Study of Androgen Receptor Functions by Genetic Models

white adipose tissues of 8-week-0ld ARKO males. As no
significant alterations in food intake were observed, our
results suggested that AR may serve as a negative regu-
lator of adipocyte development in adult males (Fig. 4C).

Drosophila model to dissect human AR mutants with
expanded polyQ stretches in neurodegeneration

Another characteristic clinical disorder with an AR
mutation is spinal and bulbar muscular atrophy (SBMA),
also known as Kennedy’s disease (5, 7). SBMA is a rare
degenerative disease of the motor neurons characterized
by progressive muscle atrophy and weakness in male
patients, usually beginning at 30 to 50 years of age. Pre-
vious analyses of SBMA revealed expansions in the
number of trinucleotide CAG repeats in the first exon of
the AR gene, which generated expanded polyQ stretches
in the A/B domain of the AR protein (5, 7, 20). It was
found that disease onset occurred when these repeat
stretches encoded more than 40 glutamine residues, com-
pared to a range of 15 to 35 polyQ residues in normal
individuals.

To dissect the molecular mechanism of human AR
(hAR) mutants with expanded polyQ stretches in neuro-
degeneration, we established a Drosophila model that
ectopically overexpressed a mutated AR in photoreceptor
neurons (13). We first expressed WT and mutated hAR in
photoreceptor neurons in developing eye discs under the
glass multimer reporter (GMR) gene promoter (21) using
the Drosophila melanogaster GAL4-UAS system (22). To
monitor the ligand-induced transactivation function of
hAR, hAR-expressing flies were further crossed to flies
carrying a GFP reporter gene, with the result that GFP
expression was induced by the binding of ligand-bound
AR to the consensus ARE in the GFP promoter (23).
Expressed hAR proteins were then detected as red fluo-
rescence in sity using an immunofluorescent antibody.

Although eyes that expressed a mutant hAR contain-
ing an expanded 52-stretch polyQ (Q52) appeared nor-
mal, dietary ingestion of dihydrotestosterone (DHT) or
androgen antagonists induced marked degeneration and
apoptosis of the photoreceptor neurons, despite the
mutant hAR retaining only reduced transactivation func-
tion. Ligand-independent toxicity was detected in fly eyes
expressing truncated polyQ-expanded A/B domains
alone, but this was abrogated by the co-expression of
unliganded LBD domains. Thus, our results suggested
that hormone binding and subsequent structural altera-
tion of hAR mutants with nuclear localization appeared
to be critical for SBMA onset (Fig. 5), and that the fly-eye
model may be useful for the development of novel thera-
peutic approaches to SBMA.
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Premature ovarian failure (POF) syndrome, an early decline of
ovarian function in women, is frequently associated with X chro-
mosome abnormalities ranging from various Xq deletions to com-
plete loss of one of the X chromosomes. However, the genetic locus
responsible for the POF remains unknown, and no candidate gene
has been identified. Using the Cre/LoxP system, we have disrupted
the mouse X chromosome androgen receptor (Ar) gene. Female
AR~/~ mice appeared normal but developed the POF phenotype
with aberrant ovarian gene expression. Eight-week-old female
AR/~ mice are fertile, but they have lower follicle numbers and
impaired mammary development, and they produce only half of
the normal number of pups per litter. Forty-week-old AR/~ mice
are infertile because of complete loss of follicles. Genome-wide
microarray analysis of mRNA from AR~/ ovaries revealed that a
number of major regulators of folliculogenesis were under tran-
scriptional control by AR. Our findings suggest that AR function is
required for normal female reproduction, particularly folliculogen-
esis, and that AR is a potential therapeutic target in POF syndrome.

male hormone | nuclear receptor | female physiology | folliculogenesis |
kit ligand

Premature ovarian failure (POF) is defined as an early decline
of ovarian function after seemingly normal folliculogenesis
(1). Genetic causes of POF have been frequently associated with
X chromosome abnormalities (1, 2). Complete loss of one of the
X chromosomes, as in Turner syndrome, and various Xq dele-
tions are commonly identified as a cause of POF. However,
responsible X-linked genes and their downstream targets have
not been identified so far.

The androgen receptor (Ar) gene, which is the only sex
hormone receptor gene on the X chromosome, is well known to
be essential not only for the male reproductive system, but also
for male physiology. In contrast, androgens are considered as
male hormones; therefore, little is known about androgens’
actions in female physiology, although AR expression in growing
follicles has been described (3). However, because excessive
androgen production in polycystic ovary syndrome causes infer-
tility with abnormal menstrual cycles (4, 5), it is possible that
AR-mediated androgen signaling also plays an important phys-
iological role in the female reproductive system. Recently, using
Cre/LoxP system, we generated an AR-null mutant mouse line
(6) and demonstrated that inactivation of AR resulted in arrest
of testicular development and spermatogenesis, impaired brain
masculinization, high-turnover osteopenia, and late onset of
obesity in males (7-9). At the same time, no overt physical or
growth abnormalities were observed in female AR/~ mice.
Therefore, to further examine potential role of AR in female
physiology, we characterized female reproductive system in
AR/~ females. Herein we show that female AR/~ mice develop
the POF phenotype. At 3 weeks of age, AR/~ females had
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apparently normal ovaries with numbers of follicles similar to
those in the wild-type females. However, thereafter the number
of healthy follicles in the AR/~ ovary gradually declined, with
a marked increase of atretic follicles, and by 40 weeks AR/~
mice became infertile, with no follicle detectable in the ovary.
Reflecting this age-dependent progression in ovarian abnormal-
ity, several genes known to be involved in the oocyte—granulosa
cell regulatory loop were identified by microarray analysis as AR
downstream target genes. These findings clearly demonstrate
that AR-mediated androgen signaling is indispensable for the
maintenance of folliculogenesis and implicate impaired andro-
gen signaling as a potential cause of the POF syndrome.

Materials and Methods

Generation of AR Knockout Mice. AR genomic clones were isolated
from a T'T2 embryonic stem cell genomic library by using human
AR A/B domain ¢cDNA as a probe (6). The targeting vector
consisted of a 7.6-kb 5’ region containing exon 1, a 1.3-kb 3’
homologous region, a single loxP site, and a neo cassette with two
loxP sites (10). Targeted clones (FB-18 and FC-61) were aggre-
gated with single eight-cell embryos from CD-1 mice (11, 12).
Floxed AR mice (C57BL/6) were then crossed with CMV-Cre
transgenic mice (6). The two lines exhibited the same phenotypic
abnormalities. The chromosomal sex of each pup was deter-
mined by genomic PCR amplification of the Y chromosome Sry
gene (13).

Western Blot Analysis. To detect AR protein expression, ovarian
cell lysates were separated by SDS/PAGE and transferred onto
nitrocellulose membranes (14). Membranes were probed with
polyclonal AR antibodies (N-20; Santa Cruz Biotechnology),
and blots were visualized by using peroxidase-conjugated second
antibody and an ECL detection kit (Amersham Pharmacia
Biosciences).

Morphologic Classification of Growing Follicles. Sections were taken
at intervals of 30 wum, and 6-um paraffin-embedded sections
were mounted on slides. Routine hematoxylin and eosin staining
was performed for histologic examination by light microscopy.
Follicle numbers in 12 sections per ovary were evaluated as
primary follicles (oocyte surrounded by a single layer of cuboidal
granulosa cells), preantral follicles (oocyte surrounded by two or
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of the Y chromosome-specific Sry gene in AR~'Y mice by PCR. (c) Absence of AR protein in AR~/~ mice ovaries by Western blot analysis using a specific C-terminal
antibody. (d) Normal weight gain in AR~/~ females. (e) Histology of pituitary, uterus, and bone tissues in AR** and AR/~ females at 8 weeks of age. (f) Female
reproductive organs were macroscopically normal in AR/~ mice. {(g) Serum hormone levels at the proestrus stage in AR/~ mice were not significantly altered.
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of age. Data are shown as mean + SEM and analyzed by using Student’s t test. () AR immunocytochemistry in AR*/* and AR/~ ovaries. Sections were

counterstained with eosin.

more layers of granulosa cells with no antrum), or antral follicles
(antrum within the granulosa cell layers enclosing the oocyte).
Follicles were determined to be atretic if they displayed two or
more of the following criteria within a single cross section: more
than two pyknotic nuclei, granulosa cells within the antral cavity,
granulosa cells pulling away from the basement membrane, or
uneven granulosa cell layers (15).

Immunohistochemistry. Sections were subjected to a microwave
antigen retrieval technique by boiling in 10 mM citrate buffer
(pH 6.0) in a microwave oven for 30 min (16). The cooled
sections were incubated in 1% H,O; for 30 min to quench
endogenous peroxidase and then incubated with 1% Triton
X-100 in PBS for 10 min. To block nonspecific antibody binding,
sections were incubated in normal goat serum for 1 h at 4°C.
Sections were then incubated with anti-AR (1:100) or anti-
cleaved caspase-3 (1:100) in 3% BSA overnight at 4°C. Negative
controls were incubated in 3% BSA without primary antibody.
The ABC method was used to visualize signals according to the
manufacturer’s instructions. Sections were incubated in biotin-
ylated goat anti-rabbit 1gG (1:200 dilution) for 2 h at room

Shiina et al.

temperature, washed with PBS, and incubated in avidin-biotin—
horseradish peroxidase for 1 h. After thorough washing in PBS,
sections were developed with 3,3’-diaminobendizine tetra-
hydrochloride substrate, slightly counterstained with eosin, de-
hydrated through an ethanol series and xylene, and mounted.

Estrus Cycles and Fertility Test. To determine the stage of the estrus
cycle (proestrus, estrus, and diestrus), vaginal smears were taken
every morning and stained with Giemsa solution. For evaluation
of female fertility for 15 weeks, an 8- or 24-week-old wild-type
or AR™~ female was mated with a wild-type fertile male,
replaced every 2 weeks with the other fertile male. Cages were
monitored daily and for an additional 23 days, and the presence
of seminal plugs and number of litters were recorded.

RNA Extraction and Quantitative Competitive RT-PCR. Total ovarian
RNA was extracted by using TRIzol (Invitrogen) (16). Oligo-
dT-primed cDNA was synthesized from 1 ug of ovarian RNA by
using SuperScript reverse transcriptase (Gibco BRL, Gaithers-
burg, MD) in a 20-ul reaction volume, 1 ul of which was then
diluted serially (2- to 128-fold) and used to PCR-amplify an
internal control gene, cycA, to allow concentration estimation.

PNAS | January3,2006 | vol. 103 | no.1 | 225
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Student’s t test.

Primers were designed from cDNA sequences of Kitl (M57647;
nucleotides 1099-1751), Gdf9 (NMO008110; nucleotides 720-
1532), Bmpl5 (NMO009757; nucleotides 146-973), Ers2
(NMO010157; nucleotides 1139-1921), Pgr (NM008829; nucleo-
tides 1587-2425), Cypllal (NMO019779; nucleotides 761-1697),
Cyp17al (M64863; nucleotides 522-932), Cyp19 (D00659; nucle-
otides 699-1049), Fshr (AF095642; nucleotides 625-1427), Lhr
(M81310; nucleotides 592-1331), Ptgs2 (AF338730; nucleotides
3-605), and Ccnd2 (NMO009829; nucleotides 150-1065) and
chosen from different exons to avoid amplification from genomic
DNA.

GeneChip Analysis. Ovaries were isolated and stabilized in RNA-
later RNA Stabilization Reagent (Ambion, Austin, TX) before
RNA purification (17). Total RNA was purified by using an
RNeasy mini kit (Qiagen, Valencia, CA) according to the
manufacturer’s instructions. First-strand cDNA was synthesized
from 5 pg of RNA by using 200 units of SuperScript II reverse
transcriptase (Invitrogen, Carlsbad, CA), 100 pmol T7-(dT)x
primer [5'-GGCCAGTGAATTGTAATACGACTCAC-
TATAGGGAGGCGG-(dT)-3'], 1X first-strand buffer, and
0.5 mM dNTPs at 42°C for 1 h. Second-strand synthesis was
performed by incubating first-strand cDNA with 10 units of
Escherichia coli ligase (Invitrogen), 40 units of DNA polymerase
I (Invitrogen), 2 units of RNase H (Invitrogen), 1X reaction
buffer, and 0.2 mM dNTPs at 16°C for 2 h, followed by 10 units
of T4 DNA polymerase (Invitrogen) and incubation for another

226 | www.pnas.org/cgi/doi/10.1073/pnas.0506736102

5 min at 16°C. Double-stranded ¢cDNA was purified by using
GeneChip Sample Cleanup Module (Affymetrix, Santa Clara,
CA) according to the manufacturer’s instructions and labeled by
in vitro transcription by using a BioArray HighYield RNA
transcript labeling kit (Enzo Diagnostics, Farmingdale, NY).
Briefly, dsDNA was mixed with 1X HY reaction buffer, 1X
biotin-labeled ribonucleotides (NTPs with Bio-UTP and Bio-
CTP), 1X DTT, 1x RNase inhibitor mix, and 1xX T7 RNA
polymerase and incubated at 37°C for 4 h. Labeled cRNA was
then purified by using GeneChip Sample Cleanup Module and
fragmented in 1X fragmentation buffer at 94°C for 35 min. For
hybridization to the GeneChip Mouse Expression Array 430A or
430B or Mouse Genome 430 2.0 Array (Affymetrix), 15 ug of
fragmented cRNA probe was incubated with 50 pM control
oligonucleotide B2, 1X eukaryotic hybridization control, 0.1
mg/ml herring sperm DNA, 0.5 mg/ml acetylated BSA, and 1X
hybridization buffer in a 45°C rotisserie oven for 16 h. Washing
and staining were performed by using a GeneChip Fluidic
Station (Affymetrix) according to the manufacturer’s protocol.
Phycoerythrin-stained arrays were scanned as digital image files
and analyzed with GENECHIP OPERATING SOFTWARE (Af-
fymetrix) (17).

Luciferase Assay. The Kit/ promoter region (—2866 to —1 bp) was
inserted into the pGL3-basic vector (Promega) for assay using
the Luciferase Assay System (Promega) (14, 16). Cells at 40—
50% confluence were transfected with a reference pRL-CMV
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plasmid (Promega) using Lipofectamine reagent (GIBCO/BRL,
Grand Island, NY) to normalize transfection. Results shown are
representative of five independent experiments.

Results and Discussion

Subfertility of AR~/~ Female Mice at 8 Weeks of Age. The Ar gene
located on the X chromosome was disrupted in mice by using
the Cre/Lox P system (6) (Fig. 1 a—). Female AR/~ mice
showed normal growth compared with the wild-type litter-
mates (Fig. 1d), with no detectable bone loss (Fig. le) or
obesity common for male AR~ mice (8, 9). Young (8-week-
old) AR/~ females appeared indistinguishable from the wild-
type littermates, displayed normal sexual behavior (7), and
produced the first offspring of normal body size at the
expected age. Macroscopic appearance of their reproductive
organs, including uteri, oviducts, and ovaries, also appeared
normal (Fig. 1f). Histological analysis showed no significant
abnormality in the uterus or pituitary (Fig. le), whereas
mammary ductal branching and elongation were substantially
reduced, as revealed by whole-mount analysis (Fig. 1%). Serum
levels of 17B-estradiol, progesterone, testosterone, luteinizing
hormone, and follicle-stimulating hormone were also within
normal range in 8-week-old mutant females at the proestrus
stage (Fig. 1g), suggesting that the two-cell two-gonadotrophin
system in female reproductive and endocrine organs (18) was
intact in AR/~ mice at 8 weeks of age. The most obvious early
sign of abnormal reproductive function in the AR/~ females
was that their average numbers of pups per litter were only
about half of those of the wild-type littermates, (4R*/*, 8.3 =
0.4 pups per litter; AR/, 4.5 = 0.5 pups per litter) (Fig. 1i).

AR~/~ Female Mice Developed POF Phenotypes. Histological analysis
of 8-week-old AR/~ ovaries clearly showed that numbers of
atretic follicles were significantly increased, with decreased
numbers of corpora lutea (Fig. 2 b and f). This finding suggests
that the reduced pup numbers were due to impaired folliculo-
genesis in AR-deficient ovaries. Indeed, AR protein expression
was readily detectable in the wild-type 8-week-old ovaries (Fig.
1j), with AR expressed at the highest levels in growing follicle
granulosa cells at all developmental stages and at relatively low
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levels in corpora lutea. Thus, AR appears to play a regulatory
role in granulosa cells during their maturation to the luteal
phase.

To investigate this possibility, we examined the ovarian phe-
notype of female AR™/~ mice at different ages. At 3 weeks,
ovaries contain various stages of follicles, including primary,
secondary, and antral follicles in wild-type animals (Fig. 2a) (19).
In AR/~ ovaries at 3 weeks of age, the folliculogenesis appeared
to be unaltered, with normal numbers and localization of
primary and secondary follicles (Fig. 2 a and e). However,
degenerated folliculogenesis became evident with further aging.
Although follicles and corpora lutea at all developmental stages
were still present, corpora lutea numbers were clearly reduced in
8-week-old AR/~ mutants (Fig. 2 b and f), similar to that
observed in another mouse line (20). Expected apoptosis was
seen in atretic follicles by activated caspase-3 immunohistochem-
istry assays (Fig. 2/). But, by 32 weeks of age, defects in
folliculogenesis in AR~ ovaries became profound, with fewer
follicles observed and increased atretic follicles (Fig. 2 ¢ and g),
and >40% (5 of 12 mice) of the AR/~ females were already
infertile. By 40 weeks, all AR/~ females became infertile, with
no follicles remaining (Fig. 2 d and h); at the same age, AR™'*
females were fertile and had normal follicle numbers. Consistent
with progressive deficiency in folliculogenesis, the pup number
per litter steadily decreased in aging AR/~ females (Fig. 20).
These data indicate that AR plays an important physiological
role at the preluteal phase of folliculogenesis.

Alteration in Gene Expressions of Several Major Regulators Involved
in the Oocyte-Granulosa Cell Regulatory Loop. To explore the
molecular basis underlying the impaired folliculogenesis in
AR~/~ ovaries, we analyzed expression of several major known
regulators and markers of folliculogenesis (21-23). Surprisingly,
no significant alterations in mRNA levels of LH receptor (LAr),
FSH receptor (Fshr), p450 side chain cleavage enzyme
(Cypllal), 17-a-hydroxylase (Cypl7al), aromatase (Cyp19), es-
trogen receptor- (Esr2), cyclin D2 (Cend2), or insulin-like
growth factor 1 (Igfl) of 8-week-old AR™/~ ovaries at the
proestrus stage, and further cyclooxygenase 2 (Pfgs2) or proges-
terone receptor (Pgr) at the estrus stage, were detected by
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Genome-wide microarray analysis and semiquantitative RT-PCR revealed that expression of the oocyte—granulosa cell regulator loop was down-

regulated in AR/~ ovaries. (a) Microarray analysis of AR~/~ compared with AR*/* ovaries at 3 and 8 weeks of age. Data obtained from microarray analysis as
described in Materials and Methods were used to generate a cluster analysis. Each vertical line represents a single gene. The ratios of gene expression levels in
AR/~ ovaries compared with wild type are presented. (b and ¢) Semiquantitative RT-PCR analysis of AR-regulated genes identified from the microarray study.
Results shown are representative (using one ovary per genotype in each experiment) of five independent experiments. Data are shown as mean * SEM and were
analyzed by using Student’s t test. {d) Comparison of Kit/ gene expression by Northern blot analysis among placebo-, DHT-, and flutamide (FL)-treated AR*/*
mouse ovaries. (e) Induction of KITLG gene expression by DHT treatment in KGN cells. (f and g) Androgen responsiveness in the mouse and human kit ligand
promoters by a luciferase assay performed by using KGN cells. Data are shown as mean + SEM and were analyzed by using Student’s ¢ test.

semiquantitative RT-PCR analysis (Fig. 3). Genome-wide mi-
croarray analysis (17) of RNA from 8-week-old AR/~ ovaries at
the proestrus stage has been undertaken to identify AR-
regulated genes. In comparison with AR™/* ovaries, expressions
of 772 genes were down-regulated, whereas 351 genes were
up-regulated in AR~/ ovaries (Fig. 4a; see also Tables 1 and 2,
which are published as supporting information on the PNAS web
site). Several genes known to be involved in the oocyte—
granulosa cell regulatory loop (24) were identified as candidate
AR target genes, including KIT ligand (Kitl) (25), morphoge-
netic protein 15 (Bmpl5) (26), growth differentiation factor-9
(Gdf9) (27), and hepatocyte growth factor (Hgf) (28). Impaired
folliculogenesis had been reported in mice deficient in each of
these three regulators (26, 27, 29). To validate the microarray
data, we performed semiquantitative RT-PCR analysis of
8-week-old AR~ ovary RNA and confirmed that expression of
these factors was down-regulated (Fig. 4b). To identify a regu-
lator downstream of the AR signaling at an earlier stage of
folliculogenesis, 3-week-old AR/~ ovaries that, as pointed out
earlier, display no apparent phenotypic abnormality were exam-
ined. Fewer genes had altered expression levels (519 genes
up-regulated; 326 genes down-regulated) (Fig. 4a; see also
Tables 3 and 4, which are published as supporting information
on the PNAS web site), and, of the four regulators tested by
RT-PCR, only Kitl was found to be down-regulated at this age
(Fig. 4c). Because Kitl is a granulosa cell-derived factor and
stimulates oocyte growth and maturation (29-31), down-
regulation of the Kit/ expression in 3-week-old or even younger
AR™/~ ovaries may trigger impairment in folliculogenesis at a
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later age. To test for possible Kit! gene regulation by AR,
3-week-old wild-type females were treated with Sa-dihydrotes-
tosterone (DHT). At 4 h after hormone injection, a clear
induction of Kitl expression was observed in the ovaries, whereas
a known antiandrogen flutamide attenuated the induction by
DHT (Fig. 4d). The induction of endogenous human kit ligand
(KITLG) gene by DHT was also observed in human granulosa-
like tumor cells (KGN) in culture (Fig. 4e). Furthermore,
androgen-induced transactivation of mouse and human kit ligand
promoters (32) was observed by a luciferase reporter assay (33)
in KGN (Fig. 4 fand g), 293T, and HeLa (data not shown) cells.
However, no response to DHT was detected in the similar assay
using promoters of the Bmpl5, Gdf9, and Hgf genes (data not
shown). Thus, we have shown that, in a regulatory cascade
controlling folliculogenesis, Kitl represents a direct downstream
target of androgen signaling.

As an upstream regulator, AR may also be indirectly involved
in control of expression of other genes critical for folliculogen-
esis, because an age-dependent down-regulation of Bmpl5,
Gdf9, and Hgf gene expression was also observed in AR™/~
ovaries. Bmpl5 and Gdf9 are oocyte-derived factors that pro-
mote the development of surrounding granulosa cells in growing
follicles (34, 35), whereas Hgf is secreted by theca cells and acts
as a granulosa cell growth factor (36). Down-regulation of these
factors, presumably due to decreased Kit/ expression, may lead
to impaired bidirectional communication between oocyte and
granulosa cells (24) and, eventually, to early termination of
folliculogenesis, as in POF syndrome.

Thus, we have identified AR as a novel regulator of follicu-
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logenesis that apparently acts in the regulatory cascade upstream
of the major factors controlling ovarian function, confirming the
previous findings of the AR expression in granulose cells of
growing follicles (3). Although not immediately relevant to the
ovarian physiology, abnormal development of the mammary
glands observed in our AR-deficient mice adds further strong
evidence of an essential role of the AR not only in male, but also
in female, reproductive function.

With increasing age of the first childbirth by women in the
modern society, POF syndrome has become an important social
and medical problem. Our findings suggest that POF syndrome
may be caused by an impairment in androgen signaling and that
X chromosomal mutations affecting the AR gene function may
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SheC is a family member of the She docking proteins that
possess two different phosphotyrosine-binding motifs and
conduct signals as Grb2-binding substrates of various
receptor tyrosine kinases. We have recently shown that
some neuroblastoma cell lines, such as NB-39-nu cells,
express a protein complex of hyperphosphorylated SheC
and anaplastic lymphoma kinase (ALK), which is self-
activated by gene amplification. Here, we demonstrate
that the expression of a mutant SheC lacking Grb2-
binding sites, 3YF-SheC, significantly impaired the
survival, differentiation and motility of NB-39-nu cells
by blocking the ERK and Akt pathways. On the other
hand, cells overexpressing ShcC or 3YF-SheC, but not a
mutant SheC that lacks SH2, showed decreased ancho-
rage independency and in vivo tumorigenicity, suggesting
a novel SheC-specific suppressive effect through its SH2
domain on cell transformation. Notably, overexpression of
SheC suppressed the sustained phosphorylation of Src
family kinase after cell detachment, which might be
independent of phosphorylation of Grb2-binding site. It
was indicated that the Src/Fyn-Cas pathway is modulated
as a target of these suppressive effects by SheC.
Reciprocal change of ShcC expression and phosphory-
Iation observed in malignant neuroblastoma cell lines
might be explained by these phosphotyrosine-dependent
and -independent functions of ShcC.
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Introduction

The Shc family of docking proteins plays an essential
role in leading cellular signaling to specific downstream
molecules such as the Ras-ERK pathway and the
phosphatidylinositol 3-kinase (PI3K)-Akt pathway
when recruited towards phosphotyrosine residues of
various activated RTKs. In mammals, three she genes
have been identified, and their products have been
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termed ShcA/She, SheB/Sli/Sck and ShcC/Rai/N-She
(Nakamura et al., 1996a; O’Bryan et al., 1996b; Pelicci
et al., 1996). ShcA is ubiquitously expressed in most
organs except the adult neural system, whereas ShcB
and ShcC proteins are selectively expressed in the neural
system within adult mouse tissues.

The Shc family molecules have a unique PTB-CHI1-
SH2 modular organization. Two phosphotyrosine-bind-
ing modules, PTB and SH2 domains, recognize phos-
photyrosine-containing polypeptides such as cyto-
plasmic domains of various activated RTKs (Pelicci
et al., 1992; van der Geer et al., 1995). The CH1 domain
has several tyrosine phosphorylation sites that recruit
other SH2-containing adaptor molecules such as Grb2
(van der Geer et al., 1996; Thomas and Bradshaw, 1997)
and a proline-rich stretch of ShcA composing the
binding site for the SH3 domains of other proteins
including Src, Fyn and Lyn (Weng et al., 1994; Wary
et al., 1998). There might be difference in the molecular
functions of each Shc family member, although there is
not much information on individual roles of Shc families
in the neural system and neuronal tumors.

We have recently shown that the expression and
tyrosine phosphorylation of Shc family proteins, espe-
cially ShcC, are observed in most neuroblastoma cells.
Stable association of constitutively activated anaplastic
lymphoma kinase (ALK) with the ShcC has been
observed in several neuroblastoma cell lines that have
extremely high phosphorylation levels of ShcC (Miyake
et al., 2002). These cell lines showed malignant
phenotypes as for tumorigenicity in nude mice or soft
agar colony assay, and notably, ShcC expression is low
compared with other neuroblastoma in spite of sig-
nificantly high phosphorylation state. The ALK gene
locus was significantly amplified in these cell lines, which
results in the constitutive activation of the ALK and
most prominent tyrosine phosphorylation of ShcC
among several known binding partners of ALK such
as PLCy and IRS-1 (Miyake et al., 2002).

ALK protein has the typical structure of an RTK
classified into the insulin receptor superfamily. It is
dominantly expressed in the normal neural system
(Iwahara et al., 1997, Morris et al., 1997), although
the biological role of this protein in neuronal cells has
not yet been clearly identified. We detected remarkable
amplification of the ALK gene in three out of 13
neuroblastoma cell lines (Miyake et al., 2002) and a less
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significant gain of copy numbers in eight out of 85
primary neuroblastoma tissues (Hakomori et ¢l., manu-
script in preparation), most of which accompany the
amplification of the N-myc gene. The three ALK-
amplified neuroblastoma cell lines showed constitutive
activation of full-length ALK and the increased local
concentration of receptor tyrosine kinases appeared to
interfere with signals from other RTKs. It is possible that
ALK-ShcC signal activation has additional effects on the
malignant tumor progression of neuroblastoma, prob-
ably similar to the mechanism reported in EGFR and
Neu/ErbB2 (Andrechek et al., 2000; Pawson et al., 2001).

To clarify the role of hyperphosphorylated SheC in
neuroblastoma cells, the 3YF-ShcC mutant, which has
phenylalanines at three Grb2-binding tyrosines (Y221/
222/304) of ShcC, was utilized in this study in the
expectation of a dominant-negative effect specific for
signals originating from the ShcC-Grb2 complex. The
biological effects of the 3YF-ShcC mutant as well as
wild-type ShcC and the ASH2 SheC mutant, which lacks
the SH2 domain, were analysed to elucidate both Grb2-
dependent and -independent functions of SheC in
neuroblastoma.

Results

Suppression of ERKI/2 and Akt activation in NB-39-nu
cells by expression of 3YF-SheC

A neuroblastoma cell line, NB-39-nu, was used in this
study because it shows high tumorigenicity and ancho-
rage independency with prominent phosphorylation
level of ShcC caused by constitutively activated ALK
kinase. The expression level of ShcC is relatively low
among the neuroblastoma cell lines examined in our
previous study. T7-tagged ShcC constructs containing
the full length of human ShcC cDNA (ShcC-wt), a
tyrosine-to-phenylalanin mutant for all three putative
Grb2-binding sites (3YF-ShcC), and the SH2-deletion
mutant (ASH2-ShcC) were subcloned into a mammalian
expression vector, pcDNA3.1. Multiple independent
clones of NB-39-nu cell lines stably expressing these
SheC mutants at comparable levels were selected and
submitted to biochemical and biological analysis.
Results of representative clones are shown in Figure la,
although basically same results were obtained from
other independent clones (data not shown). Tyrosine
phosphorylation of the 3YF-ShcC was significantly
suppressed suggesting that the three tyrosines lost in
this mutant are the main phosphorylation sites of ShcC
in NB-39-nu (Figure la). As expected, the complex
formation of 3YF-ShcC with Grb2 was impaired,
regardless of EGF stimulation, compared with that of
SheC-wt and ASH2-SheC (Figure 1c). The activation
level of ERK1/2 at 5min after the EGF stimulation was
decreased by expression of 3YF-ShcC, while expression
of ShcC-wt or ASH2-SheC did not affect the levels of
ERK1/2 activation compared with the control cells
transfected only by expression vector (mock) (Figure 1d).
The phosphorylation level of Akt at Ser-473 was also
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suppressed by expression of 3YF-ShcC, although not at
a similar level as that of cells treated with Wortmannin
(Sigma), a PI3K inhibitor (Figure le). These analyses
were performed using at least two independent clones. It
was confirmed that 3YF-ShcC-expression has a domi-
nant-negative effect on the PI3K/Akt pathway as well as
the Ras/ERK pathway in this neuroblastoma cell line.

Expression of 3YF-ShcC increased susceptibility to
retinoic acid ( RA)-induced apoptosis in NB-39-nu cells

There were no obvious differences in growth rate among
the NB-39-nu clones expressing each ShcC mutant
(Figure 2a), whereas the rate of [*HJ-thymidine incor-
poration of the cell lines expressing 3YF-ShcC was
slightly lower than that of other cells (Figure 2b).

The cytological analyses of the cells cultured with
10 uM of all-trans-RA revealed that 3YF-ShcC expres-
sing cells were more susceptible to RA-induced apopto-
sis than the control or ShcC-wt-expressing cells
(Figure 3a). Treatment of NB-39-nu cells, especially
ShcC-wt-expressing cells, with RA at a lower concentra-
tion of 2.5 or SuM induced mild neurite formation,
flattened, substrate-adherent cells resembling epithelial
cells within 48 h (Figure 3b), which is known to be a
characteristics of RA-induced morphologic differentia-
tion (Sidell er al., 1983). In contrast, this type of
differentiation was not observed in 3YF-ShcC-expres-
sing cells. Along with the suppressive effects of 3YF-
SheC to the Akt pathway (Figure le), these results
suggest that phosphorylated ShcC plays significant role
in survival signals through the putative Grb2-binding
sites in NB-39-nu cells.

SheC plays a distinct role in the migration of ALK-ShcC-
activated neuroblastoma cells

Expression of 3YF-SheC significantly suppresses cell
migration ability as shown by the wound-healing assay
(Figure 4a). A modified Boyden chamber cell-migration
assay without Matrigel using fibronectin as a chemoat-
tractant showed the results consistent with those
obtained in the wound-healing assay (Figure 4b). A
similar assay with Matrigel coating on a chamber filter
to evaluate the chemotactic invasive activity of each
transfectant also showed decreased invasive activity in
3YF-ShcC-expressing cells (Figure 4c). In contrast,
ShcC-wt expression increased the migration ability of
NB-39-nu cells both in wound healing assay and
modified Boyden chamber assay without Matrigel
(Figure 4a, b), while the ASH2-ShcC expression
presented no remarkable effects on the cell motility.
The invasive activity of ShcC-wt-expressing cells was
not significantly high compared to that of the control or
of the ASH2-ShcC-expressing cells (Figure 4c).

Expression of SheC-wt or 3YF-SheC has a negative effect
on the transforming activity of NB-39-nu cells

Cells expressing ShcC-wt or 3YF-SheC tend to grow to
confluence with a monolayer appearance, making a clear
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Figure 1 NB-39-nu cells stably expressing ShcC mutants analysed by immunoblotting. (a) Expression (upper panel) and tyrosine
phosphorylation (lower panel) of ectopic ShcC mutant proteins (mock: control, ShcC: ShcC-wt, 3YF: 3YF-ShcC and ASH2: ASH2-
ShcC) in the NB-39-nu cells. (b) Expression (upper panel) and tyrosine phosphorylation (lower panel) of both endogenous SheC and
ectopic ShcC mutants in NB-39-nu cells. (¢) The complex formation of Grb2 with SheC (lower panel) or ectopic ShcC mutants (upper
panel) was analysed. (d) The activation of ERK1/2 in ShcC mutant cells. (¢) Akt (Ser473) phosphorylation in ShcC mutant cells in a
tissue culture medium with 10% fetal calf serum (FCS). For the negative control, the cells were treated with | uM of Wortmannin for
2 h. EGF stimulations were performed as described in Materials and methods. Lysates were duplicated and detected by the antibodies
shown in the figure
difference from original NB-39-nu cells that tend to  detachment. Especially, the condition of phosphoryla-
form cell aggregations on the culture dishes (Figure 5a). tion of Fyn at suspension culture well correlated with
In addition, control NB-39-nu cells and ASH2-ShcC- anchorage independency of NB-39-nu sublines
expressing cells form a considerable number of colonies (Figure 6a). Tendency of phosphorylation of Src Tyr-
in soft agar (Figure 5b), which is significantly suppressed 416, which indicates the kinase activation of SFKs, is
by the expression of ShcC-wt or 3YF-ShcC (Figure 5b). consistent with these results (Figure 6¢). Phosphoryla-
These results indicate that ShcC-wt or 3YF-SheC have tion of Cas, a main substrate of SFKs, in a suspended
inhibitory effect on the transforming activity of NB-39- condition has recently been associated with the ancho-
nu cells, especially anchorage-independent growth. Since rage-independent growth of cancer-like lung adenocar-
the overexpression of ShcC had no significant effect on cinoma (Wei et al., 2002). Sustention and temporary
the activation of ERK1/2 or Akt in our experiment, it elevation of the Cas phosphorylation was also observed
was suggested that a unique signaling pathway rather specifically in the original NB-39-nu cells, control and
than classical Grb2-Ras pathway is involved in this ASH2-ShcC-expressing  cells, whereas there was a
phenomenon. marked decrease of the phosphorylation level of Cas
Src family kinases (SFKs) are well known to be in ShcC-wt- and 3YF-ShcC-expressing cells (Figure 6d,
associated with the ability to induce cellular transforma- e). Treatment of NB-39-nu control cells with PP2, a Src-
tion including anchorage independency (Parsons and specific inhibiter, suppressed the phosphorylation of Cas
Weber, 1989; Windham et «/., 2002). During the  bothin an attached and suspended condition, suggesting
investigation of ShcC mutant cells in the suspension that the anchorage-independent phosphorylation of Cas
state, we noticed that the sustained activation of both  is associated with the activity of the SFKs (Figure 6f).
Fyn and c¢-Src observed in the control cells and ASH2- The activation of ERKI1/2 or Akt was similarly
SheC-expressing cells was suppressed by the expression suppressed by suspension culture for 24 h regardless of
of ShcC-wt or 3YF-ShcC (Figure 6a, b) at 24 h after cell the expression of each ShcC mutants although the basal
Oncogene
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Figure 2 Growth rate and proliferation ability of ShcC mutant
cells in vitro. {a) ShcC mutant cells cultured in a normal medium
with 10% FCS by 30-mm dishes were counted at the indicated time
points. The results represent the average values (+s.d.) of three
replicated experiments for each clone. (b) ShcC mutant cells
stimulated with none (gray bar) or EGF (black bar) were treated
with [*H]thymidine to the culture medium as described in Materials
and methods. The graph represents the average values (+s.d.) from
an experiment performed in triplicate. NB-39-nu clones are
described as: vl and v2 (control), wl and w2 (expressing ShcC-
wt), m1l and m2 (expressing 3YF), dl and d2 (expressing ASH2)

level is lower in 3YF-ShcC clones (Supplementary
Figure A). There were no difference in phosphorylation
level of FAK and paxillin, which plays an important
role in regulating the signals from the extracellular
matrix (ECM) and organizing the actin-cytoskeleton, by
expressing ShcC-wt, showing a similar level of decrease
in the suspended condition (Supplementary Figure B).
In summary, it was confirmed in this system that the
constitutive activation of SFKs, such as Fyn and c-Src,
and phosphorylation of Cas in suspended cells, but not
other components of integrin signals such as FAK, is
strictly linked to the anchorage independency of NB-39-nu
cells, closely related with ShcC mutants expression.
Furthermore, we detected interaction between ShcC-wt
and some of SFKs following the stimulation (Figure 6g),
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indicating a novel biological interaction of ShcC with
SFK, as suggested for ShcA in integrin pathway (Wary
et al., 1996; Giancotti, 1997)

Loss of tumorigenicity of NB-39-nu-expressing ShecC-wt
or 3YF-SheC in mouse subcutaneous tissues

To investigate these antitransforming effects of SheC-wt
and 3YF-SheC in vivo, the tumorigenicity of NB-39-nu
cells expressing each mutant in nude mice was evaluated.
Tumors generated by eight independent injections of
each mutant were analysed in weight and histology at 4
weeks after subcutaneous injection. The results revealed
a marked reduction in sizes of tumors from the cells
expressing either ShcC-wt or 3YF-SheC at this time, but
not of tumors from the control cells or cells expressing
ASH2-SheC (Figure 7a).

The tumors from the control, ShcC-wt-expressing and
ASH2-SheC-expressing cells presented a hypervascular
appearance (Figure 7a: upper panel), which has the
histological characteristics of almost equal-sized cells
with a regular arrayed pattern, high nuclear-to-cyto-
plasmic (N/C) ratio and chromatin-rich nucleuses
(Figure 7b). On the other hand, the tumors from the
3YF-ShcC-expressing cells were hypovascular and
histologically distinct from the other mutants, showing
rather unequal-sized cells with an irregular arrayed
pattern, a lower N/C ratio, few mitosis and decreased
nucleus density. In accordance with this, staining by a
proliferation marker, Ki-67, or a mitotic activity
marker, cyclin A, markedly decreased in the tumors
from 3YF-ShcC-expressing cells (Figure 7b), showing
that the cell cycle progression was significantly sup-
pressed by 3YF-ShcC in vivo, compared with the
analysis by [*H]-tymidine incorporation in vifro
(Figure 2b). TUNEL staining showed no marked
difference in cell apoptosis among cach tumor tissue
(data not shown). These results suggest that the
antitumorigenic activity of the 3YF-ShcC-expressing
cells in vive accompanies the regulation of cell prolifera-
tion, which is distinct from the impairment of tumor-
igenicity by expression of ShcC-wt.

Discussion

In our previous report, the biological effects of
constitutively activated signals of ALK-ShcC on the
tumorigenesis of neuroblastoma cells remain to be
investigated. Here, we demonstrated that the prolifera-
tion, survival and cell migration of these neuroblastoma
cells were dependent on the signals via ShcC-Grb2
pathway, downstream of ALK. Additionally, over-
expressed ShcC has a suppressive cffect on the
anchorage-independent growth of these cells via its
SH2 domain and this regulation is closely associated
with the regulation of ¢-Src and Fyn tyrosine kinases.
The fact that 3YF-ShcC significantly suppressed the
activity of both ERK1/2 and Akt, suggesting that ShcC,
among signaling pathways originating from activated
ALK, predominantly regulates these signals through
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Figure 3 Effects of ShcC mutants on apoptosis and differentiation of NB-39-nu cells induced by all-trans retinoic acid (RA). (a)
TUNEL analysis of ShcC mutant cells were performed as described in Materials and methods. Bar: 100 um (upper panel). TUNEL-
positive cells, the prominent dark positive cells, are counted for every 1000 cells for each slide, and three different slides were analysed
for each sample. The graph represents the results (expressed as mean+s.d.) of three observations (lower panel). (b) RA-induced
morphological change of NB-39-nu cells expressing ShcC mutants. The cells were grown for 48h in RPMI 1640 with 10% FCS
containing 2.5uM of RA and examined by phase-contrast microscopy (upper panel). Actin filaments stained with FITC-labeled
phalloidin were visualized with a confocal fluorescence microscope (lower panel)

binding to Grb2. Our recent study also shows that the
suppression of activated ALK using the RNA inter-
ference technique (RNAI) reduces the phosphorylation
of ShcC, ERK1/2 and Akt, and induces the apoptotic
cell death of NB-39-nu cells (Hakomori et a/., manu-
script in preparation). The ERK and Akt pathways are
key regulators of cell proliferation, survival and
differentiation. Cells expressing 3YF-ShcC become
more susceptible to RA-induced apoptosis presumably
due to inhibition of the Akt pathway. It has recently
been shown that ShcC is physiologically involved in the
regulation of the PI3K/Akt pathway as a downstream
effecter of the ligand-stimulated Ret receptor in
neuroblastoma cells (Pelicci er al., 2002). This study
confirms that the survival of NB-39-nu cells is regulated
by the signals downstream of ShcC. The 3YF-SheC also
causes inhibition of cell motility, while overexpressed
SheC significantly increases the ability of cell migration,
indicating that ShcC positively affects the regulation of

Oncogene

cell migration. Previously, ShcA was shown to be closely
related with cell motility via the MAPK pathway
(Collins et al., 1999; Gu et al., 1999), but the association
of ShcC with the ability of cell migration has not been
investigated.

The expression of 3YF-SheC had a suppressive effect
on the proliferation of NB-39-nu cells cultured in vitro
and more significantly on the cell cycle progression of
the nude mouse tumor. These data suggest that ShcC
positively regulates the cell proliferation of neuronal
tumor cells as well as ShcA, which has been reported to
affect the tumor growth in nude mice using breast
cancer cell lines (Stevenson et al., 1999).

The overexpression of ShcC-wt endowed NB-39-nu
cells with several characteristics. Other than the
enhancement of cell migration and neurite outgrowth,
which is consistent with previous study (Collins ef al.,
1999; Pelicci et al., 2002), the observation that ShcC-wt-
expressing cells were impaired for anchorage-indepen-
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Figure 4 Expression of ShcC-wt significantly promotes the ability of cell migration in NB-39-nu cells. (a) Wound-healing assay for
ShcC mutant cells. Photographs of the cells taken 48 h after wounding under a microscope. Bar: 200 um. (b) Photographs (upper panel)
and graph (lower panel) of SheC mutant cells that have migrated through the filter by modified Boyden chamber cell migration assay.
The graph represents the results (expressed as mean+s.d.) of the experiments performed in triplicate. (¢) Photographs (upper panel)
and a graph (lower panel) of the results from cell invasion assay
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Figure 5 Evaluation of in vitro transforming activity in NB-39-nu cells expressing ShcC mutants. (a) Tendency for ShcC mutant cells
to form cell aggregations on the dish surface as described in Materials and methods. Photographs of each dish were taken with a
microscope at a magnification of x 40 (upper panel). The graph represents the mean values (4s.d.) of three independent experiments
(lower panel). (b) Anchorage-independent growth of ShcC mutant cells was evaluated by assaying colony formation in soft agar
(performed as described in Materials and methods). The results represent the average values (£s.d.) of three replicated experiments
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Figure 6 Anchorage-independent activation of Src family kinases (SFKs) and tyrosine phosphorylation of Cas in NB-39-nu is
affected by the expression of ShcC. The cell suspension culture of SheC mutant cells was essentially performed as described in
Materials and methods. A: attached cells. S: cells in a suspended condition. Lysates were duplicated and detected by
immunoprecipitation and Western analysis. (a, b and ¢) Cells cultured for 24 h in adherent or suspended conditions were analysed
with the antibodies against each Src family kinase shown in the figure. Anti-phospho-Src Y416 recognizes all Src family members
phosphorylated at the tyrosine corresponding to Tyr416 of avian Src. (d) Same analysis performed as (a) (b) and (c) using the
antibodies against for phospho-460Y of Cas («P-Cas460Y) and Cas protein («Cas). (e) Time course of tyrosine phosphorylation of Cas
in each ShcC mutant cells cultured in suspension for the indicated time periods. (f) Effect of Src inhibitor, PP2, on the tyrosine
phosphorylation of Cas in NB-39-nu control cells. The cells cultured for 24 h were harvested following treatment with 10 uM of PP2 for
2h. As a negative control, the same dose of PP3 was used in place of PP2. (g) ShcC forms complex with SFKs following the stimulation
of fibronectin. Lysates of mock cells and ShcC-wt cells were analysed after the stimulation with EGF or fibronectin as described in
Materials and methods. - serum free without stimulation; E: stimulated by EGF; F: stimulated by fibronectin. Ig: immunoglobulin.
Anti-pan-Src antibody (SRC2) reacts with c-Src p60, Yes p62, Fyn p59, c-Fgr pS55 and c-Src2. closed arrowhead: SFK; open
arrowhead: p52 SheC
dent growth and tumorigenicity suggests a novel (Freedman and Shin, 1974; Kumar, 1998), which results
function of ShcC. Taking into account that the  in the loss of the majority of the injected cells by anoikis
expression of 3YF-ShcC but not ASH2-ShcC showed  before they start forming tumors. The anchorage
similar effects, the SH2 domain of ShcC may be independency of NB-39-nu mutants well corresponded
responsible for this unique function of ShcC, distinct to the sustained phosphorylation levels of c-Src, Fyn
from ShcA. In addition, the least changes in ERK1/2 or and Cas after cell detachment, suggesting that the
Akt activation by overexpression of ShcC-wt suggest  expression of ShcC-wt has a negative effect on
that this function might be independent of phosphor- anchorage independency due to the suppression of the
ylation of Grb2-binding sites or the activation levels of ~ SFK-Cas pathway (Figure 6). It is possible that ShcC-
downstream targets. There are reports showing different SH2 plays a competitive role with YDYV in the Src-
binding specificity towards phosphotyrosine-containing binding domain of Cas, judging from the consensus
motifs among Shc families (O’Bryan et al., 1996a,b; motifs binding to ShcC-SH2 (O’Bryan ef al., 1996a,b),
Pelicci et al., 1996). Tt is crucial to identify the molecules although this association was not detected by usual
associating with the SH2 domain of SheC in neuro- immunoprecipitation experiments (data not shown). On
blastoma cells to elucidate the mechanism of these SH2- the other hand, the fact that ShcC forms the complex
mediated effects of SheC. with SFK in this study indicates that there might be a
The smaller size of the nude mouse tumors due to the role of association between SFK and ShcC in the
expression of ShcC-wt, regardless of mild changes in cell regulation of tyrosine kinase activity of SFK. The fact
proliferation as both tumor tissue and culture cells, may that malignant neuroblastoma cell lines with hyperpho-
also reflect suppression of anchorage independency sphorylated ShcC frequently have lower expression level
Oncogene
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Figure 7 Nude mouse tumors derived from ShcC mutant cells. (a) Photographs of tumors from nude mice at three weeks after
subcutaneous injection of SheC mutant cells (upper panel). Tumorigenicity shown by the average weight (£s.d.) of the eight tumors
derived from each clone (lower panel). Two independent clones are analysed for each ShcC mutant. Bar: 10mm (b) Photographs of a
cross-section of each tumor tissue using a microscope at a magnification of x 400. HE: tumor tissues stained with hematoxylin and
eosin; Ki-67 and cyclin-A: tumor tissues immunostained against Ki-67 and cyclin-A, respectively (upper panels). The proliferating
activity of each tumor was defined as the labeling index of Ki-67 by counting the positive stained cells per 1000 tumor cells. The data
show the average scores+s.d. of the positive cells in three different areas of each slide (lower panel). NB-39-nu clones are described as:
vl and v2 (control), wl and w2 (expressing ShcC-wt), m1 and m2 (expressing 3YF-ShcC), d1 and d2 (expressing ASH2-ShcC)

of ShcC (Miyake et al., 2002) might indicate additive
effects of hyperphosphorylation and downregulation of
ShcC on phenotype of neuroblastoma. There is the
possibility that an unknown mechanism causes down-
regulation of SheC, which is hyperphosphorylated by
receptor stimulation, and eventually induces malignant
transition of tumors.

We have shown in this study that hyperphosphory-
lated SheC in neuroblastoma cells plays an essential role
in regulating cellular proliferation, survival, migration
and transformation, and each domain of ShcC might
differentially regulate these physiological functions.
Controlling these domain-mediated signals could be a
target in restricting the progression and metastasis of
neuroblastoma cells.

Materials and methods

Plasmid constructions

The full-length human ShcC c¢cDNA for transfection was
donated by Dr T Nakamura (Nakamura et al., 1996b), and
inserted into a mammalian expression vector pcDNA3.1.

Tyrosine-to-phenylalanine mutations were introduced in the
ShcC ¢DNAs by in vitro site-directed mutagenesis, which
changed Y221/222 and Y304 to three phenylalanines (3YF-
ShcC). The SH2 domain (amino acid 379-472)-deleted form of
ShcC (ASH2-SheC) was also generated. All parts amplified by
PCR were verified by sequencing.

Cell culture, transfection

NB-39-nu cells were used in our previous report (Miyake et al.,
2002). The stable expression of ShcC mutants, the full-length
of SheC (SheC-wt), 3YF-SheC and ASH2-SheC in NB-39-nu
cells were obtained by transfection using Fugene™ 6 transfec-
tion reagent (Roche Molecular Biochemicals) according to the
manufacturer’s instructions. Then, cell clones were obtained
from individual G418-resistent colonies and subjected to
Western blot screening using the T7 tag antibody (Novagen).
These cells were cultured in an RPMI 1640 medium with 10%
FCS (Sigma) at 37°C in 5% CO,. A suspension culture of the
cells was essentially performed according to a previously
published procedure (Folkman and Moscona, 1978; Frisch
and Francis, 1994; Wang and Sheibani, 2002). In this study,
LOW-CELL-BINDING 90 mm-Petri dishes treated with 2-
Methacryloxyethyl Phosphorylcholine (MPC) (Nalge Nunc
International) were used instead of poly-HEMA-coated dishes.
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The cells were grown to confluence in tissue culture dishes, and
were then trypsinized and plated at a concentration of 1 x 10°
cells/90 mm dish into MPC-treated Petri dishes and cultured
for 0-48 h. The cells were then collected by pipetting, washed
by PBS and extracted with PLC-lysis buffer (Rozakis-Adcock
et al., 1993) for the Western analysis.

Preparation of specific antibodies, cell stimulation,
immunoprecipitation and immunoblotting

The polyclonal antibodies against the CH1 domains of ShcC
{amino acid 306-371) and against Cas protein («Cas) were
prepared as described (Sakai et al., 1994, 2000). A phospho
specific polyclonal antibody against Cas («P-Cas460Y) was
generated by immunizing rabbits with a synthetic peptide,
CAEDV(pY)DVP, which is a representative of the repetitive
tyrosine-containing motifs in the substrate domain of Cas, after
being conjugated with thyroglobulin. Other antibodies were
purchased as follows: anti-phosphotyrosine antibody (4G10)
(Upstate Biotechnology, Inc), anti-p44/42 MAPK (ERK1/2)
and anti-phospho-p44/42 MAPK (phospho-ERK1/2) antibo-
dies (BioLabs), anti-Akt and anti-phospho-Akt (Serd73)
antibodies (Cell Signaling), anti-c-Src antibody (Upstate
Biotechnology, Inc.), anti-phospho Src family (Tyr416) anti-
body (Cell Signaling), anti-Fyn antibody and anti-pan-Src
antibody (SRC2) (SantaCruz Biotechnology, Inc.). As second-
ary antibodies, horseradish peroxidase (HRP)-conjugated anti-
rabbit and anti-mouse Ig (Amersham) were used. Cell-
stimulation analysis with epidermal growth factor (EGF;
Wako) was performed as described. The cells were starved for
24 h and treated for 5 min with EGF (100 ng/ml) (Miyake ef al.,
2002). As for stimulation with fibronectin, cultured cells were
starved for 24 h then trypsinized without FCS and after the
suspending condition for 30min, seeded onto fibronectin
(10 pg/ml)-coated dishes and harvested after 1h using PLC
lysis buffer. Control cells were harvested before the attachment
on the fibronectin-coated surface. The immunoprecipitation
and Western analysis were performed using the procedure
described in the previous report (Miyake ef al., 2002).

Evaluation of tendency to form cell aggregations on dish surface

Cells were seeded onto plastic dishes (1 x 10° cells per 100-mm
diameter dish). After 5 days, distinctive colonies of cell aggrega-
tions proliferated independently of the attachment to the dish
surface, and each of them consisted of more than 10 cells per dish.
The data were obtained from three independent experiments.

Soft agar colony-formation assay

Anchorage-independent growth was determined by assaying
colony formation in soft agar as described in the previous
report (Honda er al., 1998). Briefly, 10° trypsinized cells were
resuspended in DMEM containing 10% FCS and 0.4% Sea
Plaque GTG agarose (Bioproduct) and poured onto bottom
agar containing 10% FCS and 0.53% agarose in 6-cm culture
dishes. The cells were then incubated at 37°C with 5% CO,.
After 14 days, colonies containing more than five cells were
counted under the microscope.

Wound-healing assay

A wound-healing assay was performed according to the
method used previously (Honda ef al., 1999). Briefly, cells
were grown to confluence in Matrigel-coated plastic culture
dishes, and a wound was made using a sterile micropipette tip.
Cell movement was assessed 24 and 48 h after wounding under
the microscope at a magnification of x 100.

Oncogene

Cell migration and invasion assay

Cell invasion was analysed according to the procedure of the
Boyden chamber cell migration assay with some modification
(Honda er al., 1999), using a FALCON™ Cell Culture Insert, a
chamber with a pore size of 8 um (Becton Dickinson Labware)
whose interior was filled with a plug of 10ug Matrigel
(IWAKI) per filter. A total of 1x10° cells in 2001 of
serum-free medium were plated in the Matrigel chamber, and a
serum-free medium containing 50 ug/ml of fibronectin was
placed in the 24-well plate as a lower chamber, then incubated
for 12h at 37°C in 5% CO,. The number of cells migrated
through the Matrigel to the underside of the filter was counted
under the microscope. The same procedure was performed
without Matrigel coating for the analysis of cell migration.

Apoptosis of neuroblastoma cells induced by all-trans RA

Cells, were seeded into 24-well tissue culture plates at a density
of 5x 10*cm~? and cultured in the presence of the indicated
concentration of RA (all-trans form; Sigma) dissolved in 70%
ethanol. Control cultures were treated with the same concen-
tration of ethanol. To identify RA-induced apoptotic reaction,
TUNEL (TdT-mediated dUTP-biotin nick end labeling) was
performed according to the manufacturer’s instructions (In
Situ Cell Death Detection, POD: Roche) as described by
Gavrieli et al. (1992). The cells were counterstained with
hematoxylin-eosin.

[?H Jthymidyne incorporation assay

This was performed essentially as described previously
(McNeil et al., 1985). A total of 2 x 107 cells were seeded onto
24-well dishes and cultured for 48 h and shifted to a serum-free
medium, and then 24h later were followed by overnight
stimulation with 100 ng/ml EGF. [*H]thymidine (1 xCi/ml) was
added for the last 4h of incubation. The amount of
incorporated [PH]thymidine radioactivity was measured by
liquid scintillation counting. Results are expressed as disin-
tegrations per minute of incorporated [*H]thymidine per well.

Generation of tissue samples and histological evaluation

Nude mouse tumors were obtained by independent injections
of 5x 10° ShcC mutant cells into the bilateral subcutaneous
tissues of each mouse. Tumor tissues were fixed in formalin at
4°C, transferred to 70% ethanol, and blocked in paraffin.
Sections were stained with hematoxylin and eosin.

Immunohistochemistry

The sections of the tumor tissues from ShcC mutant cells were
immunostained with anti-Ki-67 antibody (DAKO) and anti-
cyclin-A antibody (Novocastra Laboratories) using the labeled
streptavidin biotin {(LSAB) methods according to the manu-
facturer’s instructions of the LSAB kit (Dako). All the primary
antigens were used at a 1: 100 dilution. Peroxidase activity was
visualized with 3, 3’-diaminobebenzidine (DAB).
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Anaplastic lymphoma kinase (ALK) is a tyrosine ki-
nase receptor originally identified as part of the chi-
meric nucleophosmin-ALK protein in the (2;5) chro-
mosomal rearrangement associated with anaplastic
large cell lymphoma. We recently demonstrated that
the ALK kinase is constitutively activated by gene am-
plification at the ALK locus in several neuroblastoma
cell lines. Forming a stable complex with hyperphos-
phorylated ShcC, activated ALK modifies the respon-
siveness of the mitogen-activated protein kinase path-
way to growth factors. In the present study, the
biological role of activated ALK was examined by sup-
pressing the expression of ALK kinase in neuroblas-
toma cell lines using an RNA interference technique.
The suppression of activated ALK in neuroblastoma
cells by RNA interference significantly reduced the
phosphorylation of ShcC, mitogen-activated protein
kinases, and Akt, inducing rapid apoptosis in the
cells. By immunohistochemical analysis, the cyto-
plasmic expression of ALK was detected in most of
the samples of neuroblastoma tissues regardless of
the stage of the tumor, whereas significant amplifica-
tion of ALK was observed in only 1 of 85 cases of
human neuroblastoma samples. These data demon-
strate the limited frequency of ALK activation in the
real progression of neuroblastoma. (Am J Pathol
2005, 167:213-222)

Receptor tyrosine kinases (RTKs) play an important role
in regulating diverse cellular processes, such as prolifer-

ation, differentiation, survival, motility, and malignant
transformation. The activation of RTKs typically requires
ligand-induced receptor oligomerization, which results in
tyrosine autophosphorylation of the recepiors at tyrosine
residues.’3 By recruiting specific sets of signal trans-
ducer molecules in a phosphorylation-dependent man-
ner, each RTK is capable of inducing individual, specific
cellular responses.® On the other hand, activation of
RTKs by either mutations or overexpression is frequently
found in various human malignancies.®®

Anaplastic lymphoma kinase (ALK) is a 200-kd ty-
rosine kinase encoded by the ALK gene on chromosome
2p23. ALK was first identified as part of an oncogenic
fusion tyrosine kinase, nucleophosmin-ALK, which is as-
sociated with anaplastic large cell lymphoma.®” It was
also found as a form of fusion protein with a ciathrin heavy
chain (CTCL) in myofibroblastic tumors.® Full-length ALK
has the typical structure of an RTK, with a large extracel-
lular domain, a lipophilic transmembrane segment, and a
cytoplasmic tyrosine kinase domain.®'% ALK is highly
homologous to leukocyte tyrosine kinase (LTK) and is
further classified into the insulin receptor superfamily.
The LTK gene is mainly expressed in pre-B lymphocytes
and neuronal tissues,’''® whereas expression of the
normal ALK gene in hematopoietic tissues has not been
detected. Instead, it is dominantly expressed in the neu-
ral system.'* ' In the developing brains of mice, specific
expression of ALK was seen in the thalamus, mid-brain,
olfactory bulb, and selected cranial regions, as well as
the dorsal root, the ganglia of mice,*'%'® suggesting a
specific role in the development of the embryonic ner-
vous system. Currently, however, the function of ALK in
adult normal tissue or carcinogenesis remains an open
question. Several studies have recently indicated
pleiotrophin or midkine as possible ligands for ALK, 1718
Although they appeared to induce the functional activa-
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tion of ALK, it is still unclear whether these molecules are
the physiological ligands of ALK.

Neuroblastoma is one of the most common pediatric
tumors derived from the sympathoadrenal linage of the
neural crest. Tumors found in patients under the age of 1
year are usually favorable and often show spontaneous
differentiation and regression.'® Amplification of the N-
myc gene occurs in approximately 25% of neuroblasto-
mas and correlates with the aggressiveness of the dis-
ease. In addition to N-myc gene amplification, the
expression of various genes has significant correlation
with the stage of and prognosis for neuroblastoma. A
high level of TrkA expression is predictive of a favorable
outcome,?® whereas TrkB is highly expressed in imma-
ture neuroblastomas with N-myc ampilification.®’ High ex-
pression of caspase-1, -3, and -8 is correlated with fa-
vorable neuroblastomas.?2:2% On the other hand, survivin,
which suppresses caspase and promotes the cell sur-
vival signal, is significantly expressed,?* and telomerase
is activated® in unfavorable tumors. There may be a
critical difference in the expression of other molecules,
including RTKs, in neuroblastoma. A recent paper
showed that full-length ALK is detected in almost one-half
of the cell lines derived from neuroblastomas and neuro-
ectodermal tumors.?® We have recently shown using
mass-spectrometry analysis that ALK is a major phos-
phoprotein associated with hyperphosphorylated ShcC
in several neuroblastoma cell lines.?” In these cells, ALK
was markedly activated, and it induced the constitutive
phosphorylation of ShcC and mitogen-activated protein
kinase (MAPK), regardless of stimulation by epidermal
growth factor (EGF) or nerve growth factor.?” These find-
ings strongly suggest that constitutively activated ALK
kinase plays a physiological role in the development of
neuroblastoma.

In this study, we investigated the biological function of
the constitutively activated ALK kinase in neuroblastoma.
The RNA interference (RNAI) technique using specific
sets of small interfering RNA (siRNA) was induced to
inhibit the ALK gene expression in human neuroblastoma
cells with or without gene amplification of ALK. The ef-
fects of disrupted ALK expression on cell survival or
downstream signaling, such as MAPKs or Akt pathways,
are examined to understand the biclogical meaning of
ALK amplification in neuroblastoma cells. We also per-
formed Southern blot analysis of primary neuroblastoma
tumors from 85 patients to check whether the ALK gene
amplification was actually present in neuroblastoma tis-
sues. Furthermore, we sought the ALK gene expression
in human neuroblastoma tissues using immunohisto-
chemical analysis.

Materials and Methods
Cell Culture

Cell lines of human neuroblastoma were maintained in
RPMI 1640 supplemented with 10% fetal calf serum
(Sigma, St. Louis, MO), penicillin, and streptomycin at
37°C in a humidified 5% CO, incubator.

Reverse Transcription-Polymerase Chain
Reaction (RT-PCR) Analysis

Total RNA was extracted with ISOGEN (Nippongene
Japan, Toyama, Japan) from NB-39-nu and SK-N-MC
cells. The PCR primer pair 5'-AGGTTCTGGCTGCAGA-
TGGT-3' and 5'-ACATTGTTCTCTCGAGTGCAGAC-3’
corresponding to the cytoplasmic portion of human ALK
was prepared. As much as 0.25 ug of total RNA was
reverse transcribed and amplified with the SuperScript
One-step RT-PCR with the Platinum Tag kit (Invitrogen
Life Technologies, Carlsbad, CA) in a total volume of 501
including 2x reaction mix, 0.2 uwmol/L of each primer,
and 1 ul of RT/Platinum Taq Mix. Amplification conditions
consisted of cDNA synthesis and predenaturation at
50°C for 30 minutes and 94°C for 2 minutes followed by
25 cycles at 94°C for 15 seconds, 58°C for 30 seconds,
and 72°C for 45 seconds. A final amplification for 7 min-
utes at 72°C finished the PCR. The product was sepa-
rated with 1.2% agarose gel electrophoresis and ana-
lyzed using the Quality One System (Bio-Rad, Hercules,
CA).

Immunochemical Analysis of Proteins

Immunoprecipitation and immunoblotting were per-
formed as described previously.?” The polyclonal anti-
bodies against the CH1 domains of ShcC (amino acids
306-371) and the anti-ALK antibody («ALK) that was
against the cytoplasmic portion (amino acid 1379-1524)
of human ALK were prepared as described previous-
ly.2"28 An anti-phosphotyrosine antibody (4G10) was
obtained from UBI. Anti-p44/42 MAPKs, anti-phos-
pho-p44/42 MAPKs, anti-Akt, and anti-phospho-Akt
antibodies were purchased from Cell Signaling (Beverly,
MA). Anti-EGF receptor (EGFRY), anti-Ret, and anti-TrkA
antibodies were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). In vitro kinase assay for ALK was
performed as previously described.?” Anti-ALK immuno-
precipitates were incubated with or without Poly-Glu/Tyr
as an exogenous substrate.

Immunocytostaining

For ALK/TOTO-3, immunostaining using anti-ALK anti-
body was performed at first, and then nuclei were stained
using TOTO-3. The cells seeded on the 24-well plates
were washed with phosphate-buffered saline (PBS) three
times and fixed with 4% paraformaldehyde (methanol
free) for 5 minutes at room temperature. The cells were
rinsed with PBS twice and then permeabilized with 0.2%
Triton X-100 solution in PBS for 10 minutes at room tem-
perature. The cells were blocked with 5% goat serum and
3% bovine serum albumin-Tris-buffered saline for 30
minutes at room temperature. The blocking solution was
drained off, and the cells were incubated with a 1:1000
dilution of «ALK for 1 hour at room temperature. The cells
were rinsed with PBS three times and incubated with a
1:2000 dilution of Alexa fluor (Molecular Probes, Eugene,
OR) and 1: 100 dilution of TOTO-3 (Molecular Probes) for
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