WTI gene were detected
transcription factor playing a major role during early embryo-  causing early Wilms tumors in patients with Denys Drash
nal development of the kidneys and the urogenital system in  syndrome (DDS), another syndrome with inborn urogenital
mammals. It is highly expressed in the early developing kidney — malformations consisting of male pseudohermaphroditism, ne-
and the gonads (1, 2). WTI is located on chromosome 11p13.  phropathy and Wilms tumor (5, 6). Until now almost 150 cases
consists of 10 exons, covers 50 kb and belongs to the zine  of DDS have been described, and mutations of the WT/ gene
finger family of transcription factors (3, 4). It was detected by  have been detected in 48 to date genetically analyzed cases
positional cloning from the genomic DNA of patients with  (7-9), In three analyzed cases no mutations in the coding
WAGR syndrome (Wilms tumor, Aniridia, Genitourinary mal-  sequence of the WTI gene were found (10, 11).
formations, mental Retardation) carrying deletions of the Additionally, germline mutations of W1 were found so far
t1p13 region. Since then, apart from deletions of the W77 gene  only in six children, with severe urogenital malformations and
in WAGR syndrome and tumor-specific alterations in Wilms  ng other signs of DDS or WAGR syndrome, who developed

: Wilms tumor at an early age (12-15). This study reports the
diagnosis in a boy with severe hypospadias and bilateral

Received March 9, 1998; accepted Fuly 2, 1948, T - H f th
; - . G . who was born 1 year before cloning of the
Correspondence: Birgit Kohler, Charité, Campus Virehow-Klinikum, Kinderpeliklinik, cryptorchidism Y g

—

Humbaldt Universitit zu Berlin, Avgustenburger Plaz 1, 13353 Berlin, Germany, WT! gene and developed a bilateral large Wilms tumor at the
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Figure 1. External genitalia of the patient.

age of 15 months, which required extensive surgery and che-
motherapy for treatment,

THE PATIENT

The patient was born in 1989 as the second child after an
vneventful pregnancy (1 y before the cloning of the WT'T gene).
He presented at birth with severe hypospadias and bilateral
cryptorchidism (Fig. 1). The karyotype was normal male (46,
XY). Penis size was normal, the scrotum was normally rugated
and no hyperpigmentation was visible. Defects of testosterone
synthesis, androgen-receptor defects and congenital adrenal
hyperplasia were ruled out hy bhiochemical and molecular
genetic sindies. Sonography of the kidneys revealed a dupli-
cation of the left kidney and left ureter (Fig. 2). A mild
vesicoureteral reflux was treated with low-dose antibiotics.

At the age of 15 months during a routine control by the
peneral pediatrician, abdominal extension was obscrved and a
giant abdominal mass (18 cm X 18 cm) reaching from the
upper left to the middle abdomen waskpalpated, Subsequently
bilateral Wilms tumor of stromal-predominant histology was
diagnosed. For treatment three courses of chemotherapy (1.
Actinomyein, Vineristin, 2. Cyclophosphamid, Adriamycin,
Vincnstin, Actinomycin, 3. VP 16, Carboplatin, [fosfamid,
Adriamycin, Vineristin) and left-sided nephrectomy was needed.

Puring surgery a thorough examination of the internal gen-
italia revealed both testes being attached to the frontal lower
poles of the kidneys, and rudiments of a uterus and vagina were
seen. The left testis was removed and the right testis was
brought and fixed in the scrotum.

Atthe age of 6 and 7 v, surgical corrections of the urogenital
malformation were performed. The rudimentary vagina was
excised and the right endocrine nonfunctional testis, as proven
hy negative HCG test, was removed. Until now (7 y after

Figure 2. Internal genitalia of the patient.

therapy), no relapse of Wilms tumor and no further signs of
DDS or WAGR syndrome were detectable.

METHODS AND RESULTS

Analysis of the WTI gene was performed as previously
described (12). The patient’s genomic DNA was isolated from
peripheral leukocytes, and subsequently PCR-SSCP analysis of
all 10 exons of the W7/ gene was performed. An aberrant
banding pattern was observed in exon 8. Sequencing revealed
a C to T transition in one allele at position 1084 resulting in a
stap codon (**’Arg to Stop). During translation this mutation
leads to a truncated protein missing the last three zink fingers
which are necessary for DNA binding (Fig. 3) (16).

DISCUSSION

WAGR syndrome and DDS are rare syndromes with asso-
ciation of urogenital malformations and Wilms tumor due to
deletions and mutations of the W7/ gene. WAGR syndrome
has been observed in 2% of Wilms tumor cases. Hypospadias
and cryptorchidism were reported in up to 4.4% in children
with Wilms tumor (17-19). In a recent study in 4% of patients
with urogenital anomalies and Wilms tumor, WT/1 mutations
were detected {20). The boy described in this study so far is
one of the very rare published cases with severe urogenital
malformations and early developing Wilms tumor due to a
mutation in the WT! gene without signs of DDS or WAGR
syndrome.

All patients with germline mutations of the WT/ gene are
only heterozygous for the mutated allele. Mice, homozygously
deleted for WT1, fail to develop kidneys or gonads, verifying
a critical role for WT1 in urogenital development (21). There
are three major types of mutations: 1. missense mutations
altering amino acids that directly interact with the DNA target,
2. substitutions of amino acids involved in zinc complexing,
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Figure 3. (A4) Sequence analysis of the patient and a healthy control showing the heterozypgous point mutation (1084 C-=T) of the patient. () WTV gene and
protein structure including the mutation of the patient, which is leading to a truncated protein (23).

and 3. nonsense mutations leading to the removal of at least
two zinc fingers. As shown in wansfection assays, WI'! muta-
tions can act in a dominant negative [ashion with loss of
normal DNA binding of WT! through loss or conformational
change of the DNA binding zinc finger region and thereby
decreased transcriptional suppression activity (16, 22). It has
been suggested that in most cases with a heterozygous WTJ
mutation, a second hit leading to loss of heterozygosity seems
to be important for tumor genesis, because almost all Wilms
tumors in those patients are homozygous for the mutated allele
(12, 23, 24). '

From this study and our current knowledge, we have to
conclude that molecular genetic studies of the WT1 gene are
mandatory in the work up of newborns with severe urogenital
anormalies, As children with severe urogenital malformations
due to a heterozygous mutation in the W71 gene are at high risk
for the development of a Wilms tumor at an early age, efforts
should be taken to identify those children immediately after
birth to follow them closely. In children with severe hypospa-

“dias and cryptorchidism after exclusion of other chromosomal,
endocrine, or androgen-receptor-mediated disorders, either ul-
trasound controls of the kidneys in brief intervals (4 weekly) or
molecular analysis of the WT'T gene must be performed.

As mutational screening of the WI7 gene by means of
PCR-SSCP analysis or direct sequencing have become easy
tools of investigation, we favor these methods to identify
children being at high risk for development of a Wilms tumor.
This will result in an earlier diagnosis and treatment of this
malignant disease. Moreover in the future frequent ultrasound
controls of the kidneys probably can be limited to individuals
with mutations of the WT/ gene, in the remaining patients
without WT1 mutations ultrasound monitoring may be reduced

to longer (e.g. 3—-6 months) intervals. This approach has the
advantage of a better cost effectiveness by reduction of the
olherwise necessary frequent control visits in a large number of
patients.
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Germline Wilms tumor suppressor gene (W71)
mutation leading to 1solated genital malformation
without Wilms tumor or nephropathy

Birgit Kibler, mp, Valerié Schumacher, PbD, Dagmar UAllemand, MD, Brigitte Royer-Pokora, PhD, and

Annette Griiters, MD, PhD

Moutations of the Wilms tumer suppressor gene (P77} have been described
only in patients with syndromes associated with urogenital malformation and

Wilms tumor or nephropathy. We present a male patient with an isolated gen-
ital malformation caused by a W77 mutation. (J Pediatr 2001;138:421-4)

Wilms tumor suppressor gene (W71),
one of the earliest acting transeription
factors in urogenital differentiation and
development, is highly expressed in the
urogenital ridge and is required for de-
velopment of the bipotential gonad and
the primordial ]_dc]ney.l The W11 gene,
cloned in 1990, is located on chromo-
some 11pl3 and consists of 10 excns.
WTT mutations have been described
only in patients with syndromes associ-
ated with urogenital malformation and
‘Wilms tumor or nephropathy. W17 was
found to be deleted in patients with
Wilins tumor, aniridia, genitourinary
malformation, and mental retardation

Syndrame.2‘5 WT! mmutatons were
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identified in Denys-Drash syndrome,
which is the maost severe disease caused
by P77 abnormalities. In males, DS
is characterized by ambiguous genitalia
and nephropathy, with or without
Wilms tumor. In femeales, it 1s character-
ized by normal external genitalia and
nephropathy, with or without Wilms
tumor.? Furthermore, Frasier syn-
drome, which consists of genital malfor-
mation, nephropathy, and gonadoblas-
toma, was also found to be caused by
TPT! mutations.’ Subsequently, severe
hypospadias and Wilms tumor, in the
absence of other signs of DDS, WAGR,
or Frasier syndrome, were described in
7 patients with W77 mutations. >0 In
this report we present a boy with isolat-
ed genital malformation in whom a
heterozygous W77/ mutation in the
germline was identified. No other asso-
clated signs of syndromes, nephropathy,
or Wilms tumor occurred until the age
of 18 years.

CASE REPORT

The patient is an 18-year-old who
was born with severe hypospadias and
bilateral cryptorchidism. Karyotyping

showed a normal male 46 XY. Congen-
ital adrenal hyperplasia and defects of

testosterone biosynthesis were ruled
out by extensive biochemical tests and
molecular genetic analysis of the 50
reductase and androgen receptor gene
(Table). Mullerian structures {a rudi-
mentary uterus and an upper vaginal
pouch) were visualized by ultrasonog-
raphy. Laparotomy revealed both
testes to be located high, reiroperi-
There
were no renal abnormalities (Fig 1).

toneally below the kidneys.

See related article, p 425.

In early infancy, the patient had sur-
gical correction of hypospadias, and
both testes were brought into the scro-
tum (Fig 1). Pubertal development
was completely normal. At the age of
18 years, the patient has narmal exter-
nal masculinization with a normal
penis size and a normal prostate but
rather low testicular volumes of 10 mIL,
on each side.

: 'DAXI Dosage sensmve sex reversal—adrenal

::'SRY i Sex-deterrnlmng reg[on oit e ..

o S chromoseme L
".:Smgle-stranded conformaticial
i po[ymorphism o }

wn

No hormonal abnormalities were ob-
served except for moderate elevations
in follicle-stimulating hormone (32
mU/mL) and luteinizing hormone lev-
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external genitalia

Fig 1, External (after surgery at age of 2 years) and interral genitalia of the patient.

Table. Endocrine investigations of the patient

normal kidoeys
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internal genitalia

”-éAttheageofIBy Patlent

o Patient range )
: A 9.0 Testosterone (ng/mL) G, 4
Cortlsol (ug/dL) 2 9.6 CRaR D]hydrotestosterone 0 SRETREERRE. (| I E

B Testosteron&hke substanee (ng/mL)

013 0105

sulfate (ng/mls)

:Dehydroeplandrosteroné _ ' ':' 1596

-+ Follicle-stimulating hormone (U/L)
Lutemlzmghormone (U/L) BRI 13 :

;Mumtmns of the 5o-reductase and andmgen receptor gene wers exc]uded by PCR- SSCP ana]ysxs
- Radipimmunodssiays were used for all hormone measurements: =01

els (13 mU/mL), which are indicative
of disturbed testicular function (Table).
Repeated ultrasound studies and
regular urine analysis until now did
not reveal any evidence for renal [ail-
ure or Wilms tumor. At present, the
patient is in his final year of college.

METHODS

DNA was extracted from periphe;‘al
blocd leukocytes with a DINA extrac-

422

tion kit (Quiagen). Polymerase chain
reaction—single-stranded conforma-
ttonal polymerphism analysis was used
to detect alterations in the coding
exons and splice sites of the W77 gene.
All 10 exons and parts of the introns
containing the splice sites were ampli-
fed by PCR from genomic DNA.
SSCP analysis was performed with 4
different electrophoresis conditions to
maximize the sensitivity of the tech-
nique. Primer sequences and PCR and
SSCP conditions were as previously

described.® Direct sequencing was
performed with an automane LICOR
sequencer {MWG Biotech).

RESuULTS

A heterozygous point mutation, 1168
C—T, was found in exon 9, changing
the codon for arginine into a stop
codon (R390X). During translation,
this matation leads to a truncated pro-
tein in which the last zine finger neces-
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Fig 2. The WTI gene and protein including the mutation found in the patient.

sary for DNA binding of W1/ is miss-
ing (Fig 2). Interrupted DINA binding
to target genes of W77 fusion proteins
with loss of the last zinc finger has
been previously demonstrated by elec-
trophoretic mobility shift assays.!!

DiscussIiON

We report a boy with isolated male

genital malformation caused by a W77
mutation. Like patients with DS or
WAGR syndrome, the patient had se-
vere hypospadias and cryptorchidism
at birth, but neither renal insufficiency
nor Wilms tumor occurred during
childhood and adolescence.

In recent years, advances in molec-
ular biology have shed light on the
complexity of sexual differentiation,
especially the importance of tran-

scription factors.

WTY is one-of the earliest transcrip-
tion factors expressed in the urogenital
ridge. A defective WTT protein leads to
a differentiation defect in both the go-
nads and the kidneys.

In one study, steroidogenie factor 1
and W77 were shown to synergize in
the promotion of anti-miillerian hor-
mone. A mutant W77 protein fails to
synergize with steroidogenic factor 1
and leads to reduced AMH activa-
tion.!? This finding explains the per-
sisting miillerian remnants and unde-
scended testes in our patient with a
loss-of-Function mutation in the T/
gene, which is comparable to the phe-
notype of males with AMH muta-
tions. Furthermore, it was shown that
WT{ activates the dosage-sensitive
sex reversal-adrenal hypoplasia con-
genita critical region on the X chro-
mosome, gene 1 (DAX1) and itself is

activated by the sex-determining re-

gion on the Y chromoseme (SRY). A
disturbed WT1-DAX! or WTI-SRY in-
teraction in early development most
likely results in partial sex reversal
with the phenotype of severe hy—
pospadias in boys with W17 muta-
tions.'®! Because the phenotype of
male patients with W77 mutations is
similar to that of patients with defects
of testosterone biosynthesis or andro-
gen receptor defects, it is also possible
that there is meffective androgen pro-
duction or action in those patients dur-
ing early male dcvelopmcnt as a result
of direct disturbed interaction of W17
and genes controlling testosterone
biosynthesis or the androgen receptor.
In one in vitro study, it was demonstrat-
ed that W77 represses the androgen re-
ceptor promotor.}d The hypothesis of
WTI repressing the genes of enzymes
involved in testosterone production has
yet to be proven.
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W71 is also a major factor in kidney
development. However, our patient
kad neither nephropathy nor Wilms
tumor until the age of 18 years. The
lack of nephropathy might be ex-
plained by the genotype of this patient
presenling a nonsense mutation. Main-
ly, patients with missense or splice-site
mutations show nephropathy. Only in
very few patients with nonsense muta-
tions has nephropathy been observed.”

The mutation R390X in this patient
was found in earlier studies in patients
with isclated Wilms tumor, in patients
with Wilms tumor associated with uro-
genital malfermation, and in an 18-
year-old boy with acute promyelocytic
leukemnia.” The absence of a Wilms
tumeor in early infancy in this patient
might be due to a missing “second hit”
in the W77 gene, ieading to loss of the
second allele. This explanation was

- proposed for some patients with W77
germline mutations or deletions, as in
WAGR syndrome, who did not devel-
op a Wilms tumor.16 However, devel-
opment of Wilms tumor has been de-
scribed In patients with heterozygous
mutations. Therefore additional mech-
anisms for tumor development must be
postulated, such as haploinsufficiency
of the W gene leading to failure of
suppression of tumor growth—promot-
ing genes and the insulin-like growth
factor I receptor gene or the insulin-
like growth factor 1I gene.'”1® Because
there are few reports of Wilms tuwmors
in adults, the patient must be followed
up by means of ultrasenography also in
adulthood.l? The important clinical
conclusion of this case is that W77 mu-
tations may be the cause of isolated hy-
pospadias and cryptorchidism in chil-
dren. The search for mutations in the
W77 gene should be considered in the
workup of patients with severe hy-
pospadias even in the absence of
Wilms tumor or nephropathy. Further
investigations of the interaction of the
different mutated P77 proteins with
target genes, known for playing a role
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in initiation of tumor growth, are need-
ed to predict which patients will devel-
op a tumor in later life.

Note added in proof: At the age of
20 years, the patient developed pro-
teinuria, and subsequent biopsy of the
kidney revealed glomerulosclerosis.

We thank Dr O. Hiort from the Childreny
Hoapital of the Univeraity of Litheck, Ger-
mamy, for performing the PCR-SSCP-analy-
ot of the androgen receptor and the 50t-reduc-
fade gene.
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Par4 is a coactivator tor a splice
isoform—specitic transcriptional
activation domain in WT1
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The Wilms’ tumor suppressor protein WT1 is a transcriptional regulator involved in differentiation and the
regulation of cell growth. WT1 is subject to alternative splicing, one isoform including a 17-amino acid region
that is specific to mammals. The function of this 17-amino acid insertion is not clear, however. Here, we
describe a transcriptional activation domain in WT1 that is specific to the WT1 splice isoform that contains
the 17-amino acid insertion. We show that the function of this domain in transcriptional activation is
dependent on a specific interaction with the prostate apoptosis response factor par4. A mutation in WT1
found in Wilms’ tumor disturbs the interaction with par4 and disrupts the function of the activation domain.
Analysis of WT1 derivatives in cells treated to induce par4 expression showed a strong correlation between
the transcription function of the WT1 17-amino acid insertion and the ability of WT1 to regulate cell survival
and proliferation. Our results provide a molecular mechanism by which alternative splicing of WT1 can

regulate cell growth in development and disease.

[Key Words: WT1; par4; transcription; coactivator]
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Wilms’ tumor is a pediatric malignancy of the kidneys
that affects 1 in 10,000 children, making it the most
common solid tumor in the young (for review, see Reddy
and Licht 1996; Little et al. 1999). The Wilms’ tumor
suppressor protein, WT'1, was cloned as a factor involved
in the formation of Wilms’ tumor, in which it is mutated
in 10%-15% of cases. Wilms’ tumor also is associated
with a group of rare syndromes (Denys-Drash syndrome,
Frasier syndrome, and WAGR syndrome), in which WT1
dysfunction appears to play a major role (for review, see
Reddy and Licht 1996; Little et al. 1999).

WT1 initially was shown to be a transcription factor
that is able to repress transcription of genes that are ab-
normally upregulated in Wilms’ tumors, providing a mo-
lecular basis for the critical function of WT1 in this dis-
ease (Madden et al. 1991; Drummond et al. 1992; Gashler
et al. 1992; Wang et al. 1992; Dey et al. 1994). Subse-
quent studies show that WT1 also can activate transcrip-
tion in some instances (Reddy et al. 1993; Wang et al.
1993; Cook et al. 1996; Englert et al. 1997). Indeed, more
recent studies indicate that activation of transcription by
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WT1 is likely to be the critical function of this tumor
suppressor (English and Licht 1999). Only a few genes
appear to be activated by WT1, suggesting a specific cel-
lular context may be required to manifest its function as
a transcriptional activator (Thate et al. 1998; Lee et al.
1999). Consistent with this, the WT1 transcriptional ac-
tivation domain can be regulated by interactions with
several other factors (Johnstone et al. 1996, 1998; Ma-
heswaran et al. 1998a,b; McKay et al. 1999).

WT1 is subject to alternative splicing in two regions
(for review, see Reddy and Licht 1996; Little et al. 1999).
The best characterized alternative splice involves the in-
sertion of the three amino acids, lysine-threonine-serine
(KTS between the third and fourth zinc fingers of the
DNA-binding domain at the C terminus of WT1. The
inclusion of these amino acids drastically reduces the
affinity of WT1 for a specific DNA sequence, and instead
this isoform binds preferentially to RNA. Moreover, the
+KTS, but not -KTS isoform of WT1, associates with the
spliceosome and in immunofluorescence analysis shows
a speckled pattern colocalizing with splicing factors
(Larsson et al. 1995; Caricasole et al. 1996; Davies et al.
1998; Ladomery et al. 1999). Thus, it appears that WT1
may play a role in both transcription and RNA process-
ing in a splice isoform-dependent manner (Englert 1998;
Davies et al. 1999; Little et al. 1999).
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The second alternative splice inserts 17 amino acids
(17AAs) between the WT1 transcriptional activation do-
main and the zinc finger region. This splice variant, un-
like the KTS insertion, is only found in mammalian
WT1 (Kent et al. 1995). Studies of the effect of the +17AA
form of WT1 have shown variable effects on the tran-
scriptional function of WT1. In some cell types, it aug-
ments the transcriptional activation domain (Reddy et
al. 1995; Moorwood et al. 1999), and in others it has been
shown to constitute an independent transcriptional re-
pression domain (Wang et al. 1995). The 17AA insertion
of WT1 also has been linked to both the regulation of the
cell cycle and apoptosis, although the molecular mecha-
nisms that are involved are not clear (for review, see
Reddy and Licht 1996).

Recent studies have shown that the relative level of
the WT1 isoforms can vary during both development and
in disease. For example, Frasier syndrome results from
an imbalance of the +KTS/-KTS ratio (Barbaux et al.
1997). The relative level of the WT1 +17AA isoform also
can be elevated in Wilms’ tumors and leukemia
(Pritchard-Jones and King-Underwood 1997; Renshaw et
al. 1997; Iben and Royer-Pokora 1999). In addition, the
+17AA variant is differentially expressed throughout de-
velopment (Renshaw et al. 1997; Iben and Royer-Pokora
1999).

As mentioned above, the contribution of the 17AA
alternative splice and surrounding region to the tran-
scriptional function of WT1 is not clear. In this study, we
set out to directly assess the effects of this region on
transcription and how it is affected by the 17AA inser-
tion. We show that this domain constitutes an indepen-
dent transcriptional activation domain that requires the
17AA insert for maximal activity. The function of this
activation domain was context specific in that it re-
quired the prostate apoptosis response protein 4 (par4) for

Context-specific transactivation by WT1

its function. This was due to a direct interaction be-
tween this domain and par4. Underpinning the crucial
function of this domain to normal WT1 function, we
found that a mutation within the 17AA region isolated
from a Wilms’ tumor specimen failed to interact with
pard and consequently failed to activate transcription.
Our results show that par4 can act as a coactivator for a
splice isoform-specific transcriptional activation do-
main that plays a role in regulating cell growth.

Results

The 17AA alternative splice isoform of WT1 forms
a transcriptional activation domain

We sought to directly determine the transcriptional
function of the region between the previously described
transcriptional activation domain and the DNA-binding
domain of WT1 (designated D domain, residues
245-297), which contains the 17AA alternative splice
site (Fig. 1A). This region either lacking (D-) or contain-
ing (D+) the 17AA was fused to the GAL4 DNA-binding
domain (residues 1-93), expressed in and purified from
Escherichia coli (Fig. 1B). These proteins and a control
GAL4 were used in an in vitro transcription assay with
HeLa cell nuclear extract by using the adenovirus E4
(AdE4) promoter downstream from five GAL4 DNA-
binding sites (GsE4T; Fig. 1C). The GAL4 DNA-binding
domain alone had no effect on transcription. GAL4 D-
activated transcription weakly, but with GAL4 D+ we
observed a significantly greater level of transcriptional
activation. Thus, WT1 contains an additional activation
domain (D domain) that is dependent on the presence of
the 17AA alternative splice for maximal activity.

We next sought to obtain evidence that the 17AA re-
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Figure 1. A splice isoform-specific transcriptional activation domain in WT1. (A) Diagram of WT1 showing the DNA-binding
domain, proline-rich region, and potential leucine zipper (LZ). The two alternate splice sites are shown in black: the 17AA alternative
splice is shown with the amino acid sequence and is located between the putative leucine zipper and DNA-binding domain (designated
D domain); the second alternative splice (amino acid sequence KTS) is located between zinc fingers three and four. The region of WT1
fused to GAL4 (1-93) are shown below (amino acids 245-297). These fusions included the +17AA form (GAL4 D+) and the -17AA form
(GAL4 D-). (B) Analysis of purified GAL4 (1-93), GAL4 D+, and GAL4 D- by SDS-PAGE and Coomassie staining. Molecular weight
markers (kD) are shown at left. (C) In vitro transcription assay using 200 and 400 ng of each GAL4 fusion protein with Hela cell nuclear
extract and the GgE4T promoter (shown above). Transcripts were analyzed by primer extension and denaturing electrophoresis. (-)no
addition of a GAL4 derivative. The signals were quantified by phosphorimager analysis and are presented as fold activation compared
to the basal level of transcription (-).
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gion of WT1 can function as a transcriptional activation
domain in the context of the natural WT1 DNA-binding
domain. WT1 residues 245-446 either containing or
lacking the 17AA alternative splice and the DNA-bind-
ing domain alone (residues 295-446) were expressed in
and purified from E. coli (Fig. 2A). A transcription re-
porter DNA template was constructed containing five
consensus WT1 DNA-binding sites upstream of the
AdE4 promoter (W;E4T; Fig. 2B). Compared to G;E4T,
W_.E4T proved to be highly active in transcription assays
with HeLa nuclear extract, indicating the presence of
factors in the HeLa cell nuclear extract that bind to this
site and activate transcription (Fig. 2B). We therefore
fractionated HeLa nuclear extract over a column con-
taining concatenated immobilized WT1 DNA-binding
sites. This “depleted” HeLa nuclear extract showed a
significantly reduced background transcription level

A 2435 208 445 E
[ Znanan] zn . s
Al
ZnD- of @
ZnD+ B
M »
w1t ge” 4s°
46 — 1 14
H— e
A — W.E4T
LR wWrions  EATATA
hirding sites
c Zn ZnD- ZInD+
. -
- o
24 1 1 1 1 1 11 12 Fold activatlon
| -
NE Depleted HE

Figure 2. The 17AA transcriptional activation region func-
tions in the context of the natural WT1 DNA-binding domain.
(A) Diagram indicating the regions of WT1 expressed as recom-
binant His-tagged proteins. The 17AA alternative splice is in-
dicated in black fill. Recombinant proteins were analyzed by
SDS-PAGE and Coomassie staining (M, molecular weight mark-
ers in kD, are shown at left). (B) In vitro transcription assay
using the W;E4T (containing 5 x WT'1 DNA-binding sites) and
GE4T promoters. Transcripts were detected by primer exten-
sion. Transcription levels (quantified by phosphorimager analy-
sis) are presented relative to GsE4T. (C) In vitro transcription
assays were performed and analyzed as for part B except that 200
and 400 ng of each recombinant His-tagged protein was added.
A HeLa nuclear extract (NE) or HeLa nuclear extract that had
been fractionated over a column containing WT1 DNA-binding
sites (Depleted NE) was used as indicated. Transcript levels
were quantified by phosphorimager analysis and are presented
as fold activation relative to the transcriptional activity of the
depleted extract in the absence of a WT1 derivative.
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Figure 3. The 17AA motif of WT1 is sufficient for transcrip-
tional activation. (A) Deletion mutants of WT1 (245-297) were
constructed as indicated. The purified proteins (200 and 400 ng)
then were used in in vitro transcription assays with the G;E4T
promoter and HeLa nuclear extract. (-) No recombinant protein
was added, and fold activation is presented relative to this. (B)
Recombinant His-tagged GAL4 fusions were purified and ana-
lyzed by SDS-PAGE and Coomassie staining. Molecular weight
markers (kD) are shown at left. In vitro transcription assays
were performed as for A.

(Fig. 2C). Addition of the recombinant WT1 derivatives
to this extract with the W.E4T reporter shows clearly
that the +17AA isoform of WT1 activated transcription,
but the DNA-binding domain alone or the version lack-
ing the 17AAs did not. Importantly, all of the WT1 de-
rivatives interact with a WT1 DNA-binding site with
equivalent affinity (data not shown). Thus, the +17AA
insertion of WT1 bestows a transcriptional activation
function both as a GAL4 fusion and in the context of the
natural WT1 DNA-binding domain.

We next performed deletion mutagenesis to determine
if the 17AAs alone were sufficient to activate transcrip-
tion. Two C-terminal deletion mutants were con-
structed, one containing residues 245-280 and the other
245-266, and were expressed and purified as GAL4 fu-
sion proteins (Fig. 3A). Analysis in transcription assays
showed that GAL4 WT1 (245-266), which contains the
17AAs and five additional N-terminal residues, was suf-
ficient for transcriptional activation (Fig. 3A). The entire
D domain, however, was required for maximal transcrip-
tional activation, indicating cooperation of the 17AAs
with the remainder of the D domain. We therefore con-





clude that the WT1 17AA constitutes a splice isoform~—
specific transcriptional activation domain.

A Wilms’ tumor specimen has been reported that con-
tains a mutation in WT1 (G253A), which is within the
alternatively spliced 17AA (Schumacher et al. 1997). We
produced this mutant as a GAL4 fusion protein and
tested it in a transcription assay alongside GAL4 D+ (Fig.
3B). As before, GAL4 D+ elicited transcriptional activa-
tion. However, the GAL4 D+ derivative G253A failed to
activate transcription. Thus, transcriptional activation
by the 17AA alternative splice appears to be important
for normal cellular function.

The 17AA WT1 activation domain is cell
context specific

Our studies so far have shown that the 17AAs of WT1
form a transcriptional activation domain that functions
both in the context of a GAL4 fusion, and importantly
also in the context of the natural WT1 DNA-binding
domain. We next determined if the 17AA activation do-
main of WT1 is cell type specific. We compared the tran-
scriptional activity of GAL4 D+ and GAL4 D- in an em-
bryonic kidney 293 and a HL60 nuclear extract alongside
the HeLa nuclear extract from above (Fig. 4A). As before
GAL4 D+, but not GAL4 D-, elicited strong transcrip-
tional activation in the HeLa cell nuclear extract, as did
the control synthetic activator GAL4— amphipathic he-
lix (AH). However, in both the HL60 and 293 nuclear
extracts, although GAL4 AH functioned similarly to that
observed in HeLa nuclear extract, GAL4 D+ did not ac-
tivate transcription. These results indicate a cell type-
specific function of the WT1 17AA transcriptional acti-
vation domain that is due to either a positive-acting fac-
tor in the HeLa nuclear extract or a negative-acting
factor in the 293 and HL60 nuclear extracts. To distin-
guish between these possibilities, we performed the fol-
lowing experiment; first, if the 293 nuclear extract con-
tains a negative-acting factor, then the addition of 293
nuclear extract to a HeLa nuclear extract should reduce
the level of transcriptional activation by GAL4 D+. How-
ever, this was not the case (Fig. 4B, left). Alternatively, if
the HeLa nuclear extract contains a positive-acting fac-
tor, then the addition of HeLa nuclear extract to a 293
nuclear extract should result in the conditions required
to support transcriptional activation by GAL4 D+. We
found that this was indeed the case (Fig. 3B, right). Taken
together, we conclude that a critical target of the 17AA
motif is likely to be a factor that is not part of the general
transcription machinery and is a coactivator with spe-
cific function.

The 17AA activation domain interacts with par4

In a search for candidate factors that could perform this
specific coactivator function, we first considered pro-
teins that previously have been shown to associate with
WT1 (for review, see Little et al. 1999). Protein affinity

Context-specific transactivation by WT1

A GAL4A GAL4  GALd
AH - o=+

- . B

a8 aL -
- B

1 1] 11 1.B [} B 4 Fold acbwation
.. 263 ME
1 4 14 1 1.8 1.7 1 Fold atwalon
L ” HLGD ME
1 Rt} 1F k= o 1 1.2 Fald Uy aticr
E GAL N GAL .
GAL4 o+ [ GALY D+ o

g | ﬁ‘}’

s==08-

1 16 14 37 15 17 Fod 1 15 13 7 11 0.8
ackwation

-

Hela NE + 203 NE 293 NE + Hela NE

(47} (41}
Figure 4. The function of the 17AA activation domain is cell
type specific. (A) Transcription assays were performed using 200
and 400 ng of recombinant His-tagged GAL4 fusions with the
GsE4T promoter. Four hundred nanograms of the synthetic ac-
tivator GAL4 AH was added where indicated. Assays contained
either HeLa, embryonic kidney 293, or HL60 nuclear extract. (-)
No recombinant protein was added to the assay. Transcripts
were detected as previously, quantified, and presented as fold
activation relative to the basal level (-) for each nuclear extract.
(B) Transcription assays were performed as in A with HeLa:293
nuclear extract (ratio of 4:1) at left and 293:HeLa nuclear extract
(ratio of 4:1) at right. Fold activation was determined as in A.
(NE) Nuclear extract.

columns containing either GST, GST D+, or GST D-
(Fig. 5A) were used to fractionate a HeLa nuclear extract;
the columns were washed and the bound proteins were
eluted. The eluates were resolved by SDS-PAGE and im-
munoblotted with antibodies against known WT1-inter-
acting proteins. Neither E1b (which is present in 293
cells, but not HeLa cells), p53, nor Hsp70 were able to
interact with the 17AA motif (data not shown). How-
ever, pard (prostate apoptosis response factor 4), previ-
ously isolated in a yeast two hybrid screen by using WT'1
as the bate (Johnstone et al. 1996), was able to associate
with the 17AA motif of WT1 (Fig. 5B). Consecutive low-
and high-salt washes showed that par4 interacts with the
17AA containing WT1 derivative with considerably
greater affinity than the form lacking the 17AA (Fig. 5C).
We also tested the ability of the GST D+ and GST D-
columns to bind TFIID, a component of the general tran-
scriptional machinery that has been proposed as a target
of transcriptional activators (for review, see Roberts
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Figure 5. Interaction partners for the WT1 17AA region. (A)
Diagram of GST-WT1 fusion proteins (residues 245-297) either
lacking (GST D-) or containing (GST D+) the 17AA motif. (B)
Protein affinity chromatography of HeLa nuclear extract frac-
tionated over a GST, GST D-, or GST D+ column. After exten-
sive washing, the bound fraction was eluted and analyzed by
immunoblottting with either anti-par4 (top) or anti-TBP (bot-
tom) antibodies. (C) HeLa nuclear extract was fractionated over
either a GST D- or a GSD D+ column, and after a brief low-salt
wash (250 mM KCI) and a subsequent wash (1 M KCl), the
presence of par4 was assessed in each fraction by immunoblot-
ting with anti-par4 antibodies. (D) A GST pull-down assay was
performed with immobilized GST-par4 and a bacterial lysate
containing the recombinant GAL4 derivatives indicated. The
bound fraction was analyzed by immunoblotting with anti-
GAL4 antibodies. I is 10% of the input into each pull-down
assay.

2000). Unlike par4, TFIID from the HeLa nuclear extract
was retained on both the GST D+ and GST D- columns
(Fig. 5B). Thus, the D domain of WT1 can interact with
both the general transcription factor TFIID and the pros-
tate apotosis response factor pard. However, stable inter-
action with par4 is dependent on the 17AA insertion.

We next determined if the 17AA region of WT1 inter-
acts directly with par4. A GST fusion of full-length par4
was purified from bacteria and immobilized on glutathi-
one agarose beads. This then was incubated with bacte-
rial lysate containing either GAL4 D+ or GAL4 D-. Sta-
bly bound proteins were eluted, subjected to SDS-PAGE,
and immunoblotted with anti-GAL4 antisera (Fig. 5D).
Consistent with the affinity chromatography data using
HeLa nuclear extract, GAL4 D+ but not GAL4 D- was
able to interact directly with GST-par4.

Our transcription experiments showed that the muta-
tion G253A disrupted the function of the WT1 17AA
transcriptional activation domain. We therefore tested
the ability of GAL4 D+ (G253A) to interact with GST-
par4 (Fig. 5D). The G253 A mutant failed to interact with
par4, providing strong evidence that the interaction be-
tween the 17AA activation domain of WT1 and par4 is
required for transcriptional activation.
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Par4 is a coactivator for the WT1 17AA activation
domain

The transcription data of Figure 4 showed that the 17AA
activation domain was functional in HeLa nuclear ex-
tracts, but not 293 or HL60 nuclear extracts. We there-
fore immunoblotted the HeLa, 293, and HL60 nuclear
extracts with par4 antibodies to determine if the abun-
dance of par4 in the nuclear extracts could explain this
difference. As a control, we also immunoblotted the
three extracts with antibodies against TATA-binding
protein (TBP). Figure 6A shows that, although par4 was
detected in the HeLa nuclear extract, the 293 and HL60
extracts contain negligible levels. In contrast, TBP was
detected in all extracts.

To determine if the presence of par4 in the HelLa
nuclear extract was critical for the function of the 17AA
activation domain, we tested the effect of anti-par4 an-
tibodies on transcriptional activation by GAL4 D+ in a
HeLa nuclear extract (Fig. 6, B and C). As before, GAL4

A
&
‘z@} :fF &
And pard | -+#% pard
Antl TBF e = s -4 THP
B ﬁé"'
r-pard ¥
el + +  OALEAR
- o o ot GALA-DO+
- o
1 12 T B a 38 az Fald Activabion

c Xy

= 4 4 + GalaDs

T -

1 n 4 2  Fold Acsvation

Figure 6. Par4 is required for transcriptional activation by
WT1 17AA. (A) Anti-par4 and anti-TBP immunoblots of SDS-
PAGE resolved HeLa, 293, and HL60 nuclear extracts (10 pg
each). (B) In vitro transcription assay showing the effects of
increasing amounts of anti-par4 antibodies (100, 200, and 400
ng) on transcriptional activation by GAL4 D+ (200 ng). (-) No
recombinant protein was added to assay. GAL4 AH was in-
cluded as a control, with 400 ng of anti-par4 antibody added
where indicated. Assays were performed using HeLa nuclear
extract and transcripts analyzed as before. (C) In vitro transcrip-
tion assay showing that anti-par4 antibodies but not a nonrel-
evant rabbit antibody (anti-p65 subunit of NF-«kB) inhibits tran-
scriptional activation by GAL4 D+.





D+ activated transcription in the HeLa nuclear extract.
The addition of anti-par4 antibodies to the HeLa nuclear
extract resulted in the inhibition of transcriptional acti-
vation by GAL4 D+ in a concentration-dependent man-
ner. Transcriptional activation by GAL4 D+ was not sig-
nificantly affected when a control rabbit antibody was
added to the HeLa nuclear extract (Fig. 6C). Significantly,
we observed only a small reduction in the level of tran-
scriptional activation by GAL4 AH when the highest
concentration of anti-par4 antibody was present (Fig. 6B).
Thus, in agreement with the ability of the WT1 17AA to
interact with pard, par4 is specifically required for the
function of the WT1 17AA transcriptional activation do-
main.

The HeLa nuclear extracts used in the studies above
were purchased from a commercial source, whereas the
293 and HL60 nuclear extracts were prepared from cells
grown in our laboratory. HeLa cells cultured in our own
laboratory, under identical conditions to those used for
the 293 cells, contained significantly lower levels of par4
(Fig. 7A). However, as expected, treatment of the HeLa
cells with UV light induced par4, but the levels of TBP in
the nuclear extracts remained constant. We therefore
compared the ability of GAL4 D+ to elicit transcriptional
activation in nuclear extracts derived from UV light-
treated HeLa cells with untreated control HeLa cells (Fig.
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Figure 7. Par4 expression is induced by UV irradiation and is
directly linked to transcriptional activation by WT1 17AA. (A)
Control and UV light-treated HeLa cells were used to prepare
nuclear extract that was subsequently immunoblotted (10 pg
per lane) with either anti-par4 (top) or anti-TBP (bottom) anti-
bodies. (B) In vitro transcription assay showing the effect of UV
light on the transcriptional activity of the GAL4 D+ fusion (200
ng) or GAL4 AH (200 ng) in assays using the GsE4T promoter.
Anti-par4 antibodies (400 ng) were added as indicated. Tran-
scripts were detected as before, quantified, and expressed rela-
tive to the basal level (-) in each extract.
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7B). In the nuclear extracts derived from untreated HeLa
cells, we observed a low level of transcriptional activa-
tion by GAL4 D+ but robust activation by GAL4 AH. In
contrast, in nuclear extract made from UV light-treated
HeLa cells, we observed a dramatic increase in the abil-
ity of GAL4 D+ to activate transcription, but GAL4 AH
showed only a marginal increase in transcription po-
tency. As we observed before, anti-par4 antibodies were
able to inhibit the transcriptional activation elicited by
GAL4 D+, but not by GAL4 AH. Thus, the 17AA acti-
vation domain of WT1 is only functional in nuclear ex-
tracts derived from cells that have been treated with pro-
apoptotic stimuli to elevate nuclear par4 levels.

Par4 mediates transcriptional activation by the WT1
17AA in vivo

Our data so far indicate that the 17AA activation domain
of WT1 can only function in cells that have been exposed
to proapoptotic stimuli. We therefore sought to confirm
our observations by transfection of plasmids expressing
the GAL4 derivatives along with the G.E4CAT reporter
into embryonic kidney 293 cells. Forty hours after trans-
fection, the cells were treated with a lethal dose of UV
radiation, and 6 h later, before the cells had lost adher-
ence, CAT activity was measured. This activity was
compared with that observed in control cells that were
not treated with UV light and the results are presented
graphically in Figure 8A. GAL4 D+ elicited only weak
transcriptional activation in control cells. However, in
the cells treated with UV light there was a significant
increase in transcriptional activation mediated by GAL4
D+. GAL4 D- and the GAL4 D+ derivative G253 A, how-
ever, showed a reduced ability to activate transcription
in response to UV light treatment of the cells. As we had
observed with HeLa cells, UV light treatment of 293
cells resulted in a significant increase in the level of par4
(Fig. 8B). These data agree well with our in vitro obser-
vations and confirm that the 17AA insertion of WT1 is a
regulated transcriptional activation domain that requires
par4 for its activity.

We next sought to determine if, after the induction of
par4 in 293 cells by UV light there was a resulting asso-
ciation with the WT1 17AA motif. Cells were trans-
fected with the GAL4 WT1 derivatives as in Figure 8A,
and after UV light treatment of the cells, nuclear extract
was prepared. The GAL4 WT1 derivatives were immu-
noprecipitated with anti-GAL4 antibodies, or control
anti-TFIIH antibodies, and the association of par4 as-
sessed by immunoblotting with anti-par4 antibodies
(Fig. 8C). Par4 immunoprecipitated with GAL4 D+, but
not with GAL4, GAL4 D-, or the point mutant GAL4 D+
G253A. Thus, the 17AA motif of WT1 complexes with
par4 in UV light-treated 293 cells, consistent with the
transcription effects that we observed.

The 17AA containing isoform of WT1 regulates

the response to proapoptotic signals

The in vitro and in vivo transcription studies have
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Figure 8. WT1 17AA is a UV light responsive transcriptional
activation domain in vivo. (A) Plasmids expressing GAL4,
GAL4 D-, GAL4 D+, and GAL4 D+ G253A (4 ng each) were
transfected into embryonic kidney 293 cells along with the re-
porter GsE4CAT (1 pg). Six hours after UV light treatment of
the cells, CAT activity was measured and is presented relative
to the level of CAT activity with empty pCDNAS3 vector alone
(0 lane). The results are the mean average of four independent
experiments. (B) Immunoblot with anti-par4 antibodies show-
ing that the level of par4 is elevated in 293 cells that have been
treated with UV light. (C) Coimmunoprecipitation of par4 with
the WT1 17AA motif. 293 cells were transfected with 4ng of
each GAL4 derivative and after UV light treatment nuclear ex-
tracts were prepared. Immunoprecipitation was performed with
either anti-GAL4 or anti-TFIIH antibodies and complexes har-
vested with protein G Sepharose. Par4 content was assessed by
immunoblotting. Input (I) is 1% of the amount of nuclear ex-
tract used in each immunoprecipitation.

shown that the WT1 17AA activation domain is only
functional under proapoptotic conditions. We therefore
sought to determine the effect of the WT1 17AA on the
cellular response to lethal UV light treatment. 293 cells,
in which we routinely obtain a very high transfection
efficiency, were transfected with full-length WT1 deriva-
tives followed by lethal UV light treatment. Cells were
transfected with either empty CMV expression vector or
the same expression vector driving the expression of ei-
ther WT1 -/~ (lacking the 17AA insertion) or WT1 +/-
(containing the 17AA insertion). In untreated transfected
cells, we did not observe any phenotypic differences that
resulted from the presence of either of the two WT1 iso-
forms (Fig. 9A). However, 16 h after UV light treatment,
the cells transfected with the control CMV vector died,
as did the cells transfected with CMV WT1 -/-. Strik-
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ingly, the cells transfected with CMV +/- not only re-
mained viable, but reproducibly showed proliferation.
Thus, the 17AA insertion confers a survival function to
WT1 in UV light-treated 293 cells. Significantly, the
WT1 +/- derivative G253A failed to rescue the UV light-
treated 293 cells from death. Comparable results were
obtained when we treated the 293 cells with the pro-
apoptotic drug etoposide (data not shown). We next per-
formed the same experiment as above, but cotransfected
green fluorescent protein so that only the transfected
cells would be observed under fluorescence (Fig. 9B). As
before, WT1 +/- significantly increased the number of
transfected cells that survived UV light treatment, but
the WT1 -/- isoform or the WT1 +/- mutant G253A did
not. Immunoblotting showed the equivalent expression
of all the WT1 isoforms (Fig. 9C). To confirm and extend
these data, we tested the dose dependence of the sur-
vival/proliferation effects with wild-type WT1 +/- and
the mutant G253A. After UV light treatment, cells were
counted and are plotted as a percentage of the cell num-
ber in a control experiment in which empty CMV ex-
pression vector was transfected. Increasing, levels of
WTI1 +/- elicited a dose-dependent cell survival effect
after UV treatment of the 293 cells. In addition, trans-
fection of WT1 +/- resulted in almost double the number
of cells compared to control cells that had not undergone
UV light treatment. In contrast, the WT1 +/- mutant
G253A had no effect at any of the levels of expression
plasmid. The WT1 -/- isoform also had no effect in a
dose-dependence assay (data not shown). Taken together,
these results show that WT1 +/- confers a cell survival/
proliferation effect in cells that have been subject to le-
thal UV light treatment. Importantly, these data parallel
both the transcription function of the WT1 derivatives
and their ability to interact with par4. Thus, par4 acts as
a coactivator for WT1 +17AA that is likely to lead to a
transcription cascade to prevent apoptosis.

Discussion

In this study, we have shown that the 17AA alternative
splice of WT'1 constitutes a transcriptional activation re-
gion both in the context of the natural WT1 DNA-bind-
ing domain and as a GAL4 fusion protein. The function
of the WT1 17AA activation domain required a direct
interaction with the prostate apoptosis response factor
par4 and correlated with the rescue of cells from lethal
UV light treatment. Our data shed light on the cell con-
text-specific transcription function of WT1 and provide
a transcription-mediated mechanism for the effects of
WT1 on cell growth and survival.

The 17AA alternative splice isoform of WT1 previ-
ously has been shown to have effects on both cell pro-
liferation and apoptosis (Englert et al. 1995; Johnstone et
al. 1996; Menke et al. 1997; Murata et al. 1997; Mayo et
al. 1999). However, the mechanisms underlying these
effects have not been clear with conflicting results ob-
tained in different cell lines and under different condi-
tions. In addition, previous studies of the WT1 17AA





Figure 9. The WT1 17AA motif confers a
survival function in cells exposed to UV light.
(A) Embryonic kidney 293 cells were trans-
fected with either empty CMV expression
vector or full-length WT1 (-/-), WT1 ( +/-), or
WTI (+/-) G253 A under the control of a CMV
promoter (4 pg in each case). Sixteen hours
after UV light treatment (where indicated),
the cells were photographed. (B) Cells were
transfected as in A, but along with 1 pg of an
expression vector containing green fluores-

cent protein. Cells were photographed under C
fluorescence to visualize only the transfected

cells. (C) Immunoblot with anti-WT1 anti-
bodies showing that the WT1 +/-, -/-, and +/-
G253A derivatives are expressed at equiva-

lent levels in 293 cells. (D) Survival curves to
quantify the effect of WT1 +/- and the mutant

G253 on cell number after UV light treat-

ment. Each WT1 derivative (0.5, 1, 2, and 4

ng; balanced with empty CMV vector) was
transfected into 293 cells, and 16 h after UV

light treatment the cells were harvested from

the plate and counted. Percentage survival is
relative to a control plate of 293 cells trans-

fected with CMV, but not subject to UV light
treatment. Each point is the mean average of

three independent transfection experiments

with standard deviation.

have reported both transcriptional activation and repres-
sion function (Reddy et al. 1995; Wang et al. 1995; Moor-
wood et al. 1999). Our present data provide a framework
to understand how different cellular contexts can deter-
mine the transcriptional function of the 17AA motif.
Specifically, under resting conditions, WT1 +17AA is
transcriptionally inactive or perhaps may act as a tran-
scriptional repressor. However, under conditions in
which nuclear par4 levels are elevated, WT1 +17AA con-
verts to a transcriptional activator. Indeed, it is also pos-
sible that other aspects can affect this mechanism, such
as cell type and promoter context.

A central function of WT1 in kidney development is in
the metanephric mesenchyme (MM) to epithelium tran-
sition leading to the formation of the nephron (Reddy
and Licht 1996). In the WT1 knockout mouse, the MM
apoptoses, suggesting that WT1 has a survival role in
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these cells (Kreidberg et al. 1993). Interestingly, analysis
of the relative level of WT1 splice variants in the human
kidney has shown that the ratio of the +17AA form in-
creases throughout fetal development (Renshaw et al.
1997; Iben and Royer-Pokora 1999). It therefore will be
interesting to determine if the +17AA splice variant is
responsible for the prevention of MM apoptosis. Alter-
ations in the ratio of WT1 splice variants also have been
observed in human tumors. Significantly, the +17AA iso-
form of WT1 is overrepresented in at least some Wilms’
tumors and also in leukemia (Pritchard-Jones and King-
Underwood 1997; Renshaw et al. 1997; Iben and Royer-
Pokora 1999). The results we present here provide a di-
rect role for the WT1 +17AA in circumventing proapop-
totic signals, which is entirely consistent with
tumorogenesis. Taken together, these observations add
weight to an oncogenic role for WT1 in addition to its
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better defined function as a tumor suppressor. As only
10%-15% of Wilms’ tumors contain mutant WT1, it is
possible that aberrant levels of the +17AA isoform con-
tribute to oncogenesis in at least some of the other cases.

Our studies showed that the G253 A mutation isolated
from a Wilms’ tumor specimen disrupted the ability of
the 17AA insertion to rescue cell death. This correlated
with a defect in the ability of the mutant to interact with
pard and to activate transcription. The antisurvival ef-
fect of the mutant seems somewhat paradoxical and may
reflect either cell type-specific effects or a more complex
pathway to the formation of Wilms’ tumor. The G253A
mutation was in the germ line of the patient, but the
wild-type allele was still observed in the DNA isolated
from a nonmicrodissected tumor sample. If the wild-type
allele is indeed present in the tumor and wild-type
mRNA is produced, this would suggest that the WT1
17AA motif is dose dependent or that the G253 A mutant
acts in a dominant fashion. Importantly, this mutation
has not been observed in any other Wilms’ tumor patient
(Schumacher et al. 1997; Diller et al. 1998; Jeanpierre et
al. 1998). Furthermore, this mutation was not seen in 50
non-Wilms’ tumor controls (data not shown) nor in any
of the non-Wilms’ tumor patients studied for WT1 alter-
ations by several groups (Algar et al. 1996; King-Under-
wood and Pritchard-Jones 1998). Taken together, these
results indicate that G253A is not a polymorphism.
However, the role of this mutation in Wilms’ tumori-
genesis remains to be elucidated.

Par4 originally was cloned in a study to find genes that
are specifically upregulated by proapoptotic signals in
prostate cells (for review, see Rangnekar 1998). Par4 is
ubiquitously expressed as RNA, but when cells are sub-
jected to stimuli that activate the cell death pathways,
par4 RNA is rapidly translated. Par4 subsequently is
found in both the nucleus and cytoplasm and “primes”
cells for apoptosis, making them more sensitive to fur-
ther stimuli. At least part of this effect has been proposed
to result from interactions with Bcl-2, caspases, and pro-
tein kinase C {. The original identification of par4 as a
WT1-interacting protein proposed that par4 enhances
transcriptional repression by WT1 (Johnstone et al.
1996). In addition, this previous study showed that the
zinc fingers of WT'1 mediated the interaction with par4.
This contrast with our findings can be explained if there
are two independent binding sites within WT1 for par4,
the 17AA motif present in only specific splice isoforms
of WT1 and the zinc finger motif. Perhaps par4 can me-
diate both positive and negative interactions with WT1
via these domains that lead to either transcriptional ac-
tivation or repression. Indeed, other cofactors such as
MDM2 have been shown to act as both a coactivator and
corepressor (Martin et al. 1995). It also will be interesting
to determine if par4 can act as a coactivator for other
transcriptional regulatory proteins that exert a specific
function under proapoptotic conditions. The existence of
two distinct domains within a transcription factor ca-
pable of interacting with the same cofactor also is not
without precedence. NF-«B has two binding surfaces for
the coactivator CBP, the availability of which is regu-
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lated by NF-«B phosphorylation (Zhong et al. 1998).
Also, thyroid hormone receptor f (THRpB) can interact
with two independent domains within the general tran-
scription factor TFIIB (Baniahmad et al. 1993). Interest-
ingly, this ligand-dependent switch in interaction sur-
face converts THR from a transcriptional repressor into
an activator.

Our interaction data showed that both the + and
-17AA isoforms of WT1 can interact with the general
transcription factor TFIID. Thus, unlike the interaction
with par4, the interaction with TFIID is not mediated by
the +17AA motif. Consistent with this, although the
17AA motif elicited transcriptional activation in isola-
tion, the entire D domain was required for full activity.
How par4 functions as a coactivator remains to be deter-
mined. It is possible that par4 provides a bridging func-
tion for the 17AA with the RNA polymerase II holoen-
zyme. It is also possible that par4 mediates contact with
other coactivator components of the transcription ma-
chinery. In this regard, it is noteworthy that the +17AA,
but not the -17AA form of WT1 elutes as part of a 700-
kD complex in gel filtration chromatography (Iben and
Royer-Pokora 1999). It will be interesting to determine
the other components of this complex and if indeed par4
is contained within the complex.

Recent DNA micoarray analysis to identify WT1 tar-
get factors failed to find genes that can be repressed by
WT1 (Lee et al. 1999). However, a few genes were found
to be activated. Such studies indicate that the WT1 tran-
scriptional activation function is highly cell context spe-
cific. Our present work is certainly in agreement with
this notion. Future experiments to analyze the transcrip-
tional effects of the 17AA domain under proapoptotic
conditions should yield valuable information about WT1
target genes and how this leads to WT1 +17AA-mediated
rescue from cell death.

Materials and methods

Plasmids and DNA analysis

The GsE4T and G E4CAT transcription reporter templates
have been described previously (Hawkes and Roberts 1999).
W.EAT was constructed by the insertion of five copies of a
double stranded oligonucleotide (5'-AGCTCGGGTTGCGG
GGGCGGGCCGG GGGAAGCTTGGT-3') upstream of the ad-
enovirus E4 core promoter in pGEM3 (Promega). The region of
WT1 encoding residues 245-297 was amplified by PCR from
plasmids containing full-length WT1 that either lacks, CMV
WT1 (-/-), or contains, CMV WT1 ( +/-), the WT1 17AA alter-
native splice. The PCR products were cloned as BamHI/EcoRI
fragments into pRSETA (Invitrogen) containing DNA sequence
encoding GAL4 (residues 1-93). Fragments then were cloned
into pCDNAS3 (Invitrogen) containing GAL4 (residues 1-93).
Deletion mutants of the WT1 D domain were constructed by
PCR amplification of the appropriate regions to produce
BamHI/EcoRI fragments. To produce the WT1 DNA-binding
domain derivatives, we used PCR amplification, and the DNA
fragments were cloned into pRSET A. The WT1 G253A muta-
tion was constructed using the Quickchange site directed mu-
tagenesis kit (Invitrogen). SSCP analysis of WT1 exon 5 was
performed as described previously (Schumacher et al. 1997).





Cell culture and transfection

Human embryonic kidney 293 cells and HeLa cells were cul-
tured as monolayers in Dulbecco’s modified eagle medium
(DMEM) containing 10% fetal calf serum, 5 mM L-glutamine,
100 mg/mL streptomycin, and 100 U/mL penicillin. HL60 cells
were grown in flasks in RPMI medium containing 10% fetal calf
serum, 5 mM glutamine, 100 mg/mL streptomycin, and 100
U/mL penicillin. 293 cells were transfected in 90-mm dishes at
50% confluency by using calcium phosphate as described pre-
viously (Hawkes and Roberts 1999). Forty hours after transfec-
tion, media was removed from plates, and the cells were ex-
posed to 13 mJ of UV radiation. Fresh media then was applied to
the plates, and the cells were left for another 6 h before harvest-
ing. CAT assays were performed and quantified by phosphorim-
ager analysis. HeLa cells were exposed to UV light as described
for 293 cells, and nuclear extracts were prepared as described
below. Cells were counted by hemocytometry. For Western
blot, either whole cell or nuclear extract (where indicated in the
figure legends) was subjected to SDS-PAGE. After electrophore-
sis, proteins were transferred to Immobilon P membrane (Mil-
lipore). Immunoblotting was performed with anti-par4 (R-334)
and anti-WT1 (C-19) from Santa Cruz Biotechnology Inc., anti-
GAL4 (Scottish Antibody Production Unit) or anti-TBP (Lin et
al. 1991). Detection was via chemiluminescence (ECL, Amer-
sham-Pharmacia). Santa Cruz Biotechnology Inc. anti-par4 (R-
334), anti-GAL4 (sc-577), anti-TFIIH (sc-292), and anti-NF-xB
P65 (sc-372) were used for immunoprecipiation.

In vitro transcription assays

HeLa nuclear extracts were either purchased from Computer
Cell Culture Centre or prepared as described previously from
cells grown in monolayer (Lee et al. 1988). Nuclear extracts
were prepared from human embryonic kidney 293 and HL60
cells in an identical fashion. In vitro transcription assays were
performed as described previously (Lin and Green 1991). 6His
GALA4 fusion proteins and 6his-tagged WT1 derivatives were
prepared as described (Reece et al. 1993). Where indicated, an-
tibodies were added to nuclear extract on ice for 30 min before
the transcription reaction.

Binding assays

GST fusion proteins were prepared as described previously (Lin
and Green 1991). HeLa nuclear extract was dialyzed into buffer
D (20 mM HEPES at pH 8.0, 20% [v/v] glycerol, 100 mM KClI,
0.2 mM EDTA, 1 mM DTT, 0.2 mM PMSF). Two milliliters of
dialyzed HeLa nuclear extract (10 mg/mL) was fractionated over
columns containing 0.25 mL of glutathione agarose on which
100 pg of GST fusion protein was immobilized. The columns
then were washed with 10 column volumes of buffer D (0.1 M
KCl), and then the bound fraction was eluted with buffer D (0.5
M KClI). For binding assays with GST-par4, 25 uL of glutathione
agarose beads containing either 1 pg of GST or GST-par4 was
incubated in 0.6 mL of binding buffer (40 mM HEPES at pH 8.0,
10% [v/v] glycerol, 100 mM KCl, 5 mM MgCl,, 1 mM DTT, 0.2
mM PMSF, 0.05% NP40) with 10 pL of bacterial lysate contain-
ing the GAL4 derivatives indicated. The samples were incu-
bated at 4°C for 1 h with gentle rocking. After extensive wash-
ing, the bound fraction was eluted with SDS-PAGE loading dye,
subjected to electrophoresis, and immunoblotted with anti-
GAL4 antibody.

Immunoprecipitation assays were performed with nuclear ex-
tracts prepared from transfected cells in buffer D containing 150
mM KCI and 0.05% NP40. Protein G Sepharose was used to
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collect the immune complexes and washes performed in the
same buffer. Bound proteins were eluted with SDS-PAGE load-
ing dye, resolved by electrophoresis, and probed with anti-par4
antibodies.
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Abstract

Purpose: Wilms’ tumors (WTs) exhibit more than one
pattern of differentiation, each of which is associated with
distinctive clinical features and treatment responses. Muta-
tions in the WT1I gene are found predominantly in WTs with
stromal histology. To better understand the biological and
clinical features in different WTs, we have analyzed WTs
with and without W71 mutations for a set of parameters.

Experimental Design: Twenty-two new WTs were ana-
lyzed for WTI mutations by PCR single-strand conforma-
tional polymorphism. Five tumors with WT1 mutations and
six tumors without W71 mutations were studied for the
presence of WTI transcripts and protein as well as for the
expression of differentiation markers.

Results: Two new WTI mutations were identified in
stromal-predominant tumors, and none were identified in
the other histological subtypes. Tumors with WT1 mutations
expressed mutant messages, cytoplasmic truncated WT1
proteins, and muscle markers. In contrast, blastemal-
predominant tumors without mutations showed nuclear
WT1 protein staining. Both tumor types were positive for
markers of early-induced mesenchyme and one marker of
uninduced mesenchyme, but blastemal-predominant tumors
also expressed cytokeratin, suggesting that these are further
along the epithelial differentiation pathway.

Conclusions: Our data show that the two-hit inactiva-
tion of WT1 is operative in stromal-predominant WTs. Cells
without functional nuclear WT1 protein start a faulty dif-
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ferentiation program. In contrast, blastemal-predominant
tumors express wild-type WT1 and show early signs of
epithelialization. The extensive rhabdomyomatous differen-
tiation and the presence of WT1 mutations may be used as a
diagnostic tool to identify a tumor subtype that seems to
respond poorly to chemotherapy. These studies provide a
foundation for improvement in tumor classification and ul-
timately for the development of more individualized tumor
treatments.

Introduction

WT? or nephroblastoma is the most frequent renal tumor of
childhood, affecting 1 in 10,000 children, usually before the age
of 5 years (1). Histologically, it mimics various stages of
nephrogenesis, indicating aberrant differentiation of a multipo-
tential mesenchymal renal stem cell (2). Most tumors contain a
mixture of undifferentiated blastemal cells, as well as differen-
tiated epithelial and stromal elements. However, heterologous
components such as striated and smooth muscle, cartilage, bone,
or adipose tissues are observed in approximately 10% of WTs.
Tumors with extensive rhabdomyogenesis have been called
“fetal rhabdomyomatous type” and occur in younger children
and are frequently bilateral (3, 4).

Nephrogenic rests, considered to be precursor lesions of
WTs, are found in 30—44% of tumors (2). ILNRs, located deep
within the parenchyma and indicating an earlier developmental
disturbance, are associated with intralobar WTs containing het-
erologous elements. ILNR-like WTs are observed in patients
with sporadic WT often associated with GUs, anirdia, or Denys-
Drash syndrome. PLNRs occur at the periphery of the renal lobe
later in renal developmental and are associated with perilobar
WTs lacking heterologous elements. PLNR-like WTs are often
found in patients with hemihypertrophy and Beckwith-Wiede-
mann syndrome. Recently, Ravenel ez al. (5) identified LOI of
IGF2 as a valuable molecular tool for the classification of these
two pathological subtypes. LOI and altered expression of /GF2
were found mainly in PLNR-like tumors.

The WTI gene, a ZF transcription factor, was found to be
mutated in 10—15% of sporadic WTs (for a review, see Ref. 6).
Recently, we identified a high percentage of WT! germline
mutations in stromal-predominant/ILNR-like tumors (7). Loss
of the wild-type allele (LOH) was found in 7 of 13 analyzed
cases, confirming Knudson’s two-hit hypothesis for this sub-
class of WTs. All but one were nonsense mutations predicted to
result in protein truncation. Only one missense mutation was
found in a blastemal-predominant tumor, suggesting that muta-

3 The abbreviations used are: WT, Wilms’ tumor; ILNR, intralobar rest;
GU, genitourinary malformation; PLNR, perilobar rest; LOI, loss of
imprinting; LOH, loss of heterozygosity; GST, glutathione S-transfer-
ase; RT-PCR, reverse transcription-PCR; EGFP, enhanced green fluo-
rescent protein; ZF, zinc finger; aa, amino acid(s).
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tions in WT1I may play a minor role in the development of this
subtype (7).

Alternative splicing of the WT1 gene affecting exons 5 and
9 results in the synthesis of four major isoforms of the protein
with different nucleic acid binding and transcriptional properties
(8—10). The WT1 protein has many postulated functions both in
regulating transcription and in posttranscriptional RNA process-
ing (reviewed in Ref. 11). It is targeted to the nucleus by the
presence of at least two nuclear localization signals, one lying
within ZF I and one in ZF II and/or 1II (12). Reporter construct
experiments have identified many putative in vivo target genes
for both transcriptional activation and repression by WT1 (13,
14). However, significant variation has been found in these
experiments, depending on the cellular context and the promoter
used to express WT1 (15). At present, little is known about the
in vivo situation. By analyzing W7 missense mutants, English
and Licht (16) have found that activation and not repression by
WTT1 is critical for growth control. WT1 is predominantly ex-
pressed in the developing kidney, where it may play a role in
mesenchymal to epithelial transition (17, 18). This hypothesis is
supported by the findings that in WTs missing functional WT1,
the mesenchymal cells can no longer differentiate into epithelia
but can take on different fates, either stromal or myogenic (7,
19). During early nephrogenesis, a low level of WT1 is first
detected in the uninduced mesenchyme and then increases dra-
matically during induction (20). Expression then becomes re-
stricted to the posterior part of newly formed epithelium and is
limited to the podocytes of the adult kidney. In tumors, WT1 is
seen in the malignant counterparts of those elements that ex-
press the protein during normal development (that is, blastema
and glomeruloid structures) but is absent from stromal cells (21).

To confirm and extend our previous observations that most
stromal-predominant/ILNR-like tumors are caused by W71 mu-
tations, we have studied more patients for mutations and exam-
ined these for the expression of a mutant W7/ transcript and
protein. Furthermore, we have studied the expression of a set of
specific kidney development/differentiation markers as a first
approach to identify a set of useful classification markers
for WT.

Patients and Methods

Patients, Tissue, DNA, RNA, and Protein Isolation.
Snap-frozen material from a total of 86 WTs was analyzed for
WTI mutations [64 from a previously published study (7) and 22
reported here]. The parents of the patients were informed about
the study and gave written consent. All patients were enrolled in
the International Society of Pediatric Oncology SIOP9/GPOH
study and received preoperative chemotherapy according to the
SIOP9/GPOH protocol (22). Histological typing of the tumor
specimens was determined after chemotherapy by two of us
(I. L. and D. H). DNA, RNA, and protein were isolated simul-
taneously as described previously (23). Briefly, frozen tissue
was finely ground with a mortar and pestol in liquid nitrogen
and homogenized in 4 M guanidinium thiocyanate containing
0.5% sodium N-laurylsarcosine, 0.7% [(-mercaptoethanol, and
25 mm EDTA (pH 7.0). The homogenate was loaded onto a
cushion of 5.7 M CsCl and 0.1 m EDTA (pH 7.0; treated with
diethyl pyrocarbonate), and RNA was pelleted overnight at

20,000 rpm. Proteins were recovered from the top part of the
tube and dialyzed against 50% glycerol, 50 mm NaCl, 10 mm
HEPES (pH 7.9), 0.5 mm phenylmethylsulfonyl fluoride, and
0.5 mm DTT. DNA was isolated from the layer above the CsCl
cushion, phenol-CHCI, extracted, and precipitated. The CsCl
was removed from the centrifuge tube, and the RNA pellet at the
bottom of the tube was rinsed with 70% ethanol and resus-
pended in H,O.

Mutation Analysis of the W71 Gene. Of the 86 col-
lected tumor specimens, 64 were previously analyzed for WT1
mutations by PCR single-strand conformational polymorphism
and direct sequencing (7). Here we have analyzed 22 additional
patients with the same method.

Northern Blot. Total RNA (10 pg) was loaded on a 1%
agarose gel in 4-morpholinepropanesulfonic acid buffer contain-
ing ethidium bromide and 0.22 M formaldehyde. Separation was
at 30 V overnight. After photography, the gel was rinsed in H,O
for 5 min and transferred overnight in 10X SSC to gene screen
membranes (New England Nuclear, Dupont). After transfer, the
RNA was UV-cross-linked, and the filter was baked for 2 h at
80°C. Preparation of RNA, hybridization probes, and conditions
were as described previously (24).

RT-PCR. For the identification of mutant WTI tran-
scripts, different oligonucleotide primers were used: GW21
(5'-CCGCCTCACTCCTTCATC-3") and GW25 (5'-ACCG-
AGTACTGCTGCTCAC-3"); and Sus39 (5'-TCGCAATCA-
GGGTTACAG-3") and Sus40 (5'-GTGGGTCTTCAGGTG-
GTC-3"); P1 and P4 were as described previously (25). Five pl
of cDNA were amplified in a 50-pl PCR reaction containing 25
pmol of each primer, 200 uM each deoxynucleotide triphos-
phate, 1X Taq DNA polymerase buffer, and 1 unit of recombi-
nant Taq polymerase (Life Technologies, Inc.). PCR cycle con-
ditions were as follows: (a) for P1/P4, 3 min X 94°C; 30 cycles
of 94°C X 1 min, 60°C X 2 min, and 72°C X 2 min; followed
by a final elongation step at 72°C for 10 min; and (b) for
GW21/25 and Sus 39/40, 3 min X 94°C; 30 cycles of 94°C X
1 min, 53°C X 1 min, and 72°C X 1 min; followed by a final
elongation step at 72°C for 10 min.

Restriction Enzyme Digestion. Wild-type or mutant
WTI alleles and transcripts were identified by digesting 15 wl of
PCR products with enzymes specific for the mutant site. For
digestion with BsiEI (New England Biolabs), MgCl, was ad-
justed to 10 mwm final concentration. Products were visualized on
a 3% NuSieve-agarose gel stained with ethidium bromide.

Antibodies. For immunohistochemistry, the following
antibodies were used in this study: anti-collagen I (COL-1;
1:5000; Sigma); anti-collagen IV (CIV 22; 1:50; DAKO); anti-
cytokeratin (KL1; 1:10; Immunotech); anti-desmin (D33; 1:250;
DAKO); anti-fibronectin (1:2000; DAKO); anti-LamA (4C7;
1:300; DAKO); anti-MyoD1 (5.8A; 1:10; DAKO); anti-myoge-
nin (F5D; 1:30; DAKO); anti-SA (Sr-1; 1:10; DAKO); anti-
vimentin (Vim3B4; 1:10; Roche Diagnostics); and anti-WT1
[C19 (1:500); WT-180 (1:100); Santa Cruz Biotechnology).

Immunostaining. Immunoperoxidase staining was per-
formed using the Labeled StreptAvidin Biotin kit from DAKO
according to the manufacturer’s recommendations. After fixa-
tion in acetone or a 1:1 mixture of acetone and methanol for 10
min at —20°C and blocking of unspecific sites, sections were
stained with the first antibody for 30 min followed by incubation
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with the biotinylated secondary antibody and the streptavidin-
peroxidase reagent. Negative controls consisted of consecutive
tissue sections of each case in which the primary antibody was
omitted.

Neutralization of WT1 Antibody. To demonstrate the
specificity of the WT180 antibody in immunostaining, experi-
ments were repeated after preincubation of the antibody with an
excess of a purified WT1 protein for 1 h at room temperature. A
fusion plasmid of GST and WT1 (26) was used for bacterial
expression, and purification of the GST-tagged recombinant
WT1 protein was performed using GSTrap columns from Am-
ersham Pharmacia according to the manufacturer’s recommen-
dations.

Western Blot. Total protein extracts were separated on
10% SDS-PAGE and transferred to a nitrocellulose membrane
(Schleicher & Schuell). The proteins were visualized using
enhanced chemiluminescence (Amersham Pharmacia Biotech)
as described by the manufacturer’s recommendations. The
membrane was sequentially probed with three primary antibod-
ies: (@) WT180 (1:500; Santa Cruz Biotechnology); (b)) WTC19
(1:1000; Santa Cruz Biotechnology); and (¢) a-tubulin (1:500;
Sigma).

Cell Culture and Transient Transfection. NIH3T3 and
Cos-7 cells were cultured in DMEM (Biochrom) containing
10% FCS (Biochrom). For transfection, the cells were seeded at
a density of 1-3 X 107 cells/coverslip and transfected according
to the manufacturer’s (Roche Applied Science) recommenda-
tions by using 3 wl of FuGENE 6 and 1 pg of plasmid DNA.
The culture medium was changed after 16 h, and the cells were
maintained for another 48 h to allow optimal expression of the
fusion protein. The transfected cells were examined under a
Zeiss Axiophot fluorescence microscope.

Plasmid Construction. By using different pairs of
primers, three fragments were PCR amplified from a WT1
cDNA clone named CMV-WIT2F (kindly provided by Dr.
Paul Baird, Australia) and cloned into pCRII from the TA
cloning kit (Invitrogen). The primers used to generate frag-
ments were as follows: (a) for the WT450 fragment, VSla
(5'-CGAATTCTATGGGCTCCGACGTGCGGGA-3') and
VS5a (5'-CAGTCGACTCAAAGCGCCAGCTGGAGTTT-
3"); (b) for the WT380 fragment, VSla and VS4a (5'-
CAGTCGACTCAACCTGTATGTCTCCTTTG-3'); and (c¢)
for WT220, VSla and VS3a (5'-CAGTCGACTCACCT-
CAGCAGCAAAGCCTG-3'). The amplicons were se-
quenced with IRD800-labeled M13 primers on a LICOR
automatic sequencer to verify that no mutations had been
introduced. All primers contained a start or a stop codon as
well as EcoRI or Sall restriction site that permitted subse-
quent directional in-frame cloning into pEGFP-C1 (Clon-
tech), generating the following plasmids: (a) pEGFP-WT450,
representing the wild-type WT1 isoform containing exon 5
and KTS; () pEGFP-WT380, representing a truncated WT1
form with a stop codon in exon 9; and (¢) pEGFP-WT220,
representing a truncated WT1 form with a stop codon in exon 3.

Results
Mutations in the WT1 Gene. Here we report the analy-
sis of 22 WTs (3 stromal-predominant tumors, 8 blastemal-

predominant tumors, 5 tumors with triphasic histology, and 6
regressive tumors). Two new mutations were found in bilateral
stromal-predominant tumors. One male patient (patient 9179)
with genital abnormalities had a constitutional nonsense muta-
tion in exon 8 (R362X) and one female (MD37) had a nonsense
mutation in exon 6 (R295X) in the tumor. No blood DNA was
available to test for a constitutional mutation.

Taken together with our previous study (7), we have now
analyzed a total of 86 WT patients and found W71 mutations/
deletions in 21 cases (24%). The mutation frequency was sig-
nificantly different among the various histological subtypes:
mutations were seen in 63% of tumors of stromal-predominant
histology; 14% of tumors of triphasic histology; and 6% of
tumors of blastemal-predominant histology. Of the 21 muta-
tions, 17 were present in the germline, and 3 of these were
deletions in patients with Wilms’ tumor, aniridia, genital mal-
formation, mental retardation syndrome. Six of 10 stromal tu-
mors with WT1 mutations showed LOH of 11p13 markers, and
1 tumor had a second somatic mutation.

These results confirm that the presence of W71 mutations
correlates with the specific histological subtype of stromal-
predominant or ILNR-like WTs.

Expression and Subcellular Localization of Mutant
WTI Transcripts and Proteins in WTs. Using our previ-
ously described protocol (23), DNA, RNA, and protein were
extracted simultaneously, allowing us to analyze the same ma-
terial for WT1 mutations as well as for RNA and protein ex-
pression. To examine whether tumors with WT1 mutations ex-
press WT1, we first performed Northern blot analyses on WTs of
different histology. As has been observed previously (21), tu-
mors with blastemal-predominant histology expressed high lev-
els of WTI, whereas stromal-predominant tumors expressed
only low or undetectable levels of WT1. A Northern blot of
different WTs probed for W71 and actin is shown in Fig. 14. In
the three stromal-predominant WTs 9274, 9177, and 9184, a
WTI transcript with the highest level can be seen in 9274, where
a smaller amount of RNA was loaded when compared with the
actin signal. It was estimated that a mRNA can be detected by
Northern blots if it comprises 0.001% of the total mRNA,
corresponding to 50 copies/cell (27). Therefore, these stromal-
predominant tumors contain an amount of RNA within the
normal range of a low abundant message. From the right tumor
of patient 9200, which shows no signal on the Northern blot
(Fig. 14) we have performed real-time RT-PCR to quantify W71
expression level. The expression was 178-fold lower than that in
blastemal-predominant tumor 9168 (data not shown). Because
tumor 9200 contains a mixture of cells, some of which most
likely do not express WTI, we can deduce that this tumor
contains about 5 copies or less of W7l RNA, which explains
why, in this case, no transcript can be seen in Northern blots
(Fig. 14).

To study whether the detected W71 RNA corresponds to
the mutant transcript, we performed RT-PCR and restriction
enzyme digests. Four tumors were analyzed, and in all a mutant
WTI transcript was detected (for tumor 9274, see Ref. 28). Fig.
1B shows an example for patient 9318, where a constitutional
mutation (C>A in exon 7) causes the loss of a BsiEI restriction
site. The analysis was performed on tumor and blood DNA
(DNA-PCR) and tumor RNA (RT-PCR) using two different
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pairs of primers. As seen in Fig. 1B, right, the tumor DNA only
shows the mutant allele resulting in a 235-bp undigested frag-
ment of exon 7. Amplification of the cDNA and digestion with
BsiEl leads to an undigested 771- and 720-bp fragment, con-
taining or lacking exon 5, respectively (Fig. 1B, leff). This
fragment represents the mutant transcript. A schematic drawing

of the fragment sizes after digestion of the DNA-PCR and
RT-PCR product is given below the figure.

Next we analyzed whether a truncated protein is synthe-
sized from these mutant messages. By immunohistochemistry,
we studied frozen sections for the presence of a wild-type
protein using the WTC19 antibody directed against the COOH
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Table I Expression of differentiation markers in two histological subclasses of WTs
A comparison to the differentiation state according to the kidney development database is shown.

Kidney differentiation markers

Other markers

Cytokeratin Vimentin Laminin A Collagen IV Collagen I Fibronectin WT1 Desmin Sarcomeric actin Myogenin

The kidney development database (31)

UMM + - -
Early-induced - + - -
MM
Condensed MM + Goes + +
Stroma - + - +
Stromal predominant WTs with W7/ mutations
9200 - - + +
9614 - - + +
9177 - (+) + +
9385 - - + +
9318 - - + +
Blastemal predominant WTs without WT/ mutations
9345 (+) + + +
9168 - + + +
9545 (+) + + +
9474 - + - +
9497 (+) (+) + +
9254 (+) + + +

+
+ + + - - -

- (+)
- (+)

- (+)
- (+)

- ()
- (+)
- ()
() ()
- ()
+ (+)

o+t +
+ 4+ +++
++ o+t
+++++

o+
[
[
[

terminus and the presence of a truncated as well as a wild-type
protein using the WT180 antibody against the NH, terminus. As
described previously (17, 20) WT1 staining was restricted to the
nucleus of podocytes and their precursors in normal embryonic
kidney (Fig. 1C, NEK), demonstrating that both antibodies were
specific. Although all six blastemal-predominant tumors
showed nuclear staining with both antibodies (tumor 9345 in
Fig. 1C and Table 1), no immunoreactivity was seen with the
COOH-terminal antibody in stromal-predominant WTs (tumor
9200 in Fig. 1C and Table 1), demonstrating that no wild-type
protein was synthesized. Using the NH,-terminal antibody, all
five cases with nonsense mutations had cytoplasmic staining in
cells with a skeletal muscle morphology. In Fig. 1C, tumor 9200
shows a positive reaction with the WT180 antibody, and it can
be seen that the cells, which were cut longitudinally, show the
elongated morphology of muscle cells with small nuclei and
staining of the cytoplasm. No reactivity was seen in the sur-
rounding stroma. Most of these tumors had lost the wild-type
allele, confirming that only a truncated mutant WT1 protein is
synthesized. The specificity of the NH,-terminal WT180 anti-
body was examined by the use of three different batches and by
preabsorption with a purified GST-WT]1 fusion protein contain-
ing aa 1-181 before incubation on tissue sections. This lead to
a greatly reduced staining (data not shown).

Western blot analysis on total tumor protein extracts from
two blastemal-predominant tumors (NL and 9168) and three
stromal-predominant tumors (9385, 9274, and 9318) showed a
full-length protein of M, 52,000, with the WTC19 and WT180
antibodies only in the blastemal-predominant tumors (Fig. 1D,
b). No wild-type or truncated WT1 protein could be detected
with either antibody in the stromal-predominant tumors (Fig.
1D, s). This indicates that the amount of mutant WT1 protein is
below the detection limit of the Western blot method, which is
not suitable to detect a protein of low abundance (29), specifi-
cally if the cells used for protein extraction represent a mixture

of WT1-expressing and non-WT1-expressing cells. In Fig. 1C,
it can be seen that only a few cells in the stromal-predominant
tumors are positive for WT1, further explaining why the trun-
cated protein may not be visible in Western blot analysis.
Analysis of Subcellular Localization of Truncated WT1
Proteins in Cell Culture. To support our findings of a cyto-
plasmic truncated WT1 protein in tumors, we studied the sub-
cellular localization of EGFP-WT]1 fusion proteins of different
length after transient transfection in NIH3T3 and Cos-7 cells.
The full-length construct contained a cDNA encoding all 450
residues of the WT1 protein including exon 5 and KTS and an
NH,-terminal fusion of EGFP (EGFP-WT450). Two WT1 pro-
teins truncated at aa residues 220 and 380 were constructed and
designated EGFP-WT220 and EGFP-WT380, respectively (Fig.
24). These corresponded to the naturally occurring mutations in
patients 9184 and 9394. EGFP-WT220 lacked the entire ZF
domain, whereas EGFP-WT380 lacked parts of ZF III and the
entire ZF IV. The nuclear localization signal in ZF I was still
present here. The constructs were verified by transient transfec-
tion in NIH3T3 cells and subsequent Western blot analysis (data
not shown). In contrast to previous studies on subcellular local-
ization of WT1 proteins (12, 30), we have directly visualized the
EGFP-WT]1 fusion proteins in native cells under a fluorescence
microscope without fixation. Whereas the wild-type EGFP-
WT450 fusion protein was restricted to the nucleus in both cell
types, the deletion mutant EGFP-WT380 showed nuclear as
well as cytoplasmic distribution (Fig. 2B). In contrast, the
EGFP-WT220 fusion protein was mostly excluded from the
nucleus in NIH3T3 cells and was present in the nucleus and the
cytoplasm in Cos-7 cells. Fig. 2C summarizes the results.
Expression of Muscle Markers in Stromal-predominant
WTs with WT1 Mutations. Previously, four tumors with
WTI mutations were studied for the expression of the myogen-
esis genes MyoD1, myosin heavy polypeptide (Myh3), and
myogenin (MyoG) and found to be positive (19). To extend
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these observations, we have studied the expression of additional
muscle differentiation markers in our five stromal-predominant
tumors with WT1I mutations. The muscle markers desmin, sar-
comeric actin, MyoD1, and myogenin were present in the same
cells that expressed the mutant WT1 protein but absent in the
surrounding stroma. None of these markers were present in the
blastemal clusters seen in the blastemal-predominant tumors
(data not shown and summarized in Table 1).

Analysis of Kidney Differentiation Markers. To deter-
mine whether ILNR-like, stromal-predominant WTs with WT1
mutations can be distinguished from PLNR-like, blastemal-
predominant WTs by their differentiation stage, we have studied
a set of markers. Markers for uninduced and early-induced
mesenchyme were vimentin, collagen I, and fibronectin, and
markers for condensed mesenchyme were cytokeratin, laminin
A, and collagen IV (31). Using this set, we could show that cells
in both tumor subtypes correspond to early-induced mesen-
chyme but express one marker of uninduced mesenchyme. The
organoid structure of cell clusters in blastemal tumors and the
beginning of cytokeratin expression demonstrates that this sub-
class is already one step further toward epithelial differentiation.
Fig. 3 shows a representative example of one stromal-predom-
inant tumor (tumor 9200) and one blastemal-predominant tumor
(tumor 9345). Cytokeratin staining is negative in tumor 9200
and is seen only within blastemal clusters of tumor 9354. Vi-
mentin staining is seen in stromal cells of both tumors and in
blastemal clusters of tumor 9345, whereas muscle cells in tumor

9200 are negative (cluster of blue-stained cells in the middle of
the picture). Staining for the extracellular matrix proteins col-
lagen IV and fibronectin, as well as the membrane protein
laminin A, surrounds the entire blastemal clusters in blastemal-
predominant tumors, except in one case, where the individual
tumor cells were positive (data not shown). In contrast, in
stromal-predominant tumor 9200, each individual cell was sur-
rounded by positive staining. Collagen I staining is negative in
both tumors.

Table 1 summarizes the immunohistochemical results of
five stromal-predominant tumors with W77 mutations and six
blastemal-predominant WTs without W7 mutations as well as
normal kidney specimens. Expression of markers was evaluated
only in those cells that were positive for WT1 in both subclasses
and compared with the expression of these markers as described
in the kidney development database.*

Discussion

A major focus of this work was to establish diagnostic
markers for the classification of clinically distinct subsets of
WTs.

Our previous work and data presented in this report dem-

“ http://www.ana.ed.ac.uk/anatomy/database.
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Fig. 3 Expression of differentia-
tion markers. Immunostaining of
cytokeratin, vimentin, laminin A,
collagen IV, collagen I, and fi-
bronectin in one stromal-predomi-
nant (9200) and one blastemal-
predominant (9345) WT. All final
magnification, X400.
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onstrate that W71 mutations occurred in a high precentage
(63%) in one subset of WTs, the stromal-predominant or ILNR-
like tumors. Importantly, 11 were present in the germline, and
all but 1 were mutations resulting in protein truncation or loss of
the entire gene (Ref. 7; data reported here). The germline
mutations were found in three normal females, one normal male,
and seven males with GUs of varying degrees. Interestingly, two
males without GU had a tumor-specific mutation. Unilateral
tumors developed in eight patients with germline mutations. An
important clinical information from these data is that patients
with germline mutations can present with unilateral tumors
without associated abnormalities, and it should be kept in mind
that these patients have a high risk for a contralateral tumor. Six
of 10 (60%) stromal-predominant tumors had lost the wild-type
DNA allele, and 1 tumor had a second somatic mutation, con-
firming Knudson’s two-hit inactivation model for WT! in the
development of this tumor subclass. In contrast, only one mis-
sense mutation in exon 2 was found in 16 blastemal-predomi-
nant WTs, suggesting that W71 mutations play a minor role in
the development of this tumor subtype.

Mutant WT1 mRNA was found in stromal-predominant WTs,
and in cases where LOH occurred, only mutant transcripts were
expressed. To our knowledge, only one other group found a mutant
transcript in a tumor with a W71 alteration (32). In quantitative
RT-PCR and Northern blot experiments, we have determined that
the amount of the mutant transcript in different stromal-predomi-
nant tumors is between 5 and 50 copies/cell, which is in the normal
range of low abundant messages (27). This could correspond to the
amount found in early-induced cells, at a time when W71 expres-
sion starts. Blastemal-predominant WTs contain about 180-fold
more WT1 mRNA, which may correspond to the normal range in
condensed, epithelialized cells.

In stromal-predominant WTs with a mutation, the WT1 pro-
tein could be detected by immunohistochemistry in individual cells
only with an antibody that recognizes the NH, terminus, but not the
COOH terminus, demonstrating that no intact wild-type protein
was present. The mutant form was aberrantly localized in the
cytoplasm, resulting in the absence of a functional WT1 protein in
the nucleus. This was confirmed by analyzing the subcellular
localization of different EGFP-WT1 mutants in unfixed, native
cells. It is interesting that Englert e al. (30) found a WT1 protein
truncated at aa 326 localized exclusively in the nucleus of Saos-2
and U20S cells, two embryonal tumors not derived from kidney.
Bruening et al. (12), who used the same cells as we did (NIH3T3
and Cos-7), also noted a cytoplasmic localization with some con-
structs. They have deduced that a second nuclear localization signal
is present between aa 291 and 350, which is absent in our almost
exclusively cytoplasmic construct WT220. Because all truncated
proteins still contain the dimerization motif, it is possible that at a
time where LOH has not yet occurred, the wild-type protein might
be excluded from the nucleus by dimerization with the cytoplasmic
truncated protein. This could be the first step in an abnormal
differentation of early-induced cells. In contrast, blastemal clusters
in blastemal-predominant tumors expressed wild-type WT1 protein
in the nucleus. Therefore, one molecular distinction between these
two subtypes of WTs is the presence of a nuclear wild-type WT1
protein in blastemal-predominant tumors and its absence in stro-
mal-predominant tumors.

Interestingly, in stromal tumors, the truncated protein was

restricted to cells with a thabdomyomatous phenotype expressing
desmin, MyoD, myogenin, and sarcomeric actin. It was described
previously that tumors with W71 mutations may aberrantly differ-
entiate into skeletal muscle (19). This suggests that the lack of
nuclear WT1 protein in multipotential mesenchymal cells results in
the failure of a proper epithelial differentiation and alternative
differentiation programs; predominantly skeletal muscle as well as
fat, cartilage, and bone are turned on. All these structures are not
found during normal kidney differentiation and in blastemal-pre-
dominant tumors, suggesting that alternative programs are nor-
mally repressed. Whether WT1 is this repressor is not known. It
should be noted, however, that all stromal-predominant tumors that
we have studied were obtained after chemotherapy, and therefore
rhabdomyomatous differentiation in response to chemotherapy
cannot be excluded as has been proposed by Brisigotti et al. (33).
However, we have studied several untreated stromal-predominant
WTs for the presence of muscle differentiation by the expression of
desmin and found them positive, suggesting that at least some
muscle differentiation is present before chemotherapy.’

During early induction of kidney differentiation, vimentin,
collagen I, and fibronectin are expressed, and at the stage of
condensation, cytokeratin, laminin A, and collagen IV are ex-
pressed (31).* A switch from fibronectin to cytokeratin occurs at
the stage of mesenchymal epithelial conversion. In stromal-pre-
dominant tumors, the cells expressing mutant WT1 and showing a
rhabdomyomatous phenotype are at the differentiation stage of
condensed cells except for the expression of fibronectin, which is
normally turned off at that stage. Cells expressing wild-type WT1
in blastemal-predominant tumors are positive for markers of early-
induced and condensed mesenchyme and may be one step further
in epithelial differentiation because they start to express cytokera-
tin. Laminin A and collagen IV staining was not seen around each
individual cell as in the case of stromal-predominant tumors but
was seen surrounding a cluster of blastemal cells, suggesting that
these may be further along the development to a more organoid
structure. The expression of laminin A increases when epithelial
cell polarization begins (34). It was shown that laminin A, collagen
IV, and heparan sulfate proteoglycan first appear as spots on
aggregating cells and then form a semicontinuous sheet on the
surface of comma- and S-shaped bodies, suggesting a role in cell
aggregation and later in epithelial differentiation (35). Forced ex-
pression of WT1 in mesenchymal NIH3T3 cells leads to up-
regulation of E-cadherin, cytokeratin, heparan sulfate proteoglycan,
and collagen IV, suggesting that WT1 is a positive regulator of
epithelial differentiation (36). We have shown previously (37) that
blastemal-predominant WTs expressing wild-type WTI are posi-
tive for PAX-8, which is turned on when epithelial differentiation
begins, further supporting the notion that tumor cells expressing
wild-type WT1 are at an early stage of epithelialization.

Taken together, these data show that two distinct sub-
classes of WTs can be distinguished on the basis of the presence
or absence of W71 mutations and by their associated expression
of specific differentiation markers. A similar subclassification
was made on the basis of the presence or absence of LOI in
PLNR-associated/blastemal-predominant WTs and ILNR-asso-

V. Schumacher and B. Royer-Pokora, unpublished observations.
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Fig. 4 Model for the development of two different subtypes of WT. Left, during normal kidney development, the WTI gene is turned on in
early-induced mesenchyme and is needed for epithelial differentiation as well as induction of ureteric bud (41). Expression increases in condensed
mesenchyme and is restricted to podocytes in adult kidney. Middle, in blastemal-predominant tumors, development proceeds normally until the stage
of induced/condensed mesenchyme, where cells are arrested. Right, in the case of stromal-predominant tumors, the first W7/ mutation is present in
the germline or occurs very early in kidney development (cell with a red nucleus, right). After induction by the ureteric bud, the second allele of WT'1
is lost, creating a WT1—/— cell that randomly differentiates into other cell lineages.

ciated/stromal-predominant WTs by Ravenel et al. (5). This will
be the basis to distinguish these two subtypes in future studies,
rather than simply placing all WTs into one category. By doing
so, it is expected that many of the previously unresolved incon-
sistencies might be resolved.

Based on the present data, we propose a model for the
development of these two distinct subclasses of WTs (Fig. 4).
Tumor cells in blastemal-predominant/PLNR-like WTs corre-
spond to an early stage of induction/conversion to an epithelial
phenotype. Cells arrested at the proliferative stage of early-
induced mesenchyme are blocked from further differentiation,
possibly by continuous expression of WT'1 and/or LOI of IGF2.
In contrast, the first event leading to stromal-predominant/
ILNR-like WTs is either a germline or early somatic truncation
mutation in a multipotential kidney stem cell (Fig. 4, nucleus
marked in red). This is followed by a second hit in a cell, most
likely after induction by the ureteric bud, resulting in complete
absence of a functional nuclear WT1 protein. Mesenchymal
stem cells lacking WT1 fail to epithelialize and stochastically
differentiate into other mesenchymal lineages. This ultimately
leads to a heterogeneous tumor containing multiple cell types at
the time of diagnosis. Microdissection of different cell types in
two stromal-predominant tumors revealed LOH in all, indicating
that this genetic event occurred in a multipotential stem cell
early in tumor development (data not shown). Therefore, cells
with a normal stromal appearance are also tumor cells, as has
been described previously (38); however, they are negative for
the WT1 protein. In summary, the two-hit inactivation of WT1
is essential in stromal-predominant/ILNR-like WTs.

Of clinical importance is that stromal-predominant and

fetal thabdomyomatous tumors (which may be the same) re-
spond poorly to chemotherapy, in contrast to most blastemal-
predominant tumors (4, 22, 39, 40). Although patients with
stromal-predominant tumors generally do not have a poor prog-
nosis, these tumors tend to be very large at the time of diagnosis.
Beckwith et al. (41) described the importance of differentiating
between an aggressive tumor and a responsive tumor. Generally,
tumors with a predominantly epithelial differentiation have a
low degree of aggressiveness, but tumors presenting at an ad-
vanced stage may be resistant to therapy, and death rates may be
higher than those for more aggressive tumors. None of the
patients with a stromal-predominant tumor in the SIOP9/GPOH
developed any relapse. Therefore, Weirich et al. (22) proposed
to test a reduced or milder postoperative treatment in cases
where tumors are completely resected, to avoid the unnecessary
side effects of chemotherapy. Data from our work suggest that
the presence of WT1 mutations and extensive rhabdomyomatous
histology could be used as diagnostic markers for nonrespond-
ing tumors. This will allow identification of patients who will
benefit from changes in treatment protocols and possibly from
the development of novel therapeutic approaches.
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Spectrum of early onset nephrotic syndrome associated with WT1
missense mutations. We investigated 17 children with nephrotic syndrome
(NS) of early onset (14 aged < 1 year) and rapid progression to end-stage
renal disease for the presence of mutations in the Wilms’ tumor suppres-
sor gene WT1 on chromosome 11. In eight children (7 genotypic males) an
association with Wilms’ tumor and/or ambiguous genitalia (Denys-Drash
syndrome) was observed. In these eight and two additional female patients
with NS only constitutional missense mutations in the WTI gene were
detected; four children presented the so-called hot spot mutation in exon
9 (R394N) and six had different mutations in exons 8 and 9 (4 not
previously described). Renal biopsy showed diffuse mesangial sclerosis in
eight and focal segmental sclerosis in two cases. End-stage renal disease
was reached either concomitantly or within four months after onset of NS
in seven of ten patients. A unilateral Wilms’ tumor was found before or
concomitant with NS in four children (3 males, 1 female). From the seven
genotypic males with WT1 mutations, five presented ambiguous genitalia
and two a female phenotype. No mutation of the W71 gene was found in
seven other children with isolated congenital or infantile NS with or
without DMS who appeared to have a slower progression than the first
group. It is proposed that patients with early onset, rapidly progressive NS
and diffuse mesangial or focal segmental sclerosis should be tested for
WT1 mutations to identify those at risk for developing Wilms’ tumor.

The triad of Wilms’ tumor (WT), male pseudohermaphroditism
and progressive glomerulopathy is known as Denys-Drash syn-
drome (DDS) [1, 2]. Subsequent reports described patients with
incomplete forms of this syndrome [3-5] dividing DDS into three
clinical categories: (1) genotypic males with all three abnormali-
ties, (2) genotypic males with nephropathy and ambiguous exter-
nal and/or internal genitalia only, and (3) genotypic females with
nephropathy and WT only. All patients show glomerulopathy,

Key words: nephrotic syndrome, Denys-Drash syndrome, renal failure,
Wilms’ tumor, diffuse mesangial sclerosis.
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usually characterized by the histologic finding of diffuse mesangial
sclerosis (DMS) and in rare cases focal segmental glomeruloscle-
rosis (FSGS) is observed [3, 4]. DMS may also be observed as an
isolated sporadic or familial disorder [6]. Clinically DMS is
characterized by massive proteinuria with a nephrotic syndrome
starting early in life and progressing rapidly to end-stage renal
disease (ESRD) [3, 4, 6]. The only difference between isolated
DMS and DMS associated with DDS seems to be the familial
occurrence in the former. WT associated with DDS is more often
bilateral and on the average has an earlier onset than isolated
(sporadic) WT.

WT1I, one of the WT suppressor genes was isolated by positional
cloning from chromosome 11p13 [7, 8] and encodes a transcrip-
tion factor of the zinc finger (ZF) family. Four transcripts are
produced by alternative splicing [9, 10]. In WT patients a variety
of mutations in the WTI gene was described [11]. The WTI gene
plays a specific role during the embryonic development of the
kidney, genitalia and other organs [12-15]. Mice with a homozy-
gous deletion of WTI fail to activate the development of the
urogenital system, confirming its key role in this process [16]. The
expression of WTI in both kidney and urogenital system might
explain that DDS is often associated with a mutation in this gene
[13]. Our review of the literature [17-35; summaries, 11, 35]
showed that among 50 patients with complete or incomplete
forms of DDS 21 different WTI1 mutations were found. Most
patients presented the characteristics of DMS as described by
Habib et al [3, 6].

Attempts to correlate the phenotype of DDS and different WT1
mutations did not provide clearcut results. However, these inves-
tigations were often hampered by insufficient accounts of the
clinical and pathoanatomical manifestations and the lack of
reporting comparable patients without W71 mutations.

The primary aims of this work was (7) to identify mutations of
the WTI gene in a large spectrum of patients with progressive
forms of early onset NS with or without the clinical diagnosis of
DDS; (2) to correlate the different W71 mutations with the
phenotype of DDS; and (3) to identify patients with an increased
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risk to develop WT. For this study infants with complete or
incomplete DDS were investigated and patients of the same age
range with isolated NS associated with DMS or other renal
histopathology. In addition, we searched for W71 mutations in
some relatives.

METHODS
Patients

The clinical and pathoanatomic features of 17 children with
early onset NS studied are summarized in Table 1. Three geno-
typic male children had the complete form of DDS and four males
an incomplete form without WT. Five of the seven males had
presented with a NS in the first year of life, corresponding to a
congenital or infantile NS; two had an onset of NS at three years
of age. One of the three females presented with NS at 18 months,
a WT being found concomitantly (NS8).

In addition, we investigated one male and three females with
isolated congenital or infantile NS in absence of a WT or obvious
genital anomalies associated with DMS (NS9-12) and five children
with a similar age at onset but different renal histopathology. Five
of the 17 patients had a family history of progressive NS (NS11,
NS14-NS17) and five had more or less severe extrarenal/extragen-
ital malformations which were missing in the group with WT1
mutations. All 17 except one patient (NS16) developed ESRD;
most were treated with dialysis and subsequently underwent
transplantation. Three patients died (Table 1). Patients with
congenital NS of the Finnish type were excluded from this study.

Molecular methods

Mutations of the WT1 gene were searched for in blood DNA
from the 17 patients listed in Table 1 and from some asymptom-
atic relatives (6 parents, 2 siblings) in four affected families. In
addition, we investigated tumor DNA from one patient obtained
at the time of nephrectomy.

Preparation of genomic DNA. Constitutional DNA was isolated
from blood samples (5 ml) by the SDS-proteinase K method as
described previously [36].

PCR-SSCP analysis of the WT1 gene. We used the single-strand
conformational polymorphism (SSCP) method to analyze all WT1
coding exons for alterations within the germline of patients [37].
All 10 exons were amplified by the polymerase chain reaction
(PCR) from genomic DNA.

Polymerase chain reaction. The sequences of the oligonucleo-
tides were as published [36]. Each PCR reaction contained 100 ng
genomic DNA, 1x Taqg DNA Polymerase buffer, 25 pmol of each
primer, 200 uM nucleotides and 1 U Tagq Polymerase in a total
volume of 50 ul. Conditions for the different PCRs were as
described previously [36].

Single-strand conformational polymorphism. Following PCR a 1
to 1.5 ul aliquot of the amplified product was diluted with 4 to 4.5
ul 95% formamide, 10 mm EDTA. The DNA samples were
denatured at 95°C for 10 minutes and immediatly placed on ice
before loading on 8% polyacrylamide nondenaturing gels (29:1 or
49:1 acrylamide:bisacrylamide) containing 2% or 10% glycerol.
Electrophoresis was performed in 0.09 m Tris base-0.09 M boric
acid-2 mm EDTA running buffer at 500 Volt at 15°C for two to
four hours. The gels were then silver stained. Every sample was
analyzed using four sets of electrophoresis conditions to maximize
the sensitivity of the technique.
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Restriction enzyme analysis. Restriction digests were performed
overnight according to the manufacturers instructions. The DNA
fragments were separated on 3% NuSieve agarose gels and
visualized with ethidium bromide staining.

Direct sequencing of PCR products. Single-stranded sequence
templates were prepared using biotinylated primers and strepta-
vidin coated magnetic beads (Dynal, Norway) according to the
manufacturers recommendation. Dideoxy sequencing was per-
formed using the Sequenase Kit Version 2.0 (US Biochemicals,
USA) and *°S-ATP labeling. The products were separated on 6%
denaturing polyacrylamide gels and exposed to X-ray film over-
night. In one case direct sequencing was performed using the
automated LI-COR sequencer (MWG Biotech).

RESULTS

In 10 of the 17 patients, mutations in the WT1 gene were found.
Four mutations have not been described before (Table 1). All
patients were analyzed for mutations in the WTI gene using the
SSCP method. First the four exons encoding the four zinc fingers
were analyzed and when no alterations were found the rest of the
gene was analyzed as well. Alterations detected by SSCP were
sequenced and verified if possible by a restriction enzyme digest.
DNAs with known mutations were loaded on the same gel to
check for the presence of these mutations.

The hot spot mutation 394 Arg>Trp in exon 9 (now called
R394W) was found in four patients. Figure 1 shows the SSCP
analysis of three patients and one normal control (NEK). Two
additional bands are seen in the DNA from patients NS1, NS2 and
NS8, when compared to normal NEK DNA. Tumor DNA was
analyzed from patient NS8 and it shows only the altered bands,
demonstrating that the tumor has lost the normal allele. The
mutation abolishes a Hpall restriction enzyme site, and can
therefore be detected by digestion of the PCR products with this
enzyme (Fig. 2). Both, the mutant (undigested) and wild-type
(digested) alleles are seen in blood DNA from patients NS1, NS2
and NS8. This hot spot mutation was observed in two genotypic
males (NS1 and NS2) with complete DDS and one female (NS8)
with incomplete DDS. In addition, it was found in a female
(NS10) with isolated infantile NS, suggesting that this is also a
DDS patient (data not shown).

Three other patients exhibited different mutations in exon 9: (1)
a boy (NS5) with incomplete DDS and a new mutation at the hot
spot location, changing nucleotide 1181 G>A and amino acid
394Arg to Gln, characterized by a very rapid course to ESRD and
FSGS in the renal biopsy; (2) a male patient (NS3) with complete
DDS and a new mutation at nucleotide position 1153 T>C
changing amino acid 385 Cys to Arg (Fig. 3); (3) a male patient
NS4 with incomplete DDS having ambiguous external genitalia
and no Wilms tumor with a mutation changing an amino acid
directly involved in DNA binding (D396N, data not shown).

Three patients had different mutations in exon 8: two genotypic
males, one with ambiguous (NS6) and one with female genitalia
(NS7) but without WT, and a girl with isolated congenital NS and
an advanced form of diffuse glomerular sclerosis leading to ESRD
at the age of three months (NS9). Patient NS7, who had the most
precipitated course in this series, will be reported elsewhere
(Guschmann et al, manuscript submitted). Patients NS6 and NS9
have novel mutations at nucleotide position 1090 T>C and 1135
G>T, respectively. The first of these mutations changes an amino
acid in the binding backbone of the protein and the second
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Table 1. Summary of clinical features and W71 mutations in 17 patients with early onset nephrotic syndrome (NS)

Wilms’ tumor Glomerulopathy
di - age at onset in months, if not indicated otherwise WTI mutation
iagnosis age
Genital status/  (in months), RF RRT (age at
Karyo-  extrarenal location, stage, Proteinuria NS S, mg/ Renal last observation Relatives
Patient  type anomalies histology gm?/day S gl dl ESRD NX  histology in years) Patient examined
Complete DDS
NS1 46XY F, uterus, 4, R, I, tri 4 4(25) 4(11) 20 4R DMS PD (4.4) Ex9:1180 Father-
streak gonads (2.2 g/mol 20L C>T Mother-
Creatinine) R394W
NS2 46XY hypospadias 32, R, IIL tri 32 60 (28) 60(1.0) 67 32R FSGS,IF HD->TX (10.5)  Ex9:1180
cryptorchidism 60 (4.6) C>T
micropenis R394W
NS3 46XY hypospadias, 36,R, 1, s 38(1.2) 38 38(1.5) 52 37R DMS,IF PD->TX (11.0)  Ex9:1153
cryptorchidism 74 L T>C
micropenis, C385R®
vagina, uterus,
tuba, s. urog.,
hypoplastic
gonads
Incomplete DDS
NS4 46XY large clitoris — 9 9 9(acute) 9 26 R+L DMS PD->TX (3.6) Ex9:1186 Father-
and labia G>A Mother-
majora D396N AC-
NS5 46XY hypospadias, — 4d (0.4) 4d (20) 4d(0.8) 4 — FSGS,IF PD (3.4) Ex9:1181
cryptorchidism G>A
micropenis R394Q°
NS6 46XY hypospadias, — 6(4.2) 6(20) 6(1.1) 9 — DMS, IF died at 9 mo Ex8:1090
cryptorchidism no RRT T>C
vagina, uterus, F364L°
tuba
NS7 46XY F, vagina, — 3d (2.0) 3d (20) 3d(24) 12d — DMS, IF died at 13 days Ex8:1097
cryptorchidism no RRT G>A
hypoplastic R366H
gonads
NS8 46XX F 18, L, I, tri 18 18(20) 18(1.6) 19 19L DMS, IF  PD->TX (5.5) Ex9:1180
38R C>T
R394W
Isolated congenital/Infantile NS with DMS (DDS)
NS9 46XX ext. F — 3(45) 3(15) 3(0.4) 3 2L DMS, IF PD->TX (3.6) Ex8:1135 Father-
26 R G>T Mother-
G379C°¢  Sister-
NS10  46XX ext. F — 6(1.0g/dl) 6(24) 6(3.2) 6 9L DMS, IF PD (2.3) Ex9:1180 Brother-
14 R C>T
R394W
Isolated congenital/Infantile NS with DMS
NS11*  46XY M, — 2(2.5) 2(17) 5(1.9) 5 — DMS PD->TX (3.4) —
psychomotor
retardation
NS12  46XX F, Rieger — 1 day 1 day 1 day 1 — DMS PD->RTX died —
syndrome at 1.5 years
Isolated congenital/Infantile NS associated with different renal histopathology
NS13  46XX F — 2 11 (15) 30(1.0) 36 — MGN PD->TX->HD-> —
TX (19.0)
NS14°*  46XX F, CHD — 1(>1) 4(21) 60 79 9098  MGN HD->TX (11.0) —
NS 15 46XX F, CHD — 1(0.8) 1(23) 3(0.6) 40 46 L+R MGN HD-TX (8.7) —
NS16° 46XX F — 2d (10) 4d (18) 24 (1.0) — — MC —(2.3) —
NS17¢  46XY micropenis, — 4(13) 4(8) 5(1.0) 10 — MG, IF  PD(4.3) —
cryptorchidism
mental
retardation,
nystagmus

Abbreviations are: DDS, Denys-Drash syndrome; F, normal external female genitalia; M, male genitalia; s. urog., sinus urogenitalis; CHD, congenital
heart disease; Wilms’ tumor: R, right kidney; L, left kidney; tri, mixed triphasic; s, stromal-predominant; Glomerulopathy: S ,;,, serum albumin; RF,
renal failure; S¢; serum creatinine; ESRD, end-stage renal disease; NX, nephrectomy; RRT, renal replacement therapy; Histology: DMS, diffuse
mesangial sclerosis; FSGS, focal segmental sclerosis; IF, interstitial fibrosis; MGN, mesangioproliferative glomerulonephritis; MC, minimal glomerular
changes; PD, peritoneal dialysis; HD, hemodialysis; Tx, renal transplantation; AC, amnion cells.

Affected relatives: * sister had CNS/DMS/ESRD; ° sisters; © sister had CNS/ESRD/MC; ¢ cousin had CNS/DMS; © Mutations not previously described
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Fig. 1. Single-strand conformational polymorphism (SSCP) analysis of
WTI exon 9 from blood (B) DNA of patients NS1, NS2 and NS8. Blood
DNAs show heterozygous mobility pattern compared to the normal
embryonal kidney (NEK) control. In the tumor (T) DNA from patient
NS8 the wild-type allele is lost (only altered bands are seen).

Hpall
oo od ~— "ot ol
v v w W W
2 2 2 2 Z2 =
bp bp
224 — - 220
118/106 — - 134

Hpall
Normal TTC TdC CGG| TCC GAC

Phe Ser Arg Ser Asp
NS1,2,8 TTC TCC TGG TCC GAC
FPhe Ser Tp Ser Asp

Fig. 2. Hpall digest of WT1 exon 9 from blood DNA of patients NS1, NS2
and NS8 and a normal embryonic kidney (NEK) control. Loss of the
recognition sequence by the mutation results in an undigested fragment of
224 bp; the digested products are 106 and 118 bp. The undigested NEK
control DNA is shown for comparision. M: 1 kb size marker. Schematic
drawing of the mutation with loss of Hpall site and amino acid alteration.

changes amino acid 379 Gly close to the zinc coordinating
histidine into a cysteine. Zinc binds with a higher affinity to
cysteine than to histidine so that it is likely that both mutations
change the structure of the protein and therefore prevent DNA
binding.

Two infants with a female karyotype had an isolated form of
infantile NS associated with DMS only (NS9, NS10). One of them
presented the hot spot mutation and the other a missense
mutation not previously described. The clinical course and patho-
anatomical findings of these two infants were similiar to the DDS
patients: both developed ESRD within a few weeks after discovery
of nephropathy.

In the 10 patients with WT1 mutations the age at apparent onset
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Fig. 3. Sequence analysis of WT'1 exon 9 from blood DNA of patient NS3
with the T>C alteration changing amino acid 385Cys to Arg.

of glomerulopathy ranged from the first days of life to 3.2 years.
Renal histopathology in our patients with W77 mutations showed
DMS in eight cases. A glomerulus from patient NS8 is shown in
Figure 4. The shrunken tuft exhibits diffuse mesangial sclerosis
with prominent matrix expansion. The podocytes on the tuft
surface are inconspicuous. Two cases presented focal segmental
glomerulosclerosis, one at the age of four days (NS5) and the
other at 32 months (NS2) both combined with widespread inter-
stitial fibrosis.

The WTs were detected at variable times in relation to the
glomerulopathy and were always unilateral. In the seven geno-
typic males with W71 mutations genital findings were character-
ized either by severe hypospadias with cryptorchidism or appar-
ently normal female external genitalia with an uterus and streak
gonads (NS1-NS7).

Upon recognition of WTI mutations in two genotypic females
with isolated infantile NS (NS9,10) we performed corresponding
molecular studies in another seven NS patients not affected by
WT. In none of the seven patients we found an anomaly of the
WTI gene (Table 1). Five patients (NS11, NS14 to NS17) had a
family history of progressive NS of early onset in a sibling or
cousin. The sister of NS11, who was not analyzed for WTI
mutations, died early in ESRD from the same disease. Five
children had associated non-renal anomalies affecting the brain,
eyes, heart, muscles and the skeletal system (NS11, NS12, NS14,
NS15, NS17). The most severe malformation syndrome was found
in NS12 with a very early onset of nephropathy and of ESRD. Two
patients with isolated congenital or infantile NS in absence of
WTI mutations presented with DMS (NS11 and NS12) the others
(NS13 to NS17) had histopathologic findings compatible with
mesangioproliferative glomerulonephritis or minimal glomerular
lesions (Table 1).

The median age at onset of proteinuria was lower in patients
without compared to those with W71 mutations (1 vs. 6 months),
but the median time from onset to ESRD was shorter in the
patients with mutations (2 vs. 19 months). However, due to the
low number of patients compared from each group this difference
was not statistically significant.

Furthermore, our investigation was supplemented by a group of
six children with idiopathic NS with a late onset steroid resistant
FSGS (between 2.5 and 13 years) that uniformly progressed to
ESRD. None of these patients had a family history of NS or
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Fig. 4. Glomerulus from a patient with genetically verified Denys-Drash syndrome (DDS). Panels were photographed at X170. The glomerulus is

labeled with a arrow and the matrix expansion with a arrowhead.

associated anomalies. We failed to find any W71 mutations by
screening exons 1 to 10 in these patients (data not shown).

No WTI mutations were detected in the parents of three and
siblings of two patients with DDS or isolated congenital or
infantile NS (see Table 1), demonstrating that these patients had
new germline mutations.

DISCUSSION

Three different types of constitutional mutations have been
described in DDS: missense, nonsense and splicing mutations of
the WTI gene. Most are missense mutations that involve exon 9
corresponding to the third zinc finger (ZF) of the WTI gene; less
frequently exons 6, 7 or 8 are affected. An actual review of the
literature [11, 17-35] including our own patients demonstrates
that 40% (24 of 60) of all cases exhibit the hot spot mutation
R394W. Four mutations observed in our investigation were not
described before. One of these changes the amino acid at the hot
spot site directly involved in DNA binding to Gln instead of Trp.
The other three most likely are structural changes of the protein
ultimately also leading to lack of binding to the correct target
sequence [38].

Our study confirms earlier reports that W71 mutations are
present in children with the classical triad of DDS as well as in
incomplete forms [11], that is, in absence of ambiguous genitalia
or Wilms’ tumor. All the mutations that we describe here are
missense mutations. Similar to earlier studies we also found no
relation between the type of missense mutation and the clinical
phenotype of DDS. However, new genotype/phenotype correla-
tions seem to emerge: (/) our own survey of a large number of
Wilms’ tumor patients with or without genital tract malforma-
tions, revealed that all, except one had nonsense mutations in the
WTI gene and none of these patients had NS with ESRD ([36],
see below); (2) recently a specific splicing mutation in the WTI

gene was descibed in patients with Frasier syndrome, a rare
disorder defined by male pseudohermaphroditism, progressive
glomerulopathy and often associated with gonadoblastoma but
not Wilms tumor [39]; (3) patients with WTI missense mutations
always have NS followed by a rapid onset of ESRD associated
with variable expressivity of a Wilms’ tumor and depending on the
primary sex with genital malformations. Therefore, the type of
mutation in the WTI gene seems to dictate the accompanying
disease, with the following order: a missense mutation causes a
glomerulopathy with ESRD early in life and ambiguous genitalia
in males and a high risk for Wilms tumor and possibly a low risk
for gonadoblastomas; a nonsense mutation causes a high risk for
Wilms tumor and less severe genital tract malformations in males;
a splicing mutation causes glomerulopathy and pseudohermaph-
roditism in males and a moderate risk for gonadoblastoma, but no
risk for Wilms tumor.

A Wilms’ tumor was detected in only four of our ten patients
presenting a WT1 mutation, but it is notable that of the children
without tumor two had died very early and three underwent
bilateral nephrectomy before a WT was detected. One patient
being 3.4 years old at the most recent observation with kidneys left
in situ may still develop a WT. According to our own molecular
analysis of 64 WT patients, WT1 nonsense mutations are present
preferentially in patients with stromal-predominant or triphasic
Wilms’ tumors and most of these are present in the germline [36].
Four Wilms’ tumor patients of our series presented with hypo-
spadias and/or cryptorchidism and one had slight proteinuria, but
did not develop overt kidney disease and was therefore not
counted as a DDS patient. It is of interest that the splice site
mutation found in this child leads to a protein truncation in exon
7 at a similar site as in two other DDS patients, making it at least
possible that these children may not have DDS [11]. In fact our
own patient with the exon 6 mutation was initially described as a
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possible case of DDS [40], but further analysis revealed that the
patient did not have NS with ESRD [36] and it is now erroneously
listed as a DDS patient in [11]. All Wilms’ tumors from our DDS
patients were also either triphasic or stromal-predominant, sug-
gesting that germline mutations irrespective of the type (missense/
nonsense) lead to the development of stromal-predominant or
triphasic Wilms’ tumors. However, for the development of a WT
a second hit is needed that does not always occur, although the
risk to develop a Wilms’ tumor is over 90%, when a germline
missense mutation is present [38].

Genital anomalies were observed in all our seven DDS patients
with WT1 mutations who had a male karyotype, ranging from
severe forms of hypospadias, combined with a uterus and a vagina
in two to external female genitalia, combined with streak (hypo-
plastic) gonads. We hesitate to define these genital anomalies
generally as pseudohermaphroditism [41] as often reported in the
literature, because a pathoanatomical examination of the gonads
was not always performed in our series. The presence of germline
WTI mutations in the ZF region is compatible with normal sexual
development in the female but not in the male. It seems that the
WTI gene is involved in the molecular events leading to the
development of the male sex [12-14]. When the WT1PPS mutant
protein (protein with an amino acid exchange) is present during
the critical stage of sexual development it is thought to inhibit the
activity of the normal protein, resulting in genital anomalies. The
only exception is one apparently normal father with the hot spot
mutation [29]. In this case the father may have a complementing
mutation, abolishing the effect of the mutant protein, however,
this has never been observed in any other case. Besides other
possible explanations like genomic imprinting or mosaisism a mix
up of the samples should also be considered and excluded by
repeated sampling. In contrast, female DDS patients with the
same spectrum of W71 mutations had a normal development of
external genitalia, while in one infant internal genitalia were
abnormal [17]. It is of interest that the male/female ratio of DDS
patients reported with W71 mutations is increased to roughly 2:1.
On the basis of our observation of W71 mutations in two females
with isolated infantile NS we assume that the genotypic females
are underrepresented among the DDS patients reported, because
the normal phenotype leads less frequently to a molecular analysis
of the WT1 gene.

The glomerulopathy in DDS has been thoroughly described
from a clinical and pathoanatomical point of view by Habib et al
[6, 42, 43]. Our 10 patients with WT1 mutations generally fit this
picture. Severe proteinuria was observed between the newborn
period and three years. In all patients renal failure was noted
concomitantly with NS. The time between onset of proteinuria
and ESRD was short (0-34 months). Interestingly, the longest
time was observed in the three male patients with a Wilms’ tumor
(complete DDS), however, with only three patients in this cate-
gory the significance of this observation needs confirmation by
analyzing more patients. The pathoanatomical diagnosis was
compatible with DMS in all children with WT1 mutations except
two infants with focal segmental glomerulosclerosis. FSGS has
been described in a few other patients with DDS although no
molecular genetic studies were described these patients [4]. In
comparison in our patients without W71 mutations had an earlier
onset of proteinuria (birth to 4 months), but the time from onset
to ESRD tended to be shorter in the group with W71 mutations.
At present it is difficult to decide if this difference in the rate of
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progression is characteristic for WT1 associated nephropathy or is
simply due to a different patient selection. The group without
mutations was characterized by a high frequency of familial NS (5
of 7 patients) and of extrarenal/extragenital anomalies (5 of 7
patients) compared to the 10 patients with W71 mutations. We
have not tested if the patients with familial NS without a WT7
mutation were linked to the previously described SRN1 locus on
chromosome 1 [44].

Based on our data and previous findings of WT1 mutations in
DDS patients, we propose that the presence of a WTI germline
missense mutation and a nephrotic syndrome followed by rapid
progression to ESRD should suffice to define DDS. We propose
to abandon the division into complete and incomplete DDS and
isolated NS in the future and classify all these patients with W71
missense mutations as DDS.

In conclusion, we suggest that patients with progressive forms
of early onset NS, even in absence of renal biopsy, should undergo
analysis of the WTI gene independent on the finding of a WT or
genital abnormalities. The presence of DMS makes this research
mandatory. In males, ambiguous genitalia are an important
indicator of WTI mutations. In females progressive glomerular
disease alone may be revealing. In about half of patients with
DDS no kidney tumor is recognized when NS becomes manifest.
WTI mutations may be found in children presenting with NS or
renal failure after one year of age and in infants without DMS;
however, investigators are invited to provide more detailed mor-
phological description of renal histology from patients with WT1
mutations in the future. The finding of a missense mutation in the
WTI gene indicates an increased risk to develop Wilms’ tumor
and possibly gonadoblastomas in later life, even after start of renal
replacement therapy. Therefore, careful monitoring of all patients
with WT1 mutations is required. Regular renal imaging may be
necessary to evaluate the need for bilateral nephrectomy in
patients with WT1 missense mutations who have attained ESRD.
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Introduction

Germline heterozygous missense mutations in the
Wilms’ tumour suppressor gene 1 (WTI) cause
Denys—Drash Syndrome (DDS), which is characterized
by a progressive glomerulopathy (mainly diffuse
mesangial sclerosis), genital abnormalities in genotypic
males and a predisposition to Wilms’ tumour [1]. The
protein exerts its function as a tissue-specific zinc finger
transcription factor by binding to the promoter of its
target genes and, thus, regulating their transcription.
Loss of WT1 function through mutations results in the
misregulation of these target genes and, subsequently,
in developmental defects. The expression pattern of
WTI mRNA together with data obtained from WTI
deficient mice indicate that the function of the gene
is not restricted to the urogenital system, but involves
the development of other organs, such as spleen,
adrenal glands, heart, mesothelium, spinal cord and
brain [2-5]. We report a novel germline W71 missense
mutation in a genotypic male patient with DDS and
cerebral atrophy.

Case

The child was the second offspring of healthy, unrelated
Caucasian parents. Pregnancy was complicated by
fetal cardiac arrhythmias and myocardial hypertrophy.
Both were not confirmed after birth. Abnormalities
of amniotic fluid or placenta size were not noted.
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Augustenburger Platz 1, 13353 Berlin, Germany.

Email: dominik.mueller@charite.de

The child was born at term with a birth weight of
3100g. A horseshoe kidney was already diagnosed
prenatally. Although external genitalia had male
appearance at birth, the child displayed anorchia and
bilateral inguinal hernias. On surgical exploration
during hernia repair, only blind ending testicular
cords without any signs of testicular or epididymic
tissue were found; they were not removed.

At the age of 6, months a routine cerebral ultrasound
showed hydrocephalus e vacuo. The child developed
poorly during the following months. Besides a con-
vergent strabism, the patient showed progressive
psychomotor delay. Computed tomography and mag-
netic resonance imaging scans during follow-up
revealed cerebral cortical atrophy and thinning of
corpus callosum in the first year of life (Figure 1).
Funduscopy at the age of 12 months remained without
pathological findings. At the age of 1 year, overt
proteinuria (4.0 g/24 h/1.73 m?) was discovered accom-
panied with a rapid decline of renal function. At the
age of 3 years, the patient was started on haemodialysis
and then switched to peritoneal dialysis. At the age of
4.5 years, one half of the horseshoe kidney was removed
to reduce proteinuria. Histologically, the kidney
showed diffuse mesangial sclerosis. The child was
successfully transplanted at the age of 5 years with a
kidney graft from his father. At the time of surgery, the
remnant kidney was also removed. There were no signs
of malignancy (Wilms’ tumour or gonadoblastoma).
DDS was therefore considered as incomplete.

To confirm DDS on the molecular level, WTI
mutational analysis was performed. Using the poly-
merase chain reaction (PCR)/single-strand conforma-
tion polymorphism analysis as described previously [6],
an altered banding pattern was found for the exon
8 PCR product. Direct sequencing revealed a novel
germline heterozygous nucleotide exchange from
G — T at position 1107 (Figure 2A), resulting in an
amino-acid substitution from Gln — His at codon 369.
As seen in Figure 2B, glutamine is highly conserved
between different species and its exchange to
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Fig. 1. Magnetic resonance image of the brain at the age of 5 years. It demonstrates cerebral atrophy and thinning of corpus callosum.

(A) Reverse strand: 1107 C>A
Forward strand: 1107 G>T GIn369His
C C/A

el
Patient

(B) sp |P19544 |WT1_HUMAN YQCDFKDCERRFSRSD| Q JLKRHQRRHTGVKPFQCKTCQRKFSR
Sp|P49952 |WT1 RAT YQCDFKDCERRFSRSD| Q [LKRHQRRHTGVKPFQCKTCQRKFSR
sp|P22561|WT1_MOUSE YQCDFKDCERRFSRSD| Q [LKRHQRRHTGVKPFQCKTCQRKFSR
tr|Q9I8A0|Q9I8A0 CHICK YQCDFKDCERRFSRSD| Q [LKRHQRRHTGVKPFQCKTCQRKFSR
tr|P79958|P79958 XENLA YQCDFKDCERRFSRSD| Q [LKRHQRRHTGVKPFQCKTCQRKFSR
tr|Q9PUT7 |Q9PUT7 BRARE YQCDFTDCGRRFSRSD| Q |[LKRHQRRHTGVKPFQCETCQRKFSR
sp|P50902 |WT1_ALLMI YQCDFKDCERRFSRSD| Q |[LKRHQRRHTGVKPFQCKTCQRKFSR
tr|093433|093433 FUGRU YQCDVTECGRRFSRSD| Q |LKRHQLRHTGVKSFECETCQRRFAR

(C) sequence: WT1l Zinc finger 2 wild type
*
YQCDFKDCERRFSRSDQLKRHQRRH
------- HHHHH-HHHHHHHH---- alpha helix

————————————————————————— beta strand

Sequence: GIln369His (our patient) Sequence: Gln369Arg [8]
YQCDFKDCERRFSRSDI—:LKRHQRRH YQCDFKDCERRFSRSD}:LKRHQRRH
——————— HHHH- -H-HHHHHHH--- alpha helix - ------HHHHH-HHHHHHHHH - - -
7777777777 E-------------- Dbeta strand i

Fig. 2. (A) Sequencing chromatogram of the reverse strand from exon 8. The nucleotide exchange is marked by an arrow and the
corresponding amino-acid change is shown. (B) Comparison of a part from the WT1 protein sequence between different species. The affected
glutamine (Q) is highlighted by a box. Xenla, Xenopus laevis; BRARE, zebrafish; ALLMI: Alligator mississippiensis; FUGRU, Fugu.
(C) Secondary sequence prediction from zinc finger 2 of the wild type WTI, of our patient and the patient from Ohta et al. [8] generated using
the sequNNPREDICT programme (www.cmpharm.ucsf.edu/~nomi/nnpredict.html).
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Fig. 3. Simultaneous fluorescence in situ hybridization with two probes from chromosome 11p13 and 11pl5. The 11p13 probes (HD12
and p60) are marked with a white arrow. The 11p15 control probe is not marked.

histidine causes major changes in the secondary
structure of zinc finger 2 (Figure 2C), which may
result in loss of DNA-binding capacities. None of the
parents was carrying the mutation, indicating a de novo
mutation.

Since the patient presented with a complex
phenotype, especially with psychomotor delay, we
asked whether additional cytogenetic changes could
account for these symptoms. However, high-resolution
karyotyping (500 bands) remained without patho-
logical findings (data not shown). In addition, we
screened for submicroscopic deletions in the vicinity
of the WTI gene as this region is known to be deleted
in patients with WAGR syndrome, presenting with a
high risk for Wilms’ tumours, aniridia, genital abnorm-
alities in males and mental retardation. For this, we
performed, as previously described [7], a fluorescence
in situ hybridization with one probe covering the 3’
region of the WTI gene (HDI12) and another one
covering the region located between the WT1 gene and
the aniridia gene Pax6 (p60). Thereby, we could exclude
the presence of submicroscopic deletions in this region
(Figure 3).

Discussion

The prime role of WTT1 in the pathogenesis of several
disorders like DDS, Frasier syndrome and WAGR
syndrome is substantiated by the demonstration of
mutations or deletions in the WTI gene. Here, we
present a case of DDS with a novel germline hetero-
zygous WTI mutation. The gene product is predicted to
have lost its capacity for DNA binding due to changes
in the secondary protein structure. Ohta et al. [8] have
found the same amino acid (Gln 369) to be affected in
a DDS patient. However, in their case, glutamine was
replaced by arginine. Interestingly, their patient showed
only a mild renal phenotype, with nephrotic syndrome
first diagnosed at the age of 5 years and only a slight

progression over the course of 18 years. The prediction
of the secondary protein structure showed less
pronounced changes compared with the mutation in
our patient (Figure 2C).

Our patient shows features not typically found in
DDS. First, he shows normal male genitalia and
complete absence of testicular tissue. The fact that the
child did not display hypospadia might point at the
presence of disappearing testosterone-producing
tissue during development (‘vanishing testes’). Second,
he presents with a horseshoe kidney. Until now it is
not known whether WTI mutations account for this
abnormality, but interestingly, an increased incidence
of Wilms’ tumour has been noted in patients with
a horseshoe kidney. As 10-15% of all Wilms’ tumours
are caused by WTI mutations, this mutation could be
responsible for a horseshoe kidney. Third, the patient
showed cerebral abnormalities. It is currently unknown
to what extent WTI mutations may also account for
a phenotype in other tissues expressing WTI, such
as the central nervous system. During mouse and
rat development, WTI is found to be expressed in
ependymal cells of the spinal cord and in the area
postrema of the brain, where expression continues
postnatally, suggesting a role throughout lifetime [3,4].
Furthermore, recent findings indicate that WTI
deficient mice have thinner retinas with apoptotic loss
of a large fraction of retinal ganglion cell precursors [9].
Together, these observations suggest that WT1 may
also play a role in the development of neural structures
and may be required for neuronal differentiation.
This is also supported by the observation that PC19
embryonal carcinoma cells, induced with retinoic acid,
turn on WT1 expression and differentiate into glial and
neuronal cells [10]. Only little is known about WTI
expression in human brain. It was found to be
expressed in different areas of the adult brain, such
as occipital lobe, frontal lobe, hind brain, cerebellum
and pons [11]. In addition, there is evidence that WT1 is
associated with neuronal degeneration [12].
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Although WTI is expressed in the brain, patients
with WTI mutations have not been reported to show
neurological symptoms. Our DDS case presented here
showed psychochomotor delay and cortical cerebral
atrophy preceding the onset of renal disease. In the
literature, there are only two reports on DDS combined
with neurological abnormalities: one patient with
psychomotor delay and cerebral atrophy; the other
with gross motor delay [13]. As we could exclude
cytogenetic changes and small deletions in the WAGR
region, the question arises whether W71 mutations may
account for the neurological phenotype. In other
words, cerebral atrophy in these cases could be a sign
of a deficient neural development caused by mutation in
the WTI gene. We suggest therefore that the diagnosis
of WTI mutations should always be accompanied by
in-depth neurological examination.
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ABSTRACT The WTI gene, located on chromosome
11p13, is mutated in a low number of Wilms tumors (WTs).
Germ-line mutations in the WTI gene are found in patients
with bilateral WT and/or associated genital tract malforma-
tions (GU). We have identified 19 hemizygous WTI gene
mutations/deletions in 64 patient samples. The histology of
the tumors with mutations was stromal-predominant in 13,
triphasic in 3, blastemal-predominant in 1, and unknown in
2 cases. Thirteen of 21 patients with stromal-predominant
tumors had WT1 mutations and 10 of these were present in the
germ line. Of the patients with germ-line alterations, six had
GU and a unilateral tumor, two had a bilateral tumor and
normal GU tracts, and two had a unilateral tumor and normal
GU. Three mutations were tumor-specific and were found in
patients with unilateral tumors without GU. These data
demonstrate a correlation of WT1 mutations with stromal-
predominant histology, suggesting that a germ-line mutation
in WTI predisposes to the development of tumors with this
histology. Twelve mutations are nonsense mutations resulting
in truncations at different positions in the WT1 protein and
only two are missense mutations. Of the stromal-predomi-
nant tumors, 67% showed loss of heterozygosity, and in one
tumor a different somatic mutation in addition to the germ-
line mutation was identified. These data show that in a large
proportion of a histopathologically distinct subset of WTs the
classical two-hit inactivation model, with loss of a functional
WT1 protein, is the underlying cause of tumor development.

The WTI gene was isolated by positional cloning from chromo-
some 11p13 (1, 2) and encodes a transcription factor of the zinc
finger (ZF) family. Loss of heterozygosity (LOH) studies showed
that tumors frequently have lost markers from chromosome 11p.
Subsequently, it was found that this loss is often limited to the
region 11p15, where a second locus, W12, involved in the devel-
opment of Wilms tumor (WT) has been assumed to exist. Further
LOH studies revealed loss of chromosome 16q in about 20% of
WTs, suggesting that a third locus is located at this site. Suscep-
tibility for the rare form of familial WT in several generations does
not show linkage to either of these regions; therefore, another WT
locus must exist in these cases (3-5). The WTI gene encodes four
transcripts produced by alternative splicing (6, 7) and encodes a
protein with a predicted size of 45-49 kDa. DNA binding to a
GC-rich motif identical to the early growth response-binding site
was demonstrated for the WT1 protein lacking splice II in the ZF
(WT/—KTS), whereas the WT1 protein containing these amino
acids (WT/+KTS) does not bind to this sequence (8). Recently it
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was shown that WT1/+KTS can also bind to a similar GC-rich
DNA motif (9). More recent studies have established that the
proline—glutamine rich amino terminus has transcriptional regu-
latory properties. It was shown that WT1 containing splice I
(WT/+17aa) is a repressor, whereas WT1/—17aa can be either a
repressor or activator depending on the architecture of the DNA
binding site(s) under study (9-11).

Molecular analysis of WTs revealed that intragenic microdele-
tions/insertions and point mutations of one allele within the WT1
gene are found in only 10-15% of WTs, suggesting that other
alterations must contribute to Wilms tumorigenesis. Constitu-
tional hemizygous deletions and mutations of the W71 gene have
been demonstrated in most patients affected by WAGR (WT,
aniridia, genitourinary anomalies, and mental retardation) and
Denys—Drash syndrome, both predisposing to WT and urogenital
malformations (GU) (12).

The WTI1 protein is predominantly expressed in components of
the urogenital system (fetal kidneys, the genital ridge, and the
gonads), spleen, and mesothelial cells (13-16). The level of WTI
expression in WTs varies greatly and can be correlated with tumor
histology, with low levels in stromal-predominant tumors, and
high levels in epithelial /blastemal-predominant tumors (13-20).
In situ mRNA hybridization of tumors revealed that W71 is
expressed in blastema and in immature epithelial structures but
not in stroma or collecting duct derivatives or in more mature
epithelial structures (15). A similar pattern is seen during normal
nephrogenesis.

Pathogenetic heterogeneity in WTs may be due to the involve-
ment of different genes in the different tumor types. However,
WTs seen in Beckwith-Wiedeman syndrome (11p15) and WAGR
patients (11p13) can show similar histology. According to Beck-
with, two pathogenetic groupings can be classified by their asso-
ciation with nephrogenic rests, which according to their position
and cellular components were termed intralobar nephrogenic rests
(ILNR) and perilobar nephrogenic rests (PLNR) (21). These
authors observed that ILNR-associated tumors have prominent
stroma and PLNR-associated tumors are mainly composed of
blastemal and epithelial elements, corresponding to later stages of
development. ILNR are often found in tumors from patients with
WAGR Denys-Drash syndrome and PLNRs in those from Beck-
with-Wiedeman syndrome patients. Since ILNRs are found in
tumors from patients with a clear 11p13 (WT1I) involvement it was
postulated that cells lacking WT1 have a defect in epithelial cell
differentiation resulting in stromal differentiation of the malignant
clone (15, 22).

We analyzed the status of the entire WTI gene in 64 cases of
WTs predominantly from patients with preoperative chemother-
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apy and ascertained through the German SIOP9/GPO study (46).
First we studied 32 consecutive cases, followed by patients selected
for GU anomalies and bilateral tumors. When we noticed that
most tumors with mutations had stromal-predominant histology
we selected 11 more cases of this histological subtype; all patients
had a unilateral tumor and normal GU. Of the 21 tumors/patients,
13 had WTI mutations/deletions and 10 of these were germ line.
Six patients carrying germ-line mutations/deletions had GU
anomalies and unilateral tumors, two had bilateral tumors, and
two had a unilateral tumor and normal GU. Three mutations in
patients with a unilateral tumor and normal GU were tumor-
specific. A total of 15 WT1 gene mutations and 4 deletions of the
entire gene were identified in our series of 64 patients. Of the 15
WTI gene mutations, 12 were nonsense, 1 was a splice site, and 2
were missense mutations. In 7 of 11 cases where LOH analysis was
performed the normal allele was lost.

MATERIALS AND METHODS

Patients. Of the 64 patients analyzed, 53 were registered in the
nephroblastoma study trial SIOP9/GPO. Of the 64 patients, 9
were operated on without pretreatment, 52 patients received
cytostatic preoperative treatment with vincristine and actinomycin
D (23), and in 3 cases the status of pretreatment was unknown. The
histological classification was known for 59 of the 64 cases ana-
lyzed. The subclassification of the standard tumors was as follows:
21 stromal-predominant (37%), 16 mixed triphasic (28%), 8
predominant—regressive (14%), 5 blastemal-predominant (9%), 3
epithelial-predominant (5.3%), and 2 without subclassification. In
addition, four anaplastic tumors were analyzed. In the SIOP9/
GPO study these numbers are: 14%, 38.2%, 36.2%, 7.7%, and
3.9%, respectively (24). The higher percentage of tumors with
stromal-predominant histology is based on selection for these
tumors. The mutation analysis was done on blood DNA in 8, on
tumor metastases in 2, on tumor DNA in 41, and on blood/tumor
DNA in 13 cases. All information on the patients, their clinical
features, and the material and types of analysis performed is
summarized in Table 1.

DNA/RNA Preparation from Tumors. Simultaneous extraction
of high molecular weight DNA and RNA from frozen pulverized
tumor tissues was performed as described (25). Constitutional
DNA was isolated from the peripheral leukocytes of 21 patients as
described (26).

PCR-SSCP Analysis. All WTI exonic sequences (exons 1-10)
were amplified from genomic DNA by PCR and analyzed by
SSCP. Exon 1 was analyzed in two overlapping fragments (1a and
1b) because of its large size. The sequences of the oligonucleotide
primers for exons 1la, 1b, 2, 4, 6, 7, 8, 9, and 10 were as published
(14, 27-30). New primers were designed for exons 3 and 5 (exon
3, 5-GCTGTCTTCGGTTCTCTCTG-3' and 5'-AGGACCCA-
GACGCAGAGC-3'; exon 5, 5'-GGAATTCGGGGCTTGCA-
GATCCATG-3'" and 5'-GGAATTCTCCTAACTCCTGCATT-
GCCC-3"). Each PCR reaction contained 100-300 ng genomic
DNA, 1X Tag DNA polymerase buffer [ex2, ex4-exI0: 10 mM
TrissHCL, pH 8.3/50 mM KCl/1.5 mM MgCl,/0.01% gelatine;
exla: 60 mM TrissHCl, pH 8.5/50 mM KCl/15 mM (NH4),SO./
1.5 mM MgClL/0.02% gelatine plus 10% dimethyl sulfoxide
(DMSO); ex1b: 60 mM Tris'HC, pH 8.5/75 mM (NH.4),SO04/7.5
mM MgCl, plus 10% DMSO], 25 pmol of each primer, 200 uM
nucleotides, and 1 unit Taq polymerase in a total volume of 50 ul.
Hot start PCR conditions were: 30 cycles at 94°C for 1 min,
annealing for 1-2 min at 57°C-60°C, extension at 72°C for 1-2 min.
For SSCP, 1-1.5-ul aliquots of the amplified product were added
to 4-4.5 pl of 95% formamide, 10 mM EDTA. The DNA samples
were denatured and run on 8% PAGE (29:1 or 49:1 acrylam-
ide:bisacrylamide) containing 2% glycerol. Electrophoresis was
performed in 1X TBE running buffer at 200 V and 10°C, 15°C, or
20°C for 4-7 hr and silver stained (Qiagen, Chatsworth, CA).
Every sample was analyzed using two sets of electrophoresis
conditions to maximize the sensitivity of the technique.
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Direct Sequencing of PCR Products. Sequencing of the biotin-
ylated PCR product was performed on streptavidin-coated mag-
netic Dynabeads as described by the manufacturer (Dynal). Direct
sequencing was performed using the Sequenase version 2.0 se-
quencing kit (United States Biochemical) with T7 polymerase and
[?>S]dATP according to the instructions of the manufacturer.

Analysis of Allele Loss. For studies on loss of heterozygosity,
pairs of blood and tumor DNA from the same patient were
analyzed by PCR in 13 cases with 4 polymorphic markers: restric-
tion fragment length polymorphisms (RFLPs) in PR1 and PR4 will
be described elsewhere, exon 7 (31), and a CA-repeat marker in
the 3’ untranslated region (32). All PCR products were analyzed
on 8 or 15% PAGE (29:1) containing 2% glycerol.

RESULTS

SSCP Analysis of Exons 1-10 of the WT1 Gene. WTs were
initially analyzed for gross alterations in the WT1 gene by pulsed-
field gel electrophoresis, Southern blot analysis, and reverse tran-
scriptase—PCR. One homozygous deletion in a sporadic WT
(WT21) of 200 kb spanning WT1, a constitutional deletion of 1300
kb in a patient with WT and GU (HDWT2, previously called KJ)
and three hemizygous, constitutional submicroscopic deletions in
WAGR patients were identified with pulsed-field gel electro-
phoresis and have been described (ANS1, ANS2, and ANS3) (33,
34). No alterations were seen in Southern blots and reverse
transcription—PCR, where two overlapping fragments correspond-
ing to the Pro/Gln-rich region and the four ZFs were amplified.
Because no alterations were found with these methods we used the
more sensitive SSCP method to search for single base pair muta-
tions within the WT1 gene (35). With this method all coding exons
of the WTI gene, including exon 1, were analyzed in 54 WT
samples, including tumor material from 2 WAGR and 2 metastasis
patients and in 6 constitutional DNAs from WT patients. From
these samples, 44 were unilateral sporadic, 8 unilateral with
genitourinary abnormalities (GU), 5 bilateral, 2 WAGR, 2 me-
tastasis, and 1 familial WT.

WT Patients with Associated Abnormalities. Ten patients with
GU abnormalities were analyzed and two of these (ANS2 and
ANS3) were WAGR patients. In the remaining eight patients,
mutations were found in four and all were germ line. WTs from
patients with WTI mutations/deletions were of stromal-
predominant histology in six cases, triphasic in one, and unknown
in one. No mutations were found in the other four patients with
SSCP and sequencing of exons 1a, 1b, 3,6, 7, 8, 9, and 10. The other
exons have not been sequenced.

Tumor DNA from patient 9184 showed only altered bands in
SSCP of exon 1b and blood DNA was heterozygous for this
alteration. Direct sequencing of tumor DNA showed a 7-bp
deletion in exon 1b, resulting in a stop codon in exon 3. Blood DNA
from patient 9595 showed a SSCP alteration in exon 6 and direct
sequencing revealed a GT to GG change at position +2 in the
conserved splice donor site in intron 6 (not shown). We have
previously described patient 9274 with a germ-line mutation 1 nt
5" of this mutation, affecting the same splice site in intron 6 and
resulting in exon skipping (30). No tumor material from patient
9595 was available for RNA analysis, therefore, we could not
determine the consequence of the splice site mutation. Blood
DNA from patient HDWTS showed an altered band in exon 9.
Direct sequencing revealed a C — T transition at codon 1546,
creating a stop codon at this position. Tumor material was not
available in this case. Tumor DNAs from two WAGR patients
ANS3 and ANS2 were analyzed with SSCP during the course of
this work and no alteration in the second allele could be identified.

Bilateral WTs. Five patients with bilateral WT were analyzed,
the histology was stromal-predominant in three and mixed tripha-
sic in two cases. None of these patients had GU anomalies.
Mutations were found in four cases and all were present in the
germ line. In three cases the tumor has lost the normal allele and
therefore the wild-type WT1 protein should be absent. In one case,
HDWT?7, no tumor material was available for analysis.
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Table 1. Summary of clinical and molecular features of all patients analyzed
Stage/ Preoperative Sequence
Patient Sex Clinical features Tumor histology treatment DNA PFGE SSCP analysis
WT patients with associated abnormalities
ANS1 m Hypospadias, maldescended testis, aniridia ul c + - -
HDWT2 m Hypospadias, cryptorchidism ul 11/ s + c + - -
HDWT9 m Hypospadia ul - t + + -
9139 f Duplex kidney ul 1/s + t - + +
9148 m Hypospadias ul 1I/regr + t - + -
9184 m Unilateral testicular aplasia ul 1/s + t/c + + ex 1b
9274 m Hypospadias, cryptorchidism ul 1/s + t/c - + ex/in 6
9391 m Hypospadias ul 1V/ tri + t - + -
9595 m Hypospadias, proteinuria ul 1/s + c - + ex/in 6
ANS2-9115 m Aniridia, cryptorchidism ul 11/ tri — t/c + + -
ANS3-9416 m Maldescended testis, aniridia ul I/s + t/c + + -
HDWTB8-9378 m Maldescended testis, proteinuria ul I/s + c — + ex 9
Bilateral WT
HDWT7 f Normal bl V/ tri + c — + ex 7
9200 f Normal bl V/ Ls, ritri + t/c - + ex 1b
9318 f Normal bl V/s + t/c - + ex 7
9464 m Normal bl V/ tri + t/c - + ex la
9501 m Normal bl V/s + t - + +
WT patients with no associated abnormalities
HDWT1 f Proteinuria ul 11/ stan + c - + —
HDWT3 m Normal ul c - + -
HDWT4 m Normal ul 111/ + met + + -
HDWTS5 f Normal ul /e - t + + —
HDWT6 f Normal ul 111/ stan + c - + ex 7
HDWT10 m Normal ul 1V/ b + met + + -
HDWT11 f Normal ul t - + +
5018 m Normal ul 1/ tri + t + + —
5024 m Normal ul 1/ tgri + t + + -
5302 f Normal ul 1/ anapl + t - + -
9066 m Normal ul 101/ tri + t + + -
9073 m Normal ul 11/ anapl + t + + -
9074 m Normal ul IV/ b - t - + -
9094 f Normal ul 11/ b + t/c + + ex 2
9098 m Normal ul 1/ tri + t + + —
9112 m Normal ul 1/ tri + t + + -
9125 f Normal ul 1V/ tri + t + + —
9147 f Normal ul 1V/ regr + t + + -
9165 f Normal ul 1/ tri - t - + -
9168 f Normal ul /b - t + + —
9169 m Normal ul 1V/ negr + t + + -
9174 m Normal ul 1/ tri + t + + -
9177 m Normal ul 1A/ s + t/c + + ex 6
9193 m Normal ul 11/ regr + t - + -
9196 m Normal ul 1I/anapl + t - + -
9201 m Normal ul I/ e + t - + -
9206 f Familial WT ul IV/ tri + t - + -
9210 m Normal ul II/ regr + t - + -
9211 m Normal ul 101/ tri — t + + -
9249 m Normal ul 1V/ tri + t — + -
9258 f Normal ul I/ regr + t - + -
9288 m Normal ul I/s + t — + -
9304 m Normal u 111/ regr + t - + -
9310 m Normal ul III/ b - t - + -
9343 m Normal ul IV/anapl + t - + -
9358 m Normal ul I/s + t — + +
9362 m Normal ul I/s + t - + +
9385 m Normal ul I/ s + t/c - + ex 7
9394 f Normal ul 111/ s + t/c - + ex 7
9415 f Normal ul 11/ e - t - + -
9422 m Normal ul 1V/ s + t - + +
9496 m Normal ul 1/s + t ¥ + +
9518 f Normal ul 11/ tri + t - + -
9554 f Normal ul 11/ regr + t + + -
9561 m Normal ul 1/ s + t/c - + ex7, 8
9572 m Normal ul 1/ s + t - + +
9614 f Normal ul I/ s + t/c - + ex 5

This table presents a list of all patients, whether blood or tumor DNA was analyzed, the clinical details, preoperative treatment, and the methods used for analysis.
m, male; f, female; ul, unilateral; bl, bilateral tumor; regr, regressive; tri, triphasic; s, stromal-predominant; b, blastemal-predominant; e, epithelial-predominant;
anapl, anaplastic; stan, standard histology—no subclassification available; t, tumor; 1, left; r, right, ¢, constitutiona;; PFGE, pulsed-field gel electrophoresis; met,
metastasis—no primary tumor available; ex, exon; in, intron; sequence analysis; +, exons 1a, 1b, 3, 6, 7, 8, 9, 10 were sequenced. Patient numbers correspond to

the SIOP study numbers.

Patient HDWT7 was the twin of HDWT6 who developed
bilateral and unilateral WT, respectively. SSCP analysis of blood
DNA showed an alteration in exon 7 (Fig. 1). Direct sequencing
revealed a C — T transition, resulting in a stop codon in both
patients. In patient 9200, an alteration in exon 1b was found in
blood DNA. No normal bands were seen in the DNAs isolated
from the right and left tumor, demonstrating that both tumors

have lost the normal WT1 allele. Direct sequencing of tumor DNA
showed a deletion of 26 bp, resulting in a stop codon in exon 2.
Blood DNA from patient 9464 showed an alteration in exon 1a by
SSCP. The tumor showed only the altered bands and direct
sequencing revealed a 29-bp deletion creating a stop codon at
position 89 in exon 1b. Analysis of the DNA from one of the two
tumors from patient 9318 showed a slight shift in SSCP bands in
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FiG. 1. SSCP analysis of exon 7 from patients 9394, 9561, 9318, 9385,
HDWT?7, and HDWT6. Only a slight shift can be seen in the upper bands
in patient 9318 under the conditions used for this gel. NEK control DNA
is heterozygous for the RFLP (alleles A and B) and patient 9501 is
homozygous for allele A. Patients HDWT7 and HDWT6 are homozygous
for allele A and the additional bands correspond to the mutation, which
is identical to the mutation in patient 9385. Lanes 9394, 9561, 9318, and
9385 contain tumor DNA; only altered bands are seen.

exon 7 (Fig. 1). Direct sequencing of the tumor DNA revealed a
C — A transversion, resulting in creation of a stop codon. The
mutation is germ line and the tumor has lost the normal WT1
allele.

WT Patients with No Associated Abnormalities. Of the 47
patients analyzed the histology was known in 44 cases: 11 stromal—
predominant, 12 mixed triphasic, 8 epithelial or blastemal-
predominant, 7 regressive, 4 anaplastic, and 2 standard with no
further subclassification. Seven mutations were found, five in
stromal-predominant tumors, one in a blastemal tumor, and in
one case with standard histology. Four mutations were germ line
and 3 were tumor-specific. In one tumor, a second, different,
tumor-specific mutation was identified in addition to the germ-line
mutation. Two of the mutations were missense and six nonsense.

In patient 9094, SSCP analysis showed an alteration in blood
DNA in exon 2 and the tumor was heterozygous. Direct sequenc-
ing of blood and tumor DNA revealed a C — T transition,
changing Pro-181 to Ser in the Pro/Gln-rich region of the WT1
gene. This patient had a germ-line missense mutation and the
tumor retained one normal allele. SSCP analysis of tumor DNA
from patient 9614 revealed an alteration in exon 5. To our
knowledge, alterations in this alternative exon have never before
been described. Sequence analysis revealed a G — C transversion
changing a glycine to an alanine. This mutation is present in the
germ line and the tumor has retained the wild-type allele. Tumor
DNA from patient 9177 showed an altered band in exon 6.
Subcloning of the PCR product and sequencing identified a 4-nt
insertion changing the reading frame and resulting in a stop codon
in exon 6. This mutation was not present in the germ line and the
tumor had retained one normal allele.

SSCP analysis of tumor DNA from patient 9385 showed only
altered bands in exon 7 (Fig. 1). Direct sequencing of tumor DNA
revealed a C — T transition in exon 7, resulting in a stop codon.
This mutation was not found in blood DNA and is therefore a
somatic alteration. Using RFLP markers in the promoter region,
the LOH of this genomic segment in tumor DNA could be
identified, demonstrating that no normal W71 allele was present
in the tumor. This mutation is identical to the germ-line mutation
found in the twin patients HDWT6 and HDWT7. SSCP of tumor
DNA from patient 9394 showed only altered bands in exon 7 (see
also altered sized double-stranded DNA at the bottom of the gel
in Fig. 1). Direct sequencing of tumor DNA showed a deletion of
16 bp, resulting in a frameshift and a stop codon at position 380 in
exon 9. The alteration was not present in blood DNA and was

Proc. Natl. Acad. Sci. USA 94 (1997) 3975

therefore a tumor-specific alteration with the loss of the normal
WTI allele in the tumor.

SSCP analysis of tumor DNA from patient 956/ revealed an
alteration in exon 8. Direct sequencing of tumor DNA showed a
GA insertion resulting in a stop in exon 9. This alteration was not
found in blood DNA. In addition, the tumor was homozygous for
the rare allele B of the RFLP in exon 7 (Fig. 1). Only a very few
patients/normal controls are homozygous for this allele (S.S. and
B.R.-P., unpublished work); therefore, we confirmed this inter-
pretation with restriction enzyme analysis and sequencing. This
analysis revealed that the patient is indeed homozygous for allele
B and an additional alteration was found, changing a C — A (Fig.
2), creating a stop codon identical to the mutation found in patient
9318. This mutation was present in blood DNA and the tumor was
heterozygous for this alteration. Thus, this tumor has two different
alterations in the WTI gene, one germ-line nonsense mutation in
exon 7 and one tumor-specific nonsense mutation in exon 8,
fulfilling Knudson’s classical two-hit hypothesis. To our knowl-
edge, this is the second example where two different mutations in
the WTI gene could be identified (36). In addition, several
examples of a mutation in the remaining allele in tumors from
WAGR patients with a germ-line deletion have been reported.

A summary of all alterations found in the WTI gene in our
collection of patients is given in Fig. 3. The details of the alterations
with the position within the gene, LOH data and patient descrip-
tions are summarized in Table 2.

DISCUSSION

We have analyzed 64 WT patients for WTI mutations. The first
analysis was done on consecutive cases and later patients with
associated anomalies or bilateral WTs were selected. None of the
patients studied in this report had Denys-Drash syndrome. Alter-
ations were found in 19 cases; most of these occurred in tumors
with stromal-predominant or mixed triphasic histology and only
one was found in a blastemal-predominant tumor. Of the 21
stromal-predominant tumors analyzed, 62% had WTI gene mu-
tations, including 4 deletions of the entire gene in three WAGR
and one WT/GU patient. In cases where no alterations were
found with SSCP, we have sequenced several exons (exons 1a, 1b,
3,6,7,8,9, and 10) and no further mutations have been identified
so far. When the frequencies of mutations were determined
according to histopathology, the numbers were 13 of 21 (62%) in
stromal-predominant, 3 of 16 (19%) in triphasic, and 1 of 8
(12.5%) in epithelial or blastemal-predominant tumors.

Most of the mutations are nonsense mutations leading to
protein truncation at different positions of the protein. If a protein
were synthesized from the mutant genes the shortest would be 89
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FiG. 2. BsiEI digests of exon 7 PCR products from blood (B) and
tumor (T) DNA from patient 9318 with a bilateral WT and a normal
control (NEK). Loss of the recognition sequence by the mutation
results in an undigested fragment of 235 bp; the digested products are
80 and 155 bp. M, 1-kb size marker. Schematic shows the mutation with
loss of BsiEI site and the stop codon.
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Fic. 3. Summary of all WT1 gene mutations described here. Exons
are boxed, the Pro/Gln-rich region is shaded, and the ZF exons contain
wavy lines. The positions of the alternative splice sites are indicated.
Patients with constitutional alterations are boxed. The clustering of
mutations in exon 7 is evident. In addition, patients 9318 and 9561 have
identical germ-line mutations and patients HDWT6, HDWT?7 (twins), and
9385 also have identical mutations. The two missense mutations are
shown as open triangles and the truncations as closed triangles.

aa in length and the longest would lack part of ZF 3 and all of ZF
4; none of these would be able to bind to their normal target
sequence. Mutations in most exons were detected, even in the
alternatively spliced exon 5. Two missense mutations were found,
the first is identical to a previously described mutation in exon 2
(37), changing Pro — Ser and was a germ-line alteration in a
patient who developed a blastemal-predominant tumor. The
tumor has retained the wild-type allele as previously described
(37), indicating that this mutation may act by a dominant-negative
or gain-of-function mechanism. The altered amino acid lies at the
beginning of the domain that has recently been shown to be
responsible for protein oligomerization (38). The second missense
mutation changes a Gly — Ala next to the Ser-rich region in exon
5 corresponding to the alternative splice I. A mutation in this exon
has to our knowledge never before been described. To our
knowledge, this germ-line alteration demonstrates for the first
time the importance of this splice variant for the normal function
of the WT1 protein.

All other mutations led to protein truncations. No correlation
was found between the site of the mutation in the gene and the

Proc. Natl. Acad. Sci. USA 94 (1997)

development of either GU, unilateral, or bilateral tumor. GU was
present in patients with protein truncations in exons 3, 7, and 9.
Bilateral tumors were found in patients with stops in exons 1b, 2,
and 7. Unilateral or bilateral tumors were observed in patients with
identical mutations: 9318 and 9561 in exon 7 and HDWT®6,
HDWT7, and 9385 with another mutation in exon 7. This shows a
clear difference in expressivity of identical germ-line mutations.
Two of the 4 male patients without GU had germ-line truncation
mutations and the other two tumor-specific mutations. Lack of the
entire gene as in WAGR patients or in patient HDWT2 almost
always led to GU malformations. Truncation in exon 1b in the
male patient 9464 should probably lead to a complete loss of the
protein as in WAGR patients, however, he has no GU. Therefore,
it seems possible that truncated proteins are produced, having a
partial function and that there may be subtle differences between
the lack of the entire gene and the presence of a truncated protein.
A similar observation has been made in familial adenomatous
polyposis (FAP) patients with mutations leading to truncation of
the APC protein at the amino terminus, resulting in an attenuated
form of FAP with fewer polyps and later age of onset (39). It has
been postulated that in these cases the short protein may have a
protective effect.

The three alterations in exon 1 and one in exon 7 are deletions.
It has been suggested that exon 1 could be a hot spot for
deletion/insertion mutations due to the presence of multiple tri-
and tetranucleotide repeat sequences (40). The CCTG (CAGG)
sequence was found within 6 nt of deletion breakpoints in 25% of
all human gene deletion mutations (41). Four previously described
mutations (40) and the three exon 1 mutations described here are
all deletion/insertion mutations occurring within 6-9 nt of such
sequences, further supporting the role of these repeat sequences in
the creation of the deletions.

The mutations at nucleotide positions 1279, 1316, and 1546
involve a CpG dinucleotide, suggesting that deamination of a
methylated cytosine generated the mutation. We found the 1279
mutation three times, the 1316 mutation two times, and the 1546
mutation once. The 1546 mutation was previously found in three
other WTs (36, 42, 43). It was observed that the triplet CGN
coding for Arg is a frequent site of spontaneous mutations in the
P53 gene (44). Here we show that mutations in triplets with a CpG
(CGN or TCG) also occur frequently in the WTI gene.

Table 2. Clinical and molecular features of patients with WT1 alterations

Location of mutations

Tumor age Tumor Effect on

Patient sex Clinical features at diagnosis Pathology LOH ex/in nt Codon  Mutation protein (codon) c/t
9464 m Normal bl/3 mo  stage V, tri LOH exla 408-436  10-20 del 29 bp Stop ex1b (89) ¢
9200 f Normal bl/15mo st V;Ls,r,tri LOH exlb 746-771 123-131 del 26 bp Stop ex2 (178) ¢
9184 m ul testicular aplasia ul/12 mo stage I, s LOH exlb 787-793  137-139 del 7 bp Stop ex3 (217) ¢
9094 f Normal ul/30 mo  stage III, b HT ex2 919 181 C—-T Pro — Ser c
9614 f Normal ul/29 mo stage IIL, s HT ex5 1136 253 G—>C GLY — Ala c
9177 m Normal ul/30 mo stage L, s HT ex6 1192 272 ins TACG  Stop ex6 (276) t
9274 m amb ext ul/9 mo  stage L, s LOH in6 +1 — G—C Stop ex7 (306 c
9595 m Hypospadias ul/7mo  stage I, s ND* in6 +2 — T—G ? c
HDWT6 f Normal ul/19 mo  stage III, stand ND* ex7 1279 301 C—->T Arg — Stop c
HDWT7 f Normal bl/18 mo stage V, tri ND*  ex7 1279 301 C—T Arg — Stop c
9385 m Normal ul/12 mo stage II, s LOH ex7 1279 301 C—T Arg — Stop t
9394 f Normal ul/8 mo  stage III, s LOH ex7 1297-1312 307-312 del 16 bp Stop ex9 (380) ¢t
9318 f Normal bl/7 mo stage V, s LOH ex7 1316 313 C—>A Ser — Stop c
9561 m Normal ul/34 mo stage II, s HT ex7 1316 313 C—A Ser — Stop c
ex8 1494 372 ins GA Stop ex9 (380) ¢t

HDWT8 m mald testis, prot u/24 mo stage L, s ND*  ex9 1546 390 C—-T Arg — Stop c
HDWT2 m Hypospadias, crypt ul/87 mo stage II, s ND* del WT1 del 1300 kb c
ANS1 m WAGR ul/23 mo ND* del WT1 del 1800 kb c
ANS2 m WAGR ul/21 mo stage II, tri HEM del WT1 del 1700 kb c
ANS3 m WAGR ul/20 mo stage I, s HEM del WT1 del 11p13 c

Patient descriptions and details on all alteratons. c, constitutional and t, tumor specific alteration. HT, heterozygous; HEM, hemizygous; amb
ext, ambigious external genitalia; mald, maldescended; prot, proteinuria; crypt, cryptorchidism; del, deletion; ins, insertion. All other abbreviations

are described in legend of Table 1.
*ND, no tumor was available for LOH analysis.
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The WTI gene is expressed during the normal induction phase
of the nephrogenic mesenchyme. For epithelial differentiation a
high level of WTI expression is needed in the cells giving rise to
specific structures of the nephron. After completion of the differ-
entiation process, WTI gene expression is restricted to podocytes.
It has been observed that the expression level of WTI correlates
with specific histologic subtypes of WTs, with stromal-
predominant tumors showing the lowest level (15, 18-20). This
correlates with low expression of W71 in normal stromal compo-
nents of the kidney (15, 19, 20).

Patients with germ-line mutations have only one intact copy of
the WTI gene, resulting in a reduced level of the normal protein
in the induced mesenchymal cells. Higher levels required for
differentiation along the epithelial pathway may not be reached.
The development of stromal-predominant WTs could be ex-
plained by two mechanisms. In the first, induced cells may be
blocked early in their differentiation process due to the low level
of WTI, leading to an increase in proliferation of these cells. If in
one of these cells the second allele is also lost and no normal WT1
protein is present, this cell eventually develops into a tumor with
stromal-predominant phenotype. It has been suggested that the
term “stromal component” in a WT may be a misnomer and that
the stromal cells have characteristics of nonaggregated-induced
nephrogenic mesenchyme. If this is the case, the stromal cells may
therefore correspond to the induction phase of normal renal
development (22). The second possibility is that the lack of WTI
expression drives cells into a stromal differentiation pathway by
default, because epithelial differentiation cannot proceed. In this
case, stromal cells in a tumor would correspond to more differ-
entiated cells, e.g., skeletal muscle. The two possibilities can now
be distinguished in further studies. In the light of our data that W71
mutations are found mostly in tumors of stromal-predominant
histology, it could be postulated that mutational W71 inactivation
is the cause of stromal-predominant histology. Our data strongly
suggest that WTs of stromal-predominant histology and inacti-
vating WTI mutations constitute a new specific molecular subset,
which arises by complete loss of a functional WT1 protein,
following a classical two-hit inactivation mechanism of a tumor
suppressor gene as proposed by Knudson and Strong (45). In
contrast, epithelial /blastemal-predominant tumors, which show a
low frequency of WT1 mutations, probably occur by a different
mechanism and/or involve different genes. A large proportion of
the mutations that we have identified are present in the germ line,
increasing the risk in developing a second tumor. Many of the
patients with a tumor of this histologic subgroup have either
bilateral WT or GU anomalies, suggesting that a germ-line mu-
tation in WT1 predisposes to this subtype of WT. These patients
may also transmit this mutation to their offspring. Therefore, it
seems warranted that patients with stromal-predominant WT
should be analyzed for WT1 mutations.

We are currently analyzing tumors with W71 mutations for the
presence of truncated WT1 proteins. Oligomerization of the WT1
protein has been mapped to the first 180 amino acids at the amino
terminus and interestingly truncated proteins, lacking the zinc
fingers, have a higher activity in oligomerization (38). This could
indicate that these truncated proteins may act in a dominant-
negative fashion.
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SIOPY9/GPO study for providing us with frozen tumor material. We
also acknowledge the help of Drs. Schiarer and Wiihl (Children’s
Hospital, Heidelberg) and Dr. Waldherr (Institute of Pathology,
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by Deutsche Krebshilfe Grant M32/92/Ro I and a Deutsche For-
schungsgemeinschaft fellowship to V.S.
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ABSTRACT Frasier syndrome (FS) is charac-
terized by chronic renal failure in early adulthood,
varying degrees of gonadal dysgenesis, and a high
risk for gonadal germ cell malignancies, particularly
gonadoblastoma. Although it is known to arise from
heterozygous splice mutations in intron 9 of the Wilms'
tumor gene 1 (WT1), the mechanisms by which these
mutations result in gonadal dysgenesis in humans
remain obscure. Here we show that a decrease in
WTI 4+ KTS isoforms due to disruption of alternative
splicing of the WTI1 gene in a FS patient is associat-
ed with diminished expression of the transcription
factors SRY and SOX9 in Sertoli cells. These findings
provide the first confirmation in humans of the results
obtained by others in mice. Consequently, Sertoli cells
fail to form the specialized environment within the
seminiferous tubules that normally houses developing
germ cells. Thus, germ cells are unable to fully mature
and are blocked at the spermatogonial—spermatocyte
stage. Concomitantly, subpopulations of the malignant
counterpart of primordial germ cells/gonocytes, the
intratubular germ cell neoplasia unclassified type
(ITGCN), are identified. Furthermore, dysregulated
Leydig cells produce insufficient levels of testosterone,
resulting in hypospadias. Collectively, the impaired
spermatogenesis, hypospadias and ITGCN comprise
part of the developmental disorder known as ‘testicular
dysgenesis syndrome’ (TDS), which arises during
early fetal life. The data presented here show that
critical levels of WTI +KTS, SRY and SOX9 are
required for normal Sertoli cell maturation, and sub-
sequent normal spermatogenesis. To further study
the function of human Sertoli cells in the future, we
have established a human cell line. Mol. Reprod.
Dev. ® 2008 Wiley-Liss, Inc.

© 2008 WILEY-LISS, INC.

Key Words: WT1; gonadal dysgenesis; intratubular
germ cell neoplasia unclassified (ITGCN); sertoli cells

INTRODUCTION

Sex determination and gonadal differentiation in
humans is critically dependent on the transcriptional
regulation of specific genes. The interaction of three
transcription factors, SRY (sex-determining region onY),
SOX 9 (SRY box protein 9), and WT1 (Wilms’ tumor-1
protein) plays a key role in the testis determination
pathway (for review see Koopman et al., 2001; Park and
Jameson, 2005). In mammals, differentiation of the testes
from the indifferent gonad involves both the transcrip-
tional activation of SRY by WT'1 (Shimamura et al., 1997;
Hossain and Saunders, 2001) and probably the stabiliza-
tion of SRY mRNA transcripts by WT'1 in pre-Sertoli cells
(Hammes et al., 2001). These two distinct functions are
performed by different WT'1 protein isoforms, namely the
+KTS or —KTS isoforms, which differ by the insertion or
omission of lysine-threonine-serine (KTS) between zinc
fingers 3 and 4. WT'1 + KTS associates with spliceosomes
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and binds to RNA (Larsson et al., 1995; Caricasole et al.,
1996), suggesting a role in RNA processing, whereas
WT1 — KTS binds to DNA and behaves as a classical
transcription factor (Madden et al., 1991).

Once SRY is turned on, it activates transcription
of SOX9 (Sekido et al., 2004) which is likely a critical
factor in Sertoli cell maturation (Chaboissier et al.,
2004). Appropriate differentiation of Sertoli cells is
necessary for the maturation of other testicular cells,
such as Leydig cells that produce the masculinizing
hormone testosterone. In addition, Sertoli cells secrete
anti-Mullerian hormone (AMH) to effect regression of
the Mullerian ducts. Later in development, Sertoli
cells function to support spermatogenesis. Without this
support, germ cell differentiation, meiosis and trans-
formation into spermatozoa are all arrested (reviewed
in Sharpe et al., 2003). Thus, Sertoli cells play two
functionally different roles during male gonadal
development, namely, the promotion of testis dif-
ferentiation and the support of spermatogenesis.

Failure of Sertoli and Leydig cells to mature are
believed to result in ‘testicular dysgenesis syndrome’
(TDS), which presents with impaired spermatogenesis,
undescended testes, hypospadias and testicular germ
cell cancer (Skakkebaek et al., 2001). Histological signs
of TDS are: testicular microcalcifications, immature
seminiferous tubules with undifferentiated Sertoli
cells and arrest of spermatogenesis, and seminiferous
tubules containing intratubular germ cell neoplasia
unclassified type ITGCN), the noninvasive precursor of
malignant testicular germ cell tumors (Skakkebaek
et al., 1987; Oosterhuis and Looijenga, 2005).

Gonadal and kidney development depends on the
appropriate expression of WTI1. Mutations in the
exon 9 splice donor site of WT'I lead to an imbalance of
the WT1 + KTS isoforms, and cause Frasier syndrome
(FS; Barbaux et al., 1997; Klamt et al., 1998). This
syndrome is characterized by chronic kidney failure
during early adulthood, complete gonadal dysgenesis
and a high risk for malignant germ cells (either ITGCN
or gonadoblastoma; Moorthy et al., 1987; Melo et al.,
2002). To gain further insight into how gonadal defects
arise in F'S, Hammes et al. have generated mice lacking
the WT'1 + KTS isoforms (Hammes et al., 2001). These
mice have reduced levels of Sry and Sox9, and as a

consequence, genotypically male (XY) mice develop
along the female pathway.

Although the genetic cause of FS is known and a
mouse model exists, the mechanisms whereby a dis-
turbed ratio of WT'1 + KT'S isoforms results in testicular
dysgenesis in humans remain largely obscure. We show
here a marked decrease in SRY and SOX9 expression
in the Sertoli cells of a patient with FS displaying
characteristics of TDS. Our results confirm for the
first time in humans the findings obtained in mice
(Hammes et al., 2001).

MATERIALS AND METHODS
Patient and Tissue Samples

Formalin-fixed, paraffin-embedded or snap-frozen tes-
ticular specimens from one FS patient, three adult
controls, one child control (6 years old), and one semi-
noma taken at the time of surgery or autopsy were
included in this study. Adult control testes were obtained
from patients with testicular cancers in the course of
a former study (Schmidt et al., 2001). Testicular tissue
from a FS individual was obtained at the time of
prophylactic gonadectomy. The patient was informed
about the study and gave written consent.

WT1 Mutation Analysis

WT1 mutation analysis was performed by amplifica-
tion and direct sequencing of exon 9 according to the
manufacturer’s recommendations (Big Dye Terminator
Kit; Applied Biosystems, Foster City, CA).

Antibodies and Immunostaining

For immunohistochemistry, 4 pm thick formalin-fixed
and paraffin-embedded tissue sections were deparaf-
finized in xylene and rehydrated in graded ethanols. For
concentration and suppliers of the primary antibodies
see Table 1. Standard horseradish peroxidase detection
systems were used for WT'1, Inhibin «, Cytokeratin 18,
PLAP, c-KIT, OCT3/4, Vimentin, and SMA. SCF was
detected with an alkaline phosphatase based system. All
slides were counterstained with hematoxylin, mounted,
and coverslipped. Negative controls consisted of replace-
ment of the primary antiserum with the corresponding
irrelevant IgGs. Cells were cultured on glass slides,

TABLE 1. Overview of the Origin and the Protocols Used for Different Antibodies on Formalin Fixed and
Paraffin Embedded Tissue

Supplier, clone Dilution ER Chromogen
WT1 Dakocytomation, 6F-H2, Denmark 1:50 Protease Type XIV DAB
Inhibin o Dakocytomation, R1, Denmark 1:10 Citrate DAB
Cytokeratinl8 BioGenex, San Ramon, CA 1:5,000 Citrate DAB
PLAP Dakocytomation, Denmark 1:200 Citrate DAB
c-KIT Dakocytomation, Denmark 1:200 Citrate DAB
OCT3/4 Santa Cruz, Biotechnology, 1:200 Citrate DAB
Santa Cruz, C20, CA

Vimentin Dakocytomation, Denmark 1:20 Citrate DAB
SMA Dakocytomation, Denmark 1:100 Citrate DAB
SCF Santa Cruz, N19, CA 1:500 Citrate NF

ER, epitope retrieval; Citrate, citrate buffer pH 6.0, DAB, 3,3'-diaminobenzidinetetrahydrochlorid dehydrate; NF, new fuchsin.
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washed once with 1x PBS, fixed for 10 min in methanol/
acetone (1:1) at —20°C, dried and rehydrated in 1x PBS.
They were then blocked with 4% fetal calf serum,
0.1% Tween 20 in 1x PBS for 30 min and stained with
the Labeled StreptAvidin Biotin kit according to
the manufacturer’s instructions (Dakocytomation,
Hamburg, Germany). Negative controls consisted of
omission of the primary antibody.

Semiquantitative RT-PCRs

cDNA was synthesized from 1 pg of DNA-free total
RNA (RNAeasy Mini Kit, Qiagen, Hilden, Germany),
using Superscript II reverse transcriptase and hexa-
nucleotide random primers according to the manufac-
turer’s instructions (Invitrogen, Carlsbad, CA). PCR
was performed as described previously (Schumacher
et al., 2003) using primers and cycle conditions listed in
Table 2 and 5 pul cDNA (1:24 diluted for GAPDH and 1:3
for all other genes). To determine the ratio of WT'1 + KTS
aliquots were run on a 15% polyacrylamide gel and
visualized by ethidium bromide staining. The band
intensities of RT-PCR products were evaluated using a
Phosphoimager FLA 3000 (Fuji Europe, Duesseldorf,
Germany) and the AIDA Image Analysis 2.11 (Raytest
Germany, Sprockhoevel, Germany) software. The ratio
was determined by measuring the intensity of the band
corresponding to the +KTS isoform and the —KTS
isoform and by calculating the ratio of both.

Real-Time RT-PCR

Real-time RT-PCR reactions were performed as
described earlier (Schumacher et al., 2007) in triplicate
by using cDNA transcribed from 10 ng of total RNA. The
ready to use ‘Assay on Demand System’ from Applied
Biosystems was used for WT'1 (HS 00240913 ml)
and for 18S rRNA (Hs 99999901 s1) according to the
manufacturer’s recommendations. Cycle conditions
for the TagMan ABI 7700 Sequence Detection System
(PE Biosystems, Weiterstadt, Germany) were as follows:
10 min at 95°C, 50 cycles at 95°C for 15 sec and at 60°C
for 60 sec. The expression of SRY and SOX9 was

determined using the gPCR MasterMix for SYBR Green
(Eurogentec, Seraing, Belgium) according to manu-
facturer’s recommendations and the QuantiTect Primer
Assay Hs SRY 1 SG and Hs SOX9 1 SG (Qiagen).
Cycle conditions were: 2 min at 50°C, 10 min at 95°C,
40 cycles at 95°C for 15 sec, at 55°C for 20 sec and 72°C
for 40 sec. Nonspecific amplification products were
excluded by running an agarose gel and performing a
melting curve analysis for the SYBR Green assays.
Expression of SRY and SOX9 was determined relative to
the expression of 18S rRNA or of WT'1 after normaliza-
tion to 18S rRNA using the formula 27247,

Primary Cell Culture

Fresh testis tissue from the F'S patient was cut into
2—3 mm? small pieces, washed three times with cold 1x
PBS and placed into DMEM supplemented with
20% FCS (Sigma—Aldrich), 1 mM Sodium Pyruvate
(Invitrogen-Gibco BRL, Carlsbad, CA), 2 mM r-Gluta-
mine (Gibco BRL), 1x nonessential amino acids (Gibco
BRL), and 1x Penicillin/Streptomycin (Gibco BRL).
Cells were cultured at 37°C and 5% CO,.

Soft Agar Test

A base layer of 0.5% agar, overlaid with cells
suspended in 0.25% agar was used. Cells were incubated
at 37°C and 5% CO,. Every 3—4 days fresh medium was
added onto the cells and growth was checked using an
inverted microscope.

Karyotyping
After cell cultivation cytogenetic analysis was per-
formed by standard procedures. Twenty-two metaphases

were examined after GTG banding and were karyotyped
according to the ISCN (2005) guidelines.

RESULTS
Clinical and Mutational Findings

We report a 19-year-old phenotypic male who under-
went correction of glandular hypospadias and herniotomy

TABLE 2. RT-PCRs: Primer Sequences and Cycle Conditions

Annealing  Denaturing,
temperature annealing,

Gene Sequence 5 -3’ °C) elongation (min)

AR For ACAGGATGTTCCTGCATGGT 58 1,1,1
Rev TGCCCTTTCTGGTATCAACTG

GAPDH For GGCTCTCCAGAACATCATCCCTGC 68 1,1,1
Rev GGGTGTCGCTGTTGAAGTCAGAGG

LHR For CAGAGGCTAATTGCCACGTCATCC 58 1,11
Rev CAGGAGCACATCGGGGTGTCTTG

MIC2 For GGTGGTTTCGATTTATCCGA 53 1,1,1
Rev CTCCATCAACAACAGCATCT

SOX9 For CCCTTCAACCTCCCACACTACAGC 68 1,1,1
Rev TGTGTAGACGGGTTGTTCCCAGTG

VASA For ACAGGATGTTCCTGCATGGT 52 0.5,0.5,1
Rev TGCCCTTTCTGGTATCAACTG

WT1 For CCGGTGCTTCTGGAAACTACCAGGTG 68 1,11
Rev GGCTGACCTCGGGAATGTTAGACAAGAT

WT1 £ KTS For CTTGTCAGCGAAAGTTCT 52 1,1,1

Rev GACAACTTGGCCACCGA
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at the age of 5 years. Gross proteinuria (1.7 g/m?day) was
noted at 5 years. A renal biopsy revealed focal segmental
glomerulosclerosis (FSGS), which subsequently pro-
gressed to end-stage renal failure by 15 years of age.
Following 2 years of peritoneal dialysis, the patient
received a deceased donor kidney transplant.

At 15 years of age, his Tanner pubertal stage
was PH3G1, with a testicular volume of only 2 ml.
Ultrasound examination revealed bilateral testicular
microcalcifications, which is a risk factor for ITGCN
(de Gouveia Brazao et al., 2004). The karyotype was
46 XY. Based on the findings of very low basal levels
of testosterone (1.02 ng/ml) and high basal levels of LH
(19 U/L) and FSH (66.5 U/L), which increased upon a
30 min GnRH stimulation (up to 70.6 U/L for LH and
125.8 U/L for FSH) hypergonadotropic hypogonadism
was diagnosed. To induce puberty, the patient was
treated with increasing doses of testosterone until the
testosterone levels rose to 4.06 ng/ml, while LH and
FSH levels diminished to LH <0.1 mU/ml and FSH
0.3 mU/ml. For a more detailed clinical description of
this patient, please see Benz et al. (2006).

Molecular analysis revealed a heterozygous WT'I
mutation in the splice donor site in intron 9 (IVS9
+5G > A). Although genitalia were only mildly affected,
the presence of this typical splice site mutation
permitted the diagnosis of FS in this patient.

Characteristics of Testicular
Dysgenesis Syndrome (TDS)

Since F'S patients have a risk of about 44% to develop
gonadal germ cell tumors (Melo et al., 2002), especially
gonadoblastoma in dysgenetic gonads (represents the
parallel pathology of ITGCN of the testis (Kersemaekers
et al., 2005)), prophylactic bilateral orchiectomy was
carried out at the age of 19 years and testicular
protheses were implanted. Histological examination re-
vealed testicular atrophy. Seminiferous tubules showed
athick basal membrane, diffuse Sertoli cell proliferation
and arrest of spermatogenesis at the level of spermato-
gonia to spermatocytes (see Fig. 1). To confirm the
presence of Sertoli cells and their increase in semi-
niferous tubules, we have stained sections using anti-
bodies against WT'1, Inhibin o and Vimentin. Indeed,
the majority of cells in the seminiferous tubules stained
positive for these Sertoli cell markers (Fig. 1). Further,
the interstitium displayed hyperplastic Leydig cells
with Leydig cell “nodules” (not shown). No manifest
tumor was seen, but ITGCN (Fig. 1) and intratubular
microcalcification were seen focally (not shown). The
presence of ITGCN was confirmed using a set of well-
established markers: octamer binding transcription
factor 3/4 (OCT3/4), placental/germ alkaline phos-
phatase (PLAP), stem cell factor receptor (c-KIT), and
stem cell factor (SCF; Looijenga et al., 2003; Cools et al.,
2005; de Jong and Looijenga, 2006). OCT3/4, ¢-KIT and
PLAP are normally expressed in embryonic germ cells,
and their presence in ITGCN cells demonstrates the
immature nature of these transformed cells (Looijenga
et al., 2003). Sertoli cells secrete SCF, the ligand of

¢-KIT. As seen in Figure 1, tubules with signs of ITGCN
expressed this marker set, whereas adjacent tubules
were negative. The segmental involvement of tubules,
together with the finding that OCT3/4, PLAP and ¢-KIT
positive cells were attached to the basal lamina, are in
accord with ITGCN, and exclude germ cell maturation
delay (Cools et al., 2005).

It is known that the arrest of spermatogenesis and
the presence of transformed germ cells, are at least in
part related to impaired Sertoli cell function. In order to
evaluate the differentiation status of Sertoli cells in
ITGCN-containing tubules and adjacent tubules, we
assessed cytokeratin 18 expression (Kliesch et al., 1998).
All seminiferous tubules containing ITGCN cells
showed positive cytokeratin 18 expression in associated
Sertoli cells, whereas Sertoli cells in adjacent tubules
were negative (Fig. 1). This indicates that the Sertoli
cells in ITGCN-containing tubules were more immature
than those in seminiferous tubules showing arrest of
spermatogenesis.

In summary, the features present in our patient
are concordant with TDS. The patient presents
with an arrest in spermatogenesis, ITGCN, hypospadias
and Leydig cell dysfunction, which is manifested by
decreased testosterone levels and hypergonadotropic
hypogonadism.

Reversion of the Ratio of
WT1 + KTS/—KTS Isoform Transcripts

Theratio of the WT'1 + KTS/—KTS isoform transcripts
was determined in material from one testis of a child,
three adult testes and the testis from the F'S patient. As
shown in Figure 2, the ratio is very similar in the testes
of a child and the adults with a mean of 2.6 (2.4-2.7),
suggesting that this ratio is almost constant during
gonadal differentiation. Compared to the controls, the
ratio of +KTS/—KTS mRNA isoforms is reversed in
the FS patient, due to the presence of a splice donor
site mutation. The ratio of 0.3 is in accordance
with previously published data (Barbaux et al., 1997;
Denamur et al., 2000; Melo et al., 2002).

Expression of SRY and SOX9 is Markedly
Diminished in Frasier Syndrome

We next asked whether the altered ratio of WT'1 +
KTS in Sertoli cells of F'S patients would result in a
reduction of SRY and SOX9 in these cells, and might
therefore account for a delay in their maturation.

The expression levels of SRY and SOX9 were
determined by real time RT-PCR in material from the
whole testis of a child, three adults and one F'S patient.
In addition, total WT'l mRNA was measured in the same
samples. We first determined the relative expression
normalized to 18S rRNA levels. The F'S testis expressed
almost comparable WT'1 levels as the testis from a child
and twofold (1.4-3.0) more WT1 than three adult
controls (Fig. 3A). This may reflect the increase in
Sertoli cell numbers in the Frasier patient as shown in
Figure 1, but alternatively, may be related to the age of
the patient. Despite the higher proportion of Sertoli cells
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Fig. 1. Immunoperoxidase staining of WT1, Inhibin o, and Vimentin demonstrates diffuse Sertoli cell
proliferation in the seminiferous tubules of a patient with Frasier syndrome (F'S). Most of the cells in the
seminiferous tubules stain positive for these Sertoli cell markers. Spermatocytes are absent due to an arrest
at the spermatogonia level. In accord with intratubular germ cell neoplasia (ITGCN), OCT3/4, PLAP and
¢-KIT positive cells are found focally attached to the basal lamina. Sertoli cells in tubules with ITGCN
express Cytokeratin 18 and SCF, demonstrating their immature state.

in the F'S testis, the expression levels of SRY and SOX9
were both diminished when compared to controls
(Fig. 3B, C). The FS testis expressed twofold less SRY
than the testis from a child and 4.8 (2.5-7.2)-fold less
than three adult controls. For SOX9, the FS testis
expressed ninefold less than the testis from a child and
3.3 (1.9—4.3)-fold less than adult controls. This decrease
became even more evident when taking into account the
Sertoli cell proliferation in the patient by normalization
to WT'1 levels. In this case, the FS testis expressed

threefold less SRY and sevenfold less SOX9 as the
testis from a child and 25 (13.5—33.0)-fold less SRY, and
7.3 (5.4-10.8) less SOX9 than adult controls (Fig. 3D,E).
Both genes, SRY and SOX9 are known to be expressed
in Sertoli cells during early testicular development,
and the persistence of both transcripts in three
adult controls (Fig. 3B,C) suggests that they may also
be essential throughout adult life, although there
are conflicting reports in the literature as to the exact
location of expression in adult humans.
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Fig. 2. RT-PCR analyses to determine the ratio of + KTS isoforms of
WT1 in RNA from testicular tissue of one child, three adults and a FS
patient as well as in RNA from the primary testicular cell culture of the
patient (FS1). The WT1I splice donor site mutation (IVS9 +5G > A)
alters the + KTS isoform ratio of WT'I. The upper panel shows the
agarose gel electrophoresis; the lower panel shows the calculated
ratio after quantifying the intensity of the bands.

In summary, testes from a F'S patient show a marked
decrease in SRY and SOX9 expression, both of which
may play a crucial role in Sertoli cell maturation.

Establishing a Primary Sertoli Cell Culture
From a Frasier Syndrome Patient

To enable further studies on the role of WT1 in Sertoli
cell maturation and homeostasis in the future, we have

established a primary cell culture (FS1) from the testis
of the FS patient which has been immortalized with
both the wildtype large T-antigen and the temperature
sensitive large T-antigen. At the moment, we are in
the process of expanding single clones. The primary
cell culture exhibits homogenous cell morphology
with prominent nucleoli and long cytoplasmic processes.
The culture shows no signs of spontaneous trans-
formation: upon frequent passaging, cells become
more differentiated and lose their ability to proliferate
(Fig.4A), they do not grow in soft agar (Fig. 4B) and show
a stable and normal 46 XY karyotype (Fig. 4C).

To characterize the FS1 cells, RT-PCR was performed
for a set of markers that distinguish between different
cell types (Table 3). As controls we used RNA from the
testis of one adult and one seminoma, and compar-
ed these with the testis RNA from the F'S patient and
the corresponding primary cell culture FS1. FS1 cells
expressed WT'1 and showed the expected reversion of
the £KTS isoform ratio (Fig. 2 and supplemental Fig. 1).
They expressed the Sertoli cell markers SOX9, MIC2,
androgen receptor (AR) and Inhibin o (supplemental
Fig. 1). The low levels of SOX9 are in accordance with
the real time RT-PCR results described above. FS1
cells were negative for the germ cell marker VASAI and
for the Leydig cell marker luteinizing hormone receptor
(LHR; supplemental Fig. 1). Additional immunocyto-
chemistry revealed that they are strongly positive for
Vimentin (Fig. 5), which is expressed in Sertoli
cells. Very few cells (approx. 1%) weakly expressed
cytokeratin 18, which was shown to be only expressed
in Sertoli cells adjacent to ITGCN cells (Figs. 1 and 5).
Approximately 3% weakly expressed smooth muscle
actin, a marker for peritubular myoepithelial cells. All
data are included in Table 3.

In summary, the FS1 primary cell culture is chromoso-
mally stable, shows no sign of spontaneous transformation
and is almost entirely composed of cells expressing Sertoli
cell markers. It represents the first human Sertoli cell line.
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Fig. 3. Real-time RT-PCR for WT'1, SRY and SOX9 on RNA from the testicular tissue of one child,
three adults and a F'S patient. A,B,C: demonstrate the fold changes after normalization to 18S rRNA and
(D), (E) after normalization to WT'1. Both the SRY and SOX9 expression are markedly decreased in the
testicular tissue of the F'S patient when compared to three adult control testes.
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Fig. 4. Characteristics of a primary cell culture established from testis tissue of a F'S patient. A: Cells
stop proliferating and begin to differentiate upon frequent passaging. B: Compared to HEK293 cells, FS1
cells do not grow in soft agar. At Day 0 (D0) single HEK293 and FS1 cells are seen. At Day 14 (D14) only
HEK293 cells have formed a colony, while FS1 cells are still single cells. C: The karyogram of FS1 cells

shows no cytogenetic visible alterations.

DISCUSSION

The data presented here suggest that the WT'1 + KTS
isoforms function in terminal Sertoli cell differentiation
and homeostasis through the maintenance of a critical
level of SRY and SOX9 expression. Decreased expres-
sion of WT'1 + KTS, SRY and SOX9 affects Sertoli cell
maturation, and therefore their ability to support germ
cell differentiation. Ultimately, this may result in arrest

of spermatogenesis and malignant transformation of
germ cells, both of which are characteristics of TDS.

Variable Clinical Expression in Frasier
Syndrome Patients
FS usually presents with complete gonadal dys-

genesis, streak gonads and male to female sex reversal
(summarized in (Melo et al., 2002)). Recently, three

TABLE 3. Summary of the RT-PCRs and Immunohistochemistry Done With the
FS1 Cell Culture

Marker Gene/protein RT-PCR Immunhistochemistry
Sertoli cell WT1 + n.d.
S0X9 + n.d.
MIC2 + n.d.
AR + n.d.
Vimentin n.d. + (100%)
Cytokeratin 18 n.d. + (1%)
Leydig cell LHR + n.d.
Germ cell VASA + n.d.
Peritubular myoepithelial cell SMA n.d. + (3%)

AR, androgen receptor; LHR, luteinizing hormone receptor; SMA, smooth muscle actin; n.d.,

not done.
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Fig. 5. Immunocytochemistry on a primary cell culture established from the testicular tissue of a patient
with FS. Cells are strongly positive for Vimentin, which is expressed in Sertoli cells. Only a few cells are
weakly positive for Cytokeratin 18, previously shown to be expressed by Sertoli cells adjacent to ITGCN
cells. A small proportion of cells expresses the peritubular myoepithelial marker smooth muscle actin

(SMA).

cases with predominantly male genitalia were reported
(Denamur et al., 2000; Melo et al., 2002; Tajima et al.,
2003). Histological examination was performed in
one case and showed hypotrophic testes without
signs of spermatogenesis, hyperplastic Leydig cells
and bilateral gonadoblastoma. These three cases and
the case presented here have either the IVS9 +4C > T or
the IVS9+5G>A WTI mutation, which are the
most common mutations seen in FS. Notably, different
patients with the same mutation and expression of
similar ratios of the +KT'S/—KTS isoforms may exhibit
variable phenotypes. This is exemplified by our patient
with an IVS+5G > A mutation and a ratio of +KTS/
—KTSo0f0.3, and patient JA with the same mutation and
aratioof 0.57, but with complete gonadal dysgenesis and
streak gonads (Klamt et al., 1998). These data suggest
that modifier genes and/or environmental factors may
be responsible for this phenotypic variability.

WTT splice site mutation
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Fig. 6. Schematic diagram (modified from Skakkebaek et al.,

Reduced Levels of WT'1 + KTS Result in
Testicular Dysgenesis Syndrome (TDS)

Abnormal spermatogenesis, testicular cancer, unde-
scended testis and hypospadias collectively comprise
TDS (Skakkebaek et al., 2001). TDS is thought to arise
as a result of genetic and/or environmental factors
(Clark et al., 2000; Colvin et al., 2001; Jeffs et al., 2001,
Fisher et al., 2003) that cause a delay in Sertoli and
Leydig cell maturation.

Here we present evidence that splice donor mutations
in the WT'I gene, and thus reduced levels of WT'1 + KTS,
may cause a delay in Sertoli and Leydig cell maturation,
and consequently lead to arrest of spermatogenesis,
ITGCN and hypospadias in FS. Figure 6 schematically
represents the clinical and histopathological findings
of the Frasier patient described here (modified from
Skakkebaek et al., 2001). Two genes, SRY and SOX9,

e
'd .
Decreased +KTS levels

'~ N germ cells?
—

b

Hypergonadotrapic
hypogonadism

2001) illustrating the clinical and

histopathological findings (boxes) in the Frasier patient together with the data obtained by the analyses
presented here. Dashed circles: not examined in this study. SRY: sex-determining region on the
Y chromosome; SOX9: SRY-like HMG box; LHR: luteinizing hormone receptor; AMH: anti-Miillerian
hormone; FSH: follicle stimulating hormone; OCT3/4: octamer binding transcription factor 3/4; c-KIT: stem
cell factor receptor; SCF: stem cell factor; PLAP: placental/germ alkaline phosphatase.
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both of which are known to be critical factors in sex
determination and testis differentiation (Houston
et al., 1983; Koopman et al., 1991, 2001; Kent et al.,
1996; Morais da Silva et al., 1996; Vidal et al., 2001;
Chaboissier et al., 2004; Bouma et al., 2005), were found
to be down regulated. These findings are in accord with
those in a Frasier mouse model described by Hammes
et al. (2001). Complete absence of WT'1 + KTS in male
karyotype mice leads to a dramatic reduction of Sry, and
results in development along the female pathway. Their
findings illustrate the critical importance of WT'1 + KTS
isoforms in the activation of Sry transcription and/or
stabilization of Sry transcripts, which then upregulates
Sox9 expression. Subsequently, a protein complex which
includes SOX9 and WT1-KTS activates AMH trans-
cription in Sertoli cells (Nachtigal et al., 1998; Park and
Jameson, 2005), ultimately leading to regression of the
uterine anlagen and Fallopian tubes in the male fetus.
Unlike in the Frasier mouse model, sex determination
was barely affected in our F'S patient. This difference
between the mouse model and the human patient is most
likely caused by the fact that the mouse phenotype
results from a complete loss of the WT'1 + KTS isoform,
whereas in the human the heterozygous WT'1 mutation
leads to a reduction but not complete loss of this specific
isoform. As a consequence SOX9 levels might be suf-
ficient to activate AMH and cause regression of the
Millerian ducts. Alternatively, high FSH levels may
have led to Sertoli cell proliferation and increased
production of AMH (Lukas-Croisier et al., 2003).
Although sex determination was mostly unaffected by
the presence of a WT'1 splice site mutation, germ cell
differentiation was severely impaired. In vivo assess-
ment of a possible role for WT'1 in the XY gonad after
testis determination has previously been difficult;
however recent mouse models have begun to address
this question. Mice with a transgene encoding W¢1-KTS
on a W1 heterozygote background (thus altering the
WT1 isoform ratio) are infertile, and histological
examination of the testes revealed thickening of the
tubular basement membrane, many seminiferous
tubules severely depleted of spermatogenic cells, and
expansion of interstitial cells (Lahiri et al., 2007).
Another group undertook an siRNA approach to knock
down WT1 specifically in Sertoli cells at the beginning of
spermatogenesis (Rao et al., 2006). These mice displayed
increased germ cell apoptosis and impaired fertility. Gao
et al. generated mice with ablated WT1 function in
Sertoli cells after testis determination. A dramatic and
progressive loss of seminiferous tubular architecture
and Sertoli cells, and a subsequent loss of germ cells
was observed. Interestingly, these authors found a loss
of Sox9 expression at a time point when Sry was already
down regulated in mice, and concluded that WT'1 may
directly or indirectly be required for continued Sox9
expression (Gao et al., 2006). Finally, Natoli et al.
describe that highly Wt1—/— chimeric mice show hypo-
plastic and dysgenic testes, with seminiferous tubules
lacking spermatogonia. Interestingly, W¢1 was express-
ed in germ cells, suggesting that it may be important for

germ cell proliferation, maturation and survival (Natoli
et al., 2004).

In summary, these findings in the mouse models, and
ours in a F'S patient, support the role of WT1 + KTS in
terminal Sertoli cell differentiation and maintenance.
The diminished expression of SRY and SOX9 may result
in TDS. Whether the reduction in SRY and SOX9 levels
is directly involved in causing the TDS phenotype or is
rather a consequence of TDS is not distinguishable at
the moment.

An In Vitro Model to Further Study the
Function of WT1 + KTS in Human Sertoli Cells

The primary cell culture generated from the testis of a
F'S patient expresses primarily Sertoli cell markers, and
is currently in the process of being expanded from
immortalized clones. This system will allow the study of
the role of the WT'1 + KT'S isoforms in Sertoli cells. One
interesting aspect would be to examine Sertoli—Sertoli
cell and Sertoli-germ cell interactions, which are
known to be critical for spermatogenesis (reviewed in
Lui et al., 2003).

CONCLUSIONS

Our results further support the importance of the
WT1+KTS isoforms as a critical factor for germ cell
maturation by contributing to the correct microenviron-
ment, namely functional Sertoli cells. The maintenance
of Sertoli cells in their fully differentiated state is
dependent on the correct expression of W'l + KT'S, SRY
and SOX9.
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Impaired Glomerular Maturation and Lack of VEGF165b in
Denys-Drash Syndrome

Valérie Anne Schumacher,* Stefanie Jeruschke,* Frank Eitner,” Jan Ulrich Becker,*
Gerald Pitschke,* Yasemin Ince,* Jeffrey H. Miner,? Ivo Leuschner,) Rainer Engers,*
Anne Schulze Everding,™ Monika Bulla,* and Brigitte Royer-Pokora*

*mstitute of Human Genetics and Anthropology and ¥Institute of Pathology, Heinrich-Heine-University of Duesseldorf,
Duesseldorf, Germany; "Division of Nephrology and Clinical Immunology, University of Aachen, Aachen, Germany;
*nstitute of Pathology and Neuropathology, University Hospital Essen, Essen, Germany; SRenal Division, Departments
of Internal Medicine and Cell Biology and Physiology, Washington University School of Medicine, 5t. Louis, Missouri;
Vnstitute of Pediatric Pathology, University of Kiel, Germany; and **Department of Pediatrics, University Children’s
Hospital of Muenster, Muenster, Germany

Individuals with Denys-Drash syndrome (DIS) develop diffuse mesangial sclerosis, ultimately leading to renal failure. The
disease is caused by mutations that affect the zinc finger structure of the Wilms’ tumor protein (WT1), but the mechanisms
whereby these mutations result in glomerulosclerosis remain largely obscure. How WT1 regulates genes is likely to be
complex, because it has multiple splice forms, binds both DNA and RNA, and associates with spliceosomes. Herein is
described that in DIDS podocytes, the ratio of both WT1 +XTS isoforms C to D differs considerably from that of normat child
and adult control podocytes and more closely resembies fetal profiles. Aside from the delay in podocyte maturation, DDS
glomeruli show swollen endothelial cells, reminiscent of endotheliosis, together with incompletely fused capillary basement
membranes; a dramatic decrease in collagen o4(IV) and laminin B2 chains; and the presence of immature or activated
mesangial cells that express a-smooth muscle actin, Because appropriate vascular endothelial growth factor A (VEGF-A)
expression is known to be essential for the development and maintenance of glomerular architecture and function, this article
addresses the question of whether VEGF-A expression is deregulated in DDS. The data presented here show that DDS
podocytes express high levels of the proangiogenic isoform VEGF165, but completely lack the inhibitory isoform VEGF165b.
The VEGF165/VEGF165b ratio in DDS resembles that of fetal S-shaped bodies, rather than that of normal child or adult control
subjects. The alteration in VEGF-A expression presented here may provide a mechanistic insight into the pathogenesis of

DDS.

enys-Drash syndrome (DDS) is a rare urogenital dis-
D order that is associated with male pseudohermaph-

roditismn, a high risk for Wilms’ tumors, and diffuse
mesangial sclerosis, which presents before the age of 2 yr and
progresses rapidly to end-stage renal failure {1-3). The disease
is mainly caused by heterozygous germline missense mutations
in exons 8 and 9 of the Wilms’ fumor-1 (WT1) gene, encoding
zinc finger 2 and 3 of the protein. Despite this knowledge, the
mecharisms whereby these mutations result in glomeruloscle-
rosis are poorly understood. WT1 is a zinc finger transcription
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factor that is expressed throughout urogenital development
and continues to be expressed in mature podocytes {4,5). Al-
ternative splicing of the transcript results in four major iso-
forms, designated A (—/~), B{+/-), C(~/+)and D{+/+) to
indicate the presence or absence of exon 5 and KTS, respec-
tively. Isoforms that lack the three amino acids KTS between
zinc finger 3 and 4 (—KT5) bind to DNA and are active in
transcriptional regulation, whereas KTS-containing variants
(+KTS) preferentially bind to RNA and may be involved in
RINA precessing (6,7). As shown by Hammnes ef al. (8), early
kidney development in mice occurs despite the lack of either
the +KTS or —KTS splice variants. However, glomerular dif-
ferentiation and the prevention of glomerulosclerosis require
both variants. This is in accordance with observations that were
made in individuals with Frasier syndrome, who showed a
reduction of +KTS variants as a consequence of intronic WT1
mutations and subsequently develop glomerulosclerosis in ad-
olescence (9,10},

The crucial role of WT1 in kidney development is further
supported by defects that are seen in various mouse models
and organ cultures. Depending on WT1 expression levels,

1SSN: 1046-6673/1803-0719
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nephrogenesis is impaired completely (11), arrested at the com-
ma-shaped body stage, or delayed (12,13). It is interesting that
mice that express a truncated form of WT1 show abnormal
glomerular capillary development, suggesting that WT1 may
control the expression of growth factors that affect endothetial
cells and capillary structure (14). A similar mechanism may also
be involved in early kidney development at the time when the
metanephric mesenchyme interacts with angioblasts. As was
shown recently by Gao et al. {15), WT1 regulates the expression
of VEGF-A in metanephric mesenchyme, which in tumn elicits
an as-yet-unidentified signat from the angioblast, that is neces-
sary for branching morphogenesis and nephrogenesis.
VEGF-A also exerts its functon later in glomerular develop-
ment and in the maintenance of the glomerular filtration barrier
as shown in mice by Eremina et al. (16,17). The most abundant
isoform, VEGF165, which in glomeruli is almost exclusively
expressed by podocytes, becomes first detectable in S-shaped
bodies (18,1%) and stimulates endothelial cell migration, prolif-
eration, and differentiation. Recently, a new isoform
(VEGF165b) was found to inhibit VEGF165-mediated human
umnbilical vein endothelial cell proliferation and migration (20),
VEGF165-mediated vasodilatation ex vive (20), and angiogene-
sis it vivo (21) and to prevent VEGF165-mediated vascular

endothelial growth factor receptor 2 (VEGFR2) phospharyla- |

Hon and signaling in cultured cells (22). It is interesting that the
inhibitory isoform is present in differentiated pedecytes but
absent in dedifferentiated podocytes (23). This splicing switch
suggests that the maturation of podocytes, endothelial cells,
and hence glomerular basement membrane {(GBM) depends on
the ratio of both isoforms.

In this report, we compared the maturation states of podo-
cytes, endothelial cells, GBM, and mesangial cells in TXDS kid-
neys with those of normal fetal, child, and adult control kid-
neys. Our data suggest that WTT mutations in DDS may affect
VEGF165 splicing, which in turn results in an arrest of gloiner—
ular maturation and ultimately leads to glomerulosclerosis.

Materials and Methods
Patients and Tissue Samples

Formalin-fixed, paraffin-embedded or snap-frozen specimens from
four fetal (estimated gestational age 16 to 27 wk), 10 child, eight adult,
and nine DDS kidneys were included in this study. Normal control
kidneys from children and actults were cbtained from tumor nephrec-
tomy specimens. The diagnosis of DDS was confirmed by histologic
examination and by the presence of WI'l missense mutations. Kidneys
from individuals with DS were obtained at the time of nephrectomy,
either because of the presence of a Wilms’ tumor or before kidney
transplantation at ESRD. The parents of individuals with DDS gave
informed consent regarding the study, and kidney tissue was used
following the guidelines of the local ethics committee, All tissues that
were cbtained from individuals with DDS contained at least 50 (usually
more than 100) glomeruli for histologic evaluation. Table 1 summarizes
" the details of the analyzed material

WTT Mutation Analysis
Of the nine individuals with DDS, four (NS3, NS8&, N59, and N510)
were previously analyzed for WI'1 mutations by PCR/single-strand

J Am Soc Nephrol 18: 713-729, 2007

conformaticnal polymerphism and direct sequencing (24). Fere, we
analyzed five additional patients with the same method.

Laser Microdissection and RNA Isolation

Cryosections of 10 jzm were stained with hematoxylin under RNase-
free conditions, followed by rinses in 70, 80, and 100% ethanol angd
100% xylene for 3 min. Human sections were air-dried for 3 min, ard
glomeruli were Jaser-microdissected using a PixCell II LCM system
(Arcturus, Mountain View, CA) for <1 h per section. Total RNA was
extracted with the Absolutely RNA Microprep kit (Stratagene, La Jolla,
CA). The numbers of microdissected glomeruli per tissue are given in
Table 2.

Real-Time Reverse Transcriptase—PCR

cDINA was syathesized by using the TagMan Reverse Transcription
Reagents (Applied Biosystems, Weiterstadt, Germany). Real-time re-
verse transcriptase-PCR (RT-PCR) was performed in quadruplicate
using cDNA transcribed from 50 ng of total RNA, heat-activated
TagDNA polymerase (HoiGold Star; Eurogentec, Seraing, Belgium},
W1 oligenucleotides (Table 3; 300 to 200 nM), and a WT1 fluorescence-
habeled probe (FAM; 250 nM; 5-AGCGATAACCACACAACGC-
CCATCC-3" and run on a TaqMan ABI 7700 Sequence Detection
System (PE Biosystems, Weiterstadt, Germany). TagMan reagents for
human 185 rRINA were obtained from Applied Biosystems and served
as a housekeeping gene. Cycle conditions for WTI1 were as follows: 2
min at 50°C, 10 min at 95°C, 50 cycles at 95°C for 15 s, and at 60°C for
1 min. Similar amplification efficiencies for all four WT1 PCR were
demonstrated by analysis of serial cDNA dilutions that showed a slope
value of log input cDNA. amount versus Cp of <0.1. The ratio of the four
WT1 isoforms within one tissue was calculated using the 22T yalue
and was expressed in percentage. The expression of VEGF165 was
determined by real-time RT-PCR using the SYBR Green JumpStart
TagReadyMix (Sigma, Munich, Germany). Cycle conditions were 10
min at 95°C, 40 cycles at 95°C for 30 s, 68°C for 60 s, and 72°C for 60 s.
A formula that took into account the different number of WT1-express-
ing cells (podocytes) per microdissected area of a glomerutus was used:

Ep, mp_p; 2%n

Ep mp T 2800

where Ep is the expression of podocytes in a given tissue, n is the
average number of cells per microdissected glomerulus (see Table 4), p
is the average number of podocytes per microdissected glomerulus (see
Table 4), and ACy is (Gp of WT1) — (Cy of 185 zRNA).

Semiquantitative RT-PCR

cDNA was synthesized using Superscript I reverse transeriptase and
hexenucleotide random primers (Invitrogen}. PCR was performed as
described previously {25) using primers in Table 3 and DMSO for
amplification of collagen ol and e4(IV). Cycle conditions for the
PTC200 {Biozym, Hamburg, Germany) machine were hot start at 94°C
for 2 min, 40 cyctes of 30 s at 94°C, 1 min at 57/59/64/68°C {depending
on the gene}, 1 min at 72°C, and final extension at 72°C for 10 min.
Aliquots of the PCR products were run after 30, 35, and 40 cycles ona
2% agarose gel and visualized by ethidium bromide staining. The
volume of the aliquots {5 to 15 ul) was adjusted to allow reliable peak
detection and to avoid saturation. The band intensities of RT-PCR
products were evaluated using a Phosphoimager FLA 3000 {Raytest,
Straubenhardt, Germany) and the AIDA Image Analysis 2.11 (Raytest)
software. The relative expression was given after correction for the
dilution factor and the applied volume.
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Table 1. Patient data, mutation data, and analyses performed in this study®
Analyses
Sample aAtA > Indication Mmﬁlun Material Real-Time RT-PCR Semiquantitative RT-PCR Immunohistochemistry
wooms VEGRA 1 S B VR owm e §hW
DS
NS3 37 mo pDDs Cys385Arg P +
NS8 38 ma DDS Arg3dTrp FP  D>C No VEGF165h + + (+) +
NS9 24 mo s Gly379Cys EP No VEGF165b +
NS510 14 ma DDs Arg3dTep F D>C No VEGFI&5b (+) (+)
NS18 9 ma DDS Arpae6His" B D¢ ++ ot - 4 - No VEGF165b +) (+)
N519 16 mo Dos Higd73Arg®  F D=C No VEGFLESD (+} (+)
N520 24 mo DDS ArgsgaT® P + +
NSZ1 21 ma boDS Cys388Arg" P No VEGE165h n + (+} (+}
NS22 17mo  DDS Arg3dTep® EM
Fetal
NEK1 2wk  Abortion F D=>C(C} -5 &
+HO) Q)
NEK2 16wk  Abortion B D>CIC  +S ++6) - + +SS) - ~(5)
+HO  HO +HO) HO HO O
NEK5 20 wk Abortion P s~
+HO  +HO
NEK6 27 wk Abortion P (a8 )
++C O
Child
NAKS 60mo  WT ¥ [=5] VEGF165>VEGF165b ++ +k
NAK9 Not known  WT F + + ++ + ++ VEGR165>VECHI6E: ++ ++
NAK23 84ma  WT F VEGF165>VEGF165h ++ s
NAK2Y  24mo  WT F VEGF165>VEGF165b
NAK3®  32mo  WT F VEGF165>VEGFIesh  ++ -
NAK17 60mo  WT P o -
NAKIE  24mo  WT P E -
NAKIS  2dmo  WT . P ++ -
NAKO  96mo  WT P ++ -
NAK21 24 mo WT r ++ -
Adult ’
NAK4 &to70yr  Neoplsm F D VEGF165<<VEGF165b ++ ++
NAKS 60t0o70yr Neopiasm F =D VEGF165<VEGF165b ++ et
NAKS 25 yr Accidentt F VEGF165-<VEGF165h ++ ++
NAK7 60to70yr Necplasm F C=D + + ++ + ++ VEGF165<YEGFLE5b ++ 4
NAKI0O Notknown Neoplasm F
NAKI3  Notknown Neoplasm P -
NAKI  Notknown Neoplasm r -
NAK15 70 yr Neoplagm P + -

*(C), capillary loop stage; Coll IV, collagen IV; DDS, Denys-Drash syndrome; EM, material for electron microscopy; F,
frozen; Lam, laminin; Nx, nephrectomy; P, paraffin-embedded; (S), S-shaped body stage; SMA, smooth muscle actin; VEGF,
vascular endothelial growth factor; WT: Wilms’ tumor; —, absent; ('+), focal positivity; +, positive; + +, prominent positivity.

PMutations found in the present study.

“Not suitable as a donor for transplantation because of a bacterial infection.

Table 2. Numbers of laser microdissected glomeruli for
RT-PCR*

Tissue No. of ;
Glomeruli
WT1 RT-PCR
fetal (16 wk} capillary loop (n = 1) 60
fetal (24 wk) capillary loop (r = 1) 300
child (n = 1) 640
adult (n = 3) 300 to 400
DDS (n = 3) 200 to 360
VEGE, laminin, collagen RT-PCR
fetal (16 wk} s-shaped body (n = 1) 100
fetal (16 wk) capillary loop (r = 1) 200
child (n = 1) 720
adult (n = 1} 300
DDS(n=1) 320

"RT-PCR, reverse transcriptase-PCR.

Antibodies and Immunostaining

Immunohistochemistry on formalin-fixed, paraffin-embedded tis-
sues was performed following previously published protecals (26) and
on cryosections as described previously (25), Primary anfibodies were
as follows: For anti-WT1, mAb antibedy clone 6F-H2 (DAKO, Ham-
burg, Germany}; for anti-collagen a4(IV), rabbit polyclonal antibody
(27); for anti-laminin A2, mouse mAb clone C4 (Hybridoma Bank, lowa
City, IA} (28); and for anti-e-smooth muscle actin (a-SMA), mouse
mAb clone 1A4 (DAKQ). Morphologic features of the varicus renal
tissues were examined in periodic acid-Schiff-stained sections.

Results .
Histopathologic Findings in DDS

DDS glomeruli showed diffuse mesangial sclerosis by light
microscopy (Figure TA). Various stages coexisted in the same
specimen with a corticomedullary gradient of involvement, the
deepest glomeruli being affected the least: (1} Early stages with
mild to moderate increase in the mesangial mairix without
mesangial cell proliferation; (2) fully developed lesion with
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Table 3. Primer used for real-time and semiquantitative RT-PCR

Gene Primer Lecation Sequence 5°-3 Application
erl i/sol;onn A WT1-3 Exon /10 TGAAGGGCTTTTCACCTGTAT Real time
WT1-4 Exon 4/6 CACCTTAAAGGGCCACAGC
W’l(“] i/sof}orm B WT1-1 Exon 5 AAATGGACAGAAGGGCAGAG Real time
4+
WT1-3 Exon 9/1G TGAAGGGCTTTICACCTGTAT
W'l("i i/sof)orm C WT1-2 Exon 9/10 CTGAAGGGCTTTTCACTTGTT Real time
—/+
WTl-4 Exon 4/6 CACCTTAAAGGGCCACAGC
W'l("l i/sogorm D WT1-1 Exon 5 AAATGCACAGAAGGGCAGAG Real time
+/+
WTI1-2 Exon 9/10 CTGAAGGGCTTTTCACTTGTT
VEGF165 Forward Exon 3 CAGCGCAGCTACTGCCATCCAATCGAGA Real time
Reverse Exon 7/8 GCTTGTCACATCTGCAAGTACGTICGTTTA
Laminin 1 Forward Exon 8 CTGGATTCCAGGATGGAAATCA Semiquantitative
Reverse Exon 10 CCAGGTAAACACGCCATGTCAAA
Laminin g2 Forward Exon 31 GGCTCTGAAATTGAAACGGGCA Semiquantitative
Reverse Exon 32 GCCGCTGCAGCTIGTCCTGA
Collagen a1(IV) Forward Exon 4 CTACCTGCGAACAAAAGGGACAA Semiquantitative
Reverse Exon 9 CCTCTTTCACCTTTCAACAGCA
Collagen a«4(IV) Forward Exon 18 GACTCCACCTCTTICCACTTAA Semiquantitative
: Reverse Excon 20 GGTTTITCCTGGAGCAGAATCA
GAPDH Forward Exon 8 GGCTCTCCAGAACATCATCCCTGC Semiquantitative
Reverse Exon 8 GGGTGTCGCTGTTGAAGTCAGAGG
VEGF165/165b Forward Exon 7a GTAAGCTTGTACAAGATCCGCAGACG Semiquantitative
Reverse 3'UTR? ATGGATCCGTATCAGTCTITCCT

*UTR, uniranslated region.

Table 4. Determination of WT1-positive cells and total cells/microdissected area of one glomerulus®

i Counted WT1-Positive Total WT1-Positive
Tissue Group Glomeruli Cells Cells Cells/Total
(Mean) {Mean) Cells {Mean)

NEK1 Fetal 24 wk) c 8 41.3 (%£8.5) 60.9 (=13.2) 0.7 (£0.04)
NEK2 Fetal (16 wk) ¢ 9 49.3 (+13.7) - 73.0(+15.5) 0.7 (=0.10)
NEK®6 Fetal (27 wk) s 20 26,85 (7.0} 714 (£20.9) 0.4 (=0.09)
NAKS Child 10 208 (x£3.9) 41.3 (=7.6) 0.5 {=0.01)
NAK4 Adult & 155 (£3.4) 47.9(=10.1) 0.3 (£0.01)
NAKS Adult 10 28.0 (£6.9) 86.7 (£21.0) 0.3 (£0.00)
NS8 DDS 6 220 (£7.7) 68.2 (£24.0) 0.3 (=0.02)
NS0 DDS 4 6.8 (=3.1) 20.8 (£9.0) 0.3 (*£0.01)
NS18 DDS 10 11.2 (x4.3) 253 (+9.7) 0.4 (=0.01)

2c, capillary loop stage; s, s-shaped body.

thickening of the basement membranes and massive enlarge-
ment of mesangial areas and obliteration of capillary lumens;
and (3) advanced stages with the typical nodular, “cannon ball”
mesangial sclerosis. These findings are in accordance with
those from Habib et al. (3,29). Transmission electron microscopy
showed massive hyaline deposits with electron-dense strands
within sclerosed glomeruli (Figure 2A), and a widespread ef-
facement of podocyte foot processes was found (Figure 2B).
Furthermore, endothelial cells were swollen and lacked
fenestrae, reminiscent of endotheliosis in eclampsia/pre-
eclampsia (Figure 2B). Finally, incompletely fused basement
membranes and fibrillar material between two layers were
observed. Together, these findings suggest disturbances in
podocyte, endothelial cell, and GBM maturation.

Mutation Analysis and Expression of the WI'1 Gene in

DDs

We report the mutation analysis of five novel individuals
with DDS (NS18, NS19, NS20, NS21, and NS522; Table 1). The
other four investigated here (NS3, NS8, NS9, and NS10) were
previously described by us (24).

Because missense mutations are thought to act in a dominant
negative manner, the presence of a mutant WT1 transcript/
protein is mandatory. By RT-PCR and direct sequencing, it was
shown that a mutant transcript is present at similar levels as the
wild-type transcript in the analyzed kidneys of patients NS58,
NS10, and N518 (Figure 3 shows transcripts from NS10).

Furthermore, by immunohistochemistry, WT1 was found to
be restricted to podocyte precursors during glomerulogenesis
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Figure 1. Overview of the periodic acid-Schiff and immunohistochemical staining of fetal, child, adult, and Derys-Drash syndrome
{DDs) kidneys. Black arrowheads mark the Wilms” tumor protein (WT1) signal. The white arrow marks ﬂ1e glomerular basement

membrane (GBM) stained with collagen «4{IV).

and to podocytes postnatally (Figure IB), which is in accor-
dance with previcus studies (4,5). In DDS, WTI staining in
podocytes was observed in affected glomeruli at all disease
stages. However, in advanced stages, a reduced number of
WT1-positive nuclei was observed, suggesting a loss of podo-
cytes during progression of the disease (Figure 1B).

Maturation Status of Podocytes in DDS
The molecular marker WT1 was used to analyze the matu-

ration status of podecytes in DDS. Mild to moderately affected
glomeruli from four individuals with DDS, glomeruli from
three adult control kidneys and one child confrol kidney, and
capillary loop/immature glomeruli from two fetal kidneys (16
and 24 wk of gestation) were laser-microdissected and pro-
cessed for RT-PCR. Pigure 4 demonstrates the ratio of the four
main WT7T mRNA. jsoforms within a given sample. During
development, most obviously, the ratio of isoform C to D
changes by increasing continuously: 0.3 in 16-wk-old fetal glo-
meruli, 0.7 in 24-wk-old fetal glomeruli, 1.7 in glomeruli of a
child, and 2.0 (range 1.6 to 2.4) in adults. Glomeruli from
individuals with DDS showed a ratio of 0.5 (range 0.3 to 0.7),

resembling fetal capillary loop stages. This demonstrates a
delay in podocyte maturation in DDS,

Maturation Status of the GBM in DDS ’

Mild to moderately affected glomeruli from a DDS kidney
showed the same distribution of collagen (IV) and laminin
chains as fetal S-shaped bodies, namely high collagen «1(IV)
and laminin 1 levels and a lack of collagen o4(IV) and laminin
B2 chains (Figure 5). This demonstrates that the developmental
switch from collagen o1{IV) to ‘wd(IV) and from laminin g1 to
B2 (30) is affected in PDS and that GBM development is ar-
rested af the fetal S-shaped body stage. These data were con-
firmed in multiple samples by immunohistochemical staining
of collagen a4(IV) and laminin g2 (Figure 1; Table 1). Glomer-
ular expression of collagen w4(IV} was first evident within the
mesangium and GBM of capilflary loop stage glomeruli (Figure
1C}). Strong expression persisted in child/adult glomeruli but
was significantly reduced in DDS glomeruli. The glomerular
deposition of laminin 82 showed 'a pattern that was similar to
that of collagen «4(1V) during the course of glomerular matu-
ration (Pigure 1D): Absent in very early glomerular structures,
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Figure 2. Ultrastructural findings in a patient with DDS {NS22).
(A) Sclerosed glomerulus: Massive hyaline deposits with elec-
tron-dense fibrin-like structures (arrows). {B) Capillary loop:
Complete loss of foot processes (arrows), electron-dense depos-
its (arrowhead) between the dual layers (thin arrows) of the
capillary basement membrane, and endothelial cell with swol-
len cytoplasm and loss of fenestrations {*). Magnifications:
X2000 in A (transmission electron microscopy); X15,000 in B
(transrission electron microscopy).

strongly positive in the mesangium and GEM of capillary loop
stage glomeruli, and persistent expression postnatally. In DDS,
the expression of laminin 32 was markedly reduced and com-
pletely absent in several glomeruli, suggesting a delay in GBM
maturation in DDS kidneys.

Maturation Status of the Mesangium in DDS
Immunostaining for «-SMA. was performed to evaluate the
status of mesangial cells in DDS. As demonstrated in Figure 1E,
glomerular ¢-5MA normally first becomes detectable in the
cytoplasm of invading mesangial cells in fetal capillary loop
stage glomeruli. In mature human glomeruli, mesangial expres-
sion of «-SMA is normally absent, but under disease condi-
tons, a-SMA is detected in activated and/or proliferating mes-
angial cells (31). In cases of DD5 (Figure 1E, bottom), ¢-5SMA is
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Figure 3, Sequence of WTT wild-type and mutant transcripts in
patient N510. (Top) Wild-type WT1 control. (Bottom) Presence
of mutant and wild-type transcripts in patient N510. The posi-
tion of the mutation (c.1180 C>T) is marked by an arrow.
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Figure 4. Ratio of the four main WT1 isoforms A, B, C, and D
within one tissue. Glomeruli were laser-microdissected, and
expression was measured by real-time reverse transcriptase—
PCR (RT-PCR}. Glomeruli of fetal kidneys belong to the capil-
lary loop stage. Fetal 16wk, fetal kidney at 16 wk of gestation;
Fetal 24wk, fetal kidney at 24 wk of gestation.

detected within glomeruli, indicating the presence of activated
and/or proliferating mesangial cells.

Altered VEGF165 Splicing in DDS

The data presented here suggest that glomerular maturation
in DDS is delayed and affects podocyte, endothelial celi, mes-
angial cell, and GBM maturation. To address the question of
whether this may be caused by disturbed cross-talk between
podocytes and endothelial cells, we analyzed VEGF165 as a
mediator, which is secreted by podocytes and bound by recep-
tors on endothelial cells. Figure 6A shows the relative amount
of the angiogenic stimulatory VEGF165 mRNA in various tis-
sues after normalization to either 185 rRNA. alone or 185 xRNA
and the number of podocytes. The amount of VEGF165 mRNA
increases dramatically between the S-shaped body and' capil-
lary loop stage in the fetal kidney and decreases in mature
glomeruli from a child and an adult. In contrast to our obser-
vations in child and adult glomerali, DDS glomeruli exhibit a
major upregulation of VEGF165 expression, which becomes
even more marked when the number of podocytes are taken
into account.

The ratio of the stimulatory VEGF165 to the inhibitory
VEGF165b isoform was determined by semiquantitative RT-
PCR. The primers that were used to amplify both forms in a
single reaction do not discriminate between the VEGF165 and
VEGF189 isoforms. However, it was shown previously that
VEGF165 is the most abundant isoform in.glomeruli (18,19,
During normal development, podocyte maturation is associ-
ated with a switch from the stimulatory to the inhibitory iso-
form (Figure 6B). Therefore, whereas podocytes from fetal 5-
shaped bodies solely express the stimulatory form, podocytes
from the capillary loop stage and onward exhibit increased
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cycles. *Control without reverse transcriptase. RT-PCR products were sequenced to confirm that the primers were specific for each

isoform chain. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

expression of VEGF165b. In conirast, pedocytes from six pa-
Hents with DDS continue to express the stimulatory isoform
VEGF165 at high levels and fail to express the inhibitory iso-
form VEGF165b {Figure 6C).

Discussion

Our findings suggest that in DDS, glomerular maturation is
delayed and VEGF165 splicing is defective. Kidneys from af-
fected patients exhibit complex glomerular disturbances, in-
cluding an “endotheliosis-like injury of endothelial cells” with
the lack/loss of fenestration, incompletely fused basement
membranes with a dramatic decrease in collagen o4(IV) and
laminin B2 chains, the presence of immature podocytes show-
ing foot process effacement, and the presence of immature or
activated mesangial cells.

1

Abnormal WT1 Expression in DDS Glomeruli

We have demonstrated an overall delay in podocyte matu-
ration in DDS glomeruli, compared with nermal child and
adult control kidneys. During normal development, isoform D
predominates in the fetal capillary loop stage, whereas isofoxm.
C becomes more abundant in child and adult glomeruli, sug-
gesting that this latter form may be involved in texminal dif-
ferentiation processes and in maintaining podocyte function.
Remarkably, the ratio of WT1 isoforms C to I in DDS glomeruli
most closely resembles that observed in the fetal kidneys at the
capillary loop stage. However, the importance of these obser-
vations is unclear, because knockout mice that lack exon 5
corresponding to iscform C do not exhibit an obvious renal -
phenotype {32). i :

In addition, DDS glomeruli express mutant {ranscripts,
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Figure 6. Relative expression of total VEGF165 and ratio of VEGF165/VEGF1650 mRNA in laser-microdissected glomeruli. S,
S-shaped body; ¢, capillary loop stage. (A) Relative expression of VEGF165 determined by real-time RT-PCR and normalized to
18S rRNA alone (M) or to 185 rRNA and the podocyte number () (B) Semiquantitative RT-PCR of VEGF165 and VEGF165b.
Aliquots of the PCR products from laser-microdissected material were run on an agarose gel after 30 and 40 cycles. —RT, control
without reverse transcriptase; Fetal s, Jaser-microdissected S-shaped bodies from fetal kidney {16 wk of gestation); Fetal c,
laser-microdissected capillary loops from fetal kidney (16 wk of gestation); C1, positive conirol for VEGF165; C2, positive confrol
for VEGF165b; n/n, not known. (C) Semiquantitative RT-PCR of VEGF165 and VEGF165b. Aliquots of the PCR products from
nonmicrodissected material were run on an agarose gel after 30 and 40 cycles. VEGF, vascular endothelial growth factor.

which are thought to act in a dominant negative manner at the
protein level, leading to a dramatic loss of functional WT1
protein. Notably, both mouse i vive and organ culture models
have shown that giomerulogenesis is a WT1-dependent process
(11-14,33). Therefore, abnormal glomerular development in
DDS is likely due to loss of wild-type WT1.

Abnortal GBM and Mesangial Cell Maturation in DDS
Glomeruli

We further demonstrate that the GBM fails to mature appro-
priately in DDS. DDS glomeruli express abnormally high levels
of collagen «1(IV) and laminin g1, a pattern of aberrant colla-
‘gen and laminin expression that previously was demonstrated
in DDS by Yang et al. (34). In addition, DDS glomeruli exhibit

dramatic reductions in expression of collagen a4{IV) and lami-
nin A2 chains, factors that normally expressed at high levels in
mature glomeruli. Several lines of evidence suggest that colla-
gen w4(IV) and laminin B2 play a critical role in the mainte-
nance of GBM function. Laminin B2 knockout mice (35) and
individuals with Pierson syndrome as a result of LAMB2 mu-
tations {which encodes laminin $2) (36) develop proteinuria.
Similarly, loss-of-function mutations in COL4A4 (which en-
codes collagen o4[IV]) in individuals with Alport syndrome
resuit in severe proteinuria {reviewed in reference [37]).

In our analysis of mesangial cell maturation, we show that
DDS glomeruli express a-SMA, a marker for fetal mesangial
cells, whereas control child and adult mesangial cells do not





] Am Soc Nephrol 18: 719-729, 2007

express a-SMA. Together with our previous observations, these
results suggest that mesangial cell development is abnormal in
DDS glomeruli. lowever, a-SMA is also expressed in activated
mesangial cells after injury, as observed in other diseases (31),
alternatively suggesting that mesangial cell activation occurs in
DDS glomeruli.

Altered VEGF Expression in DDS Glomeruli

Podocyte—endothelial cell interactions are cruciat for the de-
velopment and maintenance of glomerular architechure and
hence the glomerular filiration barrier. Eremina et al. (16) ele-
gantly showed that VEGF-A is a key signal that mediates these
podocyte-endothelial cell interactions. Indeed, podocyte-spe-
cific heterozygosity for VEGE-A results in glomerular matura-
ton defects, glomerulosclerosis (17,16), and swollen endothelial
cells {endotheliosis), the latter being part of the renal lesion that
is seen in preeclampsia (38). The defects in mice ultimately lead
to nephrotic syndrome and ESRD.

There are striking similarities between the phenotype of
VEGE-A heterozygous mice and-DDS. Together with the pre-
vious demonstration that WT1 controls expression of VEGF-A
during normal renal development (15}, we asked whether loss-
of-function mutations in the podocyte-specific WI'1 gene in
DDS result in dysregulation of VEGF-A in the podocyte, lead-
ing to the DDS phenotype. To address this issue, we focused on
the analysis of VEGF165, the predominant VEGE-A isoform in
podocytes (18-20).

Our data show that during normal fetal development, angio-
genic stimulatory VEGF165 expression is highest in the capil-
lary loop stage and diminishes thereafter with an isoform
switch in favor of the inhibitory VEGF165b isoform. VEGF165b
first becomes detectable at the capillary loop stage and in-
creases conbnuously, showing the highest expression in adult
control glomeruli. It is interesting that the isoform switch of
VEGF165 to VEGF165b is paralleled by a change in the ratio
from the +KTS WT1 isoforms C to D, suggesting that the +KT5
isoforms may be involved in the altermative splicing of
VEGF165. In contrast, VEGE165 expression is elevated in DDS,
whereas VEGF165b expression is completely abrogated, dem-
onstrating that isoform switching is affected in DDS. Taken
together, these results suggest that the complex pathologic
changes that are seen in DDS are driven at least in part by a lack
of VEGF165b, resulting in disturbed signaling among podo-
cytes, endothelial cells, and mesangial cells. Such a disruption
of signaling may be central to the genesis of endotheliosis,
GBM, and mesangial cell alterations and may ultimately lead to
glomerulosclerosis. Podocytes may respond to these secondary
defects. by upregulating the stimulatory VEGFI65 isoform,
which in turn may enhance glomerular permeability, leading to
albuminuria and accummlation of mesangial matrix, as has
been postulated for diabetic nephropathy (39},

Our results suggest that VEGF165 splicing is altered in WT1
mutated podocytes, resulting in an overall delay in glomerular
maturation and glomerulosclerosis. Dysregulated VEGF165
splicing may reflect a novel pathogenic mechanism that is
involved in other diseases. Bates et al. (40) showed that inhib-
itory VEGF isoforms are downregulated, whereas angiogenic
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stimulatory isoforms are moderately upregulated; in pre-
eclamptic placentas. Complementary studies on diabetic reti-
nopathy demonstrate a-switch in splicing from inhibitory to
stimulatory isoforms in this disease (41), and in renal cell
carcinoma, the inhibitory VEGF166b iscform is downregulated
{20). These examples illustrate the importance of maintaining
the correct balance between stimulatory and inhibitory
VEGF-A isoforms. These observations, together with the simi-
larity of phenotype between DDS and VEGF-A heterozygous
mice, suggest that at least a portion of the mouse phenotype
may be due o an imbalance in the ratio of VEGF isoforms and
reduction of VEGF164b expression.

Conclusion

The data presented here illustrate the importance of assess-
ing the ratio of expression between stimulatory and inhibitory
VEGF-A isoforms in disease, in contrast to conventional ap-
proaches that measured only overall VEGF-A expression. In the
future, measuring both stimulatory and inhibitory isoforms
may help to resolve conflicting reports concerning the role of
VEGF in glomerular disease. We present here the first mecha-
nistic insight into how aberrant expression of WT1 may affect
VEGF165 splicing and result in glomerulosclerosis in DDS.
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Effective Use of High-Dose Chemotherapy and
Autologous Stem Cell Rescue for Relapsed Adult Wilms’
Tumor and a Novel Alteration in Intron 1 of the WTT Gene
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Summary: Adult Wilms’ tumor (AWT) is a very rare and aggressive
malignancy, and little information is available on effective therapy in
adults. Although mutations in WT1 have been found in 10% to 15%
of childhood Wilms’ tumor patients, to date W71 mutations in AWT
patients have not been described. The authors describe a 47-year-old
man with relapsed AWT and a novel germline alteration in intron 1 of
WTI1:1TVS1-6 C—A. This alteration may reduce the splicing efficiency
for exon 2 and possibly results in exon skipping. The effective salvage
chemotherapy contained ifosfamide, carboplatin, and etoposide and
was followed by a high-dose chemotherapy that contained melphalan,
carboplatin, and etoposide. Both chemotherapy regimens showed
moderate treatment-related toxicity. This report is the first that indi-
cates that adult nephroblastoma patients also may carry WTI
germline mutations.

Key Words: Wilms’, tumor, nephroblastoma, relapse, high-dose che-
motherapy, autologous stem cell rescue, W71 mutation

(J Pediatr Hematol Oncol 2004;26:820-823)

Wilms’ tumor is the most common abdominal malignancy
in children but is extremely rare in adults. Like other
pediatric malignancies, Wilms’ tumor has a poorer prognosis
in adults than in children, resulting in 3-year survival rates of
up to 67% in combined modality protocols as reported by the
National Wilms Tumor Study (NWTS) in 1990." Despite
established treatment protocols for all stages of disease in
children, little information is available on effective therapy in
adults, especially in case of tumor relapse. Altogether, fewer
than 240 cases of adult Wilms’ tumor (AWT) have been re-
ported in the literature, and some of these are now known to
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have been rhabdoid tumors, clear cell sarcomas, or other renal
neoplasms.” Five cases of successful therapy for relapsed AWT
have been published to date.*® In contrast, there is a large
amount of data with long-term follow-up concerning children’s
cases. About 90% of patients with childhood Wilms’ tumor
can now be cured, and reported estimates of long-term survival
after relapse are about 50% to 60%. Patients who initially had
unfavorable-histology disease, advanced disease, short dura-
tion of remission, or abdominal (lymph node) recurrence within
the prior field of irradiation or who underwent upfront multi-
drug chemotherapy have an impaired survival rate.” Despite
high treatment-related toxicity in dose-intensive chemotherapy,
high-dose therapy has proven effective in the treatment of
recurrent Wilms’ tumor,® even though it is unknown whether
high-dose therapy is superior to conventional-dose chemo-
therapy.

Although there is much genetic heterogeneity in Wilms’
tumor initiation, in about 5% of Wilms’ tumors intragenic W71
mutations have been found. To date no data about the pene-
trance of WTI germline mutations and the risk of Wilms’
tumor conferred by these mutations are available. However,
these patients should be followed carefully.

CASE REPORT

We describe a 47-year-old man who had a 2- to 3-month
history of persistent right lower back pain at the time of diagnosis.
A computed tomography (CT) scan of his abdomen revealed a tumor
replacing the right kidney measuring 10 X 15 cm with multiple
regional and paracaval lymph node metastases (Fig. 1A). The patient
initially was treated with tumor nephrectomy and para-aortal
lymphadenectomy under the suspicion of a renal cell carcinoma of his
right kidney in April 2001. Tumor resection was with macroscopic
residual disease (Fig. 1B). The patient’s medical history prior to
tumor manifestation was uneventful, besides right-sided orchiectomy
in childhood for unknown reasons. Staging examinations included
a bone scan and brain and chest CT scans; none revealed abnor-
malities. Pathologic examination of the tumor showed the typical
triphasic histomorphology of a Wilms’ tumor with broad regions of
low differentiation, regions containing tubular structures, and mesen-
chymal differentiated regions (Fig. 2A). Immunohistochemically, the
tumor cells were positive for CD56 and WT1, further proof for the
diagnosis of a nephroblastoma (Fig. 2A). To analyze for WTI
germline mutations, DNA was prepared from the patient’s peripheral
blood lymphocytes. WT1 exons and exon/intron boundaries were
amplified by PCR and subjected to SSCP analysis.® Exon 2 revealed
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an aberrant migrating PCR product that was sequenced. A hetero-
zygous alteration in position -6 of intron 1 was found—IVS1-6 C~A
(tcccgecagGT > tcacgcagGT)—that has never been described before
(Fig. 2B).

Complete remission of postoperative residues was induced by
a 6-week chemotherapy regimen of actinomycin D, vincristine, and
doxorubicin (Adriamycin) and was followed by adjuvant radio-
chemotherapy according to stage III disease. In adjuvant radiother-
apy, irradiation doses were 16 Gy for the right abdomen, 30 Gy for the
para-aortal region, and 36 Gy for the tumor bed region. Adjuvant
chemotherapy consisted of actinomycin D, vincristine, and doxoru-
bicin (Adriamycin) for a second time and was administered for
a period of 28 weeks according to the German SIOP93-01/GPOH
study protocol for pediatric Wilms’ tumors. Final staging showed no
evidence of disease in March 2002, but the patient relapsed with
a single pulmonary metastasis 3 months later (Fig. 1C) and with
a lymph node metastasis within the irradiated para-aortal region 9
months later (December 2002, Fig. 1D). While the pulmonary
metastasis was resected entirely (July 2002, see Fig. 2A), a complete
remission of the lymph node relapse was induced by two cycles of
systemic salvage chemotherapy containing ifosfamide, carboplatin,
and etoposide, administered from January 2003 to February 2003
(Figs. 1E and 1F). Relative doses were 3,000 mg/m? for ifosfamide,
200 mg/m? for carboplatin, and 100 mg/m? for etoposide given on
days 1 to 3. Peripheral blood stem cells were mobilized with G-CSF
(5 pg/kg) after the first cycle. For final consolidation, dose escalation
using high-dose chemotherapy containing melphalan 60 mg/m? (days
1-3), carboplatin AUC4 (days 4-8), and etoposide 200 mg/m? (days
4-8) was given in May 2003. After autologous peripheral blood stem
cell transplantation (3.1 X 10° CD34" cells/kg), rapid engraftment
occurred, and on day +11 and +15, his neutrophil count was more

© 2004 Lippincott Williams & Wilkins

FIGURE 1. Clinical course. A, In April
2001 abdominal CT scans revealed
a large intra-abdominal tumor mass
involving the right kidney. B, Post-
operative status: tumor residues were
present adjacent to the right diaphrag-
matic crus, showing macroscopic re-
sidual disease after tumor resection. C,
CT-guided biopsy of a pulmonary tu-
mor mass in the right upper lobe in
June 2001 (first relapse). D, CT-guided
biopsy of an aortointercaval lymph
node manifestation in December
2002 (second relapse). E, In January
2003 abdominal CT scans before sal-
vage chemotherapy showed the aor-
tointercaval lymph node 3 cm in
diameter with compression of the in-
ferior vena cava. F, Abdominal CT scans
after finishing two cycles of salvage
chemotherapy revealed radiomorpho-
logic complete remission. G and H, CT
scans showing ongoing complete re-
mission in March 2004.

than 1.0 X 10°/L and his platelet count was more than 20 X 10°/L.
Treatment-related toxicity after high-dose chemotherapy included
oral mucositis (WHO 1II°), neutropenic fever, acute non-dialysis-
requiring renal failure, and transitory hyperbilirubinemia. Twelve
months after high-dose chemotherapy and 17 months after relapse the
patient remains well and disease-free as shown by CT scan
examinations in March 2004 (Figs. 1G and 1H).

DISCUSSION

There are three similar reports illustrating the effective-
ness of salvage chemotherapy combined with high-dose
therapy in relapsed AWT. The first report describes a pararectal
AWT relapse treated by surgery, adjuvant high-dose chemo-
therapy, and radiation therapy; this patient was reported to be
alive and disease-free 3.5 years after bone marrow trans-
plantation.® The second report describes a patient who had
relapsed twice: after initial adjuvant treatment and after treat-
ment with high-dose doxorubicin; the patient was treated
successfully with cisplatin and etoposide.” The third report
illustrates successful high-dose chemotherapy in a 23-year-old
man with a pulmonary AWT relapse 28 months after resection
of a pulmonary metastasis.®> In summary, salvage chemother-
apy protocols using high-dose chemotherapy with autologous
stem cell rescue are effective in relapsed AWT and may lead to
long-lasting tumor control. However, local resection strategies
also have proven to be effective in disease control—for 28
months in the patient described by Petty et al® and for 6 months
in the patient described here. Due to the rarity of the disease
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FIGURE 2. Tumor characterization. A,
Tumor sections from diagnosis and first
and second relapse. Original magnifica-
tion x200. H&E staining: the tumor
sections show a triphasic histomorphol-
ogy of a Wilms’ tumor with a mixture of
tubular, mesenchymal, and stromal com-
ponents. Pulmonal metastases (first re-
lapse, middle picture) and lymph node
metastases (second relapse, right picture)
show tumor tissues mainly composed of
stromal components. CD56 staining:
immunostaining using a CD56 antibody,
CD56/ NCAM-1 Ab-2 (123C3.D5) (Neo-

WTI

2nd relapse
(lymph node)

15t relapse
(lung metastasis)

Markers, Laboratory Vision Corp.) in
a 1:100 dilution. WT1 staining: WT1 B

staining using a polyclonal WT1 antibody
raised against a peptide mapping at the
carboxy terminus of the human WT1
protein, WT1 (C-19): sc192 (Santa Cruz)
in a 1:200 dilution. All tissue samples
show high expression levels of CD56 and
WT1, proving their common origin and
classification as Wilms’ tumor. B, WTT
sequence analysis of DNA prepared from & e & %
peripheral white blood cells. The upper
panel shows the wild-type sequence of
human WT-T intron 1 (position -1 to-13).
The lower panel shows the patient’s WTT

control

patient

VS 1-6C>A

c ¢ 6 Cc A G

|

sequence and reveals a heterozygous
alteration: IVS1-6 C —A. The nucleotide
change IVS1-6 C—Ais predicted to reduce

WTI genotyping from blood DNA

exon/intron splicing efficiency.

and the tendency for delayed relapse, a further exploration of
therapy will require an international intergroup trial.

Our patient showed a WT! germline alteration: IVS1-6
C - A. Stromal-predominant tumors and to a lesser extent
mixed triphasic tumors of childhood WT patients were shown
to be specifically correlated with W7 mutations in 62%
(13/21) and in 25% (4/16) of cases, respectively. WTI
mutations were present in the patients’ germline in 82%,°
and almost all male patients with WT7TI germline mutations
revealed genitourinary malformation, including maldescended
testis, hypospadias, cryptorchidism, unilateral testicular
aplasia, ambiguous external genitalia or WAGR syndrome.’
The patient described here had a mixed triphasic tumor and his
clinical history included right-sided orchiectomy in childhood

822

Fig. 2 live 4/C

for unknown reasons. Using the algorithm available from the
University of California, Berkeley web site (http//www.fruitfly.
org/seq_tools/splice.html), the alteration IVS1-6 C—A reduces
the splicing efficiency from 0.96 to 0.77. Splice site mutations
causing exon skipping of W71 in Wilms’ tumor patients have
been described.'® Regular alternative splicing of intron 9 shows
a calculated splicing efficiency of 0.94 for the first splice site
and 0.76 for the alternative site, resulting in two different
transcripts (+KTS/-KTS). Mutations of the second splice site
are associated with Frasier syndrome, reducing the splicing
probability to 0.12 to 0.55, depending on the specific
mutation.'" The alteration IVS1-6 C—A may lead to a reduced
efficiency for splicing and possibly to exon skipping, resulting
in an additional WT1 transcript devoid of exon 2. In the human

© 2004 Lippincott Williams & Wilkins
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Wilms’ tumor cell line (RM1) a WTI splice variant was
detected devoid of exon 2 sequences. This splicing alteration
was also detected in varying amounts in some Wilms’ tumors
but not in normal kidney. Haber et al speculated that the
production of this abnormal transcript might be a distinct
mechanism for inactivating WT1 in Wilms’ tumors.'?

In summary, our report is the first that indicates that
adult WT patients also may carry W71 germline mutations.
There may be a distinct mechanism for inactivating WT1 in
these Wilms’ tumors.
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1. Einfiihrung in die Thematik

Wahrend der Entwicklung von Nieren und Gonaden, aber auch spater bei der
Aufrechterhaltung ihrer Funktion, spielt die koordinierte Interaktion zwischen Zellen eine
entscheidende Rolle. Diese ,Kommunikation" findet nicht nur zwischen gleichen, sondern
auch zwischen verschiedenen Zelltypen statt. ,Kommunikationsstorungen" koénnen die
normale Differenzierung von Zellen beeintrachtigen bis hin zur Entstehung eines Tumors.
Die Sprache zu verstehen, derer sich Zellen bedienen, um ihr Dasein im Zellverband zu
koordinieren, hilft dabei, molekulare Pathomechanismen einer Erkrankung aufzuschlisseln.
Dies wiederum stellt die Grundlage fir das Auffinden neuer und spezifischer therapeutischer

Angriffsziele dar.

1.1 Nieren- und Gonadenentwicklung beim Menschen

Das Urogenitalsystem besteht aus den beiden Komponenten, den Harnorganen und
dem Genitalsystem. Beide sind embryologisch und anatomisch eng miteinander verflochten
und entwickeln sich aus dem intermediaren Mesoderm, welches lateral die Urogenitalleiste
abfaltet. Der Teil, aus dem die Harnorgane einschlieRlich dem Wolff-Gang hervorgehen, ist
der nephrogene Strang, der Teil, aus dem die Gonaden sowie der Muller-Gang entstehen, ist
die Genitalleiste. Dieser Vorgang beinhaltet hochst komplexe Differenzierungsschritte, deren
streng kontrollierter Ablauf unabdingbar ist fir eine normale Entwicklung. Reguliert wird die
Differenzierung Uber die Expression ganz bestimmter Gene. Zeitlich und zelltypspezifisch
kommt es zur Aktivierung oder Hemmung bestimmter Gene, wie z. B. Gene fir
Transkriptionsfaktoren,  Wachstumsfaktoren und deren Rezeptoren. Die enge
entwicklungsbiologische Beziehung zwischen Gonaden und Nieren spiegelt sich auch in dem
aktiven Gen-Repertoire wider. So wird z.B. in beiden Geweben sowohl wahrend der
Entwicklung als auch spater im ausdifferenzierten Organ der Transkriptionsfaktor, Wilms-

Tumor 1 (WTH1), exprimiert.

In Saugern entwickelt sich die definitive Niere (Metanephros) durch die gegenseitige
Induktion von Epithel- und Mesenchymzellen (1). Dabei sprosst aus dem Urnierengang
(Wolff-Gang) die nach dorsal gerichtete Ureterknospe aus und wachst in den kaudalen Teil
des intermediaren Mesoderms, das metanephrogene Blastem, ein (siehe Abbildung 1a) (2)).
Uber komplexe Differenzierungsschritte entstehen die exkretorischen Einheiten der Niere,
die sogenannten Nephrone, sowie die Sammelrohre und ableitenden Harnwege. Die
Nephrone bestehen aus einem Knauel an Kapillarschlingen (Glomerulus), der

Bowmannschen Kapsel mit ihrem vizeralen und parietalen Blatt und einem Tubulus-System.





Das viszerale Blatt besteht aus hoch spezialisierten Zellen, den Podozyten, welche sich auf
die Endothelzellen des Glomerulus legen (Abbildung 1b), ¢)). Zwischen den Podozyten und
den Endothelzellen entsteht dann die von beiden Zelltypen synthetisierte glomerulare
Basalmembran (GBM). Podozyten erinnern mit ihren primaren und sekundéaren
FuRfortsatzen an einen Octopus, der mit seinen Fangarmen die Kapillaren umschlingt.
Zusammen bilden die Podozytenfullfortsatze, das gefensterte Endothel und die GBM die
glomerulare Filtrationsbarriere. Diese verhindert das Ausschwemmen von Proteinen mit dem

Primarharn. Stérungen in dieser Barriere fihren zu einer Proteinurie.

Induction MET Branching
a)
Ureteric
bud tips
Ureteric
bud
Condensed Renal vesicle
mesenchyme

Proximal

Efferent duct

Collecting  arteriole
duct

Afferent
arteriole

)
i X
ngj‘lgqal 2" Glomerulus Podocytes
Perietal
Endothelial glomerular
cells epithelium
Henle’s loop
S-shaped body Nephron

'Aq Dressler GR. 2006.
Annu. Rev. Cell Dev. Biol. 22:509-29

Abbildung 1: a) Differenzierungsschritte wahrend der Nierenentwicklung: Induktion des metanephrogenen Blastems durch die
Ureterknospe und nachfolgende Mesenchym zu Epithel Transformation (MET) und Differenzierung der Nephrone (ibernommen
aus (3). b) Schematische Darstellung eines Glomerulus mit juxtaglomerularem Apparat. AA: afferente Arteriole, BM:
Basalmembran, EA: efferente Arteriole, EN: gefenstertes Endothel, EP: Podozyten mit Ful3fortsatzen (F), G: Granula in glatter
Muskulatur, MD: Macula densa, N: symathische Nervenfasern (aus Schmidt, Thews, Lang, Physiologie des Menschen, eds.,
28. Auflage Springer Berlin, 2000). c) Rasterelektronenmikroskopische Darstellung der primaren und sekundéren Ful¥fortsatze
von Podozyten (aus Benninghoff, Anatomie, Urban & Schwarzenberg Verlag, 1993).

Die Gonadenentwicklung erfolgt im Embryo zunachst bei beiden Geschlechtern bis
zum Stadium der indifferenten Gonaden gleich. Die Gonaden werden als Genitalleisten
angelegt und differenzieren je nach genetischer Disposition (XX oder XY) in Hoden bzw.
Ovar. Auch die Genitalwege (Wolff-Gang und Miller-Gang) werden zunachst bei beiden
Geschlechtern angelegt und spater unterschiedlich zurlickgebildet. Keimzellen wandern in
der 6. Woche in die indifferente Gonadenanlage ein. Die Hodenentwicklung ist sehr komplex
und vollzieht sich unter dem Einfluss des Transkriptionsfaktors SRY (sex-determining region

of the Y chromosome), der wiederum eine Kaskade von Genen aktiviert. Der differenzierte





Hoden enthalt die Hodenkanalchen (Tubuli seminiferi), bestehend aus den Sertoli-Zellen und
den verschiedenen Keimzell-Stadien (Abbildung 2). Die Sertoli-Zellen sitzen der
Basalmembran auf und stitzen einerseits die verschiedenen Stadien der Keimzellen und
dienen andererseits der Erndhrung der reifenden Samenzellen. Sie sind somit mal3geblich
an der Spermatogenese beteiligt. Im Interstitium der Tubuli befinden sich die Testosteron

synthetisierenden Leydig-Zellen.
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4 Abbildung 2: Querschnitt eines Hodenkanalchen
S zur Darstellung der Lage von Sertoli-Zellen und
S reifenden Samenzellen. Wahrend ihrer

Differenzierung wandern Keimzellen Richtung
™~ Spermatids Lumen der Hodenkanalchen (libernommen aus

Gilbert, Developmental Biology, Eighth Edition,

Sinauer Associates, Inc., Publishers, 2006).
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1.2 Das Wilms-Tumor 1-Protein

Das Wilms-Tumor 1-Gen (WT17) wurde 1990 unabhangig von zwei Gruppen als eines
der ersten Tumorsuppressorgene kloniert (4, 5). Hinweise Uber das Vorhandensein eines
Tumorsuppressorgens auf Chromosoms 11p13 lieferten cytogenetisch sichtbare Deletionen
in dieser Region bei Patienten mit einem kindlichen Nierentumor (Wilms-Tumor), Aniridie,
Genitalfehlbildungen und mentaler Retardierung (WAGR-Syndrom) (6). Das Gen umfasst 10
Exons und kodiert fiir einen Zinkfinger-Transkriptionsfaktor des Cys,-His,-Typs (4, 5). Exons
sieben bis zehn kodieren fir die vier DNA-bindenden Zinkfinger und Exons eins bis sechs flr
eine Prolin-Glutamin-reiche Region mit sowohl transkriptionell aktivierender als auch
hemmender Doméane (Abbildung 3). Des Weiteren finden sich Motive fur Selbst-
Assoziierung, Kernlokalisation und RNA-Erkennung. Durch die dualen
Bindungseigenschaften an DNA und RNA ist WT1 sowohl transkriptionell als auch vermutlich
post-transkriptionell aktiv.

Das Humangenomprojekt identifizierte eine zunachst geringe Anzahl an Genen. Bald
zeigte sich jedoch, dass das Vorhandensein von alternativen Protein-Isoformen die
Komplexitdt des Genoms um ein Vielfaches steigert. WT1 ist hier keine Ausnahme. Aus
einer Kombination zweier alternativer Spleilkstellen, dreier alternativer
Translationsstartstellen, RNA-Editings und eines alternativen Promotors resultieren

zahlreiche Protein-Isoformen. Am besten charakterisiert ist die Funktion der Haupt-





Isoformen, die sich durch das Vorhandensein oder Fehlen von 17 Aminosauren (AS) (Splice
I) und durch das Fehlen oder Vorhandensein der drei Aminosauren Lysin (K), Threonin (T)

und Serin (S) zwischen Zinkfinger 3 und 4 (Splice Il) ergeben (7).
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Abbildung 3: Schematische Darstellung des Zinkfinger-Transkriptionsfaktors WT1. C: Cystein, H: Histidin, Zn: Zink-lon. Design:
Daniel Hartwig, Boston, USA

Computer Modeling und in vitro-Studien zeigten, dass die WT1+KTS-Isoformen eine
héhere Affinitat zu RNA haben als die —KTS-Isoformen (8, 9). AuRerdem kolokalisieren die
+KTS-Isoformen mit Spleilfaktoren im Kern und binden diese (10-12). Daraus wurde
postuliert, dass WT1+KTS im RNA-Metabolismus, méglicherweise im Spleien, involviert ist.
Um die unterschiedlichen Funktionen von WT1 weiter zu spezifizieren, werden nicht nur
verschiedene Protein-Isoformen synthetisiert, sondern auch verschiedene Proteinkomplexe
gebildet. Je nach zellularem Kontext interagiert WT1 mit unterschiedlichen Kofaktoren

(zusammengefasst in (13)).

Zeitlich und zelltypspezifisch ist die Menge an WT1 genau determiniert. Wahrend der
Nieren- und Gonadenentwicklung ist WT1 erstmals im intermedidren Mesoderm exprimiert
und beschrankt sich spater auf die Podozyten der Glomeruli, die Sertoli-Zellen der Hoden
und auf die Granulosa-Zellen des Ovars (14). Interessanterweise wird WT71 wahrend der
Entwicklung in Zelltypen exprimiert, die sich im Ubergang von Mesenchym (intermediares
Mesoderm) zu Epithel (Podozyten, Sertoli-Zellen, Granulosa-Zellen) befinden. Dass WT1
maldgeblich diesen Prozess induziert, wird durch den Befund unterstitzt, dass die
Inaktivierung von Wt1 in Mausen Apoptose im metanephrogenen Blastem induziert und eine
Nierenagenesie zur Folge hat. Daraus kann geschlossen werden, dass WT1 als
Uberlebensfaktor und Differenzierungsfaktor fir das metanephrogene Blastem wichtig ist.
Aullerdem entwickeln sich die Gonaden Wt71-mutierter Mause nicht Gber das Stadium der

Genitalleiste hinaus (15).





1.3 WT1-assoziierte Erkrankungen beim Menschen

Im Folgenden werden die Erkrankungen beschrieben, welche auf Mutationen im
WT1-Gen und auf eine funktionelle Inaktivierung des Proteins zurtckzufihren sind und
Thema der Habilitationsarbeit waren. Nicht eingegangen wird hier auf eine modgliche
onkogene Funktion von WT1 bei der Entstehung von Leukamien, Brustkrebs, Hirntumoren,

kolorektalem Karzinom und anderen.

Wilms-Tumor

Der Wilms-Tumor (Nephroblastom), benannt nach seinem Erstbeschreiber Max
Wilms, ist ein hochmaligner embryonaler Tumor der Niere und gehdrt zu den haufigsten
soliden Tumoren des Kindesalters. Er tritt bei Kindern unter 15 Jahren mit einer Inzidenz von
1:10 000 auf (16). In der Mehrzahl der Falle tritt der Tumor isoliert, sporadisch und unilateral
auf. Familiare Falle (2%) und bilaterale Tumoren (5%) findet man dagegen nur sehr selten.
Auch das Vorkommen im Kontext mit verschiedenen Syndromen, wie z. B. dem Denys-
Drash-Syndrom (siehe unten), dem WAGR Syndrom und dem Beckwith-Wiedemann-
Syndrom ist sehr selten. Der Wilms-Tumor ist ein Musterbeispiel dafiir, dass weltweit
systematisch durchgefiihrte Studien bemerkenswerte Fortschritte in der Therapie und
Prognose erzielt haben und die heutigen 5-Jahres-Uberlebensraten bei 80-90% liegen (17).
Dies ist auf zwei unterschiedliche Therapiekonzepte zurlickzufihren. Bei dem europaischen
Konzept (SIOP) erfolgt abhangig vom Alter der Patienten und der Lateralitdt des Tumors
eine praoperative Chemotherapie, operative Entfernung des Tumors, postoperative
Chemotherapie und Bestrahlung je nach Tumorhistologie, wahrend die nordamerikanische
Studie (NWTS) auf die praoperative Chemotherapie verzichtet (18, 19).

Wilms-Tumoren sind sowohl histologisch als auch genetisch sehr heterogen.
Histopathologisch gesehen entsteht der Tumor aufgrund einer Entwicklungsstérung des
metanephrogenen Blastems, welches eine Nierenstammzell-Population reprasentiert.
Dadurch verbleiben die Zellen in einem frihen Stadium der Differenzierung, proliferieren
unangemessen und schalten zum Teil falschlicherweise alternative Differenzierungsprozesse
in Gang, wie z. B. Skelettmuskel-Differenzierung. Auch die Genetik des Wilms-Tumors ist
heterogen. So findet man in nur 10-15% aller sporadischer Tumoren Mutationen im
Tumorsuppressorgen WT1 (zusammengefasst in (20)). Dessen funktionelle Inaktivierung ist
fur die Tumorentstehung erforderlich und erfolgt nach Knudson’s ,Two Hit‘-Hypothese in
zwei Schritten (21). Weitere Wilms-Tumor-Gene sind das kirzlich identifizierte WTX auf dem
X-Chromosom (22), die beiden noch nicht klonierten Gene auf Chromosom 17 und 19,
FWT1 und FWT2, flr familidare Tumoren (23) und das bisher noch nicht klonierte WT2 auf

Chromosom 11p15 fir Wilms-Tumoren bei Beckwith-Wiedeman-Syndrom .





Denys-Drash-Syndrom

Unter dem Denys-Drash-Syndrom (DDS) fasst man klinisch die Trias
Glomerulopathie, mannlicher Pseudohermaphroditismus und Wilms-Tumor zusammen (24,
25), wobei diese nicht immer komplett sein muss. Karyotypisch weibliche Patienten haben
ein unauffalliges Geschlecht. Das Minimalcharakterstikum des DDS ist eine friih auftretende
und rasch progredient verlaufende Glomerulopathie, die vor Vollendung des 3. Lebensjahrs
im terminalen Nierenversagen resultiert (26). Histologisch liegt allermeist eine diffuse
mesangiale Glomerulosklerose (DMS) vor, die ein steroidresistentes nephrotisches Syndrom
mit massiver Proteinurie, Odeme und Hyperlipoproteinamie verursacht (27).

Das DDS wird durch heterozygote de novo-Mutationen im WT7-Gen verursacht (28).
Diese Keimbahnmutationen betreffen in erster Linie Exon 8 und 9 mit einem Mutations-,Hot
spot” in Exon 9. Im Protein fuhrt dies fast immer zu einem Aminosaureaustausch in den
Zinkfingern 3 und 4, wodurch das Protein seine Bindungsfahigkeit an DNA verliert (29) und
somit die Transkription seiner Zielgene nicht mehr regulieren kann. Das Vorhandensein von
WT1-Keimbahnmutationen ist mit einem sehr hohen Risiko (>90%) verbunden, einen Wilms-

Tumor zu entwickeln (17).

Frasier-Syndrom

So wie beim Denys-Drash-Syndrom variiert auch beim Frasier-Syndrom die klinische
Auspragung je nach Geschlecht. Wahrend man bei 46,XY-Individuen schwere Formen der
Gonadendysgenesie findet, ist die Gonadenentwicklung bei 46,XX-Individuen nicht
beeintrachtigt (30). Charakteristisch flr beide Geschlechter ist ein steroidresistentes
nephrotisches Syndrom mit fokal-segmentaler Glomerulosklerose (FSGS), welche meist erst
im frihen Erwachsenenalter zum terminalen Nierenversagen fiihrt. Ublicherweise haben
Patienten mit Frasier Syndrom kein erhoéhtes Risiko fur Wilms-Tumoren, jedoch fir
Gonadoblastome, eine benigne Vorlauferlasion maligner Keimzelltumoren in dysgenetischen
Gonaden.

Genetisch liegt dem Frasier-Syndrom eine heterozygote Keimbahnmutation der
SpleiRdonor-Stelle im Intron 9 des WT171-Gens zugrunde. Dies bewirkt ein verandertes
SpleiRverhalten mit einer Umkehr der WT1-Isoformen +KTS/-KTS von 2:1 nach 1:2 (31, 32)

und fuhrt speziell zu einer Verminderung der RNA-bindenden Protein-Isoformen.





1.4 Ziel der eigenen Arbeit

"The amazing thing about mammalian development
is not that it sometimes goes wrong,
but that it ever succeeds"

Veronica van Heyningen (2000)

Die Entwicklung komplexer Organismen ist ein wahres ,Meisterwerk" an Prazision. Bedenkt
man, dass jede Zelle mit demselben Set an Genen ausgestattet ist, so ist es schier
unvorstellbar, dass je nach Zelltyp ein unterschiedliches Repertoire an Genen aktiv ist. Noch
komplexer wird das Ganze, wenn man bedenkt, dass Gene nicht einfach nur exprimiert
werden oder nicht, sondern dass deren Expressionslevel, letztlich also die Menge an
synthetisiertem Protein, genau reguliert wird und Proteine ihrerseits wieder miteinander
interagieren. Erst dies garantiert, dass die einzelne Zelle isoliert, aber auch im Zellverband
ihre normale Funktion erfillen kann. Tatsachlich spielt eine geregelte ,Kommunikation"
innerhalb der Zelle und zwischen Zellen nicht nur bei der Organentwicklung eine wichtige

Rolle, sondern auch spater bei der Aufrechterhaltung deren Funktion.

Ziel der hier vorgestellten Projekte war es, neue Einblicke in die Wirkungsweise von
Mutationen im Wilms-Tumor 1 (WT17)-Gen bei der Pathogenese von Nieren- und
Gonadenerkrankungen im Menschen zu gewinnen. Dies sollte dem Auffinden neuer
Therapie-Angriffsziele dienen und Riickschliisse auf die Funktion des wildtypischen Proteins
bei der Nieren- und Gonadenentwicklung und der Aufrechterhaltung deren Funktion

erlauben. Dafur wurden folgende humane Erkrankungen untersucht:

1. Wilms-Tumor: Rolle von WT1 bei der Wilms-Tumor-Pathogenese und Rickschlisse

auf seine Funktion wahrend der friihen Nierenentwicklung

2. Denys-Drash-Syndrom: Rolle von WT1 bei der Pathogenese der Glomerulosklerose
und Rickschlisse auf seine Funktion wahrend der spaten Nierenentwicklung

(Glomerulogenese)

3. Frasier-Syndrom: Rolle von WT1 bei der Pathogenese der Hodendysgenesie und

Rickschlisse auf seine Funktion wahrend der Hodenentwicklung





2. Ergebnisse und Einordnung in das wissenschaftliche Umfeld

2.1 Untersuchungen zur Rolle von WT1 bei der Wilms-Tumor-Pathogenese und

Riickschliisse auf seine Funktion wahrend der frihen Nierenentwicklung

Wilms-Tumoren stellen bezuglich klinischer und histopathologischer Parameter eine
heterogene  Tumorentitdt  dar. Die bisher  durchgefihrten interdisziplinaren
Behandlungsstudien konnten einerseits durch Therapieintensivierung die Prognose
verbessern und andererseits  durch risikoadaptierte ~ Therapiereduktion die
Therapienebenwirkungen reduzieren. Das Bestreben der kiinftigen Therapiestudien ist eine
individuellere Stratifizierung der Patienten in unterschiedliche prognostische Gruppen und
eine weitere Optimierung einer am Erkrankungsrisiko adaptierten Therapie. Da die
histologische Variationsbreite der Tumoren sehr grof} ist, ist die diagnostische Einordnung
und die Erkennung des biologischen Verhaltens dieser Tumoren teilweise erschwert. Aus
diesem Grund ist es von groRem Interesse, neue Klassifikationsmarker zu finden. Wegen
ihrer Eindeutigkeit gelten molekulargenetische Marker, wie die An- oder Abwesenheit von

Mutationen in einem bestimmten Gen, als besonders geeignet.

Ein Teil der Wilms-Tumoren wird durch Mutationen im Tumorsuppressorgen Wilms-
Tumor 1 (WTT1) verursacht. Es galt hier die Eigenschaften WT7-assoziierter Tumoren zu
charakterisieren. Im Einzelnen sollte das Tumorspektrum, welches mit WT7-Mutationen
assoziiert ist, bestimmt und getestet werden, ob Tumoren mit WT7-Mutationen bestimmte
biologische und klinische Eigenschaften gemeinsam haben und sich in diesen von Tumoren
ohne WT1-Mutationen unterscheiden. Letztlich sollte damit gepruft werden, ob sich WT1-
Mutationen als molekulargenetische Marker eignen, einen bestimmten Tumorsubtyp zu
identifizieren. Auflerdem sollten Tumoren mit WT7-Mutationen histopathologisch und
immunhistochemisch charakterisiert werden und die Interaktion von WT1 mit anderen
Proteinen untersucht werden, um maégliche Rickschlisse auf die Funktion des wildtypischen

WT1-Proteins bei der frihen Nierenentwicklung ziehen zu kénnen.





Wilms-Tumoren mit Mutationen im WT171-Gen haben haufig eine stromareiche

Histologie und sind oft bilateral

V. Schumacher, S. Schneider, A. Figge, G. Wildhardt, D. Harms, D. Schmidt, A. Weirich, R. Ludwig, B. Royer-
Pokora. Correlation of germ-line mutations and two-hit inactivation of the WT71 gene with Wilms tumors of stromal-
predominant histology. Proc. Natl. Acad. Sci., USA 94: 3972-3977, 1997

V. Schumacher, S. Schuhen, S. Sonner, A. Weirich, |. Leuschner, D. Harms, J. Licht, S. Roberts, B. Royer-
Pokora. Two molecular subgroups of Wilms tumors with or without WT1 mutations. Clin. Cancer Res., 9(6):2005-
14,2003

B. Koéhler, V. Schumacher, U. Schulte-Overberg, W. Biewald, D. I'Allemand, B. Royer-Pokora, A. Griters.
Bilateral Wilms tumor in a boy with severe hypospadias and cryptorchidism due to a heterozygote mutation in the
WT1 gene. Pediatr. Res., 45: 187- 190, 1999

Zu Beginn der Studie war bekannt, dass 10-15% aller sporadischen Wilms-Tumoren
durch Mutationen im WT71-Gen verursacht werden. In einem Gesamtkollektiv von 87
Patientenproben, bestehend aus Tumorgewebe und/oder Blut, wurde der WT1-
Mutationsstatus ermittelt und mit verschiedenen klinischen sowie histopathologischen
Parametern korreliert. Das Kollektiv stammte hauptsachlich aus der deutschen
SIOP9/GPOH-Studie. Die histologischen Subtypen verteilten sich folgendermafien: 30%
stromareich, 26% Mischtyp, 17% regressiv, 16% blastemreich, 4% epithelreich, zwei
Tumoren unbekannter Histologie, vier Tumoren mit Anaplasie. 79 Proben stammten von

Patienten mit unilateralen Tumoren und acht von Patienten mit bilateralen Tumoren.

In dieser Studie konnte eine positive Korrelation zwischen dem Vorhandensein einer
Mutation im WT17-Gen und einer stromareichen Tumorhistologie gefunden werden. Von den
insgesamt 22 identifizierten Mutationen/Deletionen waren 16 mit stromareichen, drei mit
mischtypischen und eine mit einem blastemreichen Tumor assoziiert. Von zwei Tumoren war
die Histologie nicht bekannt. Bis auf zwei Missense-Mutationen handelte es sich sonst immer
um Nonsense-Mutationen, die Uber das ganze Gen verteilt lagen (siehe Abbildung 4; hier nur

die Mutationen aus Schumacher et al., 1997 gezeigt).
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Die drei in die Studie eingeschlossenen Patienten mit WAGR-Syndrom hatten

erwartungsgemal eine Deletion des gesamten WT17-Gens.

Von den insgesamt 22 Mutationen lagen unerwartet viele, namlich 17 (77%), in der
Keimbahn vor und nur vier waren somatisch. Von einem Patienten stand fiir diese Analyse
kein Blut zur Verfigung. In 13/22 Féllen war es moglich, Knudson’s , Two-Hit“-Hypothese im

Tumor zu testen. Bei 62% waren tatsachlich beide WT7-Allele inaktiviert.

In unserer Studie war neben einer positiven Korrelation von WT7-Mutationen und
einer stromareichen Histologie weiterhin aufgefallen, dass der Anteil an bilateralen Tumoren
bei Patienten mit einer WT17-Keimbahnmutation héher ist als in der Gesamtheit aller Wilms
Tumoren. Treten bilaterale Tumoren normalerweise mit einer Haufigkeit von 5% auf, so lag
der Prozentsatz bei Patienten mit WT7-Keimbahnmutationen bei 37%. Dies wird in einer
grolier angelegten Studie mit insgesamt 282 Fallen, wovon 117 eine Keimbahnmutation im
WT1-Gen hatten und 165 keine, bestatigt (33). Auch hier hatten 38% aller Patienten mit
WT1-Keimbahnmutationen einen bilateralen Tumor entwickelt. Interessanterweise zeigte
diese Studie, dass sich nicht alle Mutationstypen gleich verhalten. Vor allem
Kettenabbruchsmutationen scheinen ein besonders hohes Potential fir die Entstehung

bilateraler Tumoren zu haben.

Schluf3folgernd zeigen unsere Ergebnisse, dass sich WT7-Mutationen als molekulare
Marker eignen, einen bestimmten Tumorsubtyp beziglich histopathologischer als auch
klinischer Eigenschaften zu identifizieren. Die Anwesenheit einer WT17-Mutation korreliert mit
einer stromareichen Tumor-Histologie. Da speziell diese zu den Tumoren zahlen, die zwar
eine schlechte Response bezlglich Tumorvolumenreduktion nach praoperativer
Chemotherapie aufweisen, aber dennoch eine gute Prognose haben (kein Rezidiv in
SIOP9/GPOH-Studie) (34)), sind wir momentan dabei zu testen, ob sich WT7-Mutationen
generell als zuverlassige molekulare Marker eignen, Tumoren zu identifizieren, die eine
schlechte Response auf Chemotherapie zeigen. Bei ihnen kdnnte dann in Zukunft eine
individualisierte Therapieoptimierung erfolgen. Weiterhin konnten wir zeigen, dass
Keimbahnmutationen im WT17-Gen einen Risikofaktor fir die Genese bilateraler Tumoren
darstellen. Demnach sollten diese Patienten in einem verlangerten Nachsorgeprogramm
verbleiben. Zusatzlich kénnte auch die pra- und postoperative Therapiestrategie
dahingehend optimiert werden, die Entstehung von metachronen Tumoren zu verhindern.
Letztlich geht es darum auf die biologischen Eigenschaften der WT7-mutierten Tumoren

gezielte Therapieansatze zu entwickeln.
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Multipotente mesenchymale Wilms-Tumor-Zellen mit WT171-Mutationen differenzieren

falschlicherweise in Skelettmuskelzellen

V. Schumacher, S. Schuhen, S. Sonner, A. Weirich, |. Leuschner, D. Harms, J. Licht, S. Roberts, B. Royer-
Pokora. Two molecular subgroups of Wilms tumors with or without WT1 mutations. Clin. Cancer Res., 9(6):2005-
14, 2003

Wilms-Tumoren imitieren Strukturen der normalen Nierenentwicklung und sind daher
histologisch sehr heterogen. Je nachdem, welcher Zelltyp Uberwiegt, werden sie in
epithelreiche, blastemreiche oder stromareiche Tumoren subtypisiert. Uberwiegt keiner
dieser Zelltypen, so spricht man von dem triphasischen Tumor oder auch Mischtyp. Tumoren
ahmen nicht nur die normale Entwicklung nach, sondern schalten auch gelegentlich, im Falle
einer stromareichen Histologie, falschlicherweise alternative mesenchymale
Differenzierungswege, wie z. B. Skelettmuskel-, Fett- und Knorpeldifferenzierung, ein. Dies
spricht dafiir, dass der Tumor aus einer multipotenten mesenchymalen Nierenzellpopulation
hervorgeht. Diese alternative Differenzierung wird durch die Behandlung mit
Chemotherapeutika noch begunstigt. Im Vergleich zu unbehandelten Tumoren nimmt der
Stroma-Anteil einschlielllich Skelettmuskelzell-Anteil nach praoperativer Chemotherapie zu
(34). Dies ist vermutlich darauf zurickzufihren, dass einerseits undifferenzierte
Blastemzellen fliir Chemotherapeutika sensitiv sind und absterben, andererseits
Stromazellen zu Muskelzellen ausdifferenzieren kdnnen und dann resistent gegeniber der
eingesetzten Agenzien werden. Tumoren mit massiver Muskelzelldifferenzierung werden als
.fetal rhabdomyomatdse“ Tumoren bezeichnet. Sie treten meist sehr frih auf, sind haufig
bilateral und sprechen auf Chemotherapie schlecht an.

Unsere vorherigen Ergebnisse haben ergeben, dass Mutationen im WT17-Gen vor
allem Tumoren mit einem groRen Anteil an Stromazellen verursachen und dass Patienten
mit Keimbahnmutationen in diesem Gen ein erhdhtes Risiko fur bilaterale Tumoren haben
(siehe 2.1.1). Aulerdem treten Tumoren bei Patienten mit WT7-Keimbahnmutationen
signifikant friher auf als bei Patienten ohne WT7-Keimbahnmutationen (33). Diese klinischen
und histopathologischen Eigenschaften ahneln denen ,fetal rhabdomyomatdser® Tumoren
sehr. Aus diesem Grund testeten wir, ob Tumoren mit einer Mutation im WT7-Gen vermehrt
aus Muskelzellen bestehen. Wenn dem so ware, wirde dies darauf hinweisen, dass WT1
normalerweise eine Skelettmuskeldifferenzierung in Nierenstammzellen unterdrickt.
Aullerdem kdénnte bei einer positiven Korrelation die Skelettmuskeldifferenzierung in Zukunft
einen histopathologischen Marker fur die Identifikation von Patienten mit hohem Risiko fir

bilaterale Tumoren und einem schlechten Ansprechen auf Chemotherapie darstellen.

Wir untersuchten zunachst, ob in Tumoren mit WT7-Nonsensmutationen das mutierte

Transkript vorhanden ist, und wo das mutierte Protein in der Zelle lokalisiert ist. Es zeigte
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sich, dass mutiertes Transkript tatsadchlich exprimiert wird und nicht einem ,Nonsense
mediated decay“ unterliegt, und dass das verkurzte Protein im Cytoplasma statt im Kern
lokalisiert ist (siehe Abbildung 5a)). Dieser Befund ist speziell fir die Falle von Bedeutung,
bei denen im Tumor kein Verlust der Heterozygotie (LOH) und somit immer noch ein
wildtypisches Allel vorliegt. In diesen Fallen kdonnte eine Dimerisierung von wildtypischem
und verklrztem Protein und die Fehllokalisation im Cytoplasma letztlich den gleichen Effekt

haben wie ein LOH, namlich das komplette Fehlen von funktionellem WT1-Protein im Kern.

a)
WT180
WT-C19
alternative NIH3T3 Cos7
splice site
b) o Sag
. 3
W1 (+14) 2 1|2|3|alsle|7]|8]9 W w9aa
- EGFPNGWH ‘G_A Wr220
- core [l o WI360
— EGFP | W . 1 N Wr450

Abbildung 5: Lokalisation von verkiirztem WT1-Protein. a) in vivo in embryonaler Niere (NEK), einem stromareichen Wilms-
Tumor mit WT7-Mutation (9200) und einem blastemreichen Tumor ohne WT17-Mutation (9345). b) Lokalisation verschieden
langer EGFP-WT1 Fusionsproteine in NIH373 und Cos7-Zellen.

Die Fehllokalisation von verkirztem Protein im Cytoplasma wurde in vitro bestatigt.

Dafir wurden verschiedene EGFP-WT1-Fusionskonstrukte hergestellt und in Cos7 und
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NIH3T3-Zellen transfiziert. Wie in Abbildung 5b) zu sehen ist, ist nur das wildtypische WT1-
Protein im Kern lokalisiert. Die beiden verkirzten Proteine liegen, je nachdem, wie viel des
Carboxy-Terminus deletiert ist, im Kern und Cytoplasma oder ausschlieBlich im Cytoplasma.
Dies hangt davon ab, wie viele der im Carboxy-Terminus lokalisierten

Kernlokalisationssequenzen fehlen oder noch vorhanden sind.

Um herauszufinden, welchem Differenzierungsstadium Tumoren mit WT7-Mutationen
im Vergleich zu solchen ohne Mutationen entsprechen, wurden immunhistochemische

Analysen mit verschiedenen Markern durchgefuhrt (zusammengefasst in Tabelle 1).

Kidney differentiation markers Other markers

Cytokeratin  Vimentin Laminin A Collagen TV Collagen I Fibronectin ' WT1 Desmin Sarcomeric actin  Myogenin

The kidney development database (31)
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9614 t b (+) + + + +
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9318 t i (+) + + +
Blastemnal predominant WTs without WT/ mutations
9345 (+) + (+ -
H o+ - E
9545 (+) (+ =
i ( . B
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t t

9168 + t 1
t }
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t
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Tabelle 1: Zusammenfassung der immunhistochemischen Ergebnisse zur Bestimmung des Differenzierungsgrades von
Tumorzellen

Durch die Kombination verschiedener Marker konnte ermittelt werden, dass
Tumorzellen mit WT7-Mutationen friih induziertem metanephrogenen Blastem entsprechen
und falschlicherweise in Skelettmuskelzellen (positiv fir Desmin, Sarcomeric actin und

Myogenin) differenzieren.

Zusammengefasst hat diese Studie ergeben, dass Tumoren mit WT7-Mutationen
keinerlei funktionelles WT1-Protein im Kern enthalten, und dies wiederum metanephrogene
Blastemzellen (multipotente Zellen) induziert falschlicherweise in Skelettmuskelzellen zu
differenzieren (Abbildung 6). Im Umkehrschluss kann daraus gefolgert werden, dass WT1 fur
die frihe Nierenentwicklung bei der Differenzierung von Mesenchym in Epithel notwendig ist.
AuRerdem legt die positive Korrelation zwischen WT1-Mutation und
Muskelzelldifferenzierung den Schluss nahe, dass in Zukunft Skelettmuskeldifferenzierung
als histopathologischer Marker dienen kénnte, um 1. Patienten mit WT1-

Keimbahnmutationen und somit hohem Risiko fir bilaterale Tumoren zu identifizieren, und 2.
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um Tumoren zu identifizieren, die auf Chemotherapie schlecht ansprechen (dies wird

gerade an einem grof3en Kollektiv evaluiert).

Normal blastemal-predominant stromal-predominant
expression of WT1 tumor tumor

Uninduced » f é\ & e ) 1 hit, WT1 mutation
mesenchyme : \ J J
% Induction signal by Induction signal by Induction signal by
ureteric bud / ureteric bud ureteric bud

—

O 2 hit: WTimutation or LOH
J@ loss of nuclear WT1

[\ unknown mutetion @

J and LOI of IGF2

early induced
mesenchyme
(stem cell)

proliferation of early induced 1
mesenchyme [
block in differentiation

nuclear WT1

Exp!nssed
Epithelial @ @ (@ I %
# " drﬂ‘erent/aled
differentiation g, . ' )

o ofherg/ameru/ar tubular odocyte umer glomerular tubular scle, cartilage, bone stroma
podacyte epithel cells P v epithel cells s g
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mesenchyme

Abbildung 6: Modell fiir die Entstehung stromareicher Wilms-Tumoren mit WT7-Mutationen und blastemreicher Tumoren ohne
WT1-Mutationen.

Unterschiedliches WT7-Mutationsspektrum bei adulten Wilms-Tumoren?

R.U. Trappe, H. Riess, F. Lippek, M. Plotkin, V. Schumacher, B. Royer-Pokora, B. Hildebrandt, J. Zuber, M.Y.
Mapara, S. Oertel, B. Dorken. Effective Use of High-Dose Chemotherapy and Autologous Stem Cell Rescue for
Relapsed Adult Wilms' Tumor and a Novel Alteration in Intron 1 of the WT1 Gene. J. Pediatr. Hematol. Oncol.,
26(12):820-823, 2004

Meistens treten Wilms-Tumoren vor dem 15. Lebensjahr auf (35). Adulte Formen des
Wilms-Tumors stellen mit nur 1% aller adulten Nierentumoren eine sehr seltene Entitat mit
noch unbekannter genetischer Ursache dar. Histologisch prasentieren sich die adulten
Tumoren den kindlichen ganz ahnlich und werden in Deutschland entsprechend der
Richtlinien der SIOP/GPOH-Studie behandelt.

Wir untersuchten bei einem 47 Jahre alten Patienten mit einem triphasischen Wilms
Tumor, ob eine Mutation im WT171-Gen an der Genese des Tumors beteiligt gewesen sein
konnte. Tatsachlich fanden wir eine heterozygote Keimbahnmutation. Dabei handelte es sich
um eine auch in Kindern noch nicht beschriebene Veranderung im Intron 1: IVS1-6 C>A.
Aufgrund der Nahe zu der SpleiR-Akzeptor-Stelle wurde unter Zuhilfenahme eines
Algorithmus von der University of California, Berkeley,
(http//www .fruitfly.org/seq_tools/splice.html) berechnet, ob sich das Vorhandensein der
Mutation auf die SpleiR-Effizienz auswirkt. Im Falle der Mutation nimmt die Effizienz von 0.96
auf 0.77 ab. Dieses Verhaltnis entspricht dem der +/-KTS-Isoformen (0.94 vs 0.76). Auf
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Proteinebene flhrt dies bei den +/-KTS-Isoformen zu einem Verhaltnis 2:1. Die IVS1-6 C>A
Veranderung resultiert demnach mdglicherweise durch einen Spleiing-Defekt in einem
Verlust von Exon2-haltigen Transkripten. Da in dieser Region die Erkennungssequenzen fur
die Dimerisierung von WT1 liegen, konnte der Verlust tatsachlich pathologische
Konsequenzen haben. Dies wird durch den Befund unterstiitzt, dass eine etablierte Wilms-
Tumor-Zelllinie (RM1) und manche kindliche Wilms-Tumoren Spleidefekte, die zu dem
Verlust von Exon 2 im WT1-Transkript und zu einem veranderten Protein fiihren, als einzige

Veranderung aufweisen (36).

Die hier vorgelegten Ergebnisse deuten moglicherweise darauf hin, dass sich das
Mutationsspektrum bei adulten Wilms-Tumoren von dem kindlicher Tumoren unterscheidet.
Die hier vorgestellte WT17-Mutation verhalt sich vermutlich auf zellularer Ebene anders als
die bei Kindern haufig beobachteten Nonsense-Mutationen. Dies koénnte das spate

Manifestationsalter erklaren.

Mutationen im Exon 5 des WT7-Gens verhindern die Interaktion des WT1-Proteins mit

Par4 und unterbinden die Transkriptionsaktivierung durch WT1

DJ. Richard, V. Schumacher, B. Royer-Pokora, SG. Roberts. Par4 is a coactivator for a splice isoform-specific
transcriptional activation domain in WT1. Genes Dev., 15: 328-339, 2001

Das WT1-Gen gehdrt zu den Genen, bei denen die ,Ein Gen-ein Protein“-Hypothese
nur bedingt zutrifft. Durch das Vorhandensein zweier alternativer Splei3stellen werden vier
funktionell unterschiedliche Haupt-lsoformen synthetisiert. Wahrend Uber die Funktion der
drei Aminosauren Lysin, Threonin, Serin (KTS) zwischen Zinkfinger 3 und 4 schon Einiges
bekannt ist (zusammengefasst in (37)), sind die 17 Aminosauren (17 AS), die von Exon 5
kodiert werden, funktionell noch wenig charakterisiert. Es gibt Hinweise dafir, dass die 17
AS je nach zellularem Kontext die WT1-vermittelte Transkription aktivieren oder hemmen
(38-40), sowie Zellzyklus und Apoptose regulieren (zusammengefasst in (41)). Die zugrunde

liegenden molekularen Mechanismen sind jedoch bisher noch nicht erforscht.

Ziel der hier vorgestellten Studie war es zu untersuchen, wie die 17 AS und die
umliegenden Regionen die transkriptionelle Aktivitdt von WT1 modulieren. Die Ergebnisse
zeigen, dass erst die Anwesenheit der 17 AS fir eine maximale transkriptionelle Aktivierung
durch WT1 sorgt. Eine in einem Wilms-Tumor gefundene Exon 5 Missense-Mutation
(G253A) bewirkt, dass das mutierte Protein im Vergleich zum wildtypischen Protein nicht

mehr in der Lage ist, die Transkription in vitro zu aktivieren. Diese transkriptionelle
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Aktivierung ist abhangig von der Bindung des ,prostate apoptosis response factor Par4“ an
die 17 AS-Doméane und unterbleibt in der Gegenwart der G253A-Mutation. In der
wildtypischen Zelle fungiert Par4 speziell nach Apoptose-Induktion als Koaktivator der
WT1+17 AS-Isoformen und verhindert somit Apoptose. Dies unterbleibt ebenfalls im Falle

des mutierten WT1-Proteins.

Zusammenfassend geht aus der Studie hervor, dass die Interaktion der 17 AS des
WT1-Proteins mit Par4 transkriptionsaktivierend wirkt und das Zell-Wachstum und Uberleben
unterstutzt. Diese Funktion ist vermutlich wahrend der Nierenentwicklung zum Zeitpunkt der
Induktion des metanephrogenen Blastems durch die Ureterknospe von grofler Bedeutung.
Fehlt WT1 in knockout-Mausen, so wird im metanephrogenen Blastem Apoptose induziert,
was zu Nierenaplasie fiihrt. Auf der anderen Seite kann eine Uberexpression der WT1+17
AS-Isoformen, wie man sie in einigen Wilms-Tumoren sieht, einen tumorigenen Effekt

haben.
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2.2 Untersuchungen zur Rolle von WT1 bei der Pathogenese der Glomerulosklerose

und Riickschliisse auf seine Funktion wahrend der spaten Nierenentwicklung

Fir eine geregelte Nierenfunktion in Saugern bedarf es der koordinierten
Differenzierung und Aufrechterhaltung spezifischer Zelltypen innerhalb eines prazisen
Netzwerks, um so den Flussigkeitshaushalt im Korper aufrechtzuerhalten. Verschiedene
Tiermodelle und die Identifizierung von Krankheitsgenen fur humane Nierenerkrankungen
haben in den letzten Jahren erheblich zum Verstandnis der molekularen Prozesse wahrend
der Nierenentwicklung beigetragen (zusammengefasst in (3)). Neben neu gewonnener
Erkenntnisse in der frihen Nierenentwicklung wird momentan vor allem die Entwicklung des
Glomerulus (Glomerulogenese) und die Aufrechterhaltung seiner Funktion intensiv erforscht.
Dies liegt vor allem daran, dass die Integritat dieser Struktur unabdingbar ist fir die
Erzeugung einer glomerularen Filtrationsbarriere. Defekte in deren Entwicklung oder spater
auftretende La&sionen konnen eine Proteinurie bis hin zum terminalen Nierenversagen
verursachen. Dabei scheint speziell die Schadigung von Podozyten eine zentrale Rolle
einzunehmen (42). Die Integritdt des glomeruldren Filters hangt von der korrekten
Differenzierung glomerularer Podozyten und Endothelzellen ab, welche gemeinsam die
glomerulare Basalmembran (GBM) synthetisieren. Die glomerulare Filtrationsbarriere wird

durch das gefensterte Endothel, die GBM und die interdigitierenden Podozytenful3fortsatze

mit der dazwischen liegenden Schlitzmembran gebildet (siehe Abbildung 7).

Abbildung 7: a) Rasterelektronenmikroskopische Aufnahme der Podozytenful3fortsatze (P), des gefensterten Endothels (EN),
der glomerularen Basalmembran (GBM) und Markierung, wo sich die Schlitzmembran (SM) befindet, 13 000x. b) schematische
Darstellung derselben Strukturen unter Angabe der involvierten Proteine (ibernommen aus (43)) .

Im Glomerulus ist die Expression von WT1 auf die Podozyten beschrankt. Sowohl im
Mausmodell als auch im Menschen fuhrt der Verlust von funktionellem WT1-Protein in den
Podozyten aufgrund einer Glomerulosklerose zu Proteinurie. Im Menschen sind es vor allem
Missense-Mutationen in Exon 8 und 9, die zu einer diffusen mesangialen Sklerose mit
nephrotischem Syndrom (massive Proteinurie) im Rahmen des Denys-Drash-Syndroms
(DDS) fuhren. Dieses steroidresistente, nicht therapierbare nephrotische Syndrom verlauft

rasch progredient und fiihrt meist vor dem 3. Lebensjahr zu terminalem Nierenversagen. Die
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molekularen Mechanismen, denen zu Folge eine Mutation im Transkriptionsfaktor WT1
letztlich in terminalem Nierenversagen resultieren, sind weitgehend unerforscht. Gerade aber
die Tatsache, dass die Erkrankung nicht konventionell therapierbar ist, sondern der Dialyse
oder einer Nierentransplantation bedarf, macht es umso dringlicher, neue Therapiestrategien
zu entwickeln. Dafur ist es wichtig, die molekularen Pathomechanismen zu ergrinden.
Patienten mit Missense-Mutationen im WT7-Gen verlieren nicht nur ihre Nierenfunktion,

sondern haben zudem ein Risiko von >90%, einen Wilms-Tumor zu entwickeln (17).

Ziel der hier vorgestellten Arbeiten war es, das histpathologische Spektrum friih
auftretender nephrotischer Syndrome zu erfassen, welche mit WT7-Mutationen assoziiert
sind. Dies sollte zur Identifikation von Patienten mit einer therapieresistenten Erkrankung und
einem hohen Risiko fur Wilms-Tumor fiihren. AuRerdem sollten neue Einblicke in die
Wirkungsweise von mutiertem WT1 bei der Pathogenese der Glomerulosklerose gewonnen
werden, um mdgliche neue therapeutische Angriffsziele zu finden und Rickschliisse auf die
Funktion des wildtypischen WT1-Proteins bei der Glomerulogenese wund der

Aufrechterhaltung der Nierenfunktion ziehen zu kénnen.
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Missense-Mutationen im WT71-Gen als Marker zur ldentifikation von Patienten mit

einem steroidresistenten nephrotischen Syndrom und erhéhtem Wilms-Tumor-Risiko

V. Schumacher, K. Scharer, E. Wihl, H. Altrogge, KE Bonzel, M. Guschmann, J. Neuhaus, RM. Pollastro, E.
Kuwertz-Broking, M. Bulla, AM. Tondera, P. Mundel, U. Helmchen, R. Waldherr, A. Weirich, B. Royer-Pokora.
Spectrum of early onset nephrotic syndrome associated with WT1 missense mutations. Kidney Int., 1594-1600,
1998

M. Guschmann, M. Vogel, V. Schumacher, B. Royer-Pokora, H. Neitzel, T. Lennert. Friiher neonataler Tod bei
Drash-Syndrom. Monatsschrift Kinderheilkunde 146: 683-686, 1998

B. Kohler*, V. Schumacher®, 'Allemand D, Royer-Pokora B, Griiters A. Germline Wilms tumor suppressor gene
(WTT) mutation leading to isolated genital malformation without Wilms tumor or nephropathy. J. Pediatr., 138:
421-424, 2001. * gleichwertige Erstautorenschaft

P. Kaltenis*, V. Schumacher*, A. Jankauskiené, A. Laurinavicius, B. Royer-Pokora. Slow progressive FSGS
associated with a F392L WT1-mutation. Pediatr. Nephrol., 19(3):353-6, 2004. * gleichwertige Erstautorenschaft

Moderne Therapiekonzepte zielen darauf ab, Therapiestrategien zu entwickeln, die
moglichst auf den einzelnen Patienten zugeschnitten, d. h. individualisiert sind. Dabei steht
eine hdchstmdgliche Effizienz bei Minimierung der Nebenwirkungen im Vordergrund.
Molekulare Marker sollen in Zukunft helfen, Risiken abzuschatzen, Prognosen zu stellen und
die bestmdgliche Therapie auszuwahlen und anzuwenden.

Bestimmte Formen des nephrotischen Syndroms lassen sich mit Corticosteroiden
und anderen Immunsuppressiva behandeln, andere sind resistent. Dies hangt davon ab, ob
die Ursache immunologischer Natur ist oder auf Mutationen in bestimmten Genen, wie z.B.
WT1, zurlickzufihren ist. Patienten mit Missense-Mutationen im WT7-Gen entwickeln im
Rahmen des Denys-Drash-Syndroms (DDS) ein steroidresistentes nephrotisches Syndrom,
welches frih im terminalen Nierenversagen endet und einer Nierenersatztherapie bedarf.
Erfolgt dies nicht, versterben die Kinder, wie der Fall unserer Kasuistik (Guschmann et al.,
1998).

Zu Beginn der vorliegenden Arbeit war bekannt, dass DDS-Patienten Missense-
Mutationen im WT7-Gen haben. Ziel war es nun, auch andere Varianten des
kogenitalen/infantilen nephrotischen Syndroms zu identifizieren, welche mit Mutationen im
WT1-Gen assoziiert sind und folglich nicht mit Steroiden behandelbar sind und ein hohes
Risiko flr Wilms-Tumor haben. Das Kollektiv umfasste 17 Patienten mit einem
kongenitalen/infantilen und steroidresistenten nephrotischen Syndrom. Davon hatten acht ein
DDS, vier ein isoliertes nephrotisches Syndrom mit diffuser mesangialer Sklerose und funf
ein isoliertes nephrotisches Syndrom anderer Nierenhistologie. Erwartungsgemaf fand sich
bei allen acht DDS-Fallen eine Missense-Mutation in Exon 8 oder 9. Nierenhistologisch lag
bei sechs dieser Patienten eine diffuse mesangiale (siehe Abbildung 8) und bei zwei

Patienten eine fokal segmentale Glomerulosklerose vor. Von acht Fallen hatten vier einen
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Wilms-Tumor entwickelt, zwei waren wegen Ausbleibens einer Nierenersatztherapie sehr
frih verstorben, ein Patient wurde zum Zeitpunkt der Nierentransplantation nephrektomiert
und ein Patient war zum Zeitpunkt der Arbeit erst etwas alter als drei Jahre. Aullerdem
fanden sich bei zwei der vier untersuchten Falle mit isolierter diffuser mesangialer Sklerose
ebenfalls Missense-Mutationen in Exon 8 und 9. Dabei handelte es sich um karyotypisch
weibliche Patienten. Im Gegensatz dazu fanden sich bei keinem der Patienten mit einem
langsam progredient verlaufenden nephrotischen Syndrom und einer anderen

Nierenhistologie, wie z.B. mesangioproliferativer Glomerulonephritis oder "minimal change

disease", Mutationen im WT17-Gen.

Abbildung 8: Lichtmikroskopische Aufnahme eines
Glomerulus mit diffuser mesangialer Sklerose.

Aus dieser Studie kann geschlussfolgert werden, dass Patienten mit einer diffusen
mesangialen oder fokal segmentalen Glomerulosklerose und einem kongenitalen/infantilen,
rasch progressiven nephrotischen Syndrom wahrscheinlich eine Missense-Mutation im WT1-
Gen tragen. Diese Patientengruppe sollte immer auf WT7-Mutationen untersucht werden, um
das Ansprechen auf Immunsuppressiva vorhersagen zu kénnen bzw. eine bereits laufende
Behandlung mit Immunsuppressiva bei Nichtansprechen abzubrechen. Wie bereits erwahnt
spricht diese Patientengruppe fir gewdhnlich nicht an. Etwas anders scheint es sich mit den
Fallen einer kongenitalen/infantilen fokal segmentalen Glomerulosklerose mit langsam
progredienter Verschlechterung der Nierenfunktion und dem Vorliegen einer WT7-Missense-
Mutation zu verhalten. Der Fall unserer Kasuistik (Kaltenis und Schumacher et al., 2004) und
ein Fall aus der Literatur (44) haben beide dieselbe F392L Missense-Mutation in Exon 9.
Beide zeigen eine ungewodhnlich langsame Verschlechterung der Nierenfunktion, die sich in
unserem Fall unter Cyclosporin A deutlich verbesserte. Ob spezifisch diese Mutation mit
einem milden Verlauf und einem Ansprechen auf Immunsuppressiva assoziiert ist, wird die
Zukunft zeigen, wenn mehr Falle mit dieser Mutation beschrieben worden sind.

Das Vorhandensein einer WT17-Mutation ist nicht nur mit einem gewdhnlich
schlechten Ansprechen auf Immunsuppressiva assoziiert, sondern auch mit einem erhéhten
Risiko (>90%) fur die Entwicklung von Wilms-Tumoren. Die Penetranz liegt nicht bei 100%,

da fur die Entstehung des Wilms-Tumors nicht nur eine heterozygote Mutation im WT71-Gen
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ausreicht, sondern es nach Knudson eines zweiten ,Hits“ bedarf. Tatsachlich gibt es
Patienten, die zwar eine Keimbahn-Mutation in WT1 tragen, aber dennoch keinen Wilms-
Tumor entwickelt haben (siehe der Fall unserer Kasuistik in Kéhler und Schumacher et al.,
2001). Generell gilt fir den Wilms-Tumor wie auch fur alle anderen Tumoren, dass die
frihstmdgliche Erkennung die Heilungschancen erhéht. Aus diesem Grund ist es von grofter
Bedeutung, Hochrisiko-Patienten durch das Vorliegen einer WT7-Mutation zu identifizieren.
Haben diese Patienten noch eine Restfunktion der Niere, dann sollten sie einem
engmaschigen Tumorscreening unterliegen. Im Falle einer terminalen Niereninsuffizienz

sollte zur Tumorpravention eine Nephrektomie in Erwédgung gezogen werden.

Beeintrachtigte glomeruldare Differenzierung und gestorter VEGF-Signalweg beim

Denys-Drash-Syndrom

V. Schumacher, S. Jeruschke, F. Eitner, Jan Becker, G. Pitschke, Y. Ince, J. Miner, I. Leuschner, R. Engers, A.
Schulze Everding, M. Bulla, B. Royer-Pokora. Impaired glomerular maturation and lack of VEGF165b in Denys-
Drash Syndrome. J. Am. Soc. Nephrol., 18:719-29, 2007

Missense-Mutationen im WT7-Gen verursachen das Denys-Drash-Syndrom, dessen
Hauptmerkmal ein kongenitales/infantiles nephrotisches Syndrom ist. Typischerweise
verlauft dieses rasch progressiv und endet, aufgrund einer Therapieresistenz gegen
Immunsuppressiva, meist vor dem 3. Lebensjahr im terminalen Nierenversagen. Die
Patienten kdnnen dann nur noch mit einer Nierenersatztherapie in Form von Dialyse oder
Nierentransplantation behandelt werden. Demzufolge besteht ein gesteigertes Interesse,
neue Angriffsziele fir eine Therapie zu finden. Dies jedoch ist ohne die Aufklarung der
zugrunde liegenden molekularpathologischen Veranderungen nicht mdglich. Obgleich in den
letzten Jahren potenzielle WT1-Zielgene durch in vitro-Verfahren identifiziert wurden
(zusammengefasst in (37)), sind die wenigsten in vivo bestatigt, geschweige denn in
Zusammenhang mit der Entwicklung einer Glomerulosklerose gebracht worden. Eine
morphologische Begutachtung der Glomeruli durch Habib et al. (27) hatte den Befund
erbracht, dass die Glomeruli bei DDS in zweifacher Hinsicht einem corticomedullaren
Gradienten folgen, zum einen bezlglich ihres Differenzierungsstadiums und zum anderen
bezuglich des Grades der Glomerulosklerose. Wahrend subcortical gelegene Glomeruli
deutlich in ihrer Entwicklung retardiert, aber wenig sklerotisiert sind, weisen die
differenzierteren Glomeruli in Richtung Medulla eine fortgeschrittene Glomerulosklerose auf
(26, 27).
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Mit diesen Vorbefunden galt es nun, diese Entwicklungsstérungen auf molekularer
Ebene genauer zu charakterisieren und mogliche Ursachen hierflr zu identifizieren. Unsere
Analysen mit verschiedenen molekularen Markern haben ergeben, dass der Reifegrad von
Podozyten, Mesangiumzellen und der glomerularen Basalmembran (GBM) einem fetalen
Stadium, namlich dem des “capillary loop”, entspricht. Es zeigte sich, dass DDS-Podozyten
dasselbe Isoformen-Verhaltnis fur WT1-Transkripte zeigen wie auch fetale Nieren (siehe
Abbildung 9). Hierbei scheint es besonders zum Verlust der Isoform C (-Exon5/+KTS)

zugunsten der Isoform D (+Exon5/+KTS) zu kommen.

Child Adult
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80%

60%

40%

Ratio of WT1 isoforms

20%

NAK8 NAK4 NAK5 NAK7 NS8 NS10

0,
0 /0 Fetal Fetal

16wk 24wk

D 589 362 259 237 230 212 332 475 356 422
EmC 199 240 44.8 57.7 366 415 225 166 220 186
B 62 19.1 12.5 6.2 189 179 213 165 149 51
mA 150 206 16.8 124 215 195 230 194 275 341

Abbildung 9: Verhaltnis der vier Haupt-Isoformen des WT1-Proteins. A: (-17AS/-KTS); B: (+17AS/-KTS); C: (-17AS/+KTS); D:
(+17AS/+KTS); wk: Wochen.

Auch der Reifegrad der GBM entspricht dem fetaler Nieren. Der sich wahrend der
Entwicklung vollziehende Switch von Collagen 4 a1 zu Collagen 4 a4 und von Laminin 31 zu
Laminin B2 unterbleibt, sodass es zum Fehlen von Collagen 4 a4 und Laminin 32 kommt
(siehe Abbildung 10). Wie wichtig aber gerade diese beiden Komponenten fiir eine
funktionelle Filtrationsbarriere sind, zeigt sich an zwei Krankheitsbildern, die durch
Mutationen in den entsprechenden Genen Coll4A4 und LAMB2 verursacht werden. Eine
massive Proteinurie wird beim Alport-Syndrom durch Coll4A4-Mutationen verursacht
(zusammengefasst in (45)). Beim Pierson-Syndrom sowie bei manchen Formen des
kongenitalen nephrotischen Syndroms ohne Augenanomalien sind es LAMB2-Mutationen,
die den Phanotyp verursachen (46, 47).

AbschlieRend scheinen auch Mesangiumzellen in ihrer Differenzierung gestort zu

sein, da sie den fetalen Marker ,smooth muscle actin“ exprimieren (siehe Abbildung 10).
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Abbildung 10: Immunhistochemische Analysen an einer fetalen, einer kindlichen und einer DDS-Niere. SM: smooth muscle.

Am Aufbau der GBM sind Podozyten und Endothelzellen gleichermallen beteiligt.
Beide synthetisieren eine Basalmembran, die dann miteinander fusioniert. Der in DDS
auftretende GBM-Defekt hangt sehr wahrscheinlich mit einer Differenzierungsstérung der
Podozyten zusammen. Inwieweit aber auch die Endothelzelldifferenzierung beeintrachtigt ist,
wurde rasterelektronenmikroskopisch evaluiert. Tatsachlich wiesen die Endothelzellen
schwerste Anomalien, in Form eines Verlustes der Fenestrierung und einer Endotheliose,
auf. Dieser Phanotyp ahnelt sehr stark dem von Patienten mit Praeklampsie (48). Da diese
mit einer gestorten VEGF-Signaltransduktion zusammenhangt und konditionale VEGFA-
knockout-Mause ebenfalls diesen Endothelzell-Phanotyp zeigen (49), testeten wir, ob auch
bei dem DDS-Phanotyp VEGFA beteiligt ist. VEGFA wird von Podozyten sezerniert und von
Rezeptoren auf Endothelzellen gebunden. In der Tat lag eine Stérung im VEGFA-Signalweg
vor, die darin bestand, dass die in ausgereiften Podozyten predominierende angiogenetisch
inhibierende Isoform, VEGF165b, vollstandig fehlte (siehe Abbildung 11) und die

aktivierende Form Uberexprimiert wurde.
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AbschlieBend lasst sich festhalten, dass es sich beim DDS um eine
Entwicklungsstérung der Glomeruli handelt, die nicht terminal ausdifferenzieren, sondern
vielmehr auf einer Stufe zwischen “S-shape body” und “capillary loop” verbleiben. Verursacht
wird dies vermutlich mitunter durch eine “Kommunikationsstérung” zwischen Podozyten und
Endothelzellen durch das Fehlen von VEGF165b. Wahrend der normalen Glomerulogenese
exprimieren die Podozytenvorlaufer des “S-shape body” die angiogenetisch aktivierende
VEGF165-Isoform, um Angioblasten anzulocken. Sobald diese sich im “Capillary loop”
Stadium zu Kapillaren formieren, findet ein Switch zu der angiogenetisch inhibierenden
Isoform VEGF165b statt, was wahrscheinlich fir die terminale Differenzierung der
Endothelzellen notwendig ist. In einem Feedback-Mechanismus, dessen Mediator noch
unbekannt ist, differenzieren dann auch Podozyten terminal aus. Erst die Ausdifferenzierung
beider Zelltypen garantiert die Synthese einer reifen GBM. Unterbleibt dieser VEGF165-
Isoformen-Switch, so verbleiben Podozyten, Endothelzellen und die GBM in einem unreifen
Stadium und sind nicht in der Lage, die glomerulare Filtrationsbarriere aufzubauen. Dies
resultiert dann in einer Proteinurie. Diese neu gewonnenen Einblicke in einen gestorten

VEGFA-Signalweg bieten eventuell neue Angriffsziele fur eine Therapie.

Extrarenale Manifestation einer WT7-Missense-Mutation bei einem Patienten mit

Denys-Drash-Syndrom: Hinweis auf eine Podozyten-Neuronen-Verbindung?

V. Schumacher, J. Thumfart, M. Drechsler, M. Essayie, B. Royer-Pokora, U. Querfeld und D Miiller: A novel WT1
missense mutation presenting with Denys-Drash Syndrome and cortical atrophy. Nephrol. Dial.. Transplant.,
21:518-521, 2005

Die Tatsache, dass WT1 wahrend der Entwicklung nicht nur im Urogenitalsystem
exprimiert wird, sondern unter anderem auch im zentralen Nervensystem (ZNS), lasst die
Spekulation zu, dass sich Keimbahn-Mutationen in diesem Gen mdglicherweise auch
extrarenal manifestieren. Bislang sind in der Literatur nur zwei DDS-Falle mit assoziierten
neurologischen Anomalien beschrieben (Little, 1993). Bei einem Patienten ist eine

psychomotorische Retardierung und Cerebellum-Atrophie, beim anderen eine schwere
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motorische Retardierung beschrieben. Auch in Wt1-knockout Mausen findet man Defekte im
ZNS in Form eines Verlustes retinaler Ganglien und des olfaktorischen Epithels durch
Apoptose (50, 51). Eine Beteiligung von WT1 bei der Neuronenentwicklung scheint aus
entwicklungsbiologischer Sicht besonders interessant, da viele in Podozyten exprimierte
Gene auch in Neuronen zu finden sind. Dies gilt auch fur den WT1-Interaktionspartner Par4.
Die verbliffende Ahnlichkeit zwischen Podozyten und Neuronen wird vor allem in der
Morphologie dieser beiden Zellen mit ihren langen Ful¥fortsatzen sichtbar (52, 53).
Vermutlich liegt diesem Konzept ein ganz ahnliches Repertoire an aktiven Genen zugrunde,

wovon eines WTT1 ist.

Wir stellen in unserer Kasuistik einen Patienten mit Denys-Drash-Syndrom und
progressiver  psychomotorischer  Retardierung vor.  Computertomographie  und
Magnetresonanztomographie deckten eine Kkortikale Atrophie und Verschmélerung des

Corpus callosum auf (siehe Abbildung 12).
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Abbildung 12: Magnetresonanztomographie zur Darstellung der kortikalen Atrophie und Verschmalerung des Corpus callosum
im Alter von 5 Jahren.

Eine Mutationsanalyse des WT7-Gens erbrachte den Befund einer bisher noch nicht
beschriebenen Missense-Mutation in Exon 8, die im Protein zu einem Aminosaureaustausch
in Zinkfinger 2 fuhrt (Q369H). Mittels eines Algorithmus (sequNNPREDICT) wurde
berechnet, dass das Vorhandensein dieser Mutation die Sekundarstruktur von WT1
verandert, und dass dies dann vermutlich Konsequenzen auf sein Bindungsverhalten an
DNA hat. Aufgrund des komplexen Phanotyps wurde zum Ausschluss weiterer Abberationen
eine hoch auflésende Chromosomenanalyse (500 Banden) und ein Screening fur
submikroskopische Deletionen der WAGR-Region auf Chromosom 11 durchgefiihrt. Beides

war unauffallig.
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Diese Daten lassen spekulieren, dass die Cerebellum-Atrophie ein Zeichen einer
gestorten neuronalen Entwicklung ist, und dass dies mit einem Funktionsverlust von WT1
zusammenhangt. Diese Hypothese wird durch die Befunde der Wt1-knockout-Maus

unterstutzt, in welcher bestimmte Neuronen durch Apoptose degenerieren.
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2.3 Untersuchungen zur Rolle von WT1 bei der Pathogenese der Hodendysgenesie

und Riickschliisse auf seine Funktion wahrend der Hodenentwicklung

Die Hodenentwicklung beim Menschen ist sehr komplex und unterliegt der strengen
Kontrolle vieler Proteine wie z. B. der Transkriptionsfaktoren WT1, SRY und SOX9. Bis zu
dem Zeitpunkt, an dem die Expression von SRY zum ersten Mal angeschaltet wird,
unterscheidet sich das aktive Gen-Set in der indifferenten Gonade zwischen karyotypisch
mannlichen und weiblichen Individuen nicht. Der Aktivierung von SRY vom Y-Chromosom
folgt in einer Kaskade die Aktivierung anderer Gene (z. B. SOX9), und damit die
Differenzierung des Hodens (siehe Abbildung 13). Wie aus zahlreichen Tierexperimenten
bekannt, scheinen SRY und SOX9 zur Induktion der Hodendifferenzierung notwendig und
ausreichend zu sein. Fehlen diese in einem XY-Individuum, so differenziert die indifferente
Gonade in Ovar, und umgekehrt fiihrt deren Expression in einem XX-Individuum zur
Differenzierung in Hoden. Auch WT1 ist an der Gonadenentwicklung beteiligt, und
Mutationen im WT7-Gen sind mit XY Gonadendysgenesien verbunden (zusammengefasst in
(54)).
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Abbildung 13: Postulierte Interaktionen molekularer Faktoren bei der friihen Hodenentwicklung (ibernommen aus (54)).

Alle drei Transkriptionsfaktoren, SRY, SOX9 und WT1 werden wahrend der friihen
Hodenentwicklung in Sertoli-Zell-Vorlaufern exprimiert. Speziell SOX9 scheint dann auch fir
die terminale Differenzierung dieser Zellen besonders wichtig zu sein (55), was wiederum fir
die Reifung anderer Zelltypen im Hoden, wie der Testosteron-produzierenden Leydig-Zellen,
notwendig ist. AuRerdem sezernieren reife Sertoli-Zellen das ,anti-Mullerian hormone*

(AMH), welches die Regression des Miller-Ganges bewirkt. Spater unterstitzen die Sertoli-
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Zellen als Nahr- und Stutzzelle die reifenden Keimzellen (56). Somit nehmen sie zwei
funktionell unterschiedliche Funktionen ein, namlich die Hodendifferenzierung zu férdern und
die Spermatogenese zu unterstitzen. Stdrungen in der Reifung von Sertoli- und Leydig-
Zellen sind vermutlich die Ursache fir das ,testicular dysgenesis syndrome* (TDS), welches
sich  durch einen Spermatogenesearrest, Hodenhochstand, Hypospadien und
Keimzelltumoren charakterisiert (57). Obwohl diese Entitat histopathologisch gut beschrieben
ist, sind die zugrunde liegenden Pathomechanismen weitgehend unbekannt. Vermutet
werden sowohl umweltbedingte als auch genetische Faktoren, die eine verzégerte Sertoli-

und Leydig-Zell-Reifung verursachen.
Es galt hier die Hypothese zu testen, dass WT1 fir die terminale Differenzierung von

Sertoli-Zellen notwendig ist und Mutationen im WT7-Gen einen TDS-Phanotyp verursachen.

Mutationen im WT171-Gen sind mit einer verringerten Expression von SRY und SOX9

und mit Merkmalen des ,testicular dysgenesis syndroms*“ assoziiert

V. Schumacher, B. Gueler, L. HJ Looijenga, J. Ulrich Becker, K. Amann, R. Engers, J. Doetsch, H. Stoop, W.
Schulz, B. Royer-Pokora. Characteristics of Testicular Dysgenesis Syndrome and Decreased Expression of SRY
and SOX9 in Frasier Syndrome. Mol. Reprod. Dev., zur Publikation angenommen.

Keimbahnmutationen im WT71-Gen fiihren in 46,XY-Individuen zu unterschiedlich
schweren Gonaden- und Genitalfehlbildungen. Interessanterweise scheint der Mutationstyp
den Phanotyp zu diktieren. Wahrend Nonsense-Mutationen zu leichten Genitalfehlbildungen
wie Hypospadien fihren konnen, sind Missense-Mutationen bei Denys-Drash-Syndrom
Patienten mit Gonadendysgenesien unterschiedlichen Schweregrades und meist
intersexuellem Genitale assoziiert. Eine komplette XY-Gonadendysgenesie und Sexumkehr
wird bei Frasier-Syndrom-Patienten mit einer SpleiRdonor-Mutation im Intron 9 beobachtet.
Diese bewirkt eine Verminderung der RNA-bindenden WT1+KTS-Isoformen. Speziell
Patienten mit Frasier-Syndrom haben ein hohes Risiko, ein Gonadoblastom zu entwickeln
(Melo, 2002). Dabei handelt es sich um eine nicht invasive Vorlauferlasion maligner
Keimzelltumoren in dysgenetischen Gonaden. Wegen des hohen Risikos fir

Keimzelltumoren wird fast immer eine prophylaktische Gonadektomie veranlasst.

Wir stellen hier einen Patienten mit einem Frasier-Syndrom und ungewdhnlich milden
Genitalfehlbildungen in Form einer Hypospadie vor. Ein ahnlich milder Phanotyp ist bisher
nur bei drei weiteren Patienten beschrieben. Wegen eines hypergonadotropen

Hypogonadismus wurde zur Induktion sekundarer Geschlechtsmerkmale Testosteron
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verabreicht. Im Alter von 15 Jahren wurden per Ultraschall des Hodens bilaterale
Mikrokalzifikationen, welche ein Risikofaktor fir die Entartung von Keimzellen darstellen,
entdeckt. Dies zusammen mit der spater identifizierten WT171-Spleilimutation (IVS9+5G>A)
und dem damit verbundenen hohen Risiko fiir Gonadoblastome begrindete die
Durchfuhrung einer bilateralen Orchiektomie. Histopathologisch zeichnete sich das
Hodengewebe durch eine Atrophie aus. Im Interstitium befanden sich hyperplastische
Leydig-Zellen und Leydig-Zell-Kndtchen. Die Hodenkanalchen wiesen eine verdickte
Basalmembran, eine diffuse Sertoli-Zell-Vermehrung und einen Spermatogenesearrest, auf
der Stufe zwischen Spermatogonien und Spermatozyten, auf. AuRerdem gab es Anzeichen
fur eine Vorlauferlasion von Keimzelltumoren, die fokale unklassifizierte intratubulare
Keimzellneoplasie (ITGCNU), nicht aber fur einen malignen Tumor. Beides, die diffuse
Sertoli-Zell-Vermehrung und die ITGCNU, wurden immunhistochemisch bestatigt. Als Sertoli-
Zell-Marker wurden WT1, Inhibin a und Vimentin eingesetzt (siehe Abbildung 14) und als
Marker-Set fur die ITGCNU, OCT3/4 (,octamer binding protein transcription factor 3/4%),
PLAP (,placental/germ alkaline phosphatase®), c-KIT (,stem cell factor receptor®) und SCF

(,stem cell factor*).

LRI

Figure 1
Abbildung 14: Immunhistochemische Charakterisierung der ITGCNU und Sertoli-Zell-Proliferation
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Spermatogenesearrest und transformierte Keimzellen sind ein Hinweis flr eine
beeintrachtigte Funktion von Sertoli-Zellen. Durch Farbung mit Cytokeratin 18 untersuchten
wir, ob dies durch eine Differenzierungsstérung verursacht wird. Tatsachlich waren die
Sertoli-Zellen in der Umgebung von ITGCNU-Zellen Cytokeratin 18 positiv, was das unreife
Stadium der Zellen widerspiegelt. Um der mechanistischen Ursache fiur die fehlerhafte
Differenzierung auf den Grund zu gehen, untersuchten wir die Expression zweier
Kandidatengene, SRY und SOX9. lhre Expression war in einem Frasier-Maus-Modell, bei
dem selektiv die +KTS-Isoformen defizient sind, stark vermindert (58). Auch in einem
anderen Maus-Modell, in dem WT1 spezifisch in Sertoli-Zellen reprimiert wurde, zeigte sich
eine verminderte Sox9-Expression (59). In dem Hodengewebe des untersuchten Patienten
konnten wir zunachst die Umkehr der WT1+KTS/-KTS-Isoformen bestatigen und haben dann
per Real-time RT-PCR die Expression von SOX9 und SRY untersucht. Wie in Abbildung 15
zu sehen ist, waren beide gegenlber der kindlichen und adulten Kontroll-Hodengewebe
vermindert. Unter Bericksichtigung der Sertoli-Zell-Proliferation und Normalisierung auf die

WT1-Expression wurde dies noch deutlicher.
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Abbildung 15: Ergebnisse der Real-time RT-PCR fir WT1, SOX9 und SRY. a), b), c¢) ist normalisiert auf die 18S rRNA-Menge;

D), E) normalisiert auf WT17-Mengen.

Um in Zukunft in vitro die Rolle von WT1 in der Sertoli-Zell-Differenzierung und

Homeostase untersuchen zu kénnen, haben wir aus Hodengewebe des Fraiser-Syndrom-
Patienten eine primare Zelllinie angelegt und charakterisiert. Diese Zelllinie wurde mit dem
SV40 ,large T-antigen“ immortalisiert. Die Primarzellen sind chromosomal unauffallig und

weisen keinerlei Anzeichen einer spontanen Transformation auf. Sie differenzieren nach
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mehreren Passagen aus und wachsen nicht im Soft-Agar (siehe Abbildung 16). Auch
exprimieren sie Sertoli-Zell-Marker wie WT1, SOX9, MIC2, AR (Androgen-Rezeptor) Inhibin
a und Vimentin, sind aber negativ fir den Keimzellmarker VASA, den Leydig-Zell-Marker
LHR (,luteinizing hormone receptor”) und den peritubularen Myoepithel-Zell-Marker ,smooth

muscle actin“. Es handelt sich hier um die erste humane Sertoli-Zelllinie.
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Abbildung 16: Charakterisierung einer primaren Zelllinie aus Hodengewebe eines Frasier-Syndrom-Patienten. a) Zellen
differenzieren nach einigen Passagen aus und stellen ihr Wachstum ein. b) Sie wachsen nicht in Soft-Agar. c¢) Zellen sind
chromosomal unauffallig.

Zusammengefasst unterstitzen unsere Daten im Menschen die Befunde aus den
Maus-Experimenten. Die Ergebnisse lassen die Vermutung zu, dass eine Verminderung von
WT1+KTS-Isoformen ein ,testicular dysgenesis syndrome® (TDS) verursachen kann. Zeichen
dafir sind der Spermatogenesarrest, Hypospadie und die ITGCNU. Dabei sind vermutlich
die WT1+KTS-Isoformen an der terminalen Sertoli-Zell-Differenzierung und Homeostase
durch die Aufrechterhaltung eines kritischen Levels an SRY und SOX9 beteiligt. Eine
verminderte Expression von WTT1+KTS, SRY und SOX9 beeintrachtigt die Reifung von
Sertoli-Zellen und somit auch ihre Fahigkeit, die Keimzelldifferenzierung zu unterstitzen.
Dies kann dann in einem Spermatogenesearrest und in der malignen Transformation von
Keimzellen resultieren, beides Merkmale des TDS. Abbildung 17 fasst alle hier erlangten

Daten sowie die klinischen und histopathologischen Daten in einem Modell zusammen.
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Abbildung 17: Schematisches Diagramm (modifiziert nach (57)) zur Darstellung der klinischen und histopathologischen
Befunde (Boxen) des Frasier-Syndrom-Patienten zusammen mit den hier erlangten Ergebnissen. Gestrichelte Linie: hier nicht
untersucht.
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3. Zusammenfassung und Ausblick

If ever a history of ideas in developmental genetics were to be written...it would no doubt
include as one of its most important chapters an account of the intellectual role that "inductive
interaction" between the fields of genetics and embryology has played in the analysis of
developmental mechanisms and their genetic control in higher organisms.

Salome Gluecksohn-Waelsch (1981)

Wahrend der Entwicklung von Organen vollzieht sich ein Wandel von “simplen”
multipotenten Einzelzellen zu komplexen Zellverbanden, in denen die Zellen ihre
Morphologie und Funktion an die entsprechenden Notwendigkeiten anpassen muissen. Auf
molekularer Ebene liegt dem ein kaum vorstellbarer, hochst komplexer Prozess zugrunde,
namlich ein streng koordiniertes An- und Abschalten spezifischer Gene. Der Ausfall eines
bestimmten Genproduktes bei einer genetischen Erkrankung sowie dessen Konsequenz auf
molekularer Ebene und der dadurch verursachte Phanotyp kdnnen dabei helfen,
Rickschliisse auf die normale Funktion des Genproduktes zu ziehen. Dieses Wissen verhilft
umgekehrt auch wieder, der Erkrankung zugrunde liegende molekulare Pathomechanismen

zu entschlisseln und mégliche neue Therapiekonzepte zu erarbeiten.

Mutationen im Wilms-Tumor 1 (WT7)-Gen manifestieren sich aufgrund der
Expressionsspezifitdt von WT1 vor allem in Nieren und Gonaden. Dass das WT1-Protein mit
seiner dualen Bindungseigenschaft an DNA und RNA fir eine geregelte Nieren- und
Gonadenentwicklung unentbehrlich ist, wird an Wt71-knockout-Mausen durch das vollige
Fehlen von Nieren und Gonaden am deutlichsten. Trotz dieser Beobachtung ist auf
molekularer Ebene bisher noch wenig Uber seine Funktion bekannt. Aus diesem Grund
wurde in der vorgelegten Habilitationsarbeit an humanem Nieren- und Hodenmaterial die
Rolle von mutiertem WT1 bei der Pathogenese dreier humaner Erkrankungen untersucht
und durch in vitro-Studien erganzt. Dadurch sollten neue Einblicke in die molekularen
Pathomechanismen der Erkrankung gewonnen und Riickschlisse auf die Rolle von WT1 bei

der Nieren- und Hodenentwicklung gezogen werden.

Die vor allem im Kindesalter auftretenden Wilms-Tumoren entstehen aus
Nierenstammzellen, die statt in Nephrone zu differenzieren, unkontrolliert proliferieren. Die
Tatsache, dass es sich um eine genetisch und histologisch sehr variable Tumorentitat mit
unterschiedlicher Tumorbiologie handelt, erschwert eine individualisierte
Therapieoptimierung und Prognosestellung. Aus diesem Grund wurden hier Tumoren mit
einer WT1-Mutation charakterisiert und getestet, ob sie eine spezifische Subentitat bilden.

Dabei zeigte sich, dass Tumorzellen mit einem funktionellen Verlust des
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Transkriptionsfaktors WT1 im Kern frih induzierten metanephrogenen Blastemzellen
entsprechen, die falschlicherweise vor allem in Stroma- und Skelettmuskelzellen
differenzieren. Diese Differenzierungsstérung ist vermutlich auf die fehlerhafte Expression
von Genen zurlickzufuhren, die normalerweise der Kontrolle von WT1 und seinem
Interaktionspartner Par4 unterliegen. Es zeigte sich ferner, dass WT7-Keimbahnmutationen
mit einem erhdhten Risiko fur bilaterale Tumoren korrelierten. Da sich der zweite Tumor
manchmal erst spater manifestiert, scheint ein verlangertes Nachsorgeprogramm hier
erforderlich zu sein. Die beiden Parameter, myogene Differenzierung und Bilateralitat
erinnern an den ,fetal rhabdomyomatdsen“ Tumor-Subtyp. Obwohl dieser auf praoperative
Chemotherapie bezliglich Volumenreduktion kaum anspricht, haben die Patienten dennoch
eine gute Prognose. Momentan wird von uns in einer retrospektiven Studie evaluiert, ob
WT1-Mutationen zuverlassige molekulare Marker darstellen, um Tumoren zu identifizieren,
die schlecht auf Chemotherapie ansprechen, aber dennoch eine gute Prognose haben.
Diese Tumor-Subentitat kénnte in Zukunft von einer individualisierten Therapieoptimierung

profitieren.

Eine intakte Nierenfunktion hdngt mafRgeblich von der Integritdt der Glomeruli ab.
Heterozygote Missense-Mutationen im WT17-Gen verursachen bei Patienten mit Denys-
Drash-Syndrom nicht nur Wilms-Tumoren, sondern auch eine diffuse mesangiale
Glomerulosklerose mit nephrotischem Syndrom und terminalem Nierenversagen vor dem 3.
Lebensjahr. Bisher sind die molekularen Pathomechanismen dieser Erkrankung kaum
erforscht, aber fur das Auffinden neuer therapeutischer Angriffsziele von gréf3ter Bedeutung.
Es fand sich hier, dass nicht nur Patienten mit einer diffusen mesangialen Sklerose im
Rahmen des Denys-Drash-Syndroms WT7-Mutationen tragen, sondern auch Patienten mit
einer isolierten Form der diffusen mesangialen Skelorose. Somit zahlen auch diese zu den
Hochrisiko-Patienten fur einen Wilms-Tumor und sollten wie die Denys-Drash-Patienten bei
einer Restfunktion der Niere engmaschig auf Wilms-Tumoren gescreent und im Falle eines
terminalen Nierenversagens nephrektomiert werden. Im Rahmen dieser Arbeit zeigte sich
ferner, dass WT1-Mutationen die normale Differenzierung von Podozyten und Endothelzellen
in den Glomeruli beeintrachtigen und somit keine reife glomerulare Basalmembran
synthetisiert werden kann. Dieser Zusammenbruch der Filtrationsbarriere fihrt dann zum
Ausschwemmen von Proteinen mit dem Urin. Mechanistisch liegt hier eine veranderte
VEGFA-Signaltransduktion und folglich ein gestoérter ,Crosstalk® zwischen Podozyten und
Endothelzellen vor. Méglicherweise bieten sich hieraus neue Therapieangriffsziele.

Weitere Einblicke in die Pathogenese der WT17-assoziierten Glomerulosklerose
gewann ich durch Expressionsanalysen an humanem Zellkultur-Material und wahrend

meines Forschungsaufenthaltes am Children’s Hospital in Boston an murinem Material. Zwei
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Kandidatengene werden in Zukunft den Schwerpunkt meiner Forschung ausmachen.
Sulfatase 1, welche Sulfatgruppen von Heparansulfat-Seitenketten abspaltet und an der
Signaltransduktion von Wachstumsfaktoren, wie z.B. VEGF, involviert ist, und ZFR, ein RNA-
bindendes Protein in RNA-Granula, welche in Neuronen ein Reservoire an ,stillen® mRNA’s
darstellen, die bei Bedarf aktiviert werden koénnen. Ich konnte zeigen, dass dieser
Mechanismus auch in Podozyten existiet und vermutlich diesen Zellen unter
Stressbedingungen hilft, schnell in situ in den Podozytenfulfortsdtzen wichtige mRNA’s zu

translatieren. Beide Gene sind bei Denys-Drash-Syndrom herunterreguliert.

Heterozygote WT17-Spleilmutationen im Intron 9 und die daraus resultierende
Verminderung der RNA-bindenden WT1-Isoformen verursachen im Rahmen des Fraisier-
Syndroms eine Hodendysgenesie. Obwohl die zugrunde liegende genetische Ursache
bekannt ist, fehlt die genaue Kenntnis dariiber, wie eine Mutation diesen Phanotyp
verursacht. Es zeigte sich hier, dass die Expression der Transkriptionsfaktoren SRY und
SOX9 vermindert ist und Sertoli-Zellen nicht vollstdndig ausdifferenzieren. Dadurch kommt
es in den Hodenkanalchen auch bei den Keimzellen zu Differenzierungsstérungen, welche
sich als Spermatogenesearrest und als maligne Transformation von Keimzellen (ITGCNU)
manifestieren. Dies verdeutlicht, dass fur die Differenzierung von Sertoli-Zellen und
Keimzellen eine geregelte ,Kommunikation® zwischen beiden Zelltypen erforderlich ist. Um in
Zukunft die Interaktionen zwischen Sertoli-Zellen und Keimzellen in vifro studieren zu

konnen, haben wir die erste humane Sertoli-Zelllinie etabliert.

Welche Funktion spielt nun WT1 wahrend der normalen Nieren- und
Gonadenentwicklung? Um dies zu beantworten, ist es hilfreich, nach gemeinsamen Mustern
zwischen den drei vorgestellten humanen Erkrankungen zu suchen. Dabei st63t man auf die
Tatsache, dass Zellen mit WT17-Mutationen nicht terminal ausdifferenzieren und dass durch
eine gestorte Zell-Zell-Interaktion auch die umliegenden Nachbarzellen in einem unreifen
Stadium verbleiben. Diese unreifen Zellen sind nicht in der Lage, ihre eigentliche Aufgabe im
Zellverband zu erflllen. Schlussfolgernd stellt WT1 also einen essentiellen

Differenzierungsfaktor wahrend der Nieren- und Gonadenentwicklung dar.
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