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INTRODUCTION

Cancer cells escape normal growth control mechanism a
consequence of activating (i.e., gain-of-functionytations and/or
increased expression of one or more cellular pookegenes and/or
inactivating (i.e., loss-of function) mutations &wd decreased
expression of one or more tumor suppressor genest bhcogene
and tumor suppressor gene products are compondntsigoal
transduction pathways that control cell cycle erdryexit, promote
differentiation, sense DNA damage and initiate mrepaechanisms,
and/or regulate cell death programs. Several ommsgend tumor
suppressor genes belong to the same signaling pathMearly all
tumors have mutations in multiple oncogenes andotusappressor
genes, indicating that cells employ multiple paathechanisms to
regulate cell growth, differentiation, DNA damagmtrol, and death.
The PTEN gene was discovered only in 1997 as a new tumor
suppressor, and yet it is now known to play ma@es not only in
suppressing cancer but also in embryonic developraeh migration
and apoptosis (reviews include Maehama and Dix8089;1 Cantley
and Neel, 1999; Besson et al., 1999; Tamura el @89c; Ali et al.,
1999; Di Cristofano and Pandolfi, 2000; Vazquez &adlers, 2000;
Bonneau and Longy, 2000; Simpson and Parsons, 28bugh an
increasing numbers of biologically important phasalses are being
characterized (Li and Dixon, 2000; Tonks and N&886), but PTEN
has been the focus of particularly intense intdvestiuse of its central

role in suppressing malignancy.
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CLONING OF PTEN

The PTEN (phosphatase and tensin homolog deleted on
chromosometenYiIMAC (mutated in multiple advanced cancers) was
identified virtually simultaneously by two groupkirfg al., 1992;
Webster et al., 1998) as a candidate tumor suppregese located at
109g23; another group (Moscatello et al.1998) idatithe same gene
in a search for new dual-specificity phosphataged named it TEP-1
(TGFB-regulated and epithelial cell-enriched phosphatagéne
PTEN protein sequence suggested that is was a meofbée
protein-tyrosine phosphatase (PTP) gene superfar®yEN catalytic
domains contain the canonical sequence HCXXGXXREybwn as
the PTP “signature motif’ (Rasheed et al. 1993¢4d figure 1A); the
presence of this motif within any protein makes iwirtual certainty
that it has PTP activity. In particular, the PTE&y8ence suggested
that it was a dual-specificity phosphatase, an mezthat, as its name
implies, typically dephosphorylate phosphotyrosip@osphoserine,
and/or phosphothreoning vitro. However, PTEN is an unusual
phosphatase in the sense that it dephosphorylate Ipmds and
proteins. PTEN protein contains 403 amino acids @ardbe divided
into three domains: a phosphatase domain (1-18%)2 adomain
(186—-352), and a tail domain (353-403) (Lee etl@89) (see figure

2).
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Figurel. A. Conserved amino acid sequence motif present intalos
phosphatases. The amino acid sequence of human ,FSakhbnella
dublin  SopB, Salmonella flexneri  IpgD, human inositol
polyphosphatase type | and type Il are indicat@dilignment of
PTEN signature motifs. The amino acid sequencdsuafan Homo
sapiens), mouse fus musculus), rat Rattus norvegicus), dog Canis
familiaris), worm (Caenorhabditis elegans), fly (Drosophila
melanogaster) and yeast Saccharomyces cerevisiae) PTEN are
shown. The crucial catalytic cysteine and the irardrbasic residues
are highlighted in red and blue, respectively.
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Phosphatase Domain PEST
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Figure 2. The N-terminal-phosphatagdemain (amino acids 1 18E)
shown with thecatalytic core.The C-terminaldomain (amino acids
186 403)C2 domain lipid-bindin PEST domains-regulate protein
stability PDZ domain-is important in protein-prat@iteractions. CK2
phosphorylatiomsites -are importarfior stability



The phosphatase and C2 domains are required foreetf membrane
binding (Das et al. 2003). Mutations of the phosasa motifof PTEN
do not perturb membrane binding but inhibit PIP3takyasis.
Interestingly, amino acids 1-14 encode a PIP2 bmaiomain and
recent evidence demonstrates that PIP2 bindingisitstte enhances
PTEN catalytic function (Campbell et al. 2003). Th#é domain is an
important region for negative regulation of PTENelI&ion of the tail
activates PTEN'’s ability to inhibit AKT while reding its half-life
(Vazquez et al. 2000). Several groups have repatttat the tail
region is a site of constitutive serine and threerphosphorylation on
multiple sites (Vazquez et al. 2000). Casein kinkhs#ppears to be
responsible for PTEN phosphorylation. It should rm#ed that the
stoichiometry and sites of phosphorylation variednf group to
group. Alanine mutations that block phosphorylatatrthree or more
sites behave like tail deletions in that they henaeeased potency and
reduced stability. The mechanism through which tdié inhibits
PTEN function appears to be through the regulatibaccess to the
plasma membraneln fact mutants that remove the tail or its
phosphorylation sites (serine 380, threonine 388) faund on the
plasma membrane. Interestingly, stable expressioinese mutants
requires that the catalytic site be inactivated24). Therefore, it
appears that increasing phosphorylation of the PT&Ns likely to
have oncogenic consequences by sequestering PTEN fa@am the

plasma membrane.



MOLECULAR TARGETS OF PTEN

As stated above, PTEN phosphatase activity has lodserved
against both lipid and protein substrates. Overdile primary
physiological substrate of PTEN appears to be igeating lipid
Phosphatidylinositol, (3, 4, 5) P3 (since now PIRSe figure 3A)
(Maehama and Dixon, 1998; Myers et al., 1998). PB*a& major
product of PI 3-kinase, which is activated by celteptors including
various tyrosine kinase growth factor receptors iategrins (Rameh
and Cantley, 1999; Leevers et al, 1999). PTEN veeathe
3’phosphate from PIP3 to generate PIP2 (Maehamdatuh, 1998),
which lacks the activities of PIP3 but has its owations on
cytoskeleta Ifunction. By antagonizing the actidnPb 3-kinase (see
figure 3B), PTEN affects a number of cell biolodipaocesses (see
below). In addition, it can dephosphorylate thenalgng molecule
inositol (1,3,4,5)-tetrakisphosphate (Maehama ancom 1998),
although the biological importance of this activgynot yet clear.

In vitro,b PTEN can also remove phosphate residues from
phosphotyrosine-containing peptides and proteinsaid Sun, 1997,
Myers et al., 1997; Tamura et al., 1998; Gu et H98; Gu et al.,
1999), although the relative importance of thisyematic function in
vivo compared with its lipid phosphatase activityash been

controversial.
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Figure 3. APtdins contains anyo-inositol headgroup connected to
diacylglycerol by a phosphodiester linkage. The bearmg system of
the inositol ring is indicatedB.The class | PI3K enzymes can
phosphorylate the 3 position of Ptdins, Ptdins-¢RtdIns-4,5-P2 to
produce Ptdins-3-P, Ptdins-3,4-P2, or Ptdins-3R8h+espectively.
PtdIns-3,4-P2 can also be produced by dephosphioiyldhe 5
position of PtdIns-3,4,5-P3, and one enzyme thasdbis is an SH2-
containing 5-phosphatase called SHIP. In addititd)ns-3,4-P2 can
be produced by phosphorylating the 4 position oflif&:3-P
[reviewed by Frumanet al. (76)]. PTEN has been shown to
dephosphorylate the 3 position of both Ptdins-3RB5(26, 43) and
Ptdins-3,4-P2 (44) to reverse the reactions catdlylzy PI3K.C.
Major enzymatic function of PTEN. The tumor suppmesPTEN
opposes the action of phosphoinositide 3-kinase 3HRinase) by
dephosphorylating the signaling lipid phosphatidgtitol (3,4,5)-
trisphosphate.
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Two cytoplasmic phosphoprotein substrates of PTEW focal
adhesion kinase (FAK) and the adapter protein Ske figure 4),
whereas a number of other cellular tyrosine-phosgated proteins
appear unaffected by PTEN (Tamura et al., 1998;eGal., 1999).
FAK and Shc are central components of distinctaigg pathways .
The FAK signaling pathway is activated by integriaed other
receptors and is linked to cell migration and otbeltular activities.
The Shc pathway is activated by receptors thatudel various
tyrosine kinase receptors and integrins, and is gfaa pathway that
leads to activation of ERK MAP kinases. Althouglegt in vitro
effects have proven valuable for dissecting pattsnthgt regulate cell
migration (see below), analyses of cells froRTEN-knockout
embryos fail to show changes in basal FAK phosgation or ERK
activity (Stambolic et al., 1998; Liliental et a2Q00). These findings
indicate that the major target of PTEN under stestdye conditions is
PIP3 and not FAK, although transient changes inNPTdvels might
nevertheless still have physiological effects onKF&hc activity.
Furthermore, the G129E PTEN mutation abrogates nREEN
activity against PIP3, but it retains activity awsipeptide and protein

substrates (Myers et al., 1998); this mutatioroisfl in some cancers.
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Figure 4. Reported sites of action of PTEN. Extracellulaemttions
trigger signaling from integrins and growth factarceptors. The
majorfunction of PTEN appears to be downregulatiothe Pl 3-
kinase product PtdIns(3,4P3, which regulates Akt and complex
downstream pathways affecting cell growth, survigatl migration.
In addition, PTEN has weak proteintyrosine phospdmtactivity,
which may target focal adhesion kinase (FAK) and, $imd thereby
modulate other complex pathways. The phosphatasaidoof PTEN
(red) dephosphorylates and downregulates (red )lirmgstrate
molecules.
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MECHANISM OF PTEN TUMOR SUPPRESSION

PTEN regulates the PI-3 kinase pathway by remowimg third
phosphate from the inositol ring of the PIP3 secom$senger (Sulis
et al. 2003; Vivanco and Sawyers , 2002). Intemgsti PTEN has
conserved this function in many animal speciesuiclg mammals,
Drosophila, andC. elegans. (see figure 1 B). Although PIP3 is able to
bind to over one hundred cellular proteins, genstigdies have
demonstrated that a major output of PIP3 is AKTigrokinase B.
Lack of PTEN in a cell leads to increased PIP3Ikaad AKT kinase
activity. Mammalian cells lacking PTEN have in@ed proliferation,
reduced apoptosis, altered migration, and increasext—all
phenotypes that favor tumorigenesis. Downstreansteates of AKT
that are altered genetically in malignancy includ®C2, a tumor
suppressor mutated in the hamartoma syndrome tubsuderosis that
regulates mTOR, and MDM2, an oncogene amplifiesbirtomas that
suppresses p53 function. Other AKT substrates dleclthe FOXO
transcription factors, p27, p21l, GSK3, and BAD, ethihave
important roles in the regulation of the cell cyealed apoptosis (see
figure 5). Re-expression of PTEN in tumor celeknacking the gene
led to inhibition of AKT and a variety of outputhat included
inhibition of the cell cycle, activation of apopi®srearrangement of
the cytoskeleton, altered cellular migration, angppession of
angiogenesis—phenotypes that varied depending tipercell line
and dose of PTEN. While most PTEN phenotypes reghat PTEN

be in a catalytically active state, observationshencontrol of
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Figure 5. Akt, principal effector of PTEN , interacts wittevseral
substrates that control various phenomena of liell such as for
example progression of cell cycle, (i.e. f#7and p2f) and
apoptosis (i.e.Bad and Caspase 9).
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migration, the cytoskeleton, and the p53 pathwaygest that PTEN
exerts PIP3-independent phenotypes (Tamura e988B,Freeman et

al. 2003).

PTEN IS DEVELOPMENTALLY REGULATED AND
NECESSARY FOR EMBRYONIC DEVELOPMENT

Although substantial progress has been made inrsitasheling the role
of PTEN in tumor suppression, much less is knowoualits role in
normal embryonic development (except that PTEN-knatmice die
early in development) or about its regulation dgrimormal tissue
function.

Expression levels of PTEN protein are low in depeatent until
approximately day 11, when levels rise substagtial multiple
tissues (Podsypanina et al., 1999), and the prdiecomes widely
distributed (Gimm et al., 2000). Soon after itscdigery, several
laboratories generated null mutations of #iEEN gene in mice to
assess its function in vivo. The phenotypes ditfeoensiderably,
presumably because of genetic differences betwesmice used by
each group. Nevertheless, RTEN-knockout mice die before birth,
demonstrating a requirement for PTEN in embryogendg®i
Cristofano et al., 1998; Suzuki et al., 1998; Ppdsyna et al., 1999).
The phenotypes differed substantially: one studgniified major
defects in proper differentiation and organizatiminthe ectoderm,
mesoderm and endoderm (Di Cristofano et al., 1$8®) observed

death by embryonic day (E) 7.5; another found sewealformations
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of cephalic and caudal regions, which suggestedndralance of
growth and patterning, and observed death by ESUzuki et al.,
1998); a third study found severe defects by apprately EG6.5,
indicating that even the low level of PTEN protg@resent in early
embryos is needed for successful embryonic devedopm
(Podsypanina et al., 1999). These differing resutgest a major role
for context in PTEN functions. For example, PTEN ymplay
important roles in germ layer organization or d#éfetiation in one
genetic background, but not in another; it mayedadtplay crucial

roles in regulating local apoptosis or proliferatia another setting.

PTEN IN GROWTH, APOPTOSIS AND ANOIKIS

Because a tumor suppressor might be expected tpresgp cell
proliferation, several research groups have testeether restoration
of PTEN expression to cells that have mutate@EN alleles
suppresses growth. Transient expression using masmadenoviral
PTEN vectors suppresses proliferation. Howevesulte are not
always consistent, even in the same cell line. Muasiies have shown
suppression of proliferation due to arrest inpB@ase of the cell cycle
and corresponding increases in the levels of gellecinhibitors such
as p2¥r,1 and decreased levels of retinoblastoma (Rb) protein
phosphorylation (Furnari et al., 1998; Li and S1998; reviewed by
Tamura et al., 1999c and Simpson and Parsons, ).200& G phase
cell cycle arrest is due to the lipid phosphataseviay of PTEN
against PIP3 (Ramaswamy et al., 1999). In fact,qy@lle effects of

PTEN can be mimicked by SHIP-2, an enzyme that dlydes
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another phosphate group on PIP3 (Taylor et al.,0ROBlowever,
results using the G129E mutant provide evidence ploosphatase
activity in Gu cell cycle arrest (Hlobilkova et al., 2000). Itostd be
emphasized that in these experiments PTEN hasesot $hown to be
a physiological regulator of the normal cell cyctnce the above
studies involved sudden restoration (and possilirexpression) of
an enzyme in cells adapted to proliferate in itsemoe. Moreover,
normal cells expressing PTEN can undergo rapidfpration. In fact,
one group found that rates of cell proliferatiord davels of p2'7™*
were normal inPTEN-null fibroblasts, despite being abnormal in
PTEN-null embryonic stem cells (Liliental et al., 2008un et al.,
1999). Thus, even though sudden reconstitutionf&NPcan suppress
proliferation, the long-term role of this activitly cancer progression
remains unclear.

The role of PTEN in apoptosis is clearer. Re-exgiagsof PTEN in
several carcinoma cell lines can induce apoptosecity (Li et al.,
1998), even though an apoptotic stimulus is ofteeded (Stambolic
et al., 1998; reviewed by Tamura et al., 1999c;#Siom and Parsons,
2001). A particularly important role of PTEN istime anoikis, a form
of apoptosis characterized by loss of contact il extracellular
matrix (Frisch and Ruoslahti, 1997). This proparigy be a central
feature of normal epithelial cell function (and Ip&ps certain other
cell types) that prevents growth at abnormal sitespecially in
suspension. This anchorage dependence of sungvdefective in
many transformed and malignant cells. Reconstituttd PTEN in

cells that havé°’TEN mutations restores anoikis (Davies et al., 1998;
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Tamura et al., 1999a; Davies et al., 1999; Lu gt1899). Anoikis
has been linked to the signaling and scaffold jpmokAK (Frisch et
al., 1996). PTEN modulates apoptosis by reducingl$eof PIP3. This
signaling lipid regulates activation of Akt Newtd0O00; Persad et al.,
2000), a well known regulator of apoptosis. Re-egpion of PTEN in
various tumor cell lines decreases PIP3 levels eettlices Akt
activation (Stambolic et al., 1998; Haas-Koganlgt1®98; Myers et
al., 1998; Davies et al., 1998). The role of FAK anoikis may
involve at least in part its ability to increasevdls of PIP3 by
enhancing Pl 3-kinase activity (Tamura et al, 99
Dephosphorylation of FAK by PTEN would enhance #ifects of
PTEN on PIP3, since FAK phosphorylation enhance3-kitlase
activity (Reiske et al., 1999); the combined e#eof reduced PI 3-
kinase activity and direct reductions in PIP3 lsviey PTEN would

block Akt activation and enhance apoptosis.

PTEN IN CELL ADHESION, MIGRATION AND INVASION

PTEN reconstitution or overexpression inhibits celligration
(Tamura et al., 1998; Liliental et al., 2000). Tlmhibition can be
accompanied by transient effects on cell adhesmmhspreading: the
number of focal contacts specialized contacts niediaell-substrate
adhesion - is reduced, and the actin cytoskelet@itéred (Tamura et
al., 1998), although the remaining focal contadteroappear to be
larger. The mechanisms by which focal contactskeEamodulated by
PTEN include effects on the FAK-p13@naling pathway (Gu et al.,

1999) and selective effects on focal contact ctrestis caused by
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changes in PIP3 levels, as suggested by unrelatdits showing that
PDGF can modulate focal contacts through PIP3 (@veed et al.,
2000). PTEN suppresses migration of a variety el types,
including primary human fibroblasts, non-transfodnemouse
fibroblasts, and tumor cells (Tamura et al.,, 199&mura et al.,
1999b). PTEN-null mouse fibroblasts also show enhanced rates of
migration, which are reduced by reintroduction BN (Liliental et

al., 2000). PTEN also suppresses tumor cell invasie measured by

in vitro assays of invasion across barriers of besg membrane
extract (Tamura et al., 1999b). It reduces ratemigiration through

several mechanisms.

THE ROLE OF PTEN IN SPORADIC TUMOUR

Several studies confirmed that PTEN was mutatedvinde variety of
human cancer. Mutation of PTEN could occur early timor
development as seen in Cowden disease and endalntetnors (see
figure 6) (Levine et al. 1998).

In most cases, however, mutation of PTEN occurrsagvanced
cancers. Such is the case for tumors of the bpmostate, colon, and
cervix (Rasheed et al. 1997). Early studies inédahat 10q, where
PTEN maps (see figure 7), abnormalities are morsncon in
advanced tumors (hence the appellafidAC). In fact the initial
cloning studies reported®TEN/MMAC/TEP-1 (hereafter, PTEN)
mutations in a large fraction of glioblastoma nfaline cell lines,

xenografts, and primary tumors, as well as in ssnaamples of
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Figure 6. PTEN mutations found in human tumours and Cowden
disease. The mutations in breast cancer (blaciomglglioblastoma
(blue), other tumours (green) and Cowden diseassl) (rare
represented by vertical lines. Vertical lines abfmebelow) represent
the frequency at which missense mutations (or nweseand
frameshift mutations) are found at each particoésmidue. The grey
and black boxes represent the phosphatase domdithancatalytic
core motif, respectively.
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Figure 7. Localization ofPTEN on the longe arm of chromosome 10.
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breast and prostate cancers (Liu et al 1997, Stéck. 1997)), and
subsequent analyses confirmed that homozygotictivadion of
PTEN occurs in a large fraction of glioblastomas (atsteda0% of
primary tumors and 50-60% of cell lines) but notawer-grade (i.e.,
less advanced) glial tumors (Liu et al. 199)EN mutations also are
extremely common in melanoma cell lines (50%) (&lvanced
prostate cancers (Risinger et al. 1997)), and estltath carcinomas
(30-50%) (Tashiro et al.1997). AlthougfTEN mutations are found
predominantly in advanced glial and prostate tumonsgtations occur
with equal frequency at all stages of endometaalcer (Tashiro et al.
1997), suggesting thaPTEN activation is an early event in
endometrial carcinogenesis. Whereas germfihEN mutations lead
to increased breast cancer incidenBdEN mutations are not a
frequent cause of familial breast cancer (Chen. di988). Occasional
PTEN mutations are reported in head and neck (Okarai.e1998)
and thyroid (Dahia et al. 1998) cancers, but notother tumors
associated with 10q abnormalities, including merant (8) and lung
cancer (Okami et al. 1998). Regarding hematologitahors,
mutation of PTEN occurs but is uncommon in multiple myeloma and
non-Hodgkin's lymphoma. Moreover, PTEN protein eg®ion is
reduced in many types of cancer. To highlight tbenmon cancers,
reduced PTEN expression has been documented in 66%
glioblastoma, 61% of endometrial cancer, 24% of-somall cell lung
cancer, 38% of breast cancer, 27% of ovarian ca2086 of prostate

cancer, 41% of colorectal cancer with microsatelhistability, and

23



Reduced

NDOMETRIAL CANCER

TUMORS expression

of PTEN (%)
LIOBLASTOMA 66%
61%

OLORECTAL CANCER

41% with microsatellite
Instability and 17% without
Microsatellite instability

REAST CANCER 38%
VARIAN CANCER 27%
ON-SMALL CELL LUNG CANCER 24%
ROSTATE CANCER 20%

Table I. Percenteage of reduced expression of PTEN iowsitype

of tumors.
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17% of colorectal cancer without microsatellitstability (see table
). As has been seen for mutations, reduced expressas associated
with advanced disease. Studies of PTEN expressidordast, brain,
tongue, gastric, esophageal, and endometrial cateeindicated that
reduced PTEN protein was associated with a poognumsis for
patients (Depowoski et al. 2001). Examination of leukemiad an
lymphoma has demonstrated that half of B cell clerdymphocytic
leukemias have reduced PTEN protein and that nmseamyeloid
leukemias have activated AKT associated with ivabéd,
hyperphosphorylated PTEN (Leupin et al. 2003) Theght of the
evidence indicates that PTEN is a powerful tum@psessor that is
inactivated late in the course of development fostkinds of human
cancer.

Many reductions of PTEN protein are not due to geomutation
and are of undetermined origin. In addition, redu€&EN protein
expression comes in many flavors. PTEN may be a@bsemerely
reduced relative to normal cells; loss of exprassian be seen in the

cytoplasm, the nucleus or both.

THE ROLE OF PTEN IN FAMILIAL TUMOURS

Germ-line mutations iIrPTEN cause three rare autosomal dominant
inherited cancer syndromes with overlapping clihidaatures:
Cowden disease (Liaw et al. 1997;Nelen et al. 19QRermitte—
Duclos disease (Liaw et al. 1997), and Bannayana#a syndrome
(Nelen et al. 1997). These syndromes are notabléhdmartomas,

benign tumors in which differentiation is normaitizells are highly
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disorganized.

Cowden disease is characterized by hamartomas itiphlausites,
including the skin, thyroid, breast, oral mucosad antestine. In
addition, about a third of patients will have maaphaly. Affected
females have a 30-50% incidence of breast cancelr, Gowden
disease patients have increased risk of thyroictimama ('10%
incidence) and meningiomas (Liaw et al. 1997). hiite—Duclos
patients have multiple hamartomas, together withcrowephaly,
ataxia, and seizures, caused by cerebellar glmbts. Besides their
hamartomas, Bannayan—-Zonana patients exhibit maghadty,
retardation, and unusual pigmentation of the péveen et al. 1997).
Hamartomas from Cowden disease patients exhibits |as
heterozygosity around thRTEN locus, indicating that homozygotic
loss of PTEN function probably is required for hatoma formation.
Whether the type of mutation iIRTEN contributes to the distinct
features of these three hamartomatous syndromesngmnclear, but
other (i.e., modifying) loci probably play the pany role in
determining the spectrum of abnormalities evoked dygiven
mutation. Indeed, recent analyses of mutant mstggest that genetic
background can significantly affect the PTEN-de&fiti phenotype.
However, in Cowden disease patients, the typ®T&EN mutation
may affect the number of affected sites andyorpitesence of breast
disease (Nelen et al. 1997). These genetic dadagly suggest that
PTEN function is required for normal developmend dhat loss of
PTEN function contributes to carcinogenesis. Geransfer and

knockout studies have confirmed these ideas.
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TESTICULAR TUMOURS

Mice heterozygous for one nuften allele Pten') are prone to
develop different types of tumors, including tecaticinomas (Suzuki
et al., 1998; Di Cristofancet al., 1998; Podsypaninat al., 1999).
Furthermore, the conditional knockout of ghten gene in primordial
germ cells causes the development of bilateralctdat teratomas,
which resulted from impaired mitotic arrest andgoatvth of cells
with immature characteristics (Kimurgt al., 2003). However, the
guestion as to wheth&TEN is involved in human germ cell tumors
has not yet been addressed.

Germ cell tumors of the testis (GCT) are a hetamegas group of
neoplasms seen mainly in young men (ages 20-4@;y@etottenfeld
et al. 1982). Over the past several decades, teeimce of GCTs has
been steadily increasing in the Western world (Beeogn et al. 1996).
Several risk factors for GCT development have bdentified, which
include cryptorchidism, spermatogenic or testiculdysgenesis,
Klinefelter's syndrome, prior history of a GCT, aadoositive family
history . Positive family history indicates the atwement of inherited
predisposing factors and hence is of importancelentifying novel
genes that may play a role in GCT development.

GCTs are classified as seminomatous (SE-GCT) and- no
seminomatous (NSE-GCT) tumors, both of which appearise from
intratubular germ cell neoplasias (ITGCN) (Ulbrigh®98; Chaganti
& Houldsworth, 2000). SE-GCTs retain the morphologf

spermatogonial GCs and are exquisitely sensitivdareatment by
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radiation as well as chemotherapy (Ulbright etl&93). NSE-GCTs
display embryonal and extra-embryonal differenbiatpatterns which
include primitive zygotic (Embryonal Carcinoma), lenyonal-like
somatically differentiated (Teratomas), and exirdg/onally
differentiated (Choriocarcinomas, Yolk Sac Tumoupd)enotypes
(see figure 8) Ulbright et al. 1993). They areaagroup, sensitive to
chemotherapy, although they are less sensitivad@tion treatment
than are SE-GCTs (Bosl et al. 1997). NSE-GCTs bsualcur as
mixed tumors, with both differentiated and undiffietiated elements
(Ulbright et al. 1993). Among tumors with differeated elements,
mature teratomas exhibit the most complete diffém&an, often
presenting such cell types as cartilage, neurali¢isand mucinous
and nonmucinous glands. These tissue elementsnwéthieratoma,
however, develop in an unorganized fashion. Ongiooamature cell
types in teratoma lesions undergo malignant transiton into
neoplastic elements that show histological featahesacteristic ofle
novo tumors affecting multiple cell lineages (Motzer adt 1998).
GCTs of all types are frequently associated witleCN that, often,
progresses to invasive cancer (\@sl., 1990; Houldsworth, 1997).
In nearly all cases, ITGCN lesions progress to siwalesions. Both
SE- and NSE-GCTs are suggested to arise from gytally identical

ITGCN lesions, indicating a common cell of origihatl GCTSs.
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Figure 8. Different morphology of Non Seminomatous Germ Cell
Tumors (NSGCT). embryonal and extra-embryonal effi@ation
patterns which include primitive zygotic (Embryoi@drcinoma),
embryonal-like somatically differentiated (Terat@)aand extra-
embryonally differentiated (Choriocarcinomas, Y&#&c Tumours)
phenotypes
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MATURATION OF PRIMORDIAL GERM CELLS

Primordial germ cells (PGCs) are first recognizethie epiblast of the
mammalian gastrulating embryo. They migrate toghmitive streak
mesoderm, move on to the endoderm via the allgnémid passing
through the hindgut, reach the genital ridges.him human, they are
incorporated in the developing gonad by the sevent#iighth week of
fetal life, when they are sometimes termed the ggtes, which
differentiate into spermatogonia during the secand third trimesters
of pregnancy (Figure 9). In the postnatal testig $permatogonial
cells in the seminiferous tubules undergo a seariasitotic divisions
leading to the development, successively of typénfermediate, and
type B spermatogonia. The type B spermatogoniumenguks
premeiotic replication and enters meiosis as tiragry spermatocyte.
A protracted prophase comprising the leptoteneptarge, pachytene,
diplotene, and diakinesis stages is followed byos&s | and I,
culminating in four haploid cells that develop indpermatids and
spermatozoa. Extensive cell death is a strikingtufea of
spermatogenesis (Matsui et al. 1998). Apoptotit de&th plays an
important role during development by regulating $iee of a lineage
in relation to it's local environment, survival el§ being dependent
upon availability of growth factors and their regtory stimuli
(Conlon et al. 1999). In the postnatal murine $gstipoptosis is

detected in type A spermatogonia through to megggrmatocytes
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Figure 9. Pathway of development of a normal spermatozoo fihe
stage of Primordial Germ Cell (PGC) in the gasttalenature sperm
in adult male. Here is underlined the changingloidy following

mitosis and meiosis that led from PGC, to matusrrspand finally to
the generation of a new embryo.
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The spermatogenous cells in the adult human teistigarly undergo
apoptosis.

For a GCT to develop, transformation has to ocou PGC at some
point during these highly complex proliferation adidferentiation
programs regulated by apoptosis. The fact thattachdle GCTs
display pluripotentiality for embryonal and somatiifferentiation
suggest that, to initiate a pluripotential tumoR?@C committed to a
differentiation path that leads to gametogenesistnavercome a
restriction on proliferation and initiate differéation cascades
normally associated with embryogenesis. The transfd PGC must
accomplish this differentiation program without tHeenefit of
reciprocal parental (genetic) contributions fromtibization, which is
an obligate prerequisite for normal embryonal ddfeiation of the
totipotential zygote. Therefore, an understandihghe mechanisms
of human male GCT development has considerableaete for the
understanding of normal GC development, mechanigsGC
transformation, as well as the regulation of emba}dlifferentiation

pathways in mammals.

MOLECULAR GENETICS OF GCTS

The molecular basis of germ cell malignant transtttion is poorly
understood. The most common genetic alterationsctext in GCT
and ITGCN are a triploid/tetraploid chromosomal gbement and an
increased copy number of 12p, which results inhjyger-expression

of the product of the CCND2 gene, i.e.G1 cyclin (B®uldsworthet
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al., 1997). On the other hand, GCTs are often accoregay hyper-
expression of autocrine and/or paracrine growth angdiogenic
factors (Vigliettoet al., 1996; Baldassaret al, 1997).

Although the ITGCN cell is generally regarded as pinecursor of all
adult male GCTs, the target stage of GC developnatntvhich
transformation occurs is not known. Two models o of ITGCN
cells have been put forward. One was proposed lakkelbaeket al.
(see figure 10fSkakkebaek et al. 1997; Skakkebaek et al. 1998 T
model suggested that fetal gonocytes, which hawapesl normal
development into spermatogonia, may undergo abriaretladivision
mediated by a kit receptor/SCF paracrine loop,iteatb the origin of
ITGCN cells. The kit receptor is normally expresssdGCs during
the first trimester and postnatally during meiosiiereas SCF is
expressed by the Sertoli cells (Loveland et al. 7199 Gonocytes
derailed in their normal development have been ytastd to be
susceptible to subsequent invasive growth throunghediation of
postnatal and pubertal gonadotrophin stimulatidn.second model
proposed by Ulbright and Chaganti (Figure 11) todk account four
established genetic properties of GCTs, increased 12p copy
number, expression of cyclin D2 in CIS, consisteefr triploid-
tetraploid chromosome numbers, and abundant expnestwild-type
p53 (Chaganti et al. 1997) . They have postulatad the most likely
target cell for transformation during GC developieay be one with
replicated chromosomes that expresses wild-type pafors DNA
breaks, and may be prone to apoptosis. Such a istagpresented by

the zygotene-pachytene spermatocyte, at whichcafitbination
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Figure 10. Model of genesis of ITGCN by Skakkebaek. A normal
PCG escaped normal development and undergoes adinaet
division mediated by a kit receptor/SCF paracrimap| leading to the
origin of ITGCN cells . Then, loss of PTEN contries to enforce

neoplastic-phenotype.
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Figure 11 A diagrammatic representation of male GC develapm
during a normal life span and the proposed model GE

transformation. The key genetic events that unelerirmal male GC
fate and embryonal development are shown with rtgpdheir spatial
and temporal relationships. GCT development is aegi in the

context of normal GC biology as discussed in thé te
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checkpoint" appears to operate (Schwartz et al9199vhich can
provide an apoptotic trigger in the presence ofesolved DNA
double-strand breaks. This stage is temporally ldregest phase
during spermatogenesis with the cell cycle mackimaited to permit
recombinational events to complete. It also costaeplicated DNA,
and based on murine data, wild-type p53 proteinteimporally

expressed at this stage (Schwartz et al. 1999)coling to this
model, aberrant chromatid exchange events assdamtk crossing-
over during zygotene-pachytene may lead to increaks?Zp copy
number and overexpression of cyclin D2. Such a w&lly escape
recombination checkpoint-associated apoptotic nrespdhrough the
oncogenic effect of cyclin D2, leading to aberreginitiation of cell

cycle and genomic instability (Chaganti et al. 1997
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AIM OF THE WORK

During my work of thesis, we sought to determinesthler the tumor
suppressor lipid and protein phosphatase PTEN pdaysle in the
pathogenesis of germ cell tumors. We investigatéd: PTEN

expression in 60 male germ cell tumors (32 semiomad 22
embryonal carcinomas and 6 teratomas); (2) PTENessgmn in

intratubular germ cell neoplasia; and (3) the affeaf PTEN re-
expression in an embryonal carcinoma cell line.

We have investigated PTEN expression in 60 biogpgtiecimens of
germ cell tumors (32 seminomas, 22 embryonal cancas and 6
teratomas) and 22 intratubular germ cell neoplaa@djacent to the
tumors for PTEN protein and mRNA expression. Teatit¢alar

biopsies were used as controls. In the testis, PWall abundantly
expressed in germ cells whereas it was virtuallseab from 56% of
seminomas as well as from 86% of embryonal carcasorand
virtually all teratomas. On the contrary, intratldsu germ cell

neoplasias (ITGCN) intensely expressed PTEN, initigahat loss of
PTEN expression is not an early event in testicutamor

development. The loss of PTEN expression occurslgnat the RNA
level as determined by in situ hybridization oflgkdr mRNA (17/22)

but also it may involve some kind of post-transioipal mechanisms
in the remaining 25% of cases. Analysis of micrelitges D10S551,

D10S541 and D10S1765 in GCTs (n=22) showed LOHh@PTEN
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locus at 10923 in at least 36% of GCTs (3 embryaaatinoma, 3
seminoma, 2 teratoma); two seminomas and one @mdiy(13%)
carcinoma presented an inactivating mutation in HI&N gene
(3/22). Finally, we demonstrated that the phosplgatiositol 3'-
kinase/AKT pathway, which is regulated by the PTbsphatase, is
crucial in regulating the proliferation of the NT&/ embryonal
carcinoma cells, and that the cyclin-dependentddriahibitor p2'#**
is a key downstream target of this pathway.

The findings reported herein indicate that lossPGEN expression
may play a role in the development of testiculangeell tumors and
that the cyclin-dependent kinase inhibitor §27s a key PTEN target

in embryonal carcinoma cells.
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RESULTS

A. PTEN EXPRESSION IN NORMAL TESTIS

Normal germ cell epithelium showed positive cyteptéc staining for
PTEN, as observed in prostatic and endometriaheliim (Mutteret
al., 2000; McMenamingt al., 1999). Intense nuclear staining also
occurred in several cells, as reported for thyraidd endocrine
pancreatic tumor cells (Gimet al., 2000; Perrert al., 2000), though
the functional meaning of nuclear PTEN staining aera unclear. See
Figure 12 for a representative experiment. In nérteatis, PTEN
expression was heterogeneous: the outer layerlisf(spermatogonia,
spg) stained irregularly, with several cells shayyositivity for PTEN
expression; spermatocytes (spc) and spermatid9 é@épd stained
positive for PTEN antibodies (Figurel2 and 14 Anhdithelial cells

and Sertoli cells stained positive for PTEN (FigliBeand 14A).

B. PTEN EXPRESSION IN MOUSE TESTICULAR CELLS .

To better define the cells in which PTEN is expeglss normal testis,
immunohistochemical analysis was performed on kegations of
mouse testis using antibody against PTEN protelfieNP protein was
widely expressed in the germinal epithelium (speogania,
spermatocytes, spermatids) and Sertoli cells, wiveas not detectable
in spermatozoa (Fig 13A). The antiserum used is $hidy fulfils the
criteria of specificity. In particular, immunoadption tests revealed
that the labeling was totally blocked by preincidratof the antibody

with 10° M of the cognate peptide (data not shown).
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Maormal

Figure 12. Here is re-proposed the pathway of differentiatizat lead
from PGC to mature sperm (also seen in figure Qded with
immunoistochemical staining to underline PTEN espien in
spermatogonium (SPG) and spermatocyte (SPC) stzgeel(on the
right). As red line and blue arrows stress, theresgion of PTEN
drives apoptotis necessary for correct developraedt maturation of
spermatozoa.
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It has been confirmed the differential expressidnPGEN in the
different cell types in the mouse testis, by Westdot analysis of cell
extracts from adult mouse testis fractionated iterstitial, Sertoli,
spermatogonia, spermatocytes, spermatids, and afEOa.
Immunoblot analysis performed on cell types ennchmethe different
types of germ cells, showed a single product miggaas a 55 kDa
protein (Fig. 13B). Among germ cells, PTEN was atanmt in
spermatogonia, present in spermatocytes and spdsnatbsent in
spermatozoa in agreement with immunohistochemieslilts. PTEN

protein was also present in the interstitial anddlieextract cells.

C. PTEN EXPRESSION IN GERM CELL TUMORS

Subsequently we have analysed the expression oNPREGCTS.
ITGCN was present in 22 tumor samples. In all cases neoplastic
cells present in ITGCN showed strong PTEN stainAgwith normal
germ cells, PTEN occurred both in the nuclear anthe cytoplasmic
compartment of precancerous cells (Figure 14Bgrédtingly, in cases
in which tubules with ITGCN were entrapped insidildy malignant
tumor, strong PTEN expression was observed in ¢lie from ITGCN
but not in the adjacent area (Figure 14B): in f&XEN staining was
weak in the nuclei and cytoplasnof cancer cells. Conversely,
endothelial cells showed moderate to strong PTENession, and thus

served as internal positive controls.
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Figure 13. PTEN expression in the mouse testiculaells.

A. Localization of the PTEN protein in sections olihdnouse testis
by immunocytochemistry. A representative seminiisrotubule
showing staining in spermatogonia (spg), spermagscy(spc),
spermatids (spt), and Sertoli cells (ser) Magniioza 400X. B.
Western blot analysis of PTEN protein in mouse tathstis (lane 1),
interstitium (lane 2), Sertoli cells (lane 3), andnormal mouse testis
germ cells (lane 4-7) (50g/lane). Whole lysatesendtected by anti-
PTEN monoclonal serum or with anti-ERK antibodisgdi as internal
standard. ERK antibodies recognize both ERK1 andZERvhich are
expressed at similar levels in all cell types witte exception of
spermatozoa (Setatal., 1999).
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PTEN protein expression was reduced in tumors asessed by the
low signal obtained per single cell and by the dased number of
cells/field stained with the anti-PTEN antibody blall). In particular,
most embryonal carcinomas (19/22), approximatefb @ seminomas
(18/32) and virtually all teratomas (6/6) showedstaining with anti-
PTEN antibody. Moreover, the remaining tumors stobwesak and
focal PTEN staining. A representative immunodetecexperiment of
PTEN expression is reported in Figure 14, where NETiEgative
seminoma, embryonal carcinoma and teratoma arersfiéigure 14C,
D, and E, respectively).

To verify that the monoclonal anti-PTEN antibodyo(e A2B1) was
suitable for immunostaining experiments (FigureR)4serial 5-1 the
signal induced by the anti-PTEN antibody, demotisiga the
specificity of the reaction. Similar results weretained with another
monoclonal anti-PTEN antibody (#26H9) from Cell &a¢jing (not
shown). Recently, a testis-specific PTEN homologlesoted PTENZ,
has been described (W& al., 2001). However, since the C-terminal
peptides used for the generation of antibodies usetlis study, are
present in PTEN but absent in PTENZ2, it is highhlikely that the
antibodies recognized PTEN2 in immunostaining.

It has been next compared the immunoistochemicENP&xpression
with immunoblot data. First the specificity of theonoclonal PTEN
antibody to be used in immunoblot experiments watet. As positive
control, it has been used the breast cancer cal MCF7, which is
known to express PTEN, and as negative controhst leen used the

breast cancer cell line MDA-MB-468 that bears a fzggous deletion
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Figure 14. Immunoistochemical analysis of PTEN expssion in
normal testis, in situ neoplasia and germ cell tumors. APTEN
expression in human normal testis. Magnification0X0. spg,
spermatogonia; spc, spermatocytes; spt, spermatgts;Sertoli cells.
B. PTEN expression in intratubular neoplasia. Magation 400X.C.
Seminoma with rare focal and faint positivity foFEEN. Magnification
400X D. Embryonal carcinoma negative for PTEN staining.
Magnification 400X. E. Teratoma negative for PTEN staining.
Magnification 400X.F. Peptide neutralization assay. Serial sections
derived from the same biopsy were incubated witmactonal anti-
PTEN antibody with and without (inset) a molar essepeptide
antigen. Magnification 150X. sections of the sanangles were
incubated with anti-PTEN antibody with and with@uflO-fold excess
of a competing peptide. As shown in the inset @juFé 1F, peptide
competition almost completely abolished
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No. samples Diagnosis PTEN immunohistochemistry

10 Normal testis +++ (10/10)
22 ITGCN +++ (22/22)
32 Seminoma +/- (14/32)
- (18/32)
22 Embrional carcinoma +/- (3/22)
- (19/22)
6 Teratoma - (6/6)

Table Il. PTEN expression in germ cell tumors
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of PTEN and a truncating mutation in exon 2 of temaining allele,
which results in the loss of PTEN expressionefial., 1999).

The anti-PTEN antibody recognized a single bant5e60 kDa only in
the MCF-7 cells but not in the MDA-MB-468 cells ¢gire 15A).

Then it has been determined PTEN expression inrib@apy germ cell
tumors (8 seminomas and 8 embryonal carcinomas)ngusi
immunoblotting, selecting them on the basis of PTEXpression,
among the samples undergone immunohistochemicglsssmaProteins
from 4 non-neoplastic testes served as controls (limal testis). The
amount of PTEN protein was high in normal testigFe 15B, lane 1)
and low in several tumors (6/8 seminomas and 6/&rgonal
carcinomas presented low PTEN expression, respégiivSee for an
example figure 15 B. A good correlation betweenithemunostaining
and immunoblot data was observed.

Because PTEN activity prevents AKT activation imaiety of human
tumors and cell lines (Haas-Koganhal., 1998; Bruniet al., 2000), it
has been investigated whether the down-regulatid?T&N observed
in testicular tumors resulted in AKT activation, asered as increased
phosphorylation at specific serine (ser473) ancedhine (thr308)
residues. To this end, it has been determined xpeession and the
phosphorylation status of AKT in the same represéerd set of tumors
(Figure 15B). As expected, AKT phosphorylation orr4&’3 was
higher in some tumors (Figure 15B, lanes 1, 3,4, @, 10, 11, 14, 15,
and 16) than in normal testis. Ten out of elevendrs with low PTEN

expression had high levels of phosphorylated Algyfe 15B, lanes: 1,
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Figure 15. Western blot analysis of PTEN expressioin normal
and neoplastic testis A. The monoclonal anti-PTEN antibody
recognized PTEN protein in MCF7 cells but not in AHMB-468 cells
used as positive and negative controls, respegtivBl PTEN
expression and AKT phosphorylation in germ cellrtfranicrograms
of total proteins were resolved on 10% SDS-PAGEngferred to
nitrocellulose filters and western blotted with igfTEN monoclonal
antibody, anti-phospho-Ser473 AKT and anti-total TAKAntibodies to
[-tubulin served as loading control. Lane NT: nornmiaistis;
seminomas: lanes 1-4, 9-12 ; embryonal carcinofaass 5-8, 13-16.
Films were scanned and the intensity of bands wastdied by the
NIH Image 1.57 program.
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4,6,7,8,10, 11, 12, 14, 15 and 16). Asubulin antibody was used
as a loading control. In general, PTEN expressmwersely correlated
with the level of phosphorylated Akt. Exceptionsrgv¢éumor SE2 in
lane 2, which showed low Akt phosphorylation in ffresence of low
PTEN expression and tumor SE3 in lane 3, which slgonigh Akt
phosphorylation in the presence of high levels BER protein. While
we do not have any reasonable explanation for tuBR, Akt
hyperexpression or activating mutations in the Pt@alytic subunit
may account for increased Akt activity in the cade¢umor SE3 as

recently reported (Samuedsal., 2004).

D. ANALYSIS OF PTEN'S mRNA LEVEL IN GERM CELL
TUMORS

In order to assess whether loss of PTEN proteimotstrated by
immunohistochemistry and confirmed by immunoblot,asw a
consequence of reduced mRNA expression, it has Ipegiormed
MRNA In Situ Hybridization (ISH) on a subgroup adrgh cell tumors
selected for being negative for the expression DENP protein (12
seminomas, 6 embryonal carcinomas, 4 teratomaskulRe are
reported in Table Il. It has been observed a dicectelation between
the amount of PTEN protein and PTEN-specific mMRNA75% of
cases. The majority of seminomas (9/12, 75%), eortalycarcinomas
(5/6, 83%) and teratomas (3/4, 100%) analysed sticeguced or no
MRNA in tumor cells (Fig. 16B and C). An example sgminoma
positive for PTEN's mRNA expression is shown inufig 16 D.

Staining for PTEN mRNA was observed instead insti@ples
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Figure 16. In situ hybridization analysis of PTEN expression in
normal testis and germ cell tumors. AExpression of PTEN mRNA
in human normal testis. Magnification 400)8. Expression of PTEN
MRNA in a PTEN deficient seminoma. Magnification 0%0 C.
Expression of PTEN mRNA in an embryonal carcinoragative for
PTEN staining. Magnification 400XD. Expression of PTEN mRNA
in seminoma positive for PTEN staining. Magnificati400X.
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positive for PTEN protein (not shown). In all casesn-neoplastic
atrophic tubules, adjacent to the tumor, showed leanc and
cytoplasmic staining of germinal cells, thus fuontng as internal
control (Fig. 16A). Conversely, 5 out of 22 cas@8%) analysed

retained PTEN mRNA despite absence of protein egma (Table

).

E. GENETIC ANALYSIS OF PTEN IN GERM CELL TUMORS
PCR-based analysis to determine LOH of markersrspgrihe PTEN
locus was performed on a series of 22 germ celbtusamples (12
seminomas, 6 embryonal carcinomas and 4 teratoraad) the
corresponding adjacent normal tissues. Resultseperted in Table
[ll. All samples were analysed for microsatellitenkers surrounding
the PTEN locus at 10923 (D10S551, D10S1765 and B4DS In
particular, these markers present a centromereldoaere orientation,
covering 5 MB of chromosome 10 that includes th&RTocus. The
5 end of the PTEN gene is approximately 20 Kb dstneam
D10S1765 and the 3’ end 270 Kb upstream of D1035é# figure
17). Three samples were non informative (NI) fol0B%51 (see Table
[l), three were non informative for D10S1765 awdif for D10S541.
Overall, the LOH frequency in germ cell tumors wd$6 (9 of 22).
Four of 19 informative samples were homozygous Ba0S551, 7

samples exhibited apparent LOH for D10S1765 arat ®10S541.
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Figure 17. Here it is shown the position of microsatelliggslyzed for
LOH of PTEN, on chromosome 10. The 5’'end of PTEMbsut 20kb
downstream of DS1765 while the 3’end about 270 kipstream
D10S541
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Tumor N10SKhhT | D10S176 | D10SH41 PTEN
1 NIT NIT
?
3 A A A
4 NIT
5 NIT
A A
7
R NIT
9
10 A A V1196
11 A NIT
12
13 A Y138 Term
14 A A A
15 NIT
164
17 A A
1R
19 NIT NIT R?233H
20
21
22 A
Table 1. Here they are summarized results concerning the

investigation on LOH and point mutations. It hasereused the
following formula to calculate LOH:pgak height of normal allele 2)/
(peak height of normal allele 1) divided by (pea&kgiit of tumor allele
2)/ (peak height of tumor allele 1). LOH at a sangbcus was
considered present when the difference betweernwbealleles was
50%. NI, not informative
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Five samples showed LOH at two loci while the miyasf samples
showed LOH for just one marker. LOH was slightlyrendrequent in
embryonal carcinomas and teratomas (3 of 6 and@spectively) than
in seminomas (3/12).

Subsequently, we analyzed the same 22 germ celorturfor the
presence of mutations in the coding region of Ri&N gene by PCR
amplifying all the nine exons of the PTEN gene andsequent direct
automated DNA sequencing of the PCR products. GendNA
extracted from paraffin-embedded samples was aiegblifsing intron-
specific primers that flanked exons 1-9 as pre\nodsscribed (Bruni
et al., 2000). Samples from the corresponding adjacennal tissues
were included as controls. Results are reportedahle Ill. DNA
sequencing of exons 1-9 BTEN gene demonstrated the existence of a
pathogenetic mutation in three samples (2 embryca@inomas and 1
seminomas): a TAT->TAG transversion at the codd® ib3xon 5 that
caused the formation of a premature terminatiorond®,3g->term) in
a patient affected by a seminoma (# 13); a trasswerin the codon
119 GTT->GGT that causes V119->G mutation in agmataffected by
embrional carcinoma (# 10) (see figure 18); a itamsCGC->CAC at
the codon 233 in exon 7 that caused.gRH missense mutation in
another patient affected by an embryonal carcingthd9). These
mutations likely impair PTEN function: the missensetation (Rsz
>H) hits a residue that has been reported to bealger mutated in a

family affected by Cowden Disease (Li&hal. 1997). On the other
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150 160 170
AAGAT GACAAT CATGT TGCAGCAA

150 160 170
AAGATGACAATCAT GOGT GU AGC AL

Figure 18.Chromatogram inherent to mutation GTT->GGT which
determines the mutation V119G in the 5 exon. s &xample of
seminoma, PTEN expression is manteined (see partekeaight) but

its function is lost.
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hand, the mutation Y138term generates a truncatetkip whose
function is impaired. Accordingly, a mutation thwis the residue 139
has been found in a patient affected by Cowdend3ese

Finally, the other mutation in the 5 exon , prdgalmpair right
phosphatase activity of PTEN, since it is locatedthe catalytic
domain. Thus, our analysis demonstrated the presefcsomatic

mutations (at a frequency of about 9%) in sporgeien cell tumors.

F. REGULATION OF PTEN EXPRESSION IN EMBRYONAL
CARCINOMA CELLS

The finding that post-transcriptional mechanisms iavolved in the
loss of PTEN expression in at least a quarter off§Q0nade us
investigate whether protein degradation was inwbliue the loss of
PTEN expression by using the embryonal carcinoma/NT cell line
as a model system.

To determine the molecular mechanisms whereby P@&ghession is
lost in neoplastic germ cells, we used a well-knawodel of human
embryonal carcinoma cells: the NTERA-2 cell line TMD1)
(Andrews, 1984). Though this cell line derives franate stage lesion
(embryonal carcinoma cell line), and does not altoweproduce the
transition from early-lesion (ITGCN) to late lesi¢mll blown cancer),
it still represents a good model because is amertalinanipulation in
vitro, allows to study the mechanisms whereby PT&gression is

regulated in EC cells and finally allows to pingoithe relevant
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pathways downstream PTEN.

Treatment of NT2/D1 cells with two highly specifigroteasome
inhibitors (the peptide aldheydé-acetyl-leucyl-leucine norleucinal or
LLnL and the inhibitor MG132) increased the level BTEN.
Treatment of NT2/D1 cells for 2, 8 or 12 hours w2th /M of MG132
(Figure 19A, lanes MG), or 50M of LLnL (not shown) resulted in 2-
4.5 fold increase in the level of PTEN expressiompared to DMSO-
treated cells (Figure 19A, lanes C), suggesting ithembryonal level
of PTEN RNA and protein (Figure 19B), suggestingttPTEN
promoter methylation is not implicated in the dowegulation ofPTEN

expression in NT2/D1 cells.

G. ADOPTIVE EXPRESSION OF PTEN INTO EMBRYONAL
CARCINOMA CELLS INDUCES GROWTH ARREST
Subsequently, we used the NT2/D1 cells also asdehsystem to
determine the effects exerted by PTEN in neoplageem cells.
NT2/D1 cells were plated in 10-mm dishes and treected with wild
type or mutant (C124S, G129E) FLAG-tagged PTEN tonts
(FLAG-PTEN, FLAG-PTEN/C124S or FLAG-PTEN/G129E) with
the control empty vector. Forty-eight hours afteansfection, cells
were collected and analysed by FACS. Enforced PEEpression in
NT2/D1 cells resulted in G1 arrest but not apostasi 24-48 hours
(Figure 20A). In fact, 50.3% of NT2/D1 cells traested with wild
type FLAG-PTEN were in gphase versus 29.4% of vector-transfected
cells. Neither C124S nor G129E PTEN mutants sugpceggrowth

(30% and 30.5% of cells were in the g@@mpartment, respectively).
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Figure 19. Regulation of PTEN expression in embrywl
carcinoma cells

A. Treatment of NT2/D1 cells with with 20M DMSO (C) or MG132
(MG) for the indicated times (2, 8, 12 hour8).Northern blot analysis
of PTEN expression in NT2/D1 cells treated withvsolt alone or 5
[IM 5-azacytidine for 2 days.
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Because the G129E PTEN mutant has lost the lipidspimatase
activity but not the protein phosphatase activithese findings
demonstrate that the growth suppression inducedT®N in NT2/D1
cells requires the ability to dephosphorylate ligddt not protein
substrates. Statistical analysis was performed gushe one-way
ANOVA with post-hoc multiple comparisons assesséd e 2-tailed
Dunnett’s t test, and the differences resultediative (p<0.05).
Treatment with pharmacological PI3K inhibitors LY&Z®2 or
wortmannin for 24 h decreased the proliferatiorbdast cancer cell
lines (Lu et al., 1999). To determine the relevance of the
PIBK/PTEN/AKT pathway in embryonal carcinoma cellsye
investigated the effects exerted by PI3K inhibit¢k&294002 and
wortmannin) on NT2/D1 cells. As with PTEN, treatrhei NT2/D1
cells with 20 [IM LY294002 (or 25JM wortmannin, not shown)
greatly reduced S phase entry as determined bydidametry (Figure
20B) and BrdU incorporation (Figure 12A). Therefarenibition of the

PI3K pathway induces G1 arrest in NT2/D1 cells.

H. PTEN-DEPENDENT GROWTH ARREST IN EMBRYONAL
CARCINOMA CELLS REQUIRES p27 ™
Previously, it has been have demonstrated that’b2ya key regulator

of the growth and differentiation of NT2/D1 celBdldassarret al.,
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Control FLAG FLAG-PTEN C1245 G129E ANDWVA
(n=3)  (n=3) {n=3) {n=3) (n=3) P
=G0IG1 2.0:04 48:09° 3.8=07" 4.5+0.8" 2.6=0.5 0.002
GO/G1 298930 294229 50.3=5.6" 30035 30529 =0.001
5 41.0=3.9 39 8241 28 12 7" 389 1=3.7 40.7+«3.9 0.003

G2/m 27230 258928 15.821.7" 264228 262+32 0.047

Control (n=3) LY 294002 (r=3)
Apoplosis 0.9.0.2 T.4-18%
GO/G1 30837 55.3.6.61
5 42 2-51 1982 41
G2/M 26.1=2.9 178159

Figure 20. PTEN-induced growth suppression in NT/D1 cells. A.
Flow cytometry of NT2/D1 cells transfected with evilype and mutant
PTEN constructs. Values are means + SD, of 3 exsats. Statistical
analysis was performed using the one-way ANOVA witfost-hoc
multiple comparisons assessed with the 2-tailed netiis t test. *
p<0.05 vs ControlB. Flow cytometry analysis of NT2/D1 cells treated
with DMSO alone or with the PI3K inhibitor LY29400%alues are
means + SD, of 3 experiments. Data are mean veliz Data are
mean value SD. Statistical analysis was perforosdg the unpaired
2-tailed Student’s test. *p<0.05, tp<0.01, $p<0.005 vs Control.
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1999; Baldassarret al., 2000). The function of p#%* is regulated by
the activity of the PTEN/PI3K/Akt pathway throughifferent
strategies. In different cell lines the PTEN/PI3KiAvathway regulates
both expression and localization of 27 (Da-Ming & Hong, 1998;
Bruni et al.,, 2000; Vigliettoet al., 2002). Therefore, it has been
investigated: (1) whether inhibition of PI3K siginad either by PTEN
or by change of localization and (2) whether {2 up-regulation was
required for the growth-inhibitory effects exertey blocking the PI3K
pathway.

FLAG-PTEN expression in NT2/D1 cells or treatmenthwthe PI3K
inhibitor LY294002 reduced AKT phosphorylation (Eig 21A, lanes
2 and 3, and Figure 21B, lanes 2-4, respectivalyjl induced a two-
fold increase in the levels of p&? (Figure 21A, lane 2, and Figure
21B, lanes 2 and 3, respectively).

Furthermore, adoptive expression of PTEN and/omattnent of
NT2/D1 cells with LY294002 induced cytoplamic resédization of
p27*! (Figure 22A). The effects exerted by PTEN or by294002 on
p27*! were similar, in agreement with the concept thét wype
PTEN as well as LY294002 block PI3K-dependent atitbn of Akt;
conversely, the mutant PTEN allele G129E has necefbn the

localization and the phosphorylation of f?(see figure 22B).
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PTEN

:
‘M
t

p27

P-AKT (Serd473) —

AKT — — —
p27 AS - - +
LY294002 - + + +
p27TMS - - + -
p27AS - - - 4
p27 — -

P-AKT (Serd73) | =
AKT [

Figure 21. Up-regulation of p2#** in NT2/D1 cells by blockage of
the PI3K pathway. A. Immunoblot analysis of PTEN, AKT and
p27P! expression in NT2/D1 cells transfected with PTEMstructs.
Lane 1, FLAG-transfected cells; lane 2, FLAG-PTE&Rsfected cells;
lane 3, FLAG-PTEN-transfected in the presence of‘P2antisense
oligonucleotidesB. Immunoblot analysis of analysis of PTEN, AKT
and p2¥*' expression in LY290042-treated NT2/D1 cells, ire th
presence or in the absence of anti‘f27ntisense oligonucleotides.
Lane 1, proliferating NT2/D1 cells; lane 2, LY29@#eated NT2/D1
cells; lane 3, LY290042-treated NT2/D1 cells in ginesence of control
oligonucleotides; lane 4, LY290042-treated NT2/Déll< in the
presence of pZ?* antisense oligonucleotides.
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Figure 22. Nuclear accumulation of p2¥* in NT2/D1 cells by
blockage of the PI3K pathway.

A.Immunoblot analysis of p#7' localization on cytoplasmic and
nuclear extracts of NT2/D1 cells treated with LYR02 or transfected
with PTEN constructs. Lane 1, untreated mock-trectst cells; lane
2, mock-transfected cells treated with 1M LY294002; lane 3, wild
type FLAG-PTEN-transfected cells; lane 4, G129E BH-RTEN-
transfected cells.[]-tubulin and SP1 were used as controls of
fractioned proteinsB. Immunoblot analysis of p#7 phosphorylation
on cytoplasmic and nuclear extracts of NT2/D1 célesated with
LY294002 or transfected with PTEN constructs. Ldneuntreated
mock-transfected cells; lane 2, mock-transfectdl$ ¢eeated with 10
1M LY294002; lane 3, wild type FLAG-PTEN-transfecteells; lane
4, G129E FLAG-PTEN-transfected cells
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To determine whether p#7 was necessary for the growth arrest
induced by wild type PTEN and LY294002 in NT2/D1lllgewe
suppressed pS7 expression by using antisense oligonucleotides, an
measured S phase entry by determining the ratedif Bicorporation.
Antisense oligonucleotides (1IM) spanning the ATG initiation codon

of p27** efficiently blocked the increase in p®7 expression induced
by PTEN or LY294002 in NT2/D1 cells (Figure 23An&a 3, and
Figure 23B, lane 4) and almost completely resciredgrowth arrest
induced by PTEN or by PI3K inhibitors (Figure 23Anda B,
respectively).

Transfected cells were identified by cotransfectbnelevant plasmids
with pEGFP, a plasmid encoding the eukaryotic graatofluorescent
protein (EGFP). pFLAG-transfected cells incorpodaBedU (yellow
arrows); whereas FLAG-PTEN-transfected cells didt ravhite
arrows).However, when NT2/D1 cells were transfeoteth FLAG-
PTEN inthe presence of 1M of p27** antisense oligonucleotides,
PTEN-transfected cells incorporated BrdU (yellowoar). Analogous
results were obtained when cells were treated WitB94002. Taken
together, these results indicate that the cyclipeddent inhibitor
p27%*! is required for PTEN growth-suppressing activityembryonal

carcinoma cells and that this effect is mediate Ky .
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Figure 23. PTEN exerts its growth suppression adatity through
p27“** A. BrdU incorporation assay of NT2/D1 cells transéectvith
PTEN constructs in presence or absence of “f27ntisense
oligonucleotides. First column: green FLAG-transéec cells
incorporate BrdU (yellow arrow). Second column:egyré-LAG-PTEN-
expressing cells do not incorporate BrdU (whit@as). Third column:
green FLAG-PTEN-transfected NT2/D1 cells incorperBrdU in the
presence of pZ?* antisense oligonucleotides (yellow arrow). A 100X
Neo-Achromat Zeiss lens was used. Data are mearDt o 3
experiments; p<0.01B. BrdU incorporation assay of NT2/D1 cells
treated with DMSO alone (column 1), LY294002 (cotu@) or with
LY294002 in the presence of excess of %27 antisense
oligonucleotides (column 3). First row: transfectadls are identified
by green fluorescence of EGFP; second row: celd ihcorporate
BrdU are stained with Texas Red —conjugated secgnaiatibodies
(red); third row: cell nuclei stained with Hoecltbtue). A 100X Neo-
Achromat Zeiss lens was usd2hta are mean + SD, of 3 experiments;
p<0.01.
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DISCUSSION

Inactivation of the tumor suppressor gedEN leads to the
development of testicular germ cell cancer in leggous mice
(Suzuki et al., 1998; Di Cristofancet al., 1998; Podsypaninet al.,
1999; Kimuraet al., 2003). In this study we address whether PTEN is
also implicated in the development of human GCTem{gaomas,
embryonal carcinomas and teratom&3)r results clearly demonstrate
that the loss of PTEN expression marks the tramsifrom non-
invasive ITGCN to invasive cancer, being PTEN egpi@en retained in
ITGCN, the presumed precursor lesion of germ ceiidrs, and lost in
tumors. Since ITGCN frequently progresses to invasiancer, the
findings reported in this study, suggest that PTIEds is required at
later stages of cancer development to facilitagectimergence of a more
aggressive phenotype.

This conclusion is in agreement with the concept RTEN may be
inactivated at different stages of tumor developnientiation and/or
progression) in different tissues, and thus sefwesdifferent purposes
depending on cell type (Ilgbal, 2000): In endométcancer PTEN
expression/activity is already absent in early,caneerous lesions
(complex atypical hyperplasia) (Mutterral., 2000); conversely, PTEN
loss is associated with a high Gleason score irstgt® cancer

(McMenaminet al., 1999); with advanced pathological stage in high-
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grade glioblastomas (Wargjal., 1997; Rasheed al., 1997), and late
stage disease (metastatic) in melanomas (£hal, 1998).

In situ hybridization analysis of GCT samples which hast IBTEN
protein supported the hypothesis that loss of PpENein reflect the
reduction of PTEN mRNA levels. Moreover, the gemetnalysis of
GCTs performed in this study with microsatellitesusning about 5 Mb
around thePTEN locus at 10923 (D10S551, D10S1765 and D10S541),
clearly implicated PTEN loss in the developmenadfubset of GCTs
(approximatively 35%). Consistent with the ideattl®¥EN is the
major target of deletion at 10923 in GCTs, LOH wasst frequent for
D10S1765, which is closest t8TEN (Table Ill). In GCTs, loss of
genetic material associated with chromosome 10g28bserved in
seminomas, embryonal carcinomas and teratomas. dviere DNA
sequence analysis of exons 1-9 of fAR€EN gene uncovered the
presence of mutations in tHEEN gene in three cases (13%); in all
cases, the inactivating mutation was found in apgarthat retained a
certain degree of PTEN expression (#10, #13, #18) was not
accompanied by LOH. Overall, our results demonstthat one copy
of PTEN is lost in 50% of GCTs. These results avasestent with
previous studies on the cytogenetic profile of harhamors, that have
shown a range of 10-15% loss of chromosome 10qGi <3 Mertens
et al., 1997), and with the report of 60% LOH and 33%tatians in
cultured testicular cancer cell lines (Tezt@l., 1997). The observation
that about 25% of GCTs retain PTEN mRNA expressi@spite
decreased PTEN protein levels, along with the figdhat, in NT2/D1

cells, PTEN expression is up-regulated by pharnoggcdl inhibition
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of the proteasome, indicate that increased turnp¥ed?TEN protein
may account for the loss of PTEN expression in dditenal 25% of
GCTs.

These results are in agreement with the recentinndhat the
regulation of PTEN expression may occur through dbetrol of the
stability of the protein (Torres J, & Pulido R, 200Nu et al., 2003;
Okaharaet al., 2004). However, we can not rule out the existeot
other mechanisms, such as promoter methylatiorn, dbatribute to
inactivate PTEN gene in GCTs, especially in thoasses that did not
apparently show LOH, mutations or retainmenP®EN mRNA.
Previous works have failed to detect the presehd@T&N protein in
the seminiferous tubule of the 17-day embryo inlihenan (Gimmet
al., 2000) and PTEN mRNA in the mouse embryo (Lukketkal.,
1999). However, PTEN mRNA is easily detected bytNem blot in
the whole testis (Suzuket al., 1998) and by immunoblot and
Immunostaining in maturating germ cells in adultite (this work).
Furthermore, targeted inactivation Bfen in mouse predisposes for
development of teratocarcinomas and teratomas kKbwtwal., 1998;
Di Cristofanoet al., 1998; Podsypaninet al., 1999; Kimuraet al.,
2001).

In the testis, germ cells undergo a complex progodrproliferation
and differentiation to form mature sperms (Chagé&ntiouldsworth,
2000). Correct proliferation and apoptosis is regpiito regulate the
size of cell lineages and the timing of differetitia (Matsui, 1998;
Chaganti & Houldsworth, 2000). Therefore, the lostE PTEN

expression observed in GCTs may serve multipleqgaep in germ cell
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transformation. The window in which PTEN is expeskén mouse and
human testis, as observed in this work (spermaiagos
spermatocytes -> spermatids), overlaps the timfngassive apoptosis
that occurs during maturation of germ cells in seeniniferous tubule
after birth (Chaganti & Houldsworth, 2000). By peeting apoptosis-
driven germ cell selection and maturation, PTENs leguld allow
clones of germ cells to elude programmed cell deati undergo
malignant transformation. In agreement with thigugpht, the targeted
disruption of Aktl in the mouse, as well as thed&kin” mice of Stem
Cell Factor/Kit receptor mutated in the dockinge dibr the regulatory
subunit of the PI3K, attenuates spermatogenesisrahates testicular
atrophy, due to increased apoptosis restricted hi® germ cell
compartment (Cheet al., 2001).

PTEN loss may also result in unrestrained cell eymlogression and
prevention of terminal differentiation. Accordinglst recent paper has
suggested that estrogen-mediated PTEN down-regulatarkedly
increases the growth of primordial germ cells itiure and that PTEN-
deficient germ cells are much more sensitive to cugenic
transformation induced by proliferative stimuli (Bt@Behrenset al.,
2003). Indeed, primordial germ cells fropten-/- mice exhibit an
increased proliferative capacity (Kimuggal., 2003).

The serine/threonine kinase PKB/Akt is an importeeliular target
downstream PTEN that transmits proliferative andi-apoptotic
signals (Datteet al., 1999). Accordingly, the loss of PTEN in GCTs
inversely correlated with Akt activation. Moreovethe adoptive

expression of PTEN in embryonal carcinoma NT2/Dllscand
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pharmacological inhibition of the PI3K pathway iéd a reduction in
the level of Akt activation.

Blockage of the PI3K/PTEN/Akt pathway arrests theowgh of
embryonal carcinoma cells. PTEN-transfected or LA@®-treated
NT2/D1 cells accumulate in G1 phase but show no sfgapoptosis, at
least after 24-48 h. Defective regulation of cejtle progression in
PTEN-deficient germ cells may depend either ongased expression
of cyclins or on decreased expression of CDK irthiisi In fact, Akt
increases the stability of cyclin D1 by suppressiyhgcogen synthase
kinase-3 (GSK-3) activity, which targets cyclin Bilphosphorylation-
mediated degradation (Dielet al., 1998). As the threonine residue
phosphorylated by GSK-3 is highly conserved inDallype cyclins, it
is likely that Akt regulates also the levels of loyd2 and D3. Thus,
the loss of PTEN function may contribute to the rexeression of
cyclin D2 frequently observed in germ cell tumoShéganti &
Houldsworth, 2000).

On the other hand, the cyclin-dependent kinaseitatip27*is a key
target downstream the PI3K/Akt signalling pathwarupi et al.,
2000). Also in embryonal carcinoma cells the eHeeixerted by
inhibition of the PI3K/Akt pathway on cell cycle qgression are
dependent on p&?. In fact, our results demonstrate that the adeptiv
expression of PTEN and the pharmacological inkahitiof PI3K
activity with LY294002 moderately up-regulates §%7in NT2/D1
cells and that suppression of 27 synthesis by antisense
oligonucleotides prevents growth arrest inducekeeiby PTEN or by

LY294002. It is noteworthy that the PTEN mutant,iebhlacks lipid
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phosphatase activity but retains protein phospbkatastivity (i.e.
G129E) neither induces p&? expression nor blocks S phase entry.
The PI3K pathway also regulates sub-cellular |aedibn of p2¥**
through Akt-dependent phosphorylation of §27(Viglietto et al.,
2002). Accordingly, PTEN-dependent inactivationAKt in NT2/D1
cells results in the accumulation of §2%in the nuclear compartment.
This suggests that regulation of 27 localization may contribute,
along with regulation of p#?* expression, to the proliferative arrest
induced either by PTEN or by LY294002 in NT2/D1lsel

In conclusion, inactivation of PTEN is a criticaég in the progression
of germ cell cancer, and the cyclin-dependent ldnakibitor p2#** is

a key target of PTEN signalling pathway. Furthedsts are necessary
to identify the molecular targets that act dowramePTEN in the

transformation of the germ cell.

MATERIALS AND METHODS

Preparation of mouse testicular cells

Testicular cells were prepared from testes of a@lifi mice (Charles
River Italia). Testes were freed from the albugimeambrane, and
digested for 15 min in 0.25% (w/v) collagenase €y, Sigma) at

room temperature under constant shaking. Seminietobules were
cut into pieces, with a sterile blade and furthigredted in minimum
essential medium containing 1 mg/ml trypsin for @tn at 30°C.

Digestion was stopped by adding 10% fetal calf memeleased germ
cells were collected after sedimentation (10 mimoaim temperature)

of tissue debris. Germ cells were centrifuged ®niin at 1,500 rpm at
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4°C and the pellet resuspended in 20 ml of elubmamedium (120.1
mM NaCl, 4.8 mM KCI, 25.2 mM NaHC£1.2 mM MgSg (7H;0), 1.3
mM CaCh, 11 mM glucose, 1X essential amino acid (Life
Technologies, Inc.), penicillin, streptomycin, 0.5%©vine serum
albumin. Pachytene spermatocyte and spermatid gmzlts were
obtained by elutriation of the unfractionated sengkll suspension as
described elsewhere (Meistrich, 1977). Homogenedjy cell
populations ranged between 80 and 85% (pachyteasmsgpocytes)
and 95% (spermatids), was routinely monitored molqically.
Mature spermatozoa were obtained from the caudaeoepididymus
of mature mice as described previously (Sedte al., 1997).
Spermatogonia and Sertoli cells were obtained fpoepuberal mice as

previously described (Rosatial., 1993; Grimaldet al., 1993).

Cdll lines and Reagents

The embryonal carcinoma NT2/D1 and the breast M@Rd MDA-
MB-468 tumor cell lines that have been used in shigsly are described
elsewhere (Luet al., 1999; Andrews, 1984). Cells were grown in
Dulbecco’s modified Eagle's Medium (DMEM) contaigit0% foetal
calf serum (FCS) (Invitrogen). MG132 and 5-azadiye were from

Sigma-Aldrich (St. Louis, MO, USA).

Tissue samples and Immunohistochemistry
Paraffin-embedded specimens were obtained from diheScienze
Biomorfologiche e Funzionali, Universita Federido(Naples, Italy).

For PTEN detection, sections were dewaxed and atedb with
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primary antibody for 1 h at room temperature. Toeventional avidin-
biotin complex procedure was used according to frigtwrer’s
protocol (LSAB Plus DAKO, Carpinteria, CA, USA). Moclonal anti-
PTEN antibodies were purchased from Santa CruzBnotology Inc.
(clone A2B1) and from Cell Signaling (#26H9). Po&t signal was
revealed by DAB chromogen, according to the supplieonditions.
Nuclei were counterstained with Mayer hematoxylior peptide
neutralization control, the reaction with anti-PTEdMhtibody was
preceded by overnight incubation with a ten-foldcess of the

corresponding peptide antigen (Santa Cruz BiotdodgyolInc.).

In Stu Hybridization

In situ hybridization was performed using biotifddled probes at
5'0OH, which were obtained tailing reaction usingotbi-dUTP as
marker. Hybrid detection was achieved by amplifarat using

biotinylated tyramide (Gen Point K620 Kit, DAKO, fpanteria, CA,

USA). Sections were prepared from each sample ssalyad according
to the instructions of the Dako Gen Point K620 Htiefly, sections
were deparaffinized, re-hydrated, treated withgiratise K (6g/ml) in a
buffer of Tris-HCI 0.05M, pH7.6, and then incubatad.3% HO,, at

RT, for 20 minutes, to quench endogenous peroxid&yatimal

hybridization and stringent wash temperatures wdstermined and
slides were rinsed in the stringent solution predidwith the Kkit.

Amplified detection was performed using an antiedigenin antibody
coupled to a peroxidase (HRP) which precipitatedtitylated

tyramide. The precipitated biotin bound to stremswlinked HRP,
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which in turn precipitated the dimethylaminobenaéli (DAB)
chromogen provided with the kit. Nuclei were coust@ned with
Mayer's hematoxylin. Negative controls were obtdimsing an anti-

sense probe.

Protein extraction and immunobl otting

Total proteins were prepared as described (Bald&saiaal., 1999a).
Differential extraction of nuclear or cytoplasmimfeins was obtained
by lysing cells in ice-cold Nonidet-P40 (NP-40)iy/buffer (0.2% NP-
40, 10 mM Hepes pH 7.9, 1 mM EDTA, 60 mM KCI) suppkented
with protease and phosphatase inhibitors (aprajnileupeptine,
PMSF, and okadaic acid) and incubated on ice foirb The cytosolic
fraction was collected by centrifugation. Nucleireeseparated through
a 30% sucrose cushion and lysed by resuspensioncescold
hypertonic buffer (250 mM Tris-HCI pH 7.8, 60 mM HC
supplemented with phosphatase and protease intsipitollowed by
repeated cycles of rapid freeze and thaw. Protegre separated by
electrophoresis in SDS-containing polyacrylamidés,ggansferred to
nitrocellulose membranes (Hybond C, Amersham PhaiamRiotech,
Inc.), blocked in 5% non-fat dry milk, incubatedthviprimary and
secondary antibodies for 2 hours and 1 hour, réisedc and revealed
by enhanced chemiluminescence (ECL, Amersham PleagarBéotech,
Inc.). Polyclonal antibodies to phospho-AKT-Ser4ai3d AKT were
purchased from New England Biolabs (Lake Placid);Nionoclonal
anti-p27#** and anti-R-Tubulin were acquired, respectivelyonfr

Transduction Laboratories and NeoMarkers. Two PTaiibodies
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were used in this study both for immunoblot and imstaining: a
monoclonal antibody elicited to a C-terminal peetiftlone A2B1)
from Santa Cruz inc. and a monoclonal antibodyiteticto a C-
terminal peptide (PTEN 26H9) from Cell SignalindheTanti phospho-

Akt motif antibody was from Cell Signaling (#9611).

Vectors and Transfections

The PTEN constructs are described elsewhere (Beumi., 2000).
Transfection experiments were performed as destiiBaldassarret
al., 1999). NT2/D1 cells were seeded at a densitgxdf® cells per
100-mm dish. The next day, cells were transienmtyngfected by the
lipofectamine 2000 procedure (Invitrogen). Fortgkei hours post-
transfection, cells were scraped into ice-cold RB8 lysed in NP-40
lysis buffer. Where needed, the §27antisense oligonucleotides (5'—
GTCTCTCGCACGTTTGACAT -3') were used at a concerarabf 1

M.

DNA preparation and mutation analysis by direct DNA sequencing
Paraffin-embedded germ cell tumors and the corredipg adjacent
normal tissue samples were selected from the paghiofiles of
Dipartimento di Anatomia Patologica, Universita &gdo Il (Naples,
Italy). Genomic DNA from 22 testes (normal or cantssues) was
isolated with a High Pure polymerase chain reac{@R) Template
Preparation Kit (Roche Molecular Biochemicals, Magm, Germany
and thePTEN mutation status was determined. Briefly, DNA from

tumor samples and from the corresponding normaudis was
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extracted from 3-4 8¢ thick serial sections and subjected to PCR
amplification for exons 1-9 as previously descril§8dalaet al., 1998;
Bruni et al., 2000). PCR amplification of each singf@EN exon was
performed by use of intronic primers designed at3hand 3’ ends of
each exon, followed by reamplification with nestpdmer pairs.
Primer sequences for PCR amplification of e®FEN exon were
previously reported (Steckt al, 97). Amplified DNA was purified
using Microspin S300HR Columns (Pharmacia Biotesiy sequenced
using the Big Dye Terminator cycle sequencing KB PRISM,
Applied Biosystems, CA) and the ABI 3100 PRISM DNAquencer

(Applied Biosystems).

LOH analysis at the PTEN locus

LOH on chromosome 10 was studied by PCR-based satzlite
analysis as previously described (Muttet al., 2002). Three
polymorphic markers spanning tRFEN gene (D10S551, D10S1765,
D10S541) were selected to cover deletions at th@eWTEN locus on
chromosome 10g23. DNA from normal testis adjacentumors on
histological sections from the same patient wasl asereference. LOH
was calculated according to the following formu(peak height of
normal allele 2)/(peak height of normal allele Iyided by (peak
height of tumor allele 2)/(peak height of tumoretdl 1). LOH at a
single locus was considered present when the sigora¢ésponding to

one allele showed at least a 45% reduction of gityn

I mmunofluorescence analysis
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5-Bromo-2’deoxyuridine-5’-monophosphate  (BrdU) inporation
assay was performed as described previously (Bsddast al., 1999).
Briefly, 5 X 10° cells were transfected with 6 g each of contropgm
vector or of wild type or mutant PTEN constructgspectively,
together with 3 g of a vector encoding green flgoemt protein
(Clontech). Labelling was carried out as recommdnds the
manufacturer (Roche). Fluorescence was visualized #eiss 140
epifluorescent microscope equipped with filterst tliiscriminated
between Texas Red and fluorescein. All assays perfermed 3 times

in duplicate.

Fluorescence-activated cell sorter (FACS) analysis

Cells were washed into ice-cold PBS and fixed bgliragl drop-wise
ice-cold 70% ethanol. Fixed cells were washed waild PBS, labelled
with 10 [g/ml propidium iodide (Sigma) and (5g/ml Rnase A (New
England Biolabs) and analysed with a FACScan floytometer
(Becton Dickinson, San Jose, CA) interfaced withlewlett Packard
computer (Palo Alto, CA). Cell cycle analysis wasfprmed with the
CELL-FIT programme (Becton Dickinson). All FACS veeperformed

in triplicate.

Northern blot analysis

Northern blot analysis was performed according tostandard
procedure. In brief, equal amounts of total RNA (208/lane) were
denatured and resolved electrophoretically throdgimaldehyde-

agarose gels. The RNA was transferred onto a nglembrane and
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cross-linked by UV irradiation, Human PTEN cDNA wabeled with
%p_dCTP using a random primer labeling kit (Amersh@harmacia
Biotech), and hybridization was performed at 42AGHhe presence of

50% formamide.
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