acuvity is tightly linked to its pro-apopltotic function
(Pictenpol er al., 1994). Consistent with this notion,
majority of loss-of-function mutations of p33 in a
variety of primary human tumors is detected within its
DNA-binding domain (Hollstein er al., 1991; Levine
et al., 1994) and p53-deficient mice developed sponta-
neous tumors (Donehower er al., 1992).

In the present study, we found that NEDL1 binds to
the COOH-terminal region of p53 and enhances its
transcriptional activity as well as pro-apoptotic function
in its catalytic activity-independent manner. Our present
findings suggest that NEDLI plays a pivotal role in the
induction of apoptosis in cancerous cells bearing wild-
type p33 through the interaction with p53 and also
might provide a novel insight into understanding
neuronal dysfunction.

Results

NEDLI has a pro-apoptotic function

As described previously (Miyazaki er al, 2004), we
cloned a novel gene termed NEDL! from the oligo-
capping cDNA libraries prepared from a mixture of
fresh primary neuroblastoma tissues that underwent
spontaneous regression (Nakagawara and Obhira,
2004). NEDL] was highly expressed in favorable
neuroblastomas as compared with unfavorable ones
and significantly associated with better prognosis in
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neuroblastoma (Supplementary Figure S1). To examine
the expression levels of NEDLI in response to DNA
damage, human neuroblastoma SH-SYS5Y cells bearing
wild-type p53 were exposed to 20puM of cisplatin
(CDDP). At the indicated ume periods, cells were
subjected to terminal deoxynucleotidyl transferase-
mediated dUTP-biotin nick end labeling (TUNEL)
staming. As shown in Figure la, SH-SYS5Y cells
underwent apoptosis in a time-dependent manner. We
then analysed the expression patterns of NEDLI and
p33 in response to CDDP. As shown in Figures 1b and
¢, p33 was induced to accumulate at protein level but
not at mRNA level and CDDP treatment promoted
phosphorylation of p53 at Ser-15 in association with a
significant upregulation of various p53 target genes such
as p21"*"' Bax and Noxa. It is noteworthy that NEDLI
increased at both mRNA and protein levels in SH-SY3Y
cells exposed to CDDP in a time-dependent manner.
NEDLI] was also upregulated in p53-deficient human
lung carcinoma H1299 cells in response to CDDP
(Figure 1d), indicating that NEDL/ might not be a
direct target of p53. Since a correlation between
expression levels of NEDLI1 and p53 was observed in
SH-SYS5Y cells treated with CDDP, it is likely that there
could exist a functional interaction between them during
DNA damage-mediated apoptotic response.

To confirm this notion, we performed colony forma-
tion assay. p53-proficient SH-SY5Y. human osteosarco-
ma U208, p53-deficient human lung carcinoma H1299
and human osteosarcoma SAOS-2 cells were transfected

b
CODP(20uM) 0 4 & 12 16 24 (h)

NEDLI is induced to accumulate in response to CDDP. (a) CDDP-mediated apoptosis. SH-SY5Y cells were treated with

CDDP (20 uM). Cells were then stained with an in situ cell death detection kit followed by mounting with 4' 6-diamidino-2-
phenylindole-containing mounting medium. The number of TUNEL-positive cells was scored. Results were expressed as means + s.d.
of three independent experiments, (b and ¢) Expressions of NEDL1 and p53 in response to CDDP. Total RNA and cell lysates were
prepared from SH-SYSY cells exposed 10 CDDP for the indicated time periods and subjected to RT-PCR (b) and immunoblotiing
(e), respectively. (d) NEDLJ is induced in p53-deficient H1299 cells exposed 1o CDDP. H1299 cells were treated with 25 um of CDDP.
At the indicated time points, total RNA was prepared and analysed for the expression levels of NEDLI by RT-PCR. GAPDH was
used as an internal control. CDDP, cisplatin, GAPDH, glyceraldehyde-3-phosphate dehydrogenase; NEDLI, NEDD4-like ubiquitin
protein ligase-1; RT-PCR, reverse transcription-PCR; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick

end labeling
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with empty plasmid or with expression plasmid for
NEDLI. Following 2 weeks of selection with G418,
drug-resistant colonies were stained and photographed.
As shown in Figures 2a and b, enforced expression of
NEDLI1 caused a significant decrease in the number of
drug-resistant colonies in p53-proficient SH-SYS5Y and
U208 cells relative to control cells, whereas NEDLI
had undetectable effects on p353-deficient H1299 and
SAOS-2 cells, indicating that NEDL1 induces cell cycle
arrest and/or apoptosis in cells carrying wild-type p33.

To address whether NEDLI could cooperate with p33
to induce cell cycle arrest and/or apoptosis, we checked
NEDL l-mediated proteolytic cleavage of caspase-3.
For this purpose, expression plasmid for NEDLI
was introduced into the indicated cells. As shown in
Figure 3a, NEDLIl-mediated proteolytic cleavage of
caspase-3 was detectable in SH-SYS5Y and U20S cells,
but not in HI299 and SAOS-2 cells. Furthermore,
enforced expression of NEDL] resulted in an increase in
the number of U20S cells with sub-G1 DNA content
(Figure 3b), whereas NEDLI had negligible effects on
SAOS-2 cells (Figure 3c). Since U208 cells expressed
wild-type p53, these findings suggest that NEDLI
induces apoptosis in a p53-dependent manner.

Interaction between NEDLI and p53

To determine whether NEDLI could interact with p33,
COS7 cells were transfected with NEDL] expression
plasmid. As shown in Figure 4a, the anti-NEDLI
immunoprecipitates contained endogenous p33. To
further confirm this issue, cell lysates prepared
from U208 cells exposed to CDDP were immunopre-
cipitated with normal rabbit serum or with anti-NEDL1
antibody and analysed by immunoblotting with anti-p53
antibody. As shown in Figure 4b, the anti-NEDLI

immunoprecipitates contained endogenous p33, suggest-
ing that NEDLI associates with endogenous p53 in
cells. In contrast to wild-type p33, mutant form of
p53 was not co-immunoprecipitated with NEDLI
(Figure 4¢). To identify the region(s) of p53 responsible
for the interaction with NEDLI, we performed in vitro
pull-down assay using the indicated radio-labeled
p33 deletion mutants. As clearly shown in Figure 4d,
full-length p53, p53(1-353) and p53(102-393) were
co-immunoprecipitated with NEDLI, whereas remaining
p33 deletion mutants including p53(1-292) and p53(1-102)
were not. Under our experimental conditions, other p53
family members such as p73 and p63 failed to be co-
immunoprecipitated with NEDL1 (data not shown).
These results suggest that NEDLI specifically interacts
with COOH-terminal region of p53 (amino-acid residues
293-353) and might modulate p53 function.

NEDL] enhances the transcriptional activity of p53

Next, we sought to examine a possible effect of NEDLI
on the transcriptional activity of p53. H1299 cells were
co-transfected with a constant amount of p33 expression
plasmid, together with p53-responsive p2/"*" or Bax
luciferase reporter construct in the presence or absence
of increasing amounts of NEDLI expression plasmid.
As shown in Figures 5a and b, enforced expression of
NEDLI enhanced p33-mediated transactivation toward
p21"4*" and Bax promoters in a dose-dependent
manner. Similarly, luciferase activities driven by
p21"47 promoter were increased by NEDLI in U208
cells (Figure 5¢). In support of these results, reverse
transcription—polymerase chain reaction (RT-PCR)
analysis showed that enforced expression of NEDLI
led to a significant increase in expression levels of
endogenous p21™** and Noxa induced by exogenously
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Figure 2 NEDLI exerts its growth-suppressive and/or pro-apoptotic activity in cancerous cells bearing wild-type p53. (a) SH-SYSY
cells and U20S cells harboring wild-type pS3 as well as p53-deficient H1299 cells and SAOS-2 cells were transfected with 2.0 ug of
empty plasmid (pcDNA3) or with 2.0 pg of expression plasmid for NEDL. Forty-eight hours after transfection, cells were transferred
to fresh medium containing G418 (400 ug ml~'). Two weeks afler selection, drug-resistant colonies were stained with Giemsa's solution
and photographed. (b) Average number of drug-resistant colonies in each transfection relative to pcDNA3J empty plasmid control (set

at 100%). Results were expressed as means +s.d. of three independent experiments. NEDL1, NEDD4-like ubiquitin protein ligase-1.
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Figure 3 NEDL] has a pro-apoptotic activity in cells bearing wild-type p33. (a) Cleavage of caspase-3, Expression plasmid encoding
NEDLI or empty plasmid was transfected into the indicated cells. Forty-eight hours afier transfection, cell lysates were prepared and
processed for immunoblotting with the indicated antibodies. (b and ¢) FACS analysis. U208 (b) and SAOS-2 (c) cells were transfected
with empty plasmid or with expression plasmid for NEDLI. Forty-eight hours after transfection, expression levels of NEDL| were

x d by
NEDLI1, NEDD4-like ubiguitin protein ligase-1.

expressed p53 (Figure 5d). Furthermore, chromatin
immunoprecipitation (ChIP) assay demonstrated that
NEDL1 has an ability to increase the amounts of
exogenous and endogenous p53 recruited onto p2]™4¥
promoter region, whereas NEDLI1 alone is not recruited
onto p21"** promoter region (Figure Se), indicating
that NEDL] might cooperate with p53 to directly
induce the transcription of p53 target genes.

NEDLI enhanced the pro-apoptotic activity of p53
independent of its ubiquitin ligase activity

Since NEDLI has an intrinsic E3 ubiquitin ligase activity
(Miyazaki er al, 2004), these results prompted us to
examine whether NEDLI could ubiquitinate p353. In
spite of our extensive efforts, we could not detect
NEDLI-mediated ubiquitination of p53 (Supplementary
Figure S2). Under our experimental conditions, NEDLI
efficiently ubiquitinated Dvl-1 as described previously
(Miyazaki er al., 2004), whereas HECT(—) mutant failed
to ubiquitinate Dvl-1. To extend these observations, we
examined a possible effect of NEDLI catalytic activity on
pro-apoptotic function of p53. H1299 cells were co-
transfected with a constant amount of expression plasmid
for p33 together with or without increasing amounts of
wild-type NEDLI1 or mutant form of NEDLI lacking
HECT domain termed HECT(—) (Figure 6a). Following 2
weeks of selection with G418 (400 pgml-'), drug-resistant
colomes were stained with Giemsa's solution. Enforced

blotting (left panels) and number of cells with sub-G1 DNA content was analysed by FACS (right panels)

expression of p53 decreased the number of drug-resistant
colonies as compared with that in control cells (Figure 6b).
As expected, coexpression of p53 plus wild-type NEDLI
or HECT(—) mutant led to a dramatic decrease in the
number of drug-resistant colonies in a dose-dependent
manner relative to that in cells expressing p53 alone,
In vitro pull-down assay demonstrated that HECT(-)
mutant, but not CW linker, retains an ability to interact
with p53 (Figure 6¢). In addition, CW linker had negligible
effects on the transcriptional activity of p53 (Supplemen-
tary Figure 83). Thus, it is likely that NEDL] enhances the
transcriptional as well as pro-apoptotic function of p53 in
its catalytic activity-independent manner.

siRN A-mediated knockdown of endogenous NEDL]
confers resistance of U208 cells to adriamycin

To address the physiological role of endogenous
NEDLI in response to DNA damage, we designed
small interfering RNAs (siRNAs) against NEDLI
termed nos. 1, 2, 3 and 4. U20S cells were transfected
with the indicated siRNAs. As shown in Figure 7a, nos.
2, 3 and 4 siRNAs successfully knocked down the
endogenous NEDL]. We then used nos. 2 and 4 siRNAs
for further experiments.

To examine the possible effect of siRNA targeting
NEDLI on the sensitivity to adriamycin (ADR), U20S
cells were transfected with control siRNA, no. 2 or 4
siRNA. Twenty-four hours after transfection, cells were
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Figure 4 Interaction between NEDLI and p53. (a) lmmuuapmupu.aunn COS7 cells were lransfe:lcd with NEDLI expression
plasmid. Forty-eight hours :nzr transfection, cell lysates were prep and i preciy 1 with NRS or with polyclonal anti-
NEDLI antibody, In T i were analysed by lmm\moblullms with the indicated antibodies. Ten perc ge of inputs were
also loaded (input). (b) Endogenous interaction between NEDLI and p53. U20S cells were exposed to CDDP (20 pM). Twenty-four
hours after CDDP treatment, cell lysates prepared from U20S cells were lmmunoprmpmled with NRS or vmh anti- NEDLI anubody
and analysed by immunoblotting with anti-p53 antibody (top panel). The anu-NEDLI ¥ endc
NEDLI (middle panel). To show that equal amounts of cell lysates are used for mmuuopmpmlwn expressmn of actin was
ex i(b panel). (c) M form of p53 does not bind to NEDL 1. Human breast cancer MDA-MB-231 cells, in which Arg at
280 is substituted with Lys, were transfected with expression plasmid for NEDLI1. Forty-eight hours after transfection, cell lysates were
lrnmunnprmpuatcd with polyclon.n] anti-NEDL] antibody or with NRS and the immunoprecipitates were analysed by
ting with the i ibodies. Ten percentage of inputs are also shown (input). (d) The indicated p53 derivatives
were labeled \mh [*S)methionine in vitro and mcubulcd with cell lysates prepared from COS7 cells transfected with expression plasmid
for NEDL, The reaction mixtures were immunoprecipitated with anti-NEDL] antibody and the immunoprecipitates were analysed
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The gels were then dried and subjected to autoradiography. CDDP,

cisplatin; NEDLI, NEDD4-like ubiguitin protein ligase-1; NRS, normal rabbit serum

exposed to the indicated concentrations of ADR for 24 h
followed by fluorescence-activated cell sorter (FACS)
analysis. As shown in Figure 7b, U20S cells transfected
with control siRNA underwent apoplosis in a dose-
dependent manner. In contrast, the number of cells with
sub-G1 DNA content in response to ADR was
significantly decreased in U20S cells transfected with
siRNAs against NEDL1 relative to cells expressing
control siRNA. Similarly, siRNA-mediated knockdown
of endogenous NEDL1 led to a remarkable decrease in
the number of apoptotic cells caused by ADR in a time-
dependent manner (Figure 7c).

Next, we determined whether siRNA-mediated
knockdown of endogenous NEDLI could inhibit the
transcriptional activation of p53 target genes in response
to ADR. U20S cells were transfected with the indicated
siRNAs. Twenty-four hours after transfection, cells
were treated with ADR for 24h. As shown in
Figure 8a. ADR treatment induced the accumulation
of p53 and phosphorylated form of p53 at Ser-15.
However, siRNA-mediated knockdown of endogenous
NEDLI had negligible effects on amounts of p53 and
phosphorylated form of p53 at Ser-15 in response to
ADR, suggesting that their interaction does not affect
the stability of p53 in response to DNA damage. It is
noteworthy that expression levels of Noxa increased in

Oncogene

cells exposed to ADR, whereas ADR-mediated upregu-
lation of Noxa was markedly inhibited in NEDLI-
knocked down U20S cells. RT-PCR analysis also
demonstrated that siRNA-mediated knockdown of
endogenous NEDLI reduces the transcription of p53
target genes such as Noxa and Puma induced by ADR
(Figure 8b). ADR treatment had undetectable effects on
p53 (data not shown). Intriguingly, NEDLI] increased
the acetylation levels of p73 (Figure 8c). Taken together,
our present results suggest that NEDL]1 has an ability to
enhance the transcriptional and pro-apoptotic activities
of p53 through the interaction without affecting its
stability.

Discussion

In the present study, we have found that a novel HECT-
type E3 ubiquitin ligase NEDL] has the ability to
cooperate with p53 to induce apoptosis.

During CDDP-mediated apoptosis in SH-SYSY cells
carrying wild-type p33, expression levels of NEDLI1
correlated with those of p53. Expression levels of
NEDLI were higher in favorable neuroblastoma than
those in unfavorable neuroblastoma. Favorable neuro-
blastoma undergoes spontaneous regression through
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Figure 5 NEDL| enhances the transcriptional activity of p53. (a and b) Luciferase reporter assays. H1299 cells were co-transfected with
25 ng of expression plasmid for p53, 100 ng of luciferase reporter construct ¢ ining pS3-responsive el derived from p2/"*" (a) or
Hax (b) promoter and 10ng of Renilla luciferase plasmid (pRL-TK) together with or without increasing amounts of expression plasmid
for NEDLI (475 and 875 ng). Total amount of plasmid DNA per transfection was kept constant (1 pg) with pcDNA3. Forty-eight hours
after transfection, cell lysates were prepared and their luciferase activity was measured. Data were normalized to the Renilla luciferase
activity. (¢) Luciferase reporter assays. U205 cells were co-transfected with 100ng of luciferase reporter construct conlaining pS3-
responsive element derived from p2/™*"' promoter and 10ng of pRL-TK together with or withoul increasing amounts of expression
plasmid for NEDL1 (400, 800 and 1000ng). Forty-eight hours after transfection, cell lysates were prepared and their luciferase activity
was measured as described above. (d) RT-PCR analysis. H1299 cells were co-transfected with a ¢ amount of p353 expression
plasmid (0.1 pg) along with or without NEDL] expression plasmid (1.9 pg). Forty-eight hours afier transfection, total RNA was isolated
and subjected to RT-PCR analysis. GAPDH was used as an internal control. (e) ChIP assay. The increased binding of p53 to the
promoter region of p21**" caused by NEDL] was demonstrated by ChIP assay with chromatin isolated from H1299 cells transfected
with the indicated combinations of expression plasmids. As a control, PCR was performed on chromatin fragments isolated both before
(input) and after (IP) immunoprecipitation with monoclonal anti-p53 antibody or with normal mouse serum (NMS) (upper panels).
Middle panels show the increased binding of endogenous p53 to p2/"*" promoter in the presence of NEDLI, Crosslinked chromatin
isolated from U20S cells transfected with or without NEDL1 expression plasmid exposed to adnamycin was subjected to ChlP assay.
Lower panels show ChIP assay using crosslinked chromatin prepared from H1299 cells iransfected with the indicated combinations of
expression plasmuds. Crosslinked chromatin was immunoprecipitated with polyclonal anti-NEDL1 or with NRS and subjected 10 PCR
CDDP. cisplatin; ChlP, chromatin immunoprecipitation; GAPDH, glyceraldehyde-3-phosphate dehydrog NEDLI, NEDD4-like
ubiquitin protein ligase-1; NRS, normal rabbit serum; RT-PCR, reverse transcriptase-PCR
apoptosis and/or neuronal differentiation (Kitanaka et al., 2006). In accordance with this notion, enforced
et al., 2002). In contrast to other human tumors, p53  expression of NEDLI] resulted in an increase in
is rarely mutated in neuroblastoma (Moll er al., 1995).  acetylation levels of p53. Thus, it is possible that the
Thus, it is likely that functional interaction between  interaction between NEDLI] and p53 might help to
NEDL] and p53 might contribute to induction of  expose DNA-binding domain of p53 through the
spontaneous regression caused by apoptosis of favor-  induction of acetylation of p53, and thereby enhance
able neuroblastoma bearing wild-type p53. In support of  its transcriptional activity. However, the precise mole-
this notion, enforced expression of NEDLI1 reduced the  cular mechanisms behind NEDL1-mediated induction
number of drug-resistant colonies in cells with wild-type of acetylation of p53 remained unclear. Further studies
p33 but not in p33-deficient cells. Furthermore, siRNA-  should be necessary to address this issue.
mediated knockdown of endogenous NEDL]1 inhibited Although we found that NEDLI1 has an intrinsic E3
DNA damage-induced apoptosis in cells bearing wild- ubiquitin ligase activity (Miyazaki et al., 2004), our
type p53. Our present results demonstrated that NEDLI extensive efforts failed to detect NEDLI-mediated
binds to COOH-terminal region of p53 and enhances its  ubiquitination of p53 and enforced expression of
transcriptional activation. In addition, NEDLI in- NEDLI had undetectable effects on the stability of
creased the amounts of p53 recruited onto p2/""  endogenous p53 (data not shown). Under our experi-
promoter region. As described previously (Hupp and mental conditions, MDM2 promoted ubiquitination-
Lane, 1994), COOH-terminal region of p53 masked its mediated degradation of p53 (data not shown). NEDL]
DNA-binding domain to inhibit its transcriptional and mutant form of NEDL]1 lacking its catalytic HECT
potential. Chemical modifications at COOH-terminal  domain had an ability to decrease the number of drug-
portion of p53, such as acetylation and glycosylation, resistant colonies in H1299 cells co-transfected with p53
lead to an increase in the transcriptional activity of p53  expression plasmid. Like wild-type NEDLI, this
(Shaw et al., 1996; Thomas and Chiang, 2005; Di Lello NEDLI| mutant retained an ability to interact with
Oncogene
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p33 but not ubiquitinate p53. Thus, it is conceivable that
the interaction of NEDL| with p53 suppresses the
inhibitory effect of COOH-terminal region of p33 on its
function in its catalytic activity-independent manner.
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Figure 6 NEDL] increases pro-apoptotic activity of p53 in its catalytic activity-independent manner. (a) Schematic diagram of wild-
type NEDLI and its deletion mutants. (b) Colony formation assay. H1299 cells were co-transfected with constant amount of p33
expression plasmid (25 ng) together with or without increasing amounts of expression plasmid for NEDLI (475 and 975 ng) (upper
panel) or NEDL1 lacking HECT domain (475 and 975 ng) (lower panel). Forty-eight hours after transfection, cells were grown in the
fresh medium conlaining G418 (400 ugmi="), Following 2 weeks selection, drug-resistant colonies were stained with Giemsa's solution.
(¢) In vitro pull-down assay. Cell lysates prepared from COS7 cells were incubated with the indicated radio-labeled NEDL1 mutanis
and then immunoprecipitated with anti-p53 antibody. The 1 yprecipitates were subjected to a diography (right panel). Leit
panel shows the autoradiography of the radio-labeled NEDLI deletion mutants generated by in vitro transcription/translation system
NEDL1, NEDD4-like ubiguitin protein ligase-1.
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Figure 7 siRNA-mediated knockdown of endogenous NEDLI| confers resistance of U208 cells to ADR. (a) siRNA-mediated
knockdown of endogenous NEDLIL. U208 cells were transfected with control siRNA (-), siRNA against NEDLI termed no. 1,2, 3 or
4 siRNA. Forty-eight hours after transfection, total RNA was prepared and subjected to reverse transcriptase-PCR. GAPDH was used
as an internal control, (b) U20S cells were transfected with control siRNA, no. 2 or 4 siRNA. Twenty-four hours after transfection,
cells were exposed to the indicaled concentrations of ADR for 24 h and then cell cycle distributions of cells were analysed by FACS.
(e) U208 cells were transfected with control siRNA, no. 2 or 4 siRNA. Twenty-four hours after transfection, cells were treated with
ADR (1 pM). At the indicated time periods, cell cycle distributions of cells were analysed by FACS. ADR, adriamycin; GAPDH.
glyceraldehyde-3-phosphate dehydrogenase; NEDLI, NEDD4-like ubiquitin protein ligase-1; siRNA, small interfering RNA.
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In contrast to p53, NEDLI did not interact with other
p53 family members such as p73 and p63 (data not
shown). Intriguingly, we reported that NEDL2, a close
relative to NEDLI, binds to PY motif of p73 and
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Figure 8 siRNA-mediated depletion of endogenous NEDLI does

not affect the stability of p53 but inhibits ADR-mediated
upregulation of p53 target genes. (a) U20S cells were treated with
or without ADR (1 pM). Twenty-four hours after the treatment,
cell lysates were prepared and subjected to immunoblotting with
the indicated antibodies (left panels). U20S cells were transfected
with control siRNA (C), no. 2 or 4 siRNA. Twenty-four hours
alter transfection, cells were treated with ADR. At the indicated
time periods, cell lysates were prepared and processed for
immunoblotting with the indicated antibodies (right panels). (b)
RT-PCR analysis. U208 cells were treated as in (a), and total
RNA was prepared and subjected to RT-PCR. (¢) NEDLI-
mediated increase in acetylation levels of p53, U208 cells were
transfected with empty plasmid or with expression plasmid for
NEDL|. Forty-eight hours after transfection, cell lysates were
immunoprecipitated with monoclonal anti-p53 antibody. The
immunoprecipitates were analysed by immunoblotting with poly-
clonal anti-acetyl-Lys antibody (New England Biolabs, Ipswich,
MA, USA). Expression levels of total p533, NEDLI and actin were
also examined. ADR, adriamycin; GAPDH, glvceraldehyde-3-
phosphate dehydrogenase; NEDLI, NEDD4-like ubiquitin protein
ligase-1; RT-PCR. reverse transcriptase-PCR; siRNA, small
mterfering RNA.

promotes ubiquitination of p73 (Miyazaki er al., 2003).
According to our previous results, NEDL2-mediated
ubiquitination of p73 increased the stability and activity
of p73, raising a possibility that ubiquitination does not
always act as a degradation signal. Consistent with our
results, ubiquitination was required for the transcrip-
tional activity of c¢-myc (Adhikary er al., 2005). It is
noteworthy that NEDL?2 did not interact with p53 that
lacks PY motif and had negligible effects on p53
(Miyazaki er al., 2003), indicating that NEDLI family
members have a differential effect on p53 family
members. In this regard, it is of interest to examine
whether there could exist a functional interaction

between NEDLI1 family members and p63 that contains
PY motif.

Several lines of evidence suggest that pro-apoptotic
p33 signaling pathway is involved in motor neuron
death associated with amyotrophic lateral sclerosis
through an upregulation of pro-apoptotic Bax (Ekegren
et al., 1999; Gonzalez de Aguilar er al., 2000; Martin and
Liu, 2002). Recently, it has been shown that Noxa is one
of the critical mediators of p53-dependent motor neuron
death (Kiryo-Seo et al, 2005). These observations
suggest that pro-apoptotic p33 signaling pathway plays
a causable role in the regulation of neuronal cell death.
Thus, it 1s likely that NEDLI is involved in the
regulation of this cellular process through the interac-
tion with p53.

As described previously (Miyazaki er al., 2004), we
found that Dvl-1, a highly conserved cytoplasmic
phosphoprotein implicated in Wnt signaling pathway,
is one of the physiological targets of NEDLI. On the
basis of our previous results, NEDL] ubiquitinated
Dvl-1 and induced its degradation in a proteasome-
dependent manner. It has been well documented that
Dvl-1 increases the stability of f-catenin through the
inhibition of the catalytic activity of glycogen synthase
kinase-3p (GSK-3p) (Kishida er al., 2001; Lee et al.,
2001; Hino er al., 2003). In addition, GSK-3f facilitated
staurosporine-mediated apoptosis in SH-SYS5Y cells
(Bijur er al., 2000) and also contributed to neuronal
apoptosis induced by trophic withdrawal (Hetman er al.,
2000). Consistent with these results, specific inhibition
of GSK-3f activity by a small chemical compound
protecied primary neuron from apoptosis (Cross er al..
2001). These results suggest that GSK-3p activity is
closely involved in the induction of neuronal cell death.
It is worth noting that GSK-3p interacts with p53 in
response to DNA damage and enhances pro-apoptotic
function of p53 (Watcharasit er al., 2002). Taken
together, there exists a functional interaction among
NEDLI, Dvl-1, p53 and GSK-3p, which might play a
pivotal role at least in part in the regulation of apoptosis
in response to DNA damage. Further studies should be
necessary to address this issue.

Materials and methods

Cell culture and transfection

COS7, U208 and SAOS-2 cells were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% of heat-
inactivated fetal bovine serum (Invitrogen, Carlshad, CA,
USA), penicillin (100 IU ml~') and streptomycin (100 ug mi-').
p33-deficient H1299 and SH-SYSY cells were grown in RPMI-
1640 medium supplemented with 10% heat-inactivated fetal
bovine serum and antibiotic mixture. Cells were cultured
at 37°C in a water-saturated atmosphere of 95% air and
5% CO,. Transient transfection was performed using
Lipofect AMINE 2000 transfection reageni (Invitrogen) according
to the manufacturer's instructions.

Immunoblotting and immunoprecipitation
For immunoblotting, cells were lysed in a lysis buffer
containing 25mM Tris-Cl pH 7.5, 137mM NaCl, 2.7mm
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KCl, 1% Triton X-100 and protease inhibitor cocktail. Equal
amounts of cell lysates were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred onto Immobilon-P membranes (Millipore, Bed-
ford, MA, USA). The transferred membranes were incubated
with monoclonal anti-p21™*F' (Ab-1, Oncogene Research
Products, Cambridge, MA, USA), monoclonal anti-p53
(DO-1, Oncogene Research Products), monoclonal anti-Noxa
(ab13654, Abcom, Cambridge, UK), polyclonal anti-Bax (Cell
Signaling, Beverly, MA, USA), polyclonal anti-caspase-3
(Calbiochem, San Diego, CA, USA), polyclonal anti-phos-
phorylated p53 at Ser-15 (Cell Signaling), polyclonal anti-
NEDLI or with polyclonal anti-actin (20-33, Sigma, St Louis,
MO, USA) antuibody followed by incubation with the
appropriate HRP-conjugated secondary antibodies (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA).
Bound antibodies were detected by ECL system (Amersham
Biosciences, Piscataway, NJ, USA). For immunoprecipitation,
| mg of protein was incubated with protein G-Sepharose beads
(Amersham Biosciences). The precleaned lysates were incu-
bated with polyclonal anti-NEDL1 antibody for 2h at 4°C
and immunocomplexes were precipitated with protein G-
Sepharose beads for additional 1h at 4°C. The immunocom-
plexes were washed three times with the lysis buffer, eluted
from beads by adding 2 x SDS sample buffer, resolved by
SDS-PAGE and subjected to immunoblotting with polyclonal
anti-NEDLI1 or with monoclonal anti-p53 (DO-1, Oncogene
Research Products) antibody.

In vitro binding assay

Wild-type p33 and its deletion mutants were expressed in vitro
using a T7 Quick Coupled Transcription/Translation System
(Promega, Madison, W1, USA) in the presence of [*'Sjmethio-
nine according to the manufacturer’s recommendations. Cell
lysates prepared from COS7 cells transfected with the
expression plasmid encoding NEDL] were mixed and incu-
bated overnight at 4°C. Reaction mixtures were then
immunoprecipitated with the ant-NEDLI antibody. Immu-
noprecipitates were washed extensively with the lysis buffer
and resolved by SDS-PAGE. The gels were dried and
subjected to autoradiography.

TUNEL assay

SH-SYSY cells were grown on coverslips and treated
with CDDP (20uM). At the indicated time peniods after
the treatment with CDDP, cells were fixed in 4% paraformal-
dehyde and apoptotic celis were detected by using an
in situ cell death detection Kit (Roche Molecular Biochemicals,
Mannheim, Germany) according to the manufacturer's
protocol. The coverslips were mounted with 4',6-diamidino-
2-phenylindole-containing mounting medium  (Vector
Laboratories, Burlingame, CA, USA) and observed under a
Fluoview laser scanning confocal microscope (Olympus,
Tokyo, Japan).

FACS analysis

U20S and SAOS-2 cells were transfected with the expression
plasmid for NEDLI. Forty-eight hours after transfection,
floating and attached cells were collected, washed in phos-
phate-buffered saline and fixed in 70% ethanol at —20°C,
Following incubation in phosphate-buffered saline containing
40 pg ml-' of propidium iodide and 200 uygml~' of RNase A for
1h at room temperature in the dark, stained nuclei were
analysed on a FACScan machine (Becton Dickingson,
Mountain View, CA, USA).
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RT-PCR

SH-SYS5Y cells were treated with CDDP (20pum). At the
indicated time periods after the treatment, total RNA was
prepared using an RNeasy mini kit (Qiagen, Valencia, CA,
USA). Five micrograms of total RNA were employed to
synthesize the first-strand cDNA by using random primers and
SuperScript II reverse transcriptase (Invitrogen) according to
the manufacturer’s instructions. The resultant cDNA was
subjected to the PCR-based amplification. The list of primer
sets used will be provided upon request. The expression of
glyceraldehyde-3-phosphate dehydrogenase was measured as
an internal control. The PCR products were subjected to
agarose gel electrophoresis and visualized by ethidium
bromide staining.

Luciferase reporrer assay

H1299 cells were allowed to adhere overnight in 12-well cell
culture plates at a final density of 50000 cells per well. Cells
were then co-transfected with 25ng of the p33 expression
plasmid, 100ng of the p33-responsible luciferase reporter
construct (p2/***" or Bax) and 10ng of pRL-TK Renilla
luciferase cDNA together with or without increasing amounts
of the NEDLI expression plasmid (475 and 875ng). Total
amount of plasmid DNA per transfection was kept constant
(1 pg) with an empty plasmid pcDNA3 (Invitrogen). Forty-
eight hours after transfection, cells were lysed and both the
firefly and Renilla luciferase activities were measured with
dual-luciferase reporter assay system (Promega), according to
the manufacturer’s instructions. The firefly luminescence signal
was normalized based on the Renilla luminescence signal.

Chromatin i precipitation assay

Chromatin immunoprecipitation assay was performed accord-
ing to the protocol provided by Upstate Biotechnology (Lake
Placid. NY, USA). In brief, H1299 cells were transfected with
the expression plasmid for p33 together with or without the
expression plasmid for NEDLI. Forty-eight hours after
transfection, cells were treated with 1% formaldehyde at
37°C for 15min. After being washed with ice-cold phosphate-
buffered saline, cells were suspended with 200 ul of SDS lysis
buffer (1% SDS. 10mm EDTA and 50mM Tris-HCl, pH 8.1)
on ice for 10min. Lysates were sonicated and insoluble
materials were removed by centrifugation. Supernatants were
then precleared with 20 pl of protein A agarose beads that had
been preabsorbed with salmon sperm DNA at 37°C for
30 min. The precleared chromatin solutions were immunopre-
cipitated with normal mouse serum or with anti-p53 antibody
at 4 °C overnight, followed by incubation with 60 ul of protein
A agarose beads for 1h at 4°C. Samples were eluted with
200 pl of the elution buffer (1% SDS and 0.1 M NaHCO,) and
then crosslinks were reversed by heating them at 65°C for 6 h.
Chromatin-associated proteins were digested with proteinase
K at 45°C for 1 h, and immunoprecipitated DNA was purified
by using QIAquick PCR purification kit (Qiagen) according to
the manufacturer’s instructions. Purified DNA was analysed
by PCR-based amplification. The primer set used to detect
p21"4¥ promoter was as follows: 5-CACCTTTCACCAT
TCCCCTA-3 (forward) and 5-GCAGCCCAAGGACAAA
ATAG-3 (reverse).

Small interfering RNA

U20S cells were transiently transfected with siRNA targeting
NEDLI (no. |, 5-CUAAAUGACUGGCGGAAUAUU-3;
no. 2, ¥-GAUGAGGUCUUGUCCGAAAUU-3; no. 3,
§-GAUGCCAGCUCGUACUUUGUU-3"; no. 4, 5-CAGCU
GCAAUUCCGAUUUGUU-3) or control non-targeting




siRNA (Dharmacon, Chicago, IL, USA) by using Lipofect
AMINE RNAIMAX transfection reagent (Invitrogen) accord-
ing to the manufacturer’s instructions. Forty-eight hours
after transfection, total RNA was prepared and subjected to
RT-PCR.

Colony formation assay

H1299, SH-SY5Y. U20S and SAOS-2 cells were seeded at a
final density of 1 x 10° cells per six-well dish and allowed to
attach overnight. Cells were then co-transfected with the
indicated combinations of the expression plasmids. Total
amount of plasmid DNA per transfection was kept constant
(2 ug) with pcDNA3. Forty-eight hours after transfection, cells
were transferred to the fresh medium containing G418
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N-MYC promotes cell proliferation through a direct transactivation
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of neuronal leucine-rich repeat protein-1 (NLRRI) gene in neuroblastoma
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Neuronal leucine-rich repeat protein-1 (NLRRI) gene
encodes a type | transmembrane protein with unknown
function. We have previously described that NLRR1 gene
is highly expressed in unfavorable neuroblastomas as
compared with favorable tumors and its higher expression
levels correlate significantly with poor clinical outcome. In
this study, we have found that NLRRI gene is one of
direct target genes for N-MYC and its gene product
contributes to N-MYC-dependent growth promotion in
neuroblastoma. Expression levels of NLRRI were signi-
ficantly associated with those of N-MYC in various
neuroblastoma cell lines as well as primary neuroblastoma
tissues. Indeed, enforced expression of N-MYC resulted in
a remarkable induction of the endogenous NLRRI.
Consistent with these results, we have identified two
functional E-boxes within the promoter region and
intron 1 of NLRRI gene. Intriguingly, c-myc also
transactivated NLRRI gene. Enforced expression of
NLRR1 promoted cell proliferation and rendered cells
resistant to serum deprivation. In support with these
observations, small-interfering RNA-mediated knock-
down of the endogenous NLRRI-reduced growth rate
and sensitized cells to serum starvation. Collectively, our
present findings provide a novel insight into understanding
molecular mechanisms behind aggressive neuroblastoma
with N-MYC amplification.

Oncogene (2008) 27, 6075-6082; doi:10,1038/onc.2008.200;
published online 30 June 2008

Keywords: c-myc; neuroblastoma; N-MYC; NLRRI;
proliferation; transactivation

In a sharp contrast to c-mye, the expression of N-MYC
is largely restricted to embryonic tissues and neuroendo-
crine tumors (Boon er al., 2001). It has been established
that N-M ¥ C gene amplification is strongly associated
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with poor clinical outcome of aggressive human
neuroblastoma (Kohl er al., 1983; Schwab er al.,, 1983;
Seeger er al, 1985). Indeed, enforced expression of
N-MYC in neuroblastoma cell lines resulted in an
accelerated proliferation (Bernards er al., 1986; Lutz
et al., 1996), whereas treatment of neuroblastoma cells
with antisense oligonucleotides specific to N-MYC
decreased their proliferation (Negroni ef al, 1991).
Consistent with these observations, transgenic mice
overexpressing N-M YC in neural crest-derived tissues
displayed frequent development of neuroblastomas
(Weiss ef al., 1997), suggesting that deregulated expres-
sion of N-MYC is causative in genesis and development
of neuroblastoma in vivo. However, it is still unclear how
N-MYC contributes to the formation of neoplastic
phenotypes of neuroblastoma.

N-MYC is a nuclear transcription factor containing
NHs-terminal transactivation domain and COOH-term-
inal helix-loop-helix/leucine-zipper domain as well as the
basic region (Kouzarides and Ziff, 1988; Landschulz
et al., 1988; Murre er al., 1989). N-MYC forms a
heterodimeric complex with Max through their helix-
loop-helix/leucine-zipper domains and binds to consen-
sus site known as E-box (CACGTG) (Alex er al., 1992;
Blackwood er al., 1992: Torres er al., 1992). Identifica-
tion of its direct transcriptional target gene(s) might
provide a novel insight into understanding the functional
contribution of N-MYC in malignant phenotypes of
aggressive neuroblastoma. Extensive efforts demon-
strated that prothymosin-x, ornithine decarboxylase
teromerase reverse transcriptase, /d2 and genes involved
in ribosome biogenesis are transcriptional targets of
N-MYC (Lutz er al., 1996; Wang et al., 1998; Lasorella
et al., 2000: Boon er al., 2001). Recently, Slack er al.
(2005) described that MDM2 that acts as an E3 ubiquitin
protein ligase for tumor suppressor, p33, is a putative
transcriptional target of N-MYC. According to their
results, N-MYC directly binds to a consensus E-box
within human M DM 2 promoter region and N-MYC has
an ability to transactivate MDM2 promoter. Further-
more, the endogenous MDM2 increased in N-MYC-
inducible neuroblastoma cells. These observations
suggest that MDM2 is important in N-MYC-driven
neuroblastoma development.
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Figure 1 Expression of N-M ¥ C and neuronal leucine-rich repeat protein-1 (NLRR/) in various neuroblastoma-derived cell lines and
primary tissues. (a) Expression of NLRR/ is restricted in neuroblastoma cell lines with N-MYC amplification. Total RNA was
prepared from neuroblasioma cell lines with N-MYC amplification (SAN, IMR-32, CHP134, LANS and SK-N-BE) and
neuroblastoma cell lines bearing a single copy of N-MYC (OAN, SH-SYS5Y and SK-N-AS) using RNeasy Mini Kit (Qiagen,
Valencia, CA, USA) and analysed for expression levels of N-M YC (top) and NLRR/ (middle) by reverse transcription (RT)-PCR.
GAPDH was used as an internal control (botiom) The oligonucleotide primer sequences used in this study are as follows: human
NLRRI, 5-GTCGATGTCCATGAATACAACCT-3' (sense) and 5-CAAGGCTAATGACGGCAAAC-3 (antisense), human
N-MYC, 5-CTTCGGTCCAGCTTTCTCAC-3' (sense) and §-GTCCGAGCGTGTTCAATTTT-3 (antisense); human GAPDH,
F-ACCTGACCTGCCGTCTAGAA-3 (sense) and 5'-TCCACCACCCTGTTGCTGTA-3 (antisense). (b, ) Induction of NLRRI in
N-MYC-inducible TetZIN cells. At the indicated time points after removal of tetracycline (Tc), total RNA and cell lysates were
prepared and processed for RT-PCR (b) and immunoblotting with anti-N-MYC (Ab-1, Oncogene Research Products, Cambridge,
MA, USA), anti-NLRRI and anti-actin (20-33, Sigma, St Louis, MO, USA) antibodies (¢), respectively. For RT-PCR, GAPDH was
used as an internal control. For immunoblotting, actin was used as a loading control. (d, ¢) Downregulation of NLRR1 in Tet2IN cells
maintained in the presence of Tc. At the indicated time periods after the addition of Tc (100 ng/ml), total RNA and cell lysates were
prepared and subjecied to RT-PCR (d) and immunoblotting (e), respectively. (f) Expression of NLRR/ in primary neuroblastomas
Total RNA was prepared from eight favorable neuroblastomas (cases 1-8) and eight unfavorable ones (cases 9-16) and subjected to
RT-PCR 1o examine expression levels of N-MYC (top) and NLRR! (middle). GAPDH was used as an internal control (bottom).
(g) Immunohistochemical analysis. Primary neuroblastomas tissues with N-M ¥C amplification were immunostained with anti-NLRR1
(left panels) or with anti-N-MYC antibody (right panels). The BenchMark XT immunostainer (Ventana Medical Systems, Tucson,
AZ, USA) and 3,3 diaminobenzidine detection kit (Ventana Medical Systems) were used to visualize NLRRI and N-MYC. All
patients agreed to participate and provided written informed consent and our present study was approved by institutional ethical
review comrmtlee,

Mammalian neuronal leucine-rich repeat protein

were expressed at higher levels in favorable neuroblas-

family (NLRR) is a type | transmembrane protein with
extracellular leucine-rich repeats, which is composed of
NLRRI1-5 (Taguchi ef al., 1996; Taniguchi et al., 1996;
Hamano er al, 2004; Bando er al, 2005). NLRR
proteins have been proposed to function as cell adhesion
or signaling molecules (Fukamachi er al., 2002). We
have previously reported that expression levels of
NLRRI are significantly higher in unfavorable neuro-
blastoma than those in favorable one and higher
expression levels of NLRRI closely correlate with poor
clinical outcome of patients with neuroblastoma
(Hamano er al., 2004). In contrast, NLRR3 and NLRRS
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toma as compared with unfavorable one. For NLRR2,
no significant differences were observed in its expression
levels between favorable and unfavorable neuroblasto-
mas (Hamano ez al., 2004). In the present study, we have
found that NLRRI is a direct transcriptional target of
N-MYC and its gene product is important in the
regulation of neuroblastoma cell proliferation.

To examine a possible correlation between expression
levels of N-MYC and NLRR! in neuroblastoma cells,
total RNA was prepared from the indicated cell lines
and subjected to reverse transcription (RT)-PCR.
As shown in Figure la, all neuroblastoma cell lines
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with N-M YC amplification that we examined expressed
NLRR! mRNA, whereas we did not detect NLRR/
mRNA in OAN, SH-SYSY and SK-N-AS cells bearing
a single copy of N-MYC under our experimental
conditions. To confirm a possible relationship between
N-MYC and NLRRI, we employed N-M YC-inducible
neuroblastoma cells (Tet2IN) derived from parental
neuroblastoma cell line SHEP (Lutz er al, 1996).
According to their results, Tet2IN cells constitutively
expressed N-MYC in the absence of tetracycline
(Tc), whereas the addition of Tc to the culture decreased
N-MYC expression levels. For this purpose, we have
generated polyclonal antibody against NLRR1 that
recognizes the region including amino-acid residues
between positions 693 and 712. At the indicated time
points after Tc depletion, total RNA and cell lysates
were prepared and subjected to RT-PCR and immuno-
blotting, respectively. As shown in Figure 1b, Tc
deprivation led to an induction of N-MYC in associa-
tion with a significant increase in expression levels of
NLRRI. Similar results were also obtained in immuno-
blotting analysis (Figure l¢). In contrast to the with-
drawal of Tec, the addition of Tc to the culture
significantly reduced expression levels of N-MYC and
the concomitant decrease in expression levels of NLRRI
was detectable at mRNA and protein levels (Figures 1d
and ), suggesting that NLRRJ/ might be a direct
transcriptional target of N-MYC.

Consistent with these results, NLRR] expression was
undetectable in favorable primary neuroblastomas
carrying a single copy of N-M YC, whereas unfavorable
primary neuroblastomas bearing N-M YC amplification
expressed substantial amounts of NLRR/ (Figure 1f).
Immunohistochemical analyses also revealed that
NLRRI1 is coexpressed with N-MYC in primary
neuroblastomas  bearing N-MYC  amplification
(Figure 1g). On the other hand, NLRRI was undetect-
able in primary neuroblastomas carrying a single copy
of N-MYC (data not shown). In addition, Spearman’s
rank correlation coefficient beiween NLRRI] and
MYCN mRNA expression in 136 primary neuroblasto-
mas was 0.42 (P<0.0001) as shown in the scatter plot of
Supplementary Figure SI, suggesting that NLRR/ and
M YCN expression in primary tumors is also positively
correlated.

To address whether N-MYC could enhance the
transcription of NLRRI, HeLa cells were transfected
with or without the increasing amounts of the expres-
sion plasmid encoding N-MYC. As clearly shown in
Supplementary Figure S2, N-MYC had an ability to
transactivate the endogenous NLRR] in a dose-depen-
dent manner. In contrast, N-MYC had undetectable
effects on expression levels of the endogenous NLRR2
(data not shown). Intriguingly, c-myc was also capable
to transactivate the endogenous NLRR! (Supplemen-
tary Figure S2). Expression levels of cyelin E were
examined as a positive control. As it has been well
established that N-MYC recognizes and binds to so-
called E-box (5'-CACGTG-Y'). we sought to find out the
putative E-box sequence(s) within 5'-upstream region as
well as intron 1 of NLRRI gene. Finally, we found out
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three (E-1, E-2 and E-3) and two candidate E-boxes (E-4
and E-35) within 5'-upstream region and intron 1 of
NLRRI gene, respectively (Figure 2a). To investigate
whether these canonical E-boxes could respond to
N-MYC, we subcloned genomic fragments containing
each of these putative E-boxes into luciferase reporter
plasmid to give pluc-El, pluc-E2, pluc-E3, pluc-E4 and
pluc-E5. SK-N-AS cells carrying a single copy of
N-MYC were co-transfected with the constant amount
of the expression plasmid for N-MYC and Renilla
luciferase reporter plasmid together with the indicated
luciferase reporter plasmids. At 48 h after transfection,
cells were lysed and their luciferase activities were
measured. As shown in Figure 2b, E-1 and E-4 boxes
showed the relatively higher luciferase activities than
those of the remaining putative E-box-containing
fragments. Similar results were also obtained in mouse
neuroblastoma Neuro2a cells (data not shown). Thus,
we focused our attention on E-1 and E-4 boxes. To
verify the functional significance of E-1 and/or E4 box,
we have disrupted E-1 or E-4 box to give pluc-EI1A or
pluc-E4A luciferase reporter construct. Luciferase re-
porter assays demonstrated that pluc-E1A and pluc-E4A
do not respond to exogenously expressed N-MYC
(Figure 2c). These results indicate that E-1 and E-4
boxes are the functional elements involved in N-MYC-
dependent transcriptional activation of NLRRI.

To ask whether N-MYC could be recruited onto E-1
and/or E-4 box in cells, we performed chromatin
immunoprecipitation (ChIP) assays. Cross-linked chro-
matin prepared from the indicated cells was immuno-
precipitated with normal mouse serum or with
monoclonal anti-N-MYC antibody. Under our experi-
mental conditions, an average length of sonicated
genomic DNA fragments was 200-800 nucleotides in
length (data not shown). The genomic DNA was
purified from immunoprecipitates and amplified by
PCR. As shown in Figure 2d, the estimated sizes of
PCR products containing E-1 or E-4 box were
detectable in IMR-32, SAN and CHP134 cells with
N-MYC amplification, whereas our ChIP assays did not
detect the estimated PCR products in SK-N-AS and
SH-SY3Y cells bearing a single copy of N-MYC. In
addition, we could not detect the efficient recruitment of
N-MYC onto E-3 box that did not respond to
exogenously expressed N-MYC. Consistent with these
results, the anti-N-MYC immunoprecipitates prepared
from Tet2IN cells maintained in the absence of Tc
contained the genomic fragments encompassing E-1 and
E-4 boxes. In a sharp contrast, genomic fragment
including E-3 box was not detectable in the anti-N-
MYC immunoprecipitates prepared from Tet2IN cells
cultured in the absence of Tc. These observations
suggest that N-MYC is recruited onto E-1 and E-4
boxes of NLRRI gene in cells.

We next examined a possible effect of NLRR1 on cell
growth of neuroblastoma cells. SK-N-BE cells were
transfected with the empty plasmid or with the expres-
sion plasmid for Myc-tagged NLRR1 (NLRR1-Myc).
At 48h after transfection, cells were transferred
into fresh medium containing G418 for 2 weeks.
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Figure 2 Luciferase reporter analysis. (a) Schematic drawing of the $'-upstream region and intron | of human Neuronal leucine-rich
repeat protein-1 (NLRRI) gene. Exons | and 2 were indicated by solid boxes. The positions of putative E-boxes were indicated by
arrows. (b) Luciferase reporter assays. SK-N-AS cells were co-transfected with the constant amount of N-MY C-expression plasmid
(100 ng), Renilla luciferase reporter plasmid (pRL-TK, 10ng) and luciferase reporter plasmid containing E-1, E-2, E-3, Ed or E-5 box
(100 ng). Total amount of plasmid DNA per transfection was kept constant (510ng) with pcDNA3. At 48 h after transfection, cells
were lysed and their luciferase activities were measured by Dual-Luciferase reporter system (Promega, Madison, W1, USA). The firefly
luminescence signal was normalized based on the Renilla luminescence signal. The results were obtained at least three independent
experiments. (c) E-1 and E-4 boxes are required for N-MY C-dependent transactivation of NLRR/ promoter. SK-N-AS cells were co-
transfected with the constant amount of the expression plasmid for N-MYC (100ng), pRL-TK (10 ng) and luciferase reporter plasmid
lacking E-1 (pluc-E1A) or E-4 box (pluc-E4A). At 48 h after transfection, cells were lysed and their luciferase activities were measured
as in (b). (d) N-MYC is efficiently recruited onto E-1 and E-4 boxes. Chromatin immunoprecipitation (ChlP) assays were carried out
using chromatin immunoprecipitation assay kit provided from Upstate (Charlottesville, VA, USA). In brief, the indicated cells were
cross-linked with formaldehyde and cross-linked chromatin was sonicated followed by immunoprecipitation with normal mouse serum
(NMS) or with monoclonal anti-N-MYC antibody. Genomic DNAs were purified from the immunoprecipitates and subjected to PCR
lo amplify the genomic region containing E-1, E-3 and E-4 boxes. The oligonucleotide primer sequences used in this study are as
follows: E-1, ~-AAGTTGGATTTGATGACTGATACG-3' (sense) and 5“AGGCAAGAGACCATGTGCAGGAG-3' (antisense);
E-3, 5-ATGAATCGAACAGTGGAGAGAC-Y (sense) and §-AATGCTTAGGACAGTGCTTAG-3 (antisense); E-4, §-TGTCTA
ACATTAGCTGCGTGACC-3 (sense) and §-AATGCTGTTCCGTGAATAGGTTC-3 (antisense)

Drug-resistant cells were collected and their growth was
examined. As shown in Figure 3a, exogenous NLRR1-
Myc was expressed in drug-resistant cells transfected
with  NLRRI-Myc expression plasmid. Of note,
NLRRI-Myc transfectants displayed an accelerated
proliferation as compared with the control transfectants
(P<0.01; Figure 3b). To investigate the possible role of
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the endogenous NLRRI, we have designed small-
interfering RNA (siRNA) against NLRR1. As shown
in Figure 3c, siRNA-targeting NLRRI significantly
downregulated the expression levels of the endogenous
NLRR] in SK-N-BE cells. As expected, siRNA-
mediated knockdown of the endogenous NLRRI
significantly reduced the rate of cell growth as compared
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SK-N-BE cells. SK-N-BE cells were transfected with the empty plasmid or with the :xpmsmn plasuud for Myc-tagged NLRRI
(NLRR1-Myc) using Lipofectamine 2000 transfection reagent (Invitrogen, Carlshad, CA, USA). At 48 h after transfection, cells were
transferred into fresh medium containing G418 (600 pg/ml). After 2 weeks of selection, drug-resistant cells were harvested and analysed
for the expression of exogenous NLRRI1-Myc by immunoblotting with anti-Mye tag (PL14, Medical & Biological Laboratories,
Magoya, Japan) antibody. (b) Growth curves. Parental cells, control transfectants and NLRR1-Myc transfe were seeded at a
density of 1 x 10° cells per cell culture dish and allowed to attach overnight (day 1). At the indicated time points after seeding the cells,
number of viable cells were m d and p d by graphs. Solid diamonds, squares and triangles indicate parental cells, control
and NLRR1-Myc transfectants, respectively. *P<0.01. (¢) Small-interfering RNA (sitRNA)-mediated knockdown of the endogenous
NLRRI1. SK-N-BE cells were transfected with control siRNA or with siRNA against NLRR1 (20 oM, Takara, Ohtsu, Japan) using
Lipofectamine RNAIMAX (Invitrogen). At 48 h after transfection, cell lysates were prepared and subjected to immunoblotting with
anti-NLRR| antibody. (d) Growth curves. SK-N-BE cells were transfected as in (¢). At 24 h after transfection, attached cells were
collected and seeded at a density of 1 x 10° cells per cell culture plates. At the indicated time points after seeding the cells, number of
viable cells were measured and presented by graphs. Solid triangles, circles and squares mdlcal: pﬂrcntal cells, control transfectants and
NLRRI-knocked down cells, respectively, *P<0.01. (¢) NLRR] has an anti-apop I in to fetal bovine serum
(FBS) starvation. SK-N-BE and SH-SY3Y cells were transfected with the empty plam-ud or with the exp plasmid di

NLRRI-Myc. At 48h after transfection, cells were lransl‘ermd into fresh medium containing G418 (Mﬂpgm!} After 2 weeks ur
selection, drug-resistant cells were harvested and cultured in the p or ab of FBS, At 24 h after treatment, floating and
attached cells were collected, stained with propidium iodide tFI] and their cell-cycle distributions were analysed by fluorescence-
activated cell sorting (FACS, Becton Dickinson, Mountain View, CA, USA). Results obtained by FACS analysis were presented by
gruphs. Open, gray and solid boxes indicate parental cells, control transfectants and NLRRI-Myc-expressing transfectants,

respectively. *FP<0.01, **P<0.01.

with the control cells (P<0.01; Figure 3d), indicating
that NLRR1 has an ability to promote cell growth in
neuroblastoma.

As described previously (Hamano er al., 2004),
NLRRI was expressed at significantly higher levels in
unfavorable neuroblastoma than favorable one. indicat-
ing that NLRR1 might have an anti-apoptotic activity,
To address this issue, SK-N-BE and SH-SYSY cells
were transfected with the empty plasmid or with the
expression plasmid for NLRRI-Myc. At 48h after
transfection, cells were exposed to G418 for 2 weeks.
Drug-resistant cells were collected and cultured in the
presence or absence of fetal bovine serum (FBS). At 24 h
after FBS starvation, floating and attached cells were
harvested, stained with propidium iodide and measured
number of cells with sub-Gy/G; DNA content by

fluorescence-activated cell sorting (FACS) analysis. As
shown in Figure 3e, FBS deprivation increased number
of parental and control SK-N-BE cells with sub-Go/G,
DNA content as compared with those cultured in the
presence of FBS, whereas enforced expression of
NLRRI-Myc significantly decreased number of cells
with sub-G,/G; DNA content relative to parental and
control cells under FBS deprivation. Similar results were
also obtained in SH-SYSY cells (Figure 3e).

In support with these results, cleaved caspase-3 was
detectable in control SK-N-AS transfectants maintained
in the absence of FBS, whereas we did not detect cleaved
caspase-3 in NLRRI1-Myc transfectants under FBS
deprivation (Figure 4a). Cleaved caspase-3 was also
detected in parental cells in the absence of FBS
(Figure 4b). In addition, cleaved poly-(ADP-ribose)
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Figure 4 Neuronal leucine-rich repeat protein-1 (NLRR1) is involved in the regulation of serum starvation-induced apoptosis.
(#) NLRR] inhibits the activation of caspase-3, Control transfectants and NLRRI-Myc-expressing transfectants derived from
SK-N-AS cells were cultured in the presence or absence of fetal bovine serum (FBS). At 24 h after the treatment, cell lysates were
prepared and pro d for blotting with anti-Myc tag (top) or with anti-caspase-3 (Cell Signaling, Beverly, MA, USA)
antibody (middle). Actin was used as a loading control (bottom). (b) Deprivation of FBS induces cleavage of caspase-3 in SK-N-AS
cells. SK-N-AS cells were cultured in the presence or in the absence of FBS. At 24 h after the treatment, cell lysates were prepared and
subjected to immunoblotting with the indicated antibodies. (¢) Effect of NLRRI on cleavage of poly-{ADP-ribose) polymerase
(PARP) in response to FBS deprivation. Control transfectants (left) and NLRR 1-Myc-expressing transfectants (right) were maintained
i the absence of FBS, Al the indicated time points after FBS withdrawal, cell lysates were prepared and analysed for the expression of
NLRR |-Myc (top) as well as the proteolytic cleavage of PARP by immunoblotting with anti-PARP (Cell Signaling) antibody (middle).
Actin was used as a loading control (bottom). (d, €) Small-interfering RNA (siRNA)-mediated knockdown of the endogenous NLRRI
enhances apoplosis in response to FBS starvation. Tet2IN cells were grown in the fresh medium without tetracycline (Te) and
transfected with control siRNA or with siRNA against NLRR1, At 48 h after transfection, cells were transferred into fresh medium
without Tc and FBS. At 24 h afier FBS starvation, floating and attached cells were collected, stained with propidium iodide (P1) and
their cell-cycle distnbutions were examined by fluorescence-activated cell sorting (FACS) (d). Resulis obtained by FACS analysis were
presented by graphs. Open, gray and solid boxes indicate parental cells, control transfectants and NLRRI-knocked down
transfectants, respectively (e). *P<0.01.

polymerase (PARP) that is one of caspase-3 substrates ~ DNA content in response to FBS deprivation as compared

(Truscott er al., 2007), started to be observed in control
transfectants 12 h after FBS starvation (Figure 4¢). On
the other hand, the kinetics for cleavage of PARP was
delayed in NLRRI1-Myc transfectants. Under our
experimental conditions, control SK-N-AS transfectants
underwent apoptosis in response to FBS deprivation,
whereas enforced expression of NLRR1-Myc in SK-N-
AS cells inhibited the FBS deprivation-induced apopto-
sis (data not shown). These findings suggest that
NLRRI confers resistance of neuroblastoma cells to
FBS starvation-induced apoptosis.

To further confirm this notion, Tet2IN cells were
maintained in the absence of Tc and then transfected
with control siRNA or with siRNA against NLRR1. At
48 h after transfection, cells were cultured in the absence
of FBS for 24 h and then their cell-cycle distributions were
analysed by FACS. As shown in Figures 4d and e, siRNA-
mediated knockdown of the endogenous NLRR1 resulted
in a significant increase in number of cells with sub-G,/G,
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with parental cells and control transfectants. Collectively,
our present results strongly suggest that NLRRI is a novel
transcriptional target of N-MYC and has a growth-
promoting as well as anti-apoptotic potential.
Small-interfering RNA-mediated knockdown of the
endogenous NLRR1 in SK-N-BE cells bearing N-MYC
amplification resulted in a significant decrease in the rate
of cell growth. Furthermore, enforced expression of
NLRR1-Myc conferred resistance of SK-N-BE and SH-
SYSY cells to FBS deprivation-mediated apoptosis. In
contrast, siRNA-mediated knockdown of the endogen-
ous NLRRI led to an increase in number of cells with
sub-Gy/G; DNA content in response to FBS depriva-
tion, In addition, NLRR1-Myc blocked the activation
of caspase-3 in SK-N-AS cells exposed to FBS depletion
and thereby inhibiting the proteolytic cleavage of
PARP. Thus, it is conceivable that NLRRI inhibits
the mitochondria-dependent intrinsic apoptotic path-
way of caspase activation (Degterev er al,, 2003). As




reported previously (Hamano er al., 2004), expression
levels of NLRRI in unfavorable neuroblastoma were
significantly higher than those of favorable one and
closely correlated with poor clinical outcome. As
aggressive neuroblastoma displays unfavorable clinical
outcome despite intensive chemotherapy (Brodeur and
Nakagawara, 1992), it is likely that N-MYC-mediated
induction of NLRR1 is involved in the regulation of
chemoresistant phenotypes of certain neuroblastomas.
However, precise molecular mechanisms behind
NLRRI-mediated growth promotion and anti-apopto-
tic effect in response to FBS starvation remain unclear.
Further studies should be necessary to address this issue.

According to our present results, N-MYC-dependent
transcriptional induction of NLRR! was observed in
neuroblastoma cell lines. Furthermore, expression levels
of NLRR1 significantly correlated with those of N-MYC
in primary neuroblastomas. Intriguingly, the enforced
expression of N-MYC in HeLa cells also induced the
expression of NLRRI, indicating that N-MYC-
mediated transcriptional activation of NLRRI is not
restricted to neuroblastoma cells. As described pre-
viously (Blackwood and Eisenman, 1991; Torres er al..
1992), c-myc/Max heterodimeric complex also recog-
nizes and binds to E-box. Like N-MYC, c-myc had an
ability to induce the expression of NLRR 1. Of note, our
luciferase reporter assays indicated that E-1 and E-4
boxes are required for N-MYC-dependent activation of
NLRRI promoter, whereas E-3 box does not respond to
N-MYC. Similar results were also obtained in cells
transfected with the expression plasmid for c-myc
(data not shown). As described previously (Hamano
et al., 2004), NLRR] was expressed ubiquitously in
human tissues. Among them, higher levels of NLRR/
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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 frequently observed in primary neuroblastomas, the
smallest region of overlap (SRO) has not yet been precisely identi-
fied. Previously, we Gperformad array-comparative genomic
hybridization (array-CGH) 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 11q23. Within this region, there exists a TSLCI/IGSF4/CADMI
gene (Tumor suppressor in lung cancer l/Immunoglobulin super-
family 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
TSLCI locus. In contrast to other cancers, we could 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 TSLCI 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 TSLC/
were significantly associated with a poor prognosis in 108 patients
with neuroblastoma. Additionally, TSLC1 reduced cell prolifera-
tion in human neuroblastoma SH-SY5Y cells. Collectively, our
present lindings suggest that TSLCI acts as a candidate tumor
suppressor gene for neuroblastoma.

© 2008 Wiley-Liss, Inc.

Key words: TSLCI/IGSF4/CADMI: neuroblastoma: 11¢23; tumor
suppressor

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 year of age often regress spontaneously or differ-
entiate and result in a favorable prognosis.” In a sharp contrast 1o
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 number 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.™

Alternatively, 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 indicator for clinically high-risk
patients without MYCN amplification.'” Aberrant deletions of 11q
often occur in a distal part of its long arm. Although several lines
of evidence delineated the smallest region of overlaps (SRO) of
deletions ar 11q. it remains unclear whether there could exist a
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candidate umor suppressor gene(s) imylicalcd in biological and
clinical behaviors of neuroblastoma.®’ Recently, we have per-
formed an array-comparative genomic hybridization (array-CGH)
analysis using 236 primary neuroblastomas and finally defined the
SRO (10-Mb or less) at 1 1q23a.”g During our extensive search for
the already identified candidate tumor suppressor gene(s) within
this region, we have found that TSLCI/IGSF4ICADMI 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 11923 by functional complementation strategy of a
human lung cancer cell line. The downregulation of TSLC] gene
was frequemly detected in 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-
mary tumors and tumor-derived cell lines, suggesting that TSLC/
is rarely mutated in human cancers.” TSLCI encodes a single
membrane-spanning glycoprotein involved in cell-cell adhesion
through homophilic trans interaction.'” Accumulating evidence
indicates that TSLCI is significantly associated with biological
aggressiveness and metastasis of certain types of cancer, iy
whereas the functional significance of TSLC! 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 TSLCI promoter region was
undetectable in neuroblastoma. Intriguingly, the expression levels
of TSLCI 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 article.
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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 1o the Inlemational Neuroblastoma Staging System
(INSS) criteria.'” Twenty-seven patients were Stage 1, 15 Stage 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 (CCC7817).

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, =| 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 CYS. The amplified frag-
ments including 3 polymorphic STS markers encompassing
TSLCI. D1154111, 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 subjecied to semiguantitative RT-PCR using SuperScript 11
reverse transcriptase and random primers (Invitrogen), according
10 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 System
(Applied Biosystems, Foster City, CA) as described previously.””
In brief, expression levels were calculated as a ratio of mRNA lével
for a given gene relative to mRNA for GAPDH in the same ¢DNA.
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_ml),

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 polyclonal anti-
TSLC! 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 TSLC1. Appropriate positive and
negative control experiments were also performed in parallel for
each immunostaining.
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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-SYSY cells were transfected with
the indicated combinations of expression plasmids or with siRNA
against TSLC 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 TSLC1 (0, 250,
750 or 1,000 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 bers of drug-resi 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
against TSLC1 (240 pmol). Thirty-six hours after transfection, 2
% 10* cells were tansferred into 6-well plates and transfected
with 60 pmol of sIRNA against TSLCI. 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 PCR-based 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 deleti ar l1g23
We have previously performed array-CGH analysis using
UCSF BAC array (2464 BACs, =1-Mb resolution) and 236 pri-
mary neuroblastomas.” In our array-CGH study, 66 tumors were
revealed 1o have partial deletion of 11q as shown in Figure la,
whose SRO were approximately 10-Mb long at 1123 (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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Fisure 1 - Identification of the SRO of deletion at 11q in primary neuroblastoma. (a) Array-CGH unu]}rs;s. Blue color indicates the position
of the deleted area in each case. The smallest region of overlaps (SRO) of deletion at 11q is also shown. (5) The schematic drawing of the rela-
tive positions of 3 independent polymorphic markers at 1123 used in the present study and TSLC! gene on human chromosome 11. (c) Repre-
sentative electropherograms obtained from LOH analysis. Genomic DNA prepared from primary tumors (T) and their corresponding blood (4]
was subjected to LOH analysis. Allelic losses are indicated by arrowheads, NI, not informative.

est, TSLC! gene which has been considered as a J:lutaiive tumor
suppressor for 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
TSLCI gene in primary neuroblastoma.

LOH at the TSLC1 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 (01151885,
D1152077 and DIIS4111) surwundinghfﬂ.(.'." gene (Fig. 1b). In
accordance with the previous results,”~~ the incidence of 11g23
LOH was 22% (7 of 32) and 45% (18 of 40) in favorable neuro-
blastomas (Stage | 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
is worth noting that LOH is detectable at D1/5/885 but not at
D1154111 in Case 3 wmor (Fig. lc), indicating that a putative
chromosome breakpoint might exist between these loci.

9.24

Downregulation of TSLCI expression is frequently observed in
unfavorable newroblastomas

Based on the previous observations,'' ™' the expression levels
of TSLCI 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, TSLC1 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 neuroblastoma
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 TSLC/ and loss of 11g except OAN, SK-N-DZ and
NMB. Next, we checked the expression levels of TSLC! in various
human adult and fetal tissues. As seen in Supplementary Figure
1b, TSLC! was highly exp d in normal | tissues, adre-
nal gland, testis, prostate and liver. Our present resulis suggest
that TSLC! is expressed in normal neuronal tissues and its expres-
sion levels might be regulated in a MYCN-dependent manner in
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