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Table 2 Correlation between the expression of ShcC protein and
identified prognostic factors of neuroblastoma

ps2 pe7
Average t-Test Average t-Test
SheC

Age (months)

12> 0.071 0.037

>12 0.27 <0.001 0.18 0.015
Stage

- 0.03 0.0084

HI-1v 0.26 <0.001 0.14 <0.001
MYCN

Single 0.083 0.040

amp. 0.43 0.002 0.25 0.005
Death in 12 months

- 0.10 0.047

. 0.41 0.006 0.25 0.009

pi2 po6
Average t-Test Average t-Test
ShcA

Age (months)

12> 0.72 0.53

>12 0.82 0.2 0.52 0.32
Stage

I-11 0.68 0.52

aI-1v 0.82 0.1 0.52 0.22
MYCN

Single 0.73 0.51

amp. 0.88 0.16 0.55 0.16
Death in 12 months

B 0.75 0.50

- 0.84 0.27 0.57 0.11

Expression levels of ShcC and ShcA in tissue samples from 46
neuroblastoma patients quantified were analyzed statistically using
t-test. The variables compared are age. onset of the disease (months);
stage, INSS stage;: MYCN, single copy or amplification of MYCN
gene. Statistically significant correlation (P <0.01) is indicated in bold.

cells were plated on collagen dishes following suspend-
ing condition (Figure 4a, lower panel). On the contrary,
the activation level of ERK due to ShcC RNAi was not
significant in the suspending condition (Supplementary
Figure E, left panel) showing that ShcC RNAi-induced
ERK activation depends on attachment to the specific
extracellular matrix (ECM).

In contrast, ERK activation was consistently sup-
pressed by knockdown of ShcA regardless of these
culture conditions (Figure 4a, upper panel).

Integrins-mediated extracellular signaling lead the
activation of Ras/ERK signaling by ShcA, and that
process is reported to be associated with Src family
kinase (Wary et al., 1996, 1998), focal adhesion kinase
(Hecker e al., 2002) or some RTKs (Moro et al., 1998;
Hinsby et al., 2004). In TNB-1 cells, enhanced ShcA
phosphorylation and ShcA-Grb2 complex formation
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was observed following collagen stimulation and further
increased by ShcC RNAi (Figures 4b and c). To
examine whether the phosphorylation of ShcA is
necessary for the neurite formation, the effect of double
knockdown of both ShcC and ShcA was examined in
TNB-1 cells. ERK activation and neurite outgrowth
were not detected in the absence of both ShcC and
ShcA, indicating that ShcC RNAi-induced neurite
outgrowth of TNB-1 cells might be dependent on the
ShcA expression in adherent state (Figure 4d).

Expression of SheC suppresses the phosphorylation of
SheA in KU-YS cells stimulated by EGF

To further analyse the effects of ShcC expression on
ShcA phosphorylation in neuroblastoma cells, we
introduced a vector expressing p52SheC into KU-YS
neuroblastoma cells, which do not express a detectable
amount of endogenous ShcC protein (Figure 1A), and
obtained several stable clones expressing p52ShcC at
different levels (Figure 5a). As controls, clones over-
expressing p46/p52ShcA, or expressing the expression
vector alone were also prepared. We checked the ShcA
phosphorylation of each clone under the stimulation of
EGF (Figure 5b). EGF stimulation to the control and
ShcA expressing cells showed typical activation of ShcA,
whereas the cell expressing ShcC showed decreased
levels of ShcA phosphorylation according to the levels
of SheC protein. We also confirmed that activation of
ShcA by EGF was suppressed in the cells transiently
overexpressing ShcC (Supplementary Figure F). Those
cells showed almost the same level of EGF receptor
(EGFR) activation induced by EGF, judging from the
phosphorylation levels of EGFR indicating that the
expression of SheC negatively affected the EGFR-ShcA
signaling after the activation of EGFR, such as
competing manners against ShcA. In addition, we
examined whether tyrosine phosphorylation of SheC is
crucial for the suppression of ShcA phosphorylation by
establishing two clones that express a p52ShcC mutant,
3YF lacking all three tyrosines, which are reported to be
involved in the tyrosine phosphorylation of ShcC
(Miyake et al., 2005). It was revealed that the 3YF
mutant of ShcC could suppress the EGF-induced
activation of ShcA in both clones almost as efficiently
as the original ShcC in ShcC2 cells (Supplementary
Figure G), suggesting that negative regulation of ShcA
phosphorylation by ShcC does not require tyrosine
phosphorylation of SheC.

SheC downregulation negatively affects anchorage-
independent growth and in vivo tumorigenicity

We investigated the effect of ShcC knockdown on the
anchorage-independent growth and in vive tumorigeni-
city of TNB-1 cells by establishing cells with stable
suppression of ShcC expression using the miR RNAI
expression vector (as described in ‘Materials and
methods’). As analysed in the mixed clones by soft agar
colony formation assay, stable suppression of ShcC
caused marked inhibition of anchorage-independent
growth (Figure 6a). Three isolated clones of ShcC miR
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Figure 2 Biological effects of ShcC downregulation using small interfering RNA (siRNA) on TNB-1 cells. (A) (a) Expression of SheC
(lower panel) and ShcA (upper panel) was suppressed by RNA interference using specific siRNA oligonucleotides corresponding to
SheC and ShcA, respectively, then, detected by western analysis with each specific antibody. (b) Growth rate of siRNA-treated cells in
tissue culture condition. TNB-1 cells 48 h after the transfection with ShcA/SheC siRNA cultured by 30-mm dishes were counted at the
indicated time points. The results represent the average values ( 2 s.d.) of three replicated experiments. (B) Downregulation of ShcC
induces neurite outgrowth and increases the expression of differentiation-related markers in TNB-1 cells. (a) Evaluation of neurite
outgrowth of ShcA or ShcC-knockdown TNB-1 cells 72 h after siRNA treatment without any extracellular matrix (ECM) stimulation.
(b) Expression of several molecules used as differentiation-related markers in ShcC-knockdown TNB-1 cells (left panel:
immunostaining of neuritis as described in ‘Materials and methods’; right panel: western analysis using indicated antibodies). As a
positive control of differentiation, 2.5 pM retinoic acid (RA) was treated 24 h before analysis. AR1, AR2/CR1, CR2: two independent
siRNA of ShcA /SheC; Li: treated with only Lipofectamine 2000; acl, ac2/ccl, cc2: control siRNA for ShcA /SheC siRNA,
respectively. NC: negative control for universal siRNA (as described in ‘Materials and methods’).

RNAIi (miSheC-1, -2 and -3) were prepared by checking
the level of SheC protein along with clones of LacZ miR
RNAIi (miLacZ-1 and -2) as controls (Figure 6b). These
clones with suppressed level of ShcC showed the same
morphological features of neurite formation in tissue
culture condition as observed in the cells transfected
with ShcC siRNAs (data not shown). The volumes and
weights of subcutaneous tumors in nude mice were
measured at 6 weeks after injections of the cells and
evaluated in at least 4 independent injections per clone.
Control LacZ miR RNAI clones (miLacZ-1, miLacZ-2)
developed large tumor masses in vive (Figure 6c),
whereas remarkable reduction of the size and weight
of tumors (or almost disappearance of tumors in some
cases) was observed by the stable suppression of ShcC
expression. These tumors from ShcC miR RNAI clones
showed marked increase in numbers of apoptotic cells
compared with control tissues as shown by terminal
transferase dUTP nick-end labeling (TUNEL) staining.
On the other hand, staining by a proliferation marker,

Ki-67 showed no significant difference among each
tumor tissue (Figure 6d).

Discussion

It has already been shown that some signal pathways
strongly affect tumor progression and treatment resis-
tance (Schwab er al., 2003). Other than the Trk family,
the PI3K /Akt pathway (Opel ez al., 2007), Ret (Iwamoto
et al., 1993; Marshall er al., 1997), hepatocyte growth
factor/c-Met pathway (Hecht et al., 2004) were reported
to be closely associated with several diagnostic profiles
and biological characteristics of neuroblastoma cells.
This is the first study to show that the expression of
SheC protein, a member of the Shc family docking
proteins, is significantly correlated with malignant
phenotypes associated with advanced neuroblastoma.
Expression of both p52 and p67 isoforms of SheC,
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Figure 3 Persistent activation of extracellular signal-related kinase 1/2 (ERK1/2) in SheC downregulation induces neurite outgrowth
in TNB-1 cells. (a) Downregulation of ShcC positively affects the ERK 1/2 and Akt pathway in TNB-1 cells. Activation of ERK1/2 and
Akt in the cells treated with ShcA or SheC siRNA were examined by western blotting. The levels of activation were quantified
comparing to that of cells treated with control siRNA (NC). (b) Effect of MEK inhibitor on neurite outgrowth induced by SheC RNAi
in TNB-1 cells. The siRNA-transfected cells indicated were treated with dimethylsulphoxide (DMSO) or PD98059 and incubated for
3 h in the tissue culture condition, then counted for neurite-containing cells.

shows significant correlation with clinical stage and
MYCN gene amplification whereas the expression of
both isoforms of ShcA, p52 and p66, showed little
association with those aspects. These results, in the
protein level, give further evidence that SheC is a factor
which determines the prognosis of neuroblastoma,
which was recently suggested by analysis of the mRNA
expression of ShcC (Terui er al., 2005).

The biological analysis of TNB-1 cells treated with
ShcC-specific siRNAs provided evidence that SheC
protein expressed in the neuroblastoma cells is suppres-
sing the differentiation of neuroblastoma cells. Neurite
outgrowth of TNB-1 cells, induced by downregulation
of SheC was dependent on sustained activation of the
MEK/ERK pathway. Sustained activation of the ERK
pathway triggered by factors such as NGF is required
for neuronal differentiation in some neuronal tumor
cells such as PCI12 cells (Qui and Green, 1992; Yaka
et al., 1998). The fact that constitutively activated Raf-
ERK signaling induced neurite outgrowth in the same
cell line (Supplementary Figure C), such as the RTK-
related pathway might induce the ERK activation and
cellular differentiation in TNB-1 cells, although NGF
stimulation failed to induce neurite elongation of TNB-1
cells (data not shown).

Interestingly, elevation in the level of phosphorylated
ShcA followed by activation of the ERK pathway by
ShcA-Grb2 signals was observed in TNB1 when the
SheC protein expression was suppressed by RNAI. This
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activation of the ShcA-Grb2-ERK pathway caused by
downregulation of SheC may be due to a competitive
effect between ShcC and ShcA for binding to certain
RTKs. This possibility is supported by another experi-
ment showing that both EGF-induced phosphorylation
of ShcA and complex formation between ShcA and
Grb2 in KU-YS cells are suppressed by the expression of
SheC in a dose-dependent manner. It was shown that
the expression of the PTB domains of ShcC partially
interfered with the binding of endogenous ShcA to
activated EGFR in 293 cells (O’Bryan er al., 1998).
These data are consistent with our current findings
described above. It is suspected that some types of
differentiation signals mediated by ShcA are blocked by
the overexpression of SheC in some neuroblastoma cells
such as TNB-1, and the suppression of ShcC protein
by RNAI causes the ShcA-mediated differentiation of
these cells.

Elevated level of ShcA phosphorylation and ERK
activation induced by ShcC downregulation was more
significant under the stimulation of collagen I than
without any ECM stimulation. In addition, in suspend-
ing condition we could not detect any activation of
ShcA nor ERK signal after ShcC downregulation
(Supplementary Figure E). These results indicate that
the difference between ShcA and ShcC might be in
interaction with matrix-adhesion signals. ShcA is
considered to be implicated in the adherent related
pathway, phosphorylated by forming a complex with
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Figure 4 Elevation of extracellular signal-regulated kinase ()-activated level in ShcC-knockdown cells is increased by collagen
stimulation by ShcA-Grb2 signaling. (a) Elevation of the ERK 1/2-activated level due to SheC downregulation is further increased 2h
after collagen stimulation. siRNAs of ShcA/ShcC-transfected TNB-1 cells (AR1, AR2/CR1, CR2, respectively) were incubated in the
tissue culture condition for 70 h and stimulated by collagen type I. Duplicated cells were harvested 0 and 2 h after collagen stimulation
(as described in “Materials and methods’). (b) After collagen stimulation ShcA was phosphorylated more strongly in ShcC-knockdown
cells than the control cells. Asterisks show heavy chains of immunoglobulin. (¢) ShcA-Grb2 complex formation (upper panel) were
increased by downregulation of ShcC. (d) The ShcA-knockdown effect on the neurite outgrowth in cells transfected with SheC siRNA
was cvaluated by the same method performed in Figure 2Ba. The number of neurites observed in the cells transfected with both ShcA
and ShcC siRNA was obviously decreased compared to cells transfected with only SheC siRNA.

Fyn (Wary er al., 1998) through its proline-rich region
that is not conserved in SheC.

In tissue culture and in transgenic mice, signaling
through Fyn has been closely associated with neurite
extension and cell adhesion (Brouns er al., 2000, 2001).
Berwanger et al. (2002) referred to the inverse correla-
tion between the expression of Fyn and progression of
neuroblastoma from 94 primary neuroblastoma speci-
mens, showing that expressed Fyn-induced differentia-
tion and growth arrest of neuroblastoma cell lines.
Another report indicated that active Fyn kinase induces
a lasting activation of the MAPK pathway through
inhibition of MAPK phosphatase 1 (Wellbrock er al.,
2002). We confirmed that neurite outgrowth of SheC-
knockdown TNB-1 cells was suppressed by Src family
inhibitor, PP2 (Supplementary Figure H). These data
suggest the possibility that Integrin—Fyn-ShcA signals

could be closely associated with the differentiation of
TNB-1 cells induced by ShcC downregulation along
with the signals of RTK-ShcA/ShcC.

Noticeably, the interference of the ShcA-mediated
signaling by ShcC protein is independent of tyrosine
phosphorylation of ShcC. The function of the nonpho-
sphorylated domain of SheC such as SH2 might be also
highlighted. As for the difference in the downstream
signaling between SheC and ShcA, little is known so far.
Regarding to this point, Nakamura er al. (2002)
indicated that inhibition of NGF-induced ERK activa-
tion by the expression of ShcC was due to the different
Grb2-binding capacity between ShcA and SheC in
response to NGF. It was previously reported that ShcA
preferentially binds to TrkA (Yamada er al., 2002),
which is the key receptor against NGF due to neurite
outgrowth with the sustained ERK phosphorylation,
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Figure § High expression of ShcC suppresses the phosphorylation of ShcA in KU-YS cells stimulated by epidermal growth factor
(EGF). We generated stable clones of KU-YS cells expressing Flag-tagged ShcA and diverse levels of p52SheC (SheCl and SheC2)
other than clones transfected with the control vector. (a) Each expression level was detected by western analysis. (b) Levels of
expression and tyrosine phosphorylation of EGFR (middle panel), ShcA (upper panel) and SheC (lower panel) were analysed by
immunoprecipitation and immunoblotting using the antibodies indicated in figure in the KU-YS clone cells stimulated by EGF
(as described in *Materials and methods’). Asterisks show heavy chains of immunoglobulin.

whereas ShcC associated with TrkB rather than TrkA
(O'Bryan et al, 1998; Liu and Meakin, 2002). In
neuroblastoma, the function of signal pathways down-
stream of these two neurotrophin receptors might be
quite different (Nakagawara er al., 1993), also suggest-
ing the distinct function of downstream signal mediated
by SheC.

The effect of ShcC knockdown in in vive tumorigeni-
city was quite remarkable comparing the effect in
growth rate in tissue culture condition. We found that
anchorage-independent growth in cells was also drama-
tically decreased by knockdown of ShcC as shown by
soft agar assay (Figure 6a). Furthermore, the proportion
of apoptotic cells in the nude mouse tumors generated
from neuroblastoma cells in vivo was remarkably
increased by the knockdown of SheC. In recent study,
Magrassi et al. (2005) showed that ShcC positively
effects on cell survival by PI3K-AKT pathway in
glioma cells using dominant negative form of ShcC.
Theses data indicate that ShcC has additional function
in the protection from some types of apoptosis in
addition to the induction of differentiation of cells.

It was indicated that ShcC might have a potent
function for tumor progression in neuroblastoma by
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suppressing the differentiation and by promoting the
anchorage-independent growth in the majority of
neuroblastoma cells which has high expression of ShcC
protein. From these points of view, we suggest that
SheC is a potent tool for predicting the phenotype of
neuroblastoma and is also a good candidate for
therapeutic targets of advanced neuroblastoma.

Materials and methods

Cell culture and tissue samples
DLD-1 cells and all cell lines of neuroblastomas in this study
were prepared as described in the previous report (Miyake
et al., 2002). These cells were cultured in an RPMI 1640
medium with 10% fetal calf serum (FCS) (Sigma, St Louis,
MO, USA) at 37°C in an atmosphere containing 5% CO,.
Anonymous 46 frozen neuroblastoma tissues were used in
this study. The samples were divided into three subsets using
Brodeur’s classification; type I (stage 1, 2 or 45; a single copy
of MYCN), type II (stage 3 or 4; a single copy of MYCN)
and type IIT (all stages; amplification of MYCN) (Brodeur
and Nakagawara, 1992; Ohira er al., 2003). A total of 15
samples belonged to type I, 18 samples to type II and 13
samples to type III. Staging classification was according to the
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Figure 6 ShcC downregulation negatively affects tumorigenicity in vivo. (a) Cells transfected with the miR RNAi vector for SheC
(miShcC) and LacZ (miLacZ) that also contains an EmGFP coding sequence for co-cistronic expression with the pre-miRNA were
cultured in medium containing blasticidin (Invivogen) for only 1 week, and then mixed. Multiclone cells for LacZ and SheC were
analysed for the ability of anchorage-independent growth using soft agar assay by 1 x 10" cells per a well of six-well plate for 3 weeks
(as described in previous report: Miyake er al., 2005). The results represent the average value (£s.d.) of three replicated experiments.
(b) Expression levels of SheC in clones of TNB-1 cells stably transfected with miR RNAi expression vector for LacZ (miLacZ-1 and
miLacZ-2) and SheC (miSheC-1, -2 and -3) were detected by western analysis using ahShcC (as described in ‘“Materials and methods’).
(¢) Nude mouse tumors derived from two clones of LacZ miR RNAi and three clones of SheC. Upper panel: Photographs of tumors
from nude mice at 6 weeks after subcutancous injections of 5 x 10° cloned cells (bar: 20mm); lower panel: ability of in vive
tumorigenicity is shown by average weight (%) of four tumor derived from each clone. (d) SheC-knockdown cells show tendency to
apoptosis in vive. Upper panel: Photographs of a cross-section of each tumor tissues from miLacZ-1 and miSheC-2 using microscope at
a magnification of x 400, that were stained with hematoxylin and eosin (HE), diaminobenzidine (DAB) by terminal transferase dUTP
nick-end labeling (TUNEL) assay and anti-Ki-67 antibody (bar: 25 um); lower panel: the tendency to apoptosis was defined as the
number of positive stained cells per 1000 tumor cells in TUNEL assay and the proliferating activity was indicated as the labeling index
of Ki-67 by counting 1000 tumor cells. The data show the average scores + s.d. of positive cells in three different areas of each slide.
Staining of each sample was owing to the procedure by SRL Inc.

International Neuroblastoma Staging System and N-Myc
amplification (> 10 copy) accepted as a poor prognostic risk
factor was checked before clinical intervention.

Reagents

The polyclonal antibodies against the CH1 domain of human
SheC (amino acid 225-324):xhSheC were generated by the
same method as described previously (Miyake et al., 2002).
Polyclonal antibodies of human ShcA:ahShcA were prepared
as described in previous reports (Miyake er al., 2002).

Other antibodies were purchased as follows: antiphospho-
tyrosine antibody (4G10) (Upstate Biotechnology Inc.,
Charlottesville, VA, USA), anti-ShcA/ShcC monoclonal anti-
bodies: aShcA /aSheC (BD Transduction Laboratories, San Diego,
CA, USA), anti-a-tubulin antibody (Zymed Laboratories,
San Francisco, CA, USA), anti-p44/42 MAPK (ERK1/2), anti-
phospho-p44/42 MAPK (P-ERK1/2), anti-Akt, and anti-
phospho-Akt (Ser473) (P-Akt) antibodies (Cell Signaling,
Danvers, MA, USA), anti-chromogranin A (ChrA) antibody
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-
GAP43 antibody (Zymed Laboratories), anti-MAP2 antibody

(Santa Cruz Biotechnology). anti-c-Src antibody (Upstate
Biotechnology Inc.), anti-phospho-Src family antibody
(Tyr416) (Cell Signaling), anti-Grb2 antibody (BD Transduc-
tion Laboratories), anti-T7tag antibody (Novagen, San Diego,
CA, USA) and anti-Flag M2 antibody (Sigma). As secondary
antibodies, horseradish peroxidase-conjugated anti-rabbit and
anti-mouse IgGs (GE Healthcare, Buckinghamshire, UK) were
used. All inhibitors used in this study (PD98059, LY294002,
PP2 and PP3) were purchased from Calbiochem, San Diego,
CA, USA.

Cell stimulation, immunoprecipitation and immunoblotting

Cell stimulation analysis with EGF (Wako) was performed as
described (Miyake et al., 2002). The cells were starved for 24 h
and treated for 5 min with EGF (100 ng/ml). As for stimulation
with collagen type I, cultured cells with or without serum for
24h were detached from culture dishes by pipette treatment
and after the suspending condition for 30 min, seeded onto a
collagen type I-coated dish (Iwaki, Tokyo, Japan). Cells were
harvested after 2h using PLC lysis buffer. Control cells were
harvested before the attachment on the collagen I-coated
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surface. The immunoprecipitation and western analysis were
performed using the procedure described in a previous report
(Miyake et al., 2002).

Quantification and statistical analysis of expression levels of
SheClSheA
The intensity of each band obtained by western analysis was
measured using a molecular imager (GS-800; Bio-Rad.
Hercules, CA, USA) and standardized according to control
signals, such as the bands of TNB-1 and a-tubulin.

t-Test performed by Excel was used to evaluate the
significance of the two groups quantified expression levels of
indicated molecules.

Knockdown of ShcAISheC by RNA interference
For siRNAs, Stealth RNA duplex oligoribonucleotides
(Invitrogen, Carlsbad, CA, USA) was used to knockdown
SheC/SheA protein. The following two 25-mer oligonucleotide
pairs for each molecule were available. As for SheC, CRI:
5'-GCUGGCCAAAGCGCUCUAUGACAAU-3'  (nucleo-
tides 141-165), CR2: 5-CCAAGAUCUUUGUGGCGCACA
GCAA-3' (nucleotides 2447-2471). As negative controls for each
oligonucleotide pair, ccl: GGCUCCAGAACGGCCUUAGU
AACAU-3, cc2: GGAAACCGACAACUACGAUGUCAAU,
respectively. As for ShcA. ARI: ¥-GGAGUAACCUGAA
AUUUGCUGGAAU-3' (nucleotides 335-359). AR2: 5'-GCCU
UCGAGUUGCGCUUCAAACAAU-3 (nucleotides 689-611).
As a negative control for each, acl: GGAAACCGUAAUAUU
CGGUGUGAA, ac2: 5-UGCCGCGAUUCGCGUUACAAC
UUAAU, respectively. As the other negative control for
universal siRNA, Stealth RNAI Negative Control Duplexes
(Medium GC Duplex) (Invitrogen) was used (NC). Cells were
transfected with siRNA using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. Cells (5 x 10° per
well of a six-well plate) in suspending condition were transfected
twice at 24 h interval (Spl of 20 uM siRNA each) and analysed
48 h after second transfection.

A system stably expressing miRNA was generated using the
BLOCK-T Pol II miR RNAi Expression Vector Kit with
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EmGFP (Invitrogen) according to the manufacturer’s instruc-
tions. In the generation of the miR RNAI vector for humans,
SheC was chosen as the target sequence, using the top/bottom
oligo sequence: 5-TGCTGCTTGGAGGCTTTCTCTTCTT
GGTTTTGGCCACTGACTGACCAAGAAGAAAGCCTC
CAAG-3/5-CCTGCTTGGAGGCTTTCTTCTTGGTCAGTC
AGTGGCCAAAACCAAGAAGAGAAAGCCTCCAAGC-3'.
Cells stably expressing the miR RNAi vector for SheC
(miSheC) and LacZ (miLacZ). that were also expressing green
fluorescent protein were established and cultured in medium
containing blasticidin (InvivoGen. San Diego, CA, USA) at a
concentration of 15 pg/ml for 3 weeks. Three clones expressing
the SheC RNAI vector were selected by significant suppression
of the ShcC protein (< 10%), and two clones from the control
LacZ vector were also selected. Cells transfected with miR-
negative control plasmid (one of kit components) were used as
other control cells (Vec).

Generation of KU-YS cells stably expressing ShcAISheC

The full-length human ShcA ¢DNA for transfection was
donated by Dr N Goto. ShcA and SheC ¢cDNAs were inserted
with C-terminal Flag epitope tag into a mammalian expression
vector pcDNA3.1A. All parts amplified by PCR were verified
by sequencing. The stable expression of the full-length of ShcA
and full-length of SheC in KU-YS cells were obtained
by transfection using transfection reagent Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions.
The KU-YS cells transfected with pcDNA3.1 vector (mock)
were used as a control. Then, cells were selected according to
the method described previously and the expression level of
each independent clone was evaluated by immunoblotting
analysis.
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Expression of TSLCI, a candidate tumor suppressor gene mapped
to chromosome 11q23, is downregulated in unfavorable
neuroblastoma without promoter hypermethylation
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Although it has been well documented that loss of human chromo-
some 1lq is lrequmll\ observed in primary neuroblastomas, the
smallest region of overlap (SRO) has not yet been precisely identi-
fied. Previously, we performed array-comparative  genomic
hybridization (array-C (.II) analysis for 236 primary neuroblasto-
mas to search for genomic aberrations with high-resolution. In
our study, we have identified the SRO of deletion (10-Mb or less)
at 1123, Within this rt-glon. there exists a TSLCHIGSF4/CADMI
gene (Tumor s ’;::nrtmr in lung cancer l/lmmunaglobulin super-
JSamily 4/Cell adhesion molecule 1), which has been identified as a
putative tumor suppressor gene for lung and some other cancers,
Consistent with previous observations, we have found that 35% of
primary neuroblastomas harbor loss of heterozygosity (LOH) on
TSLCT locus. In contrast to other cancers, we conld not detect the
hypermethylation in its promoter region in primary neuroblasto-
mas as well as neuroblastoma-derived cell lines. The clinicopatho-
logical analysis demonstrated that 7SLCI expression levels signifi-
cantly correlate with stage, Shimada's pathological classification,
MYCN amplification status, TrkA expression levels and DNA index
in primary neuroblastomas. The immunohistochemical analysis
showed that TSLC1 is remarkably reduced in unfavorable neuro-
blastomas. Furthermore, decreased expression levels of TSLCI
were significantly associated with a prognosis in 108 patients
with neuroblastoma. Additionally, TSLCI reduced cell prolifera-
tion in human neuroblastoma SH-SYSY cells. Collectively, our
present findings suggest that TSLCI acts as a candidate tumor
suppressor gene for neuroblastoma.

© 2008 Wilev-Liss, Inc.
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neuroblastoma:  11¢23: tumor

Neuroblastoma is one of the most common solid tumors in
childhood and originates from the sympathoadrenal lineage of
neural crest. Its biological as well as clinical behavior is highly
heterogeneous in different prognostic subsets. Tumors found in
patients under 1 vear of age often regress sp‘mmncnusl_v or differ-
entiate and result in a favorable prognosis.” In a sharp contrast to
these favorable neuroblastomas, tumors found in patients over |
year of age are often aggressive with an unfavorable prognosis de-
spite an intensive therapy. A large nwnber of multiple genomic
aberrations including DNA index, MYCN amplification status,
allelic loss of the distal part of chromosome Ip and the gain of
chromosome 17q have been identified in neuroblastoma.”

Altermnatively, allelic loss of 11q has been frequently observed
in advanced stage of neuroblastoma with single copy of MYCN.
Indeed, 30% of tumors harbor allelic loss of 11q, and it might be
an independent prognostic mdu.atur for clinically high-risk
patients without MYCN amplification.” Aberrant deletions of 1 g
often occur in a distal part of its long arm. Although several lines
of evidence delineated the smallest region of overlaps (SRO) of
deletions at 11q, it remains unclear whether there could exist a
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candidate tumor suppressor gene(s) mg)lu.lled in biological and
clinical behaviors of neuroblastoma.®” Recently, we have per-
formed an array- wmp.u‘zmve genomic hsbndwu!mn (array-CGH)
analysis using 236 primary neumhln\lum.a\ and iumlly defined the
SRO (10-Mb or less) at | 1g23.** During our extensive search for
the already identified candidate tumor suppressor gene(s) within
this region, we have found that TSLCHIGSFI/CADMI gene is
localized within this region.

TSLCI gene has been originally identified as a putative tumor
suppressor for non-small-cell lung cancer (NSCLC) located at
chromosome 11423 by functional complementation strategy of a
human lung cancer cell line. The downregulation of TSLC/ gene
was frequently detected i various human cancers including
NSCLC, prostate cancers, hepatocellular carcinomas and pancre-
atic cancers through its allelic loss as well as hypermethylation of
its promoter region. In spite of an extensive mutation search, only
2 inactivating TSLC] gene mutations were detected in 161 pri-
nary tumors and tumor-derived cell Imes suggesting that TSLC/
is rarely mutated in human cancers.” TSLC/ encodes a single
membrane- -spanning glycoprotein mvuh'ed in cell—cell adhesion
through homophilic trans interaction.'” Accumulating evidence
indicates that TSLCI is significantly associated with hm!u$uul
aggressiveness and metastasis of certain types of cancer.
whereas the functional significance of TSLCI in neuroblastoma
remains elusive.

In the present study, we have further delineated the SRO of 11q
deletion in primary neuroblastoma by array- -CGH analysis and
finally identified TSLC! gene within this region. In contrast to the
other cancers, hypermethylation of TSLC/ promoter region was
undetectable in neuroblastoma. Intriguingly, the expression levels
of TSLC1 gene were highly associated with clinical stage, Shima-
da's pathological classification, MYCN amplification status, TrkA
expression levels and DNA index in primary neuroblastoma.

Additional Supporting Information may be found in the online version
of this arficle.

Abbreviations: array-CGH. array-comparative genomic hybridization:
BAC, bacterial antificial chromosome; LOH, loss of heterozy gosity: PARP.
poly(ADP-ribose) polymerase; SRO, smallest region of overlap; STS,
sequence-tagged-site; TSA. tnichostatin A; TSLCL. tumor suppressor in
lung cancer 1.
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Material and methods
Patients, tumor specimens and cell lines

One hundred and eight tumor specimens used in the present
study were kindly provided from various institutions and hospitals
in Japan (see Supplementary Information). Informed consent was
obtained at each institution or hospital. All tumors were diagnosed
clinically as well as pathologically as neuroblastoma and staged
according to tbe International Neuroblastoma Staging System
(INSS) criteria.'” Twenty-seven patients were Stage 1. 15 Slage 2
36 Stage 3, 23 Stage 4 and 7 Stage 4S. The patients were treated
by the standard protocols as described previously.'™!'” MYCN
copy number, TrkA mRNA expression levels and DNA index
were measured as reported previously.”” Our present study was
approved by the Institutional Review Board of the Chiba Cancer
Center (CCCT817).

Human tumor-derived cell lines were cultured in RPMI 1640
medium (Nissui, Tokyo, Japan) supplemented with 10% heat-
inactivated fetal bovine serum (FBS, Invitrogen, Carlsbad, CA)
and 50 pg/ml penicillin/streptomycin (Invitrogen) in an incubator
with humidified air at 37°C with 5% CO,.

Array-comparative genomic hybridization

Array-CGH analysis was performed using UCSF BAC array
(2464 BACs, =1 Mb resolution) with 236 primary neuroblasto-
mas. Detailed experimental procedures and the criteria for losses
and gains were described previously. "%

LOH analysis

Genomic DNA prepared from neuroblastomas and bloods was
amplified by PCR-based strategy using the primer set, one of
which was labeled with fluorescent dye CYS5. The amplified frag-
ments including 3 polymorphic STS markers encompassing
TSLC1, D1184111, D1152077 and D1151885, were separated by
6% polyacrylamide gels containing 6 M urea using an automated
ALF express DNA sequencer.

Semiquantitative and quantitative reverse
transcription-PCR analysis

Total RNA was prepared from the indicated primary neuroblas-
tomas, various human normal tissues and tumor-derived cell lines
were subjected to semiquantitative RT-PCR using SuperScript 11
reverse transcriptase and random primers (Invitrogen). according
to the manufacturer's instructions. Oligonucleotide primer set used
to amplify TSLC! by semiquantitative RT-PCR was as follows: §'-
CATTTTGGAATTTGCCTGCT-3' (sense) and 5'-GGCAGCAG-
CAAAGAG TTTTC-3' (antisense). Quantitative real-time PCR
was carried out using TagMan(R) Gene Expression Assay Sys(em
(Applied Biosystems, Foster City, CA) as described previously.*
In brief, expression levels were calculated as a ratio of mRNA level
for a given gene relative to mRNA for GAPDH in the same cDNA.
The oligonucleotide primers and TagMan probes, labeled at the 5'-
end with the reporter dye 6-carboxyfluorescein (FAM) and at the
3'-end with 6-carboxytetramethylrhodamine (TAMRA), were pro-
vided by Applied Biosystems (Hs00942508_m1).

Immunohistochemistry

A 4-pm-thick section of formalin-fixed, paraffin-embedded tis-
sues were stained with hematoxylin and eosin and the adjacent
sections were immunostained for TSLC1 using pulyclonal anti-
TSLC1 antibody (CC2) as described previously.'" The Bench-
Mark XT immunostainer (Ventana Medical Systems, Tucson, AZ)
and 3-3’ diaminobenzidine detection kit (Ventana Medical Sys-
tems) were used to visualize TSLCI. Appropriate positive and
negative control experiments were also performed in parallel for
each immunostaining.

ANDO ET AL.

Small interfering RNA

TSLC1 siRNA (GUCAAUAAGAGUGACGACUUU)  and
Stealth RNAi Negative Control Duplex were purchased from
Sigma-Aldrich (St. Louis. MO) and Invitrogen, respectively.

Transfection

Neuroblastoma-derived SH-SY5Y cells were transfected with
the indicated combinations of expression plasmids or with siRNA
against TSLCI using LipofectAMINE 2000 or LipofectAMINE
RNAIMAX transfection reagent (Invitrogen), according to the
manufacturer’s recommendations.

Colony formation assay

SH-SYSY and SK-N-AS cells (1 % 10° cells/plate) were seeded
in 6-well cell culture plates and transfected with or without the
increasing amounts of the expression plasmid for TSLCI (0, 250,
750 or 1000 ng). Total amounts of plasmid DNA per transfection
were kept constant (1 pg) with the empty plasmid (pcDNA3.1-
Hygro (+); Invitrogen). Forty-eight hours after transfection, cells
were transferred into the fresh medium containing hygromycin (at
a final concentration of 200 pg/ml) and maintained for 14 days.
Drug-resistant colonies were then stained with Giemsa's solution
and numbers of drug-resistant colonies were scored.

Cell growth assay

SH-SYSY cells (6 % 10° cells/dish) were seeded in 10-cm di-
ameter cell culture dish and transiently transfected with siRNA
agamst TSLC1 (240 pmol). Thirty-six hours after transfection, 2
% 10" cells were transferred into 6-well plates and transfected
with 60 pmol of siRNA against TSLC1. At the indicated time
points after transfection, number of viable cells was measured
using a Coulter Counter (Coulter Electronics. Hialeah, Finland).

Bisulfite-sequencing

Sodium bisulfite-mediated modification of genomic DNA was
performed using BisulFast Methylated DNA Detection Kit
(Toyobo, Osaka, Japan} according to the manufacture’s instruc-
tions. Modified genomic DNA was subjected to P(‘R-basu] ampli-
fication with a primer set as described previously.” The PCR
products containing the promoter region of TSLC] gene were puri-
fied by PCR Purification Kit (Qiagen, Valencia, CA) and their nu-
cleotide sequences were determined by using a 3730 DNA Ana-
lyzer (Applied Biosystem).

Statistical analysis

Fisher’s exact tests were employed to examine possible associa-
tions between TSLC/ expression and other prognostic indicators
such as age. The difference between high and low expression lev-
els of TSLC] was based on the mean value obtained from quantita-
tive real-time PCR analysis. Kaplan-Meier survival curves were
calculated, and survival distributions were compared using the
log-rank test. Cox regression models were used to investigate the
associations between TSLC/ expression levels, age. MYCN ampli-
fication status, INSS and survival. Differences were considered
significant if the p-value was less than 0.05.

Results
Array-comparative genomic hybridization analysis identifies the
smallest region of overlaps of deletion in neuroblastoma at 1123
We have previously performed array-CGH analysis using
UCSF BAC array (.464 BACs, =1-Mb resolution) and 236 pri-
mary neuroblastomas.® In our amay-CGH study, 66 tumors were
revealed to have partial deletion of 11g as shown in Figure la,
whose SRO were approximately 10-Mb long at 11g23 (from phys-
ical location of 110,979 to 119.806 kb in UCSC database, May
2006). To date, the data base analysis demonstrated that there
could exist approximately 100 genes within this region. Of inter-
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Ficuge 1 - ldentification of the SRO of deletion at 11g in primary neuroblastoma. (@) Array-CGH analysis. Blue color indicates the position
of the deleted area in each case. The smallest region of overlaps (SRO) of deletion at 11q is aiso shown. (b) The schematic drawing of the rela-
tive positions of 3 independent polymorphic markers at 1123 used in the present study and 7SLCT gene on human chromosome 11, (¢) Repre-
sentative electropherograms obtained from LOH analysis. Genomic DNA prepared from primary tumors (T) and their comresponding blood (C)
was subjected to LOH analysis. Allelic losses are indicated by arrowheads. NI, not informative.

est, TSLC! gene which has been considered as a putative tumor
suppressor [or human lung as well as other cancers” locates within
this region (Fig. 1b). These observations prompted us to perform
loss of heterozygosity (LOH) as well as expression studies of
TSLC! gene in priumary neuroblastoma.

LOH ar the TSLCI locus is frequently detected in primary
neuroblastoma

According to the previous observations.”" tumor-specific
downregulation of TSLC/ gene might be largely attributed to loss
of one allele in association with the hypermethylation of its pro-
moter region in the remaining allele. To address whether LOH of
TSLC! locus could be frequently detectable in primary neuroblas-
toma, we carried out LOH analysis using 3 independent fluores-
cently labeled polymorphic microsatellite markers (D1/51885,
D1152077 and D1154111) surrounding TSLC] gene (Fig. 15). In
accordance with the previous results,”~® the incidence of 1123
LOH was 22% (7 of 32) and 45% (18 of 40) in favorable neuro-
blastomas (Stage 1 or 2) and unfavorable ones (Stage 3 or 4),
respectively (data not shown). Statistical Fisher's exact test analy-
sis revealed that the presence of LOH at this locus is associated
with unfavorable neuroblastomas (p = 0.0493: data not shown). It
1s worth noting that LOH is detectable at D//51885 but not at
DI1184111 in Case 3 tumor (Fig. 1¢), indicating that a putative
chromosome breakpoint might exist between these loci.

Dovnregulation of TSLCI expression is frequently observed in
unfavorable neuroblastomas

Based on the previous observations,''™® the expression levels

of TSLCT were significantly reduced in advanced stages of tumors
as compared with those in early stages of tumors. We then exam-
ined the expression levels of TSLC'/ in 16 favorable neuroblasto-
mas without MYCN amplification and 16 unfavorable ones with
MYCN amplification. As clearly shown in Figure 2a, TSLC! was
expressed at lower levels in unfavorable neuroblastomas relative
to favorable ones as examined by semiquantitative RT-PCR. To
ask whether there could exist a possible relationship between
downregulation of TSLC! and MYCN amplification, we examined
the expression levels of TSLC! in various neuroblastoma-derived
cell lines bearing single copy of MYCN or MYCN amplification.
As shown in Supplementary Figure la, a significant downregula-
tion of TSLC! expression was detected in 2 of 6 peuroblastoma
cell lines carrying single copy of MYCN (OAN and CNB-RT) and
in 4 of 21 (CHP134, KP-N-NS, SK-N-DZ and NMB) bearing
MYCN amplification as examined by semiquantitative RT-PCR. In
addition, there was no obvious correlation between the expression
levels of TSLCI and loss of 11q except OAN, SK-N-DZ and
NMB. Next, we checked the expression levels of TSLCT in various
buman adult and fetal tissues. As seen in Supplementary Figure
Lb, TSLC1 was highly expressed in normal neuronal tissues, adre-
nal gland, testis, prostate and liver. Our present results suggest
that TSLC! is expressed in normal neuronal tissues and its expres-
sion levels might be regulated in a MYCN-dependent manner in



2090 ANDO ET Al

a b

1.0 High 75 CNn =40)
Favorable ne woblaslomas  Unfavorable neuroblastomas = 08
n=1§ In=18§ !
3 06
E Low JSIC/in = 68§
§ 04
@ 02 P=0.0073
0.0
0 24 48 72 9% 120
Months afterdiagnosis
C Case5 Case 11 Case 14
. . T v : Tk '. . .
& - . - "% R g ;
: e 8 TR o ? : oy y
. M . S ‘u\'< ‘ .9 o ] A g . ; .
- . T '
- & ’ o
e . ,-.. 4 --o ~“ & » 2
gt - :-.‘;'.v.~ S i y i P ’ roy y AN »
3 . r BN 5N Ly v et e b, By

FiGure 2 - Expression levels of TSLC/ in primary neuroblastomas. (a) Expression of TSLCI in 16 favorable neuroblastomas bearing single
copy of MYCN (Stage 1. higher expression levels of TrkA) and 16 unfavorable ones carrying MYCN amplification (stages 3 and 4, lower expres-
sion levels of 7rkA). Total RNA was prepared from the indicated neuroblastoma tissues, reverse transcribed and amplified by PCR to examine
the expression levels of TSLCI. GAPDH serves as an internal control. (h) Kaplan-Meier survival curves of patients with neuroblastomas based
on higher or lower expression levels of TSLCI. Expression levels of TSLC/ in 108 primary neuroblastoma samples categorized by their clinical
stage were examined by a quantitative real-time PCR. Relative expression levels of 7SLC! mRNA were determined by calculating the ratio
between GAPDH and TSLCI. (¢) Immunohistochemical analysis. Tumor samples derived from Case 5 (favorable neuroblastoma bearing single
copy of MYCN), Case 11 (unfavorable neuroblastoma with MYCN amplification) and Case 14 (unfavorable neuroblastoma carrying single copy
of MYCN) were fixed and stained with polyclonal anti-TSLC1 antibody.

primary neuroblastoma but not in neuroblastoma-derived cell
lines.

Lower expression levels of TSLCI are associated with poor
outcome of neuroblastoma

To evaluate whether there could exist a possible relationship
between TSLC] expression levels and clinicopathological factors
of neuroblastoma patients. we have performed a quantitative real-
time PCR. For this purpose, total RNA prepared from 108 primary
neuroblastoma samples was subjected to a quantitative real-time
PCR. According to the mean values of its expression levels
obtained from a quantitative real-time PCR, these patients were
divided into 2 groups including 40 patients with tumors expressing
higher levels of TSLC/ (High TSLC1) and 68 patients with tumors
expressing lower levels of TSLC/ (Low TSLCI). As shown in Ta-
ble I. the significant differences were detectable between the
above-mentioned 2 groups with respect to INSS stage, Shimada’s
pathological classification, copy number of MYCN, TrkA expres-
sion levels and DNA index. In contrast, no significant differences
were observed between them with respect to their age, tumor ori-
gin and LOH on TSLC! locus.

We then examined whether there could exist a possible correla-
tion between the expression levels of TSLC/ in primary neuroblas-
tomas and the survival of patients with neuroblastomas. The log-
rank test showed that lower expression levels of TSLC! signifi-
cantly correlate with unfavorable outcome (p = 0.007) as shown

TABLE 1 =« CORRELATION BETWEEN TSLC/ EXPRESSION AND OTHER
PROGNOSTIC FACTORS OF NEUROBLASTOMA

TSLC! expression
o
Ho High TSLC] Low TSLCI RV
(n = 400 in = 68)

Age (year)

<15 23 29

>1.5 17 39 0.1646
Tumor origin

Adrenal grand 20 36

Others 20 30 0.6915
Stage

1,2,48 A4 25

3.4 16 43 0.0274
Shimada pathology

Favorable 3 35

Unfavorable 6 2 0.0227
MYCN copy number

Single 38 51

Amplified 2 17 0.0086
TrkA expression

High 28 28

Low 12 37 0.0090
DNA index

Diploidy 8 39

Aneuploidy 28 19 <0.0001
LOH

(—) 18 29

(+) 9 16 =>(,9999
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TABLE 11 = IMMUNOHISTOCHEMICAL ANALYSIS OF 78LC7 EXPRESSION IN PRIMARY NEUROBLASTOMAS
Case Ape/Gender MYON INPC Primary site Stage (INSS) TSLCI

4 6 m/M NA NBL. Poorly diff.. Low MKI, FH Mediastinum Stage | (+)

5 7 m/M NA NBL., Poorly diff., Low MKI. FH Adrenal Stage | (t)

6 9mM NA NBL. Poorly diff., Low MKI, FH Adrenal Stage | (+)

9 25 mM NA NBL. Differentiating, Low MKI, FH Adrenal Stage 4 (+)

K 29 miM NA NBL, Differentiating. Low MKI. FH Mediastinum Stage 2 (+)

9 13m/M A NBL, Poorly diff., High MKI, UH Adrenal Stage 4 =)
10 13mM A NBL, Poorly diff., Low MKI. UH Abdominal Stage 4 1=}
11 I8 m/M A NBL, Poorly diff., Low MKI, UH Adrenal Stage 3 =)
12 8 yM NA NBL, Poorly diff., Low MKI. U/H Adlrenal Stage 4 (+)
13 2 m/M NA nGNB (NBL. v diff., Low MKI). UH Mediastinum Stage 2 (= Wi+
14 20 m/M NA NBL. Poorly diff.. Low MKI. UH Adrenal Stage 3 [+)

m. months: y, vears: M. male: NA, not amplified: A, amplified: NBL. neuroblastoma: nGNB. nodular ganglioneuroblastoma: MKI mitosis-

karyorthexis index: FH. favorable histology: UH, unfavorable histology: ( + ). positive: {

). negative.

"Neuroblastoma component showed negative of TSLC1 signals. whereas ganglioneuroma showed positive of TSLC1 signals.

a
464 AAGGTGAGTGACGGAAATTTGTA

ACGTTTGGTTCGCTAGGCCAGAT
i
GCACTCGGTGTGCGGGACAGAG
(] o
2 ”
GACCCTCTTAAGGGAGATTICTCC

AGTCGTCGGTCTGATACAGCGAT
- —
LE "H

TGCTATAAACATTCCTAATAAAGG
TGTACAAGAAGCTAGATTCGTTTT

TIGGAGTTCGAGTTTITGTAC -339

b

Fiure 3 - Bisulfite-sequencing analysis of TSLCI gene promoter in neuroblastoma-derived cell lines and primary neuroblastomas. (a) Nu-
cleotide sequence spanning from —464 to —339 relative to the translational initiation site ( +1). Six CpG sites are shown. Primer sequences
used for PCR-based amplification are underlined. (&) Bisulfite-sequencing analysis. Sequencing histograms showing the methylation status of
CpG sites (#1, #2 and #3) are depicted. Asterisks indicate the positions of the methylated cytosine residues at the indicated CpG sites, H1299
cells were used as a positive control. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

in Kaplan-Meier cumulative survival curves (Fig. 26 and Supple-
mentary Table I). Additionally, multivariable Cox analysis dem-
onstrated that only clinical stage and MYCN amplification are sig-
nificantly associated with their survival (Supplementary Table II),
suggesting that TSLC! expression levels strongly correlate with
these factors.

To further confirm the expression levels of TSLCI in primary
neuroblastomas, we employed immunchistochemical staining of
TSLC1 in 11 primary neuroblastomas, including 5 favorable neu-
roblastomas bearing single copy of MYCN, 3 unfavorable neuro-
blastomas carrying single copy of MYCN and 3 unfavorable neuro-
blastomas with MYCN amplification. As shown in Figure 2c.
TSLC1 appeared to be detectable at the cell-cell boundary of the
tumors (cases 5 and 14) but not in Case 11. The immunohisto-
chemical data were summarized in Table II. TSLC1 was detecta-
ble in tumors with favorable histology bearing single copy of
MYCN (cases 4-8), whereas cases 9-11 with unfavorable histol-
ogy carrying MYCN amplification did not express TSLCI. In addi-
tion, Case 13 was a nodular ganglioneuroblastoma whose ganglio-
neuroma and neuroblastoma components were TSLC l-positive
and -negative, respectively. Of note, TSLC1 was detected in

tumnors with unfavorable histology bearing single copy of MYCN
(cases 12-14). These observations indicate that there exists an
inverse relationship between the expression levels of TSLC1 and
MYCN amplification in primnary neuroblastomas.

Ne promoter methylation of TSLCI gene in neuroblastoma cell
lines and primary neuroblastomas

Based on our present results, lower expression levels of TSLC/
gene in unfavorable neuroblastomas might not be due to allelic
loss of TSLC/ locus. Since accumulating evidence strongly sug-
gests that the downregulation of TSLC/ in several cancers is asso-
ciated  with the hypennethylation of its promoter
region.”! 1342 we Sought 1o examine whether the hyper-
methylation of TSLCI promoter region could be detectable in
unfavorable neuroblastomas. For this purpose. we directly exam-
ined the methylation status of 6 cytosine residues of CpG sites
within a putative TSLC/ promoter region (Fig. 3a) by bisulfite-
sequencing in 27 cell lines and 115 primary neuroblastomas. So-
dium bisulfite modification of genomic DNA converts unmethy-
lated cytosine residues to uracil residues but does not affect meth-
vlated cytosine residues. Unexpectedly, methylated cytosines
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were undetectable in all primary neuroblastomas and cell lines,
whereas hypermethylation was readily detected in human lung ad-
enocarcinoma-derived H1299 cell line used as a positive control
(Fig. 3b). Our present findings ruled out the possibility that the hy-
permethylation of TSLC! promoter region contributes to the

downregulation of TSLC] gene in unfavorable neuroblastomas. Of

note, the treatment of neuroblastoma-derived SH-SYSY and CHP-
134 cells with TSA (trichostatin A) resulted in a remarkable upre-
gulation of TSLC/ (Fig. 4). Since TSA is a histone deacetylase in-

SH-SYSY CHP134

TR = @ = &

Ficure 4 — Upregulation of TSLC/ in cells exposed to TSA. SH-
SYSY and CHP-134 cells were treated with TSA (at a final concentra-
tion of 100 ng/ml) or left untreated. Twelve hours after treatment, total
RNA was prepared and analyzed for the expression levels of TSLC] by
semiquantitative RT-PCR. GAPDH was used as an internal control.
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hibitor, it is possible that the acetylation status of histone plays an
important role in the regulation of TSLC/ expression.

TSLC1 has an ability to suppress cell growth
of neuroblastoma cells

To examine whether TSLC1 could have an ability to suppress
neuroblastoma cell proliferation, we performed colony formation
assays. Neuroblastoma-derived SH-SYSY cells were transfected
with or without the increasing amounts of the TSLCI expression
plasmid and maintained in fresh medium containing hygromycin
for 14 days. As shown in Figure 54, number of drug-resistant colo-
nies was significantly reduced in a dose-dependent manner as
compared with that in cells transfected with the empty plasmid
alone. Similar results were also obtained in neuroblastoma-derived
SK-N-AS cells (Supplementary Fig. 2). Next, we sought to exam-
ine a possible effect of the endogenous TSLC1 on neuroblastoma
cell growth. To this end, SH-SYSY cells were transiently trans-
fected with control siRNA or siRNA against TSLCI. As shown in
Figure 5b, siRNA-mediated silencing of the endogenous TSLC!/
was successful under our experimental conditions. Consistent with
the present results obtained from colony formation assays, siRNA-
mediated knockdown of TSLCI resulted in an accelerated cell
proliferation relative to the control cells (p < 0.05). Thus, it is
likely that TSLCI has an ability to suppress neuroblastoma cell
proliferation.

a E 120
% 100
"
2
58 ®
2 40
5 »
0
pcDNAT
TSLC1
WU i g 1y
5 - ™
< 2 | -
z z g 200
s 5 2 -
2 e x 150 |
E 3 3 ! P 1 = TSLC1 siRNA
] — 5 1ooi a Control siRNA
Y
oo — I R
0 - *
o — — ; =
0 24 a8 7
Time (hours)

FiGure 5§ — Growth-suppressive potential of TSLC1 in neuroblastoma cells. (@) Colony formation assay. SH-SYSY cells were transfected

with the increasing amounts of the expression plasmid for TSLC1 (0,

250, 750 or 1,000 ng). Total amounts of plasmid DNA per transfection

were kept constant (1 pg) with pcDNA3. Forty-eight hours after transfection, cells were transferred into the fresh medium containing hygromy-

cin (at a final concentration of 200 pg/ml) and incubated for 2 weeks.

Drug-resistant colonies were stained with Giemsa’s solution (left panel)

and number of drug-resistant colonies was scored (right panel). (b) siRNA-mediated knockdown of TSLC1. SH-SYSY cells were transiently
transfected with control siRNA or with siRNA against TSLC1. Forty-eight hours after transfection, total RNA was prepared and subjected to
semiquantitative RT-PCR (left panel). At the indicated time periods after transfection, number of viable cells was measured in triplicate (right
panel). The differences between the growth rate of control cells and TSLC1-knocked down cells were statistically significant (p < 0.05). [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Discussion

In the present study. we have demonstrated that the expression
levels of a candidate tumor suppressor gene termed TSLC/ are sig-
nificantly associated with unfavorable outcome of patients with
neuroblastomas. Our array-CGH studies revealed that TSLC/ gene
locates within the SRO of deletion in primary neuroblastoma at
11g. Indeed, its expression levels in primary neuroblastomas cor-
related with several prognostic indicators for neuroblastoma such
as stage. Shimada's pathological classification, MYCN amplifica-
tion status, TrkA expression levels and DNA index. Furthermore,
TSLC1 had an ability to suppress neuroblastoma cell proliferation.
Thus, it is likely that TSLCI acts as a putative tumor suppressor
for neuroblastoma.

As described previously, loss of TSLC! expression in primary
esophageal squamous cell carcinoma (ESCC) preferentially corre-
lated with invasion and metastasis,'” and a remarkable reduction of
TSLC] expression levels was, uhzscrved in primary lung adenocarci-
nomas with advanced stage."* In addition, TSLC! expression was
undetectable in 48% of benign (Grade I), 69% of .nypu.nl (Grade
II) and 85% of anaplastic (Grade IIl) meningiomas."" Consistent
with these observations, a significant downregulation of TSLCT was
seen in unfavorable neuroblastomas bearing MYCN amplification as
compared with favorable ones carrying single copy of MYCN, indi-
cating that the decreased expression levels of TSLC is one of the
general properties of various human tumors including neuroblas-
toma. Intriguingly, there might exist an inverse relationship
between the expression levels of TSLC/ and MYCN amplification
status in primary neuroblastoma. Indeed. our immunohistochemical
analysis demonstrated that TSLC1 is detectable even in unfavorable
neuroblastoma without MYCN amplification (Case 14). [n a sharp
contrast to primary neuroblastomas, the expression levels of TSLC]
might be regulated in a MYCN-independent manner in neuroblas-
toma-derived cell lines. Although the precise molecular mecha-
nisms behind the dysregulated expression of TSLC/ in neuroblas-
toma cell lines, it might be due to cenain genetic alterations
occurred during the establishment of these cell lines.

Based on our present results, the presence of LOH at 11q was
associated with unfavorable outcome of patients with neuroblasto-
mas, however, there were no significant correlation between 11q
LOH and the decreased expression levels of TSLC/. In accordance
with these observations, the expression levels of TSLC/ in neuro-
blastoma-derived cell lines were independent on their LOH status.
These results suggest that the reduced expression levels of TSLC/
in primary neuroblastomas are not attributed to haploinsufficiency.
Altemnatively, accumulating evidence strongly suggests that down-
regulation of TSLC/ in various cancers including lung cancer, he-
patocellular carcinoma. gastric cancer, pancreatic adenocarci-
noma, prostate cancer, breast cancer, nasopharyngeal carcinoma
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and cervical canger, might be due to the hypermethylation of its
promoter region.” " *Ina sharp contrast 1o these cancers, we did
not detect the hypenmethylation of the promoter region of TSLC/
gene in primary neuroblastomas as well as neuroblastoma-derived
cell lines under our experimental conditions. During the prepara-
tion of our article, Nowacki ef al. found that there is no TSLCI-
specific hypermethylation in neuroblastoma.®” Similarly, the hy-
permethylation of TS'LL I promoter region was not detectable in
medulloblastoma.*! According to the previous results, RASSF/A
and CASPS gene promoters were frequently hypmnelhy[nltd in
primary neuroblastoma and neuroblastoma cell lines.™* Thus, it is
conceivable that, unlike the other cancers, hypermethylation of the
promoter region of TSLC! does not contribute to its downregula-
tion in neuroblastoma, and there might exist as yet unknown tis-
sue-specific regulatory mechanisins of TSLC/ transcription. Of
note, the treatment of neuroblastoma-derived SH-SYSY and CHP-
134 cells with TSA (trichostatin A) resulted in a remarkable upre-
gulation of TSLC]. Since TSA is a histone deacetylase inhibitor, it
is likely that the acetylation status of histone plays an important
role in the regulation of TSLC] expression. Further studies should
be required 10 address this issue.

Several lines of evidence mdunte lhul TSLCI has an ability to
delay the cell cycle progression.’ Alternatively, enforced
expression of TSLC resulted in an activation of proapoplotic cas-
pase-3 nnd induction of proteolytic cleavage of its substrate
PARP.* These findings strongly suggest that TSLC1 has an anti-
proliferative and/or proapoptotic activity. In a good agreement
with this notion, our present results demonstrated that enforced
expression of TSLC1 in SH-SYSY cells as well as SK-N-AS cells
decreases the number of drug-resistant colonies, and enforced
depletion of the endogenous TSLCI in SH-SYSY cells leads 10 an
accelerated cell proliferation, which was consistent with the recent
observations.” Collectively. our present findings suggest that
TSLCI acts as a tumor suppressor for neuroblastoma, and also
might contribute to the spontaneous regression of neuroblastoma
arising from neuronal apoptosis and/or differentiation.
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Pediatric acute lymphoblastic leukemia
(ALL) is a malignant disease resulting
from accumulation of genetic alterations.
A robust technology, single nucleotide
polymorphism oligonucleotide genomic
microarray (SNP-chip) in concert with
bioinformatics offers the opportunity to
discover the genetic lesions associated
with ALL. We examined 399 pediatric ALL
samples and their matched remission
marrows at 50 000/250 000 SNP sites us-

ing an SNP-chip platform. Correlations
between genetic abnormalities and clini-
cal features were examined. Three com-
mon genetic alterations were found: dele-
tion of ETVS, deletion of p16INK4A, and
hyperdiploidy, as well as a number of
novel recurrent genetic alterations. Unipa-
rental disomy (UPD) was a frequent event,
especially affecting chromosome 9. A co-
hort of children with hyperdiploid ALL
without gain of chromosomes 17 and 18

had a poor prognosis. Molecular allel-
okaryotyping is a robust tool to define
small genetic abnormalities including
UPD, which is usually overlooked by stan-
dard methods. This technique was able to
detect subgroups with a poor prognosis
based on their genetic status. (Blood.
2008;111:776-784)
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Introduction

Pediatric acute lymphoblastic leukemia (ALL) is the most common
malignant disease in children.'” ALL is a genetic disease resulting from
accumulation of mutations of wmor suppressor genes and oncogenes.'
Knowledge of these mutations can be of use for diagnosis, prognosis,
and therapeutic clinical purposes, as well as o provide an overll
understanding of the pathogenesis of ALL."? Identification of mutated
genes in ALL has evolved with improvement in technology. A recent
approach is single nucleotide polymorphism (SNP) analysis using an
amay-hased technology** that allows identification of amplifications,
deletions, and allelic imbalance, such as uniparental disomy (UPD
[represents the doubling of the abnormal allele due to somatic recombi-
nation or duplication and loss of the other normal allele ]).°* However,
since this technique detects allelic dosage, it cannot detect balanced
translocations.

According to the HapMap publication, 9.2 million SNPs have
been reported, and of these, 3.6 million have been validated.”
Global genomic distribution of SNPs and its easy adaptability for
high throughput analysis make them the target of choice to look for
genomic abnormalities in ALL and other cancers.*’

Recently. higher resolution SNP-chip (50 000-500 000 probes)
has been developed for large-scale SNP typing.*!'® With a large
number of SNP probes, in combination with the algorithms
specifically developed for copy number calculations, these SNP-
chips enable genomewide detection of copy number changes.!"?
The combination of SNP-chip technology. nucleotide sequencing,
and bioinformatics allows the investigator to view the entire
genome of ALL in an unbiased, comprehensive approach. Using
SNP-chips, the chromosomal abnormalities can be evaluated at a
very high resolution (molecular level: average distances of each
probe are 47 kb and 5.8 kb in the 50 k/500 k arrays, respec-
tively*'?), and allele-specific gene dosage level (gene dosage of
paternal and maternal alleles) also can be analyzed in the whole
genome.'"'? Hence. we name this new technology “molecular
allelokaryotyping.™? In this study. we performed molecular allel-
okaryotyping on a very large cohort (399) of pediatric ALL samples
to examine genomic abnormalities at high resolution. Further, we
examined correlations between the genomic abnormalities detected
by SNP-chip and clinical features, including prognosis.
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Methods

Clinical samples and DNA/RNA preparation

The ALL-BFM 2000 tmal of the Bedin-Frankfurt-Miinster (BFM) study group
on treatment of childhood ALL enrolled patients from ages 1 year o 18 years at
diagnosis.

From September 1999 to January 2002, 566 patients were consecu-
tively enrolled in this trial. The ALL-BFM 2000 study was approved by
the ethics commitiees of the Medical School Hanover and the Cedar
Sinai Medical Center. Informed consent was obtained in accordance
with the Declaration of Helsinki.

Of the 566 patients (nos. 299-854), 399 patients. representing 70% of
the entire patient population. had additional DNA available and could be
included in the present SNP-chip study. The 167 patients not available for
this analysis did not differ from the 399 patients in this study with regard to
their clinical and biological characteristics (data not shown).

Complete remission (CR) was defined as the absence of leukemia
blasts in the peripheral blood and cerebrospinal fluid. fewer than 5%
lymphoblasts in marrow aspiration smears, and no evidence of localized
disease. At day 29, bone marrows were examined, and all patients in this
SNP-chip analysis study obtained a CR at that time. The remission
marrows were collected and used as matched control for the SNP-chip
analysis

Prednisone response was defined based on numbers of penpheral blood
blasts per microliter on day 8, and patients were classified into good
(< 1000 blasts/pl.) and poor responders (= 1000 blasts/plL).**"* Relapse was
defined as recurrence of lymphoblasts or localized leukemic infiltrutes at any site.

DNA index, immunophenotyping, molecular analysis of
chromosomal abnormalities

Leukemic or normal bone marrow cells were stained with propidium
iodide, and cellular DNA contents were measured by cytometric analysis as
previously reported. ' DNA index was defined as the DNA content of
leukemic cells compared with normal GO/G1 cells. When the DNA index of
leukemic cells was the same as or greater than 1.16, it was defined as
hyperdiploid ALL by DNA index as previously reported. '8

Immunophenotyping of ALL was examined using anti-CD2. -CD3,
-CD4, -CDI10, -CD19. and -CD20 antibodies by FACS.'*'* ETV&/RUNX1,
BCR/ABL. and MLIL/AF4 were examined by interphase fluorescence in
situ hybridization (FISH) analysis using specific probes and by reverse
transcriptase—polymerase chain reaction (RT-PCR) using specific primers
for these fusion transcripts as described previously. '3

Molecular allelokaryotyping of leukemic cells

DNA from the 399 ALL samples as well as their paired nonnal DNA from
remission samples were analyzed on Affymetrix GeneChip human mapping
50 K Xbal or 250 K Nsp arrays (Affymetrix Japan, Tokyo, Japan) according
to the manufacturer’s protocol. Microarray data were analyzed for determi-
nation of both total and allelic-specific copy numbers using the CNAG
program as previously described''-'* with minor modifications, where the
status of copy numbers as well as UPD at each SNP was inferred using the
algorithms based on Hidden Markov Models. -2

For clustering of ALL samples with regard 1o the status of copy number
changes as well as UPD, entire genome was divided into contiguous
sub-blocks of 100 kb in length, and according to the inferred copy bers
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where S and 5P are the status of the ith sub-block (S/) in data A and B,
respectively, and sum is taken for all sub-blocks. Clustering was initiated by
finding a seed cluster of 2 samples showing the minimwn distance and
replacing them with the cluster data having the mean Si value of the two.
This procedure was iteratively performed until all samples were converged
10 one cluster based on this distance using a program developed for this
purpose (GNAGraph), which was followed by manual revisions focusing
on particular genetic lesions selected by their frequencies within the sample
set. CNAG and CNAGraph are available on request.

Quantitative genomic PCR and direct sequencing

Quantitative genomic PCR (qPCR) was perforined on a real-time PCR
machine, iCycler (Bio-Rad Laboratories, Hercules, CA) using iQ cyber-
green supermix (Bio-Rad Laboratories) according to the manufacturer’s
protocol. Primer sequences used for the gPCR are listed in Table S2
(available on the Blood website; see the Supplemental Materials link at the
top of the online article). Gene dosage at the 2p allele was used as an
internal control. Allelic gene dosage of 9p and 9q was measured, and these
were compared with the levels in respective matched control DNA. SNP
sites were amplified and directly sequenced on Autosequencer 3000
(Applied Biosystems, Foster City. CA). Primers used for SNP site
amplification are listed in Table S2. Exons 12 and 14 of JAK2 gene were
amplified as previously reported.’® PCR products were purified and
subjected to direct sequencing.

Data preparation

Proportional differences between groups were analyzed by either chi-
squared (x°) or Fisher exact tests. The Kaplan-Meier method was used to

Table 1. Characterization of clinical features of 399 ALL cases

(CNs) and the status of UPD, one of the 4 conditions was assigned to the ith
sub-block (Si); CN gain, CN loss. normal CN. and UPD. For a given 2-copy
number data, A and B, distance (d[A,B])was simply defined as

dIA.B) = 21(.&‘.“;5.’)

1if s} = 8§

A.oly —
1t87:8)) [Oifs" + 5

Cases, no. (%)

Sex

Male 230 (57)

Female 169 (43)
Age

1t09yrs 307 (77)

Oider than 10 yrs 92 (23)
wBcC

Below 107 10%L 362 (91)

Over 102 109/L a7 (9)
Immunophenotype

T-cell 49 (12)

B-cell 339 (85)

Uniknown 11(3)
CNS Involvement

Yes 11(3)

No 358 (90)

unknown 30(7)
BCR/ABL

Yes 6(2)

No 379 (95)

Unknown 14 (3)
ETV&RUNXT

Yes 96 (24)

No 270 (68)

Unknown 3a (8)
PDN resp

Good 360 (90)

Poor 35(9)

Unknown 4(1)

WBC indicates white blood cell count (x 10%L) in perpheral blood at diagnosis;
CNS involvement, central nervous system involvement at diagnosis; BCR/ABL and
ETVE/RUNX1, BCR/ABL or ETVE/RUNXT1 fusion was examined by RT-PCR and/or
FISH analysis; PDN, prednisone; and PDN response, blast cell count was 1000/:L or
greater in peripheral blood after a 7-day exposure to prednisone and cne intrathecal
dose of methotrexate.
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Figure 1. Result of SNP-chip analysis. (A) Results of normal and abnormal chromosomes visualized by CNAG software. Blue lines above each chromosome show total gene
dosage; level 2 indicates diploid (2N) amount of DNA, which is normal. Green bars under each chromosome indicate the SNP sites showing heterozygosity in leukemic cells.
When heterozygosity 1s not detected in the leukemic cells but s detected in matched normal controls, the result suggests that the leukemic cells have allelic imbalance (Al) n
that region. Pink bars that replaced green ones suggest Al. The bottom lines (green and red ines) in each panel show allele-specific gene dosage levels (one indk the gene
dosage of paternal allele, the other indicates the gene dosage of maternal allele). Level 1 is normal for each gene dosage. (1) Pattern of normal chromosome 9. Blue line is at
level 2 (2N DNA). Large number of SNP sites shows normal heterozygosity (green bars under the chromosomes), and no pink bars are detected. Allele-specific gene dosage is
at level 1. Panel ii shows the pattern of whole chromosome 9 uniparental disomy (UPD) detected by SNP-chip. Total gene dosage (blue line) is normal (level 2). A number of
pink bars (Al) are detected. Allele-specffic gene dosage data show that one allele is deleted (level 0) and the other allele s duplicated (level 2). Panel iii shows the pattern of
partial UPD. Left half shows the patterm of UPD as described above. Right half shows the pattern of a normal chromosome as described above. This case also has homozygous
deletion of p16/INK4A gene (see that both allele-specific dosage lines [green and red lines| and total gene dosage line [blue line| are at zero). Panel iv shows nondominant UPD.
Total gene dosage (blue line) indicates 2N. Aliele-specific gene dosage lines (arrows, green and red lines) on left half show that one allele (green line) is lower than normal, and
the other allele (red line) is higher than normal. Allele-specific gene dosage on right half show that each allele has same level. (B-D) Validation of SNP-chip data by direct
nucleotide sequencing of SNP sites and gPCR. Top panels: direct nucleotide sequencing of SNP sites in ALL samples with matched controls. ALL indicates leukemic samples;
N, matched control samples. Heterozygous SNP sites are indicated by arrows, Middle panels: results of SNP-chip data (see Figure 1 legend). Bottom panels: gPCR at each
chromosome location. Gene dosage levels were examined using QPCR at indicated chromosomal region. Gene dosage was determined relative to the levels at the 2p21
region. Gene dosage in leukemic cells (ALL) was compared with the matched normal control DNA (N). (B) ALL with 9p hemizygous deletion; homozygous deletion of 9p21 is
also detected. (C) ALL with whole chromosome UPD. (D) ALL with 9p UPD,




