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ABSTRACT

MYCN amplification prevents cellular differentiation and
promotes mitotic and karyorrhectic activities in neuro-
blastomas. Hence, MYCN-amplified tumors typically
show an appearance of neuroblastoma of either an
undifferentiated or a poorly differentiated subtype with
a high mitosis-karyorrhexis index. In addition, they are
classified as part of the unfavorable histology group,
according to the International Neuroblastoma Pathology
Classification. Large cell type and/or presence of
prominent nucleoli is also reported to be an additional
hallmark of MYCN amplification. However, there are few
neuroblastomas having MYCN amplification and favor-
able histology. Four cases of MYCN amplification and
favorable histology were identified in our file of 63 cases
of neuroblastoma. The patients (M:F = 3:1) were
diagnosed between 6 and 13 months of age, and all had
adrenal primary tumors and were treated with high-dose
therapy and autologous stem cell rescue. Three patients
(stages 1, 3, and 4) are alive and well 7 years, 26 months,
and 19 months after diagnosis, respectively. One patient
with stage 4 disease died 8 months after diagnosis. Their
tumors showed the same histologic feature of neuroblas-
toma: poorly differentiated subtype with a low mitosis-
karyorrhexis index; they were not qualified as large cell
type and had no prominent nucleoli. MYCN amplification
of those tumors was confirmed by fluorescence in situ
hybridization in all 4 cases, but MYCN protein expression

This work was supported by Grant-in-Aid for Scientific Research
(A)(19209054).

*Corresponding author, e-mail: nakagawa-a@nechd.go.jp

was not demonstrated by immunohistochemistry (4 cases)
and MYCN mRNA was not detected by reverse transcrip-
tase polymerase chain reaction (1 case). Those cases
showed a discrepant genotype-phenotype that was not
simply a laboratory observation but could indicate the
concept that that MYCN amplification did not automat-
ically equate to a poor prognosis in this group of patients.

Key words: favorable histology, MYCN amplification,
neuroblastoma

INTRODUCTION

Peripheral neuroblastic tumors (PNTs) (including neuro-
blastoma, ganglioneuroblastoma, and ganglioneuroma)
offer one of the best models for investigating biologically
and clinically relevant relationships between their molec-
ular/genetic alterations and morphologic manifestations.
Reproducible correlation of MYCN gene amplification, an
indicator for a poor prognosis, and specific histologic
appearance in PNTs has been documented. MYCN-
amplified tumor has no or limited potential of neuroblas-
tic differentiation and is characterized by markedly
increased mitotic and karyorrhectic activities. Therefore
MYCN-amplified neuroblastoma is usually evaluated as
either an undifferentiated or a poorly differentiated
subtype with a high mitosis-karyorrhexis index (MKI)
and unfavorable histology (UH), according to the
International Neuroblastoma Pathology Classification
(INPC) [1,2]. It is also reported that there is a significant
association between MYCN amplification and specific
cytologic features, such as large cell type and presence of



prominent nucleoli [3-6], also indicating aggressive
behavior of PNTs. In contrast, favorable histology (FH)
tumors are usually known to have a nonamplified MYCN
gene.

There are, however, rare PNT cases presenting with a
discordant genotype-phenotype relationship. In this re-
port, we describe 4 cases whose tumors had amplified
MYCN but were classified into the FH group and
sumarize those cases with the same genotype-phenotype
discordance in literature.

MATERIALS AND METHODS

Four cases of neuroblastomas with MYCN amplification
and FH (MYCN-A&FH) were identified among 63 cases of
PNTs from the Department of Pathology, Aichi Medical
University, and the National Center for Child Health and
Development. The patients’ clinical information was
obtained from the medical records of each institution.
The appropriate written informed consent was obtained
from the parents. A presentation of the cases follows.

Case 1. This patient presented with an abdominal
mass at the age of 6 months. Clinical study with computer
tomography demonstrated a right suprarenal tumor. After
complete resection of this stage 1 neuroblastoma, the
patient received radiation therapy in the tumor bed and
chemotherapy (vincristine and cyclophosphamide) for
6 months. Ten months after completion of the chemo-
therapy, she developed bone recurrence in the right 6th
rib. Then she received reinduction/high-dose therapy
(cyclophosphamide, vincristine, pirarubicin, cisplatin,
etoposide/melphalan, etoposide, and carboplatin) and
total body irradiation with autologous peripheral blood
stem cell transplantation (PBSCT). The patient is alive
and well 91 months after diagnosis.

Case 2. This patient presented with intra-abdominal
bleeding due to the rupture of a right adrenal tumor at the
age of 9 months. After incomplete resection of stage 3
neuroblastoma, the patient received induction/high-dose
chemotherapy (cyclophosphamide, vincristine, pirarubi-
cin, cisplatin/melphalan, etoposide, and carboplatin) with
autologous PBSCT and radiation therapy. He has been
followed with 13-cis-retinoic acid and is now alive and
well 26 months after diagnosis.

Case 3. This patient presented with a right adrenal
tumor and a nodular lesion of 3 ¢cm in diameter in the right
lung (stage 4) at the age of 13 months. After having the
diagnosis of adrenal neuroblastoma by biopsy, the patient
received induction/high-dose chemotherapy (cyclophos-
phamide, vincristine, pirarubicin, cisplatin/melphalan, eto-
poside, and carboplatin) with autologous PBSCT, However,
he had tumor progression and died 8 months after diagnosis.

Case 4. This patient presented with an adrenal mass

and bone marrow metastasis (stage 4) at the age of

13 months. After having biopsy diagnosis of neuroblas-
toma from both lesions, the patient was treated with
induction/high-dose chemotherapy (cyclophosphamide,
vincristine, pirarubicin, cisplatin/melphalan, etoposide,
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and carboplatin) and autologous PBSCT. He is alive and
well 19 months after diagnosis.

Formalin-fixed, paraffin-embedded tumor specimens
from the 4 patients were obtained at the time of diagnosis
and before chemotherapy/irradiation therapy to determine
the MYCN status and evaluate the histology/cytology.
MYCN gene amplification was confirmed by dual-color
fluorescence in situ hybridization using a Spectrum
green-labeled chromosome 2p telomere probe (TelVysion
2p SpectrumGreen, Vysis, Downers Grove, IL, USA) and
a Spectrum orange-labeled locus-specific MYCN probe
{(Vysis LSI N-MYC, Vysis) [7]. Histologic evaluation
(determination of Schwannian stromal development,
grade of neuroblastic differentiation, and MKI) was
performed with hematoxylin and eosin-stained sections,
according to the INPC [1,2], and cytologic evaluation
(determination of large cell type or not and presence or
absence of prominent nucleoli) was performed using the
criteria reported by Tornoczky and colleagues [4].

MYCN protein expression was determined immuno-
histochemically using the same FFPE specimen from
those 4 tumors with anti-MYCN protein mouse mono-
clonal antibody (ab-1, 1:400, oncogene, Cambridge, MA,
USA), according to the standard avidin-biotin-peroxydase
method. Antigen retrieval procedure was performed by
autoclave heating at 121°C in citrate buffer (pH 7.0) for
7 minutes. For positive and negative controls, MYCN
protein immunostaining was also performed on MYCN
amplified and UH (MYCN-A&UH, 10 cases) tumors,
MYCN nonamplified and UH (MYCN-nA&UH, 10 cases)
tumors, and MYCN nonamplified and FH (MYCN-
nA&FH, 10 cases) tumors. Negative control reaction
was also obtained by deleting the primary antibody
against MYCN protein.

In | case (case 1), snap-frozen tumor material was
available for determining MYCN expression status at the
mRNA level by reverse transcriptase polymerase chain
reaction (RT-PCR). Total RNA was extracted from the
tumor using RNeasy Mini kit (Qiagen, Tokyo, Japan) and
treated with RNase free DNase I (Qiagen) according to
manufacturer’s instructions. The oligonucleotide primers
for the human MYCN gene [sense: (5') AGT TCC
TTC CAC CCT CTC CT: antisense: ( 5’ ) CAC CCA
GCA ACC CCC TAA AC], specific for a 151-base pair
intronic sequence (intron 2}, and the PCR conditions were
described previously by Gilbert and colleagues [8].

RESULTS

Clinicopathologic characteristics of the 4 cases are
summarized in Table 1. As shown in Figure 1, MYCN
amplification in these tumors was confirmed by fluores-
cence in situ hybridization. It was noted that all tumors
had the same histologic evaluation of neuroblastoma
{Schwannian stroma poor): poorly differentiated subtype
with a low MKI, according to the INPC (Fig. 2). No
tumors had a cytologic appearance characteristic for large



Table 1. Summary of 4 neuroblastoma cases with amplified MYCN and favorable histology

Histology/cytology

Age Primary Clinical Large cell/prominent MYCN Follow up
Case  (months/sex)  site stage Subtype MKI  nucleoli protein (months)
1 G/temale Adrenal 1 Poorly diff. Low No/no Negative Alive (91)
2 9/male Adrenal 3 Poorly diff. Low No/no Negative” Alive (26)
3 13/male Adrenal 4 Poorly diff. Low No/no Negative Dead (8)
4 13/male Adrenal 4 Poorly diff. Low No/no Negative Alive (19)

Age indicates months at diagnosis; follow up, months after diagnosis; clinical stage. according to the International Neuroblastoma Staging System: poorly diff.,
poorly differentiated neuroblastoma; MKI, mitosis-karyorrhexis index: large cell, large cell type neuroblastoma; MYCN protein, detected by
immunohistochemistry.

“Few (<1%) tumor cells showed positive nuclear staining.

Table 2. MYCN-amplified and favorable histology neuroblastoma in the literature®
Age (months) Stage Histology (MKI) Follow up (menths) Author
15 Localized NBL, poorly diff. Alive (66+)b Cohn and colleagues [13]
16 Localized NBL. poorly ditf. Alive (68+)°
46 Localized GNB Alive (38)
7 i NBL Alive (36)° Goto and colleagues [14]
<12 mt NBL Alive
<12 v NBL Alive
<12 v NBL Dead
12~18 v NBL Alive
12~18 M1 NBL Dead
12~18 v NBL Dead
12~18 v NBL Dead
0.1 VS NBL Alive Shimada and colleagues [15]
8.7 v NBL Dead
12.2 I NBL Alive (76)
0.24 3 NBL, poorly diff. (low) Alive (6) George and colleagues [16]
2.4 3 NBL, poorly diff. (low) Alive (8)
3.6 3 NBL, poorly diff. (low) Alive (17)
15.6 2 NBL, poorly diff. (intermed.} Alive (17)
36 4 NBL, diff. (low) Alive (6)
3 1 GNB Alive (17) Fabbretti and colleagues [17]
48 11 GNB Alive (16)
9 2b NBL Dead (10) Perez and colleagues [18]
7 1 NBL Alive (17)
0.16 1 NBL Alive (72)
4 A NBL Alive (53+) Alvarado and colleagues [19]
4 A NBL Alive (59+)
8 A NBL » Alive (36+)

Age indicates months at diagnosis: follow up. months after diagnosis: stage, -1V and 1VS, according to Evans’ clinical staging; 2-4, according to the
International Neuroblastoma Staging System; A, according to the Pediatric Oncology Group grading system; MKI, mitosis-karyorrhexis index; NBL.,
neuroblastoma: GNB, ganglioneuroblastoma; poorly diff., poorly differentiated subtype: diff., differentiating subtype; Intermed., intermediate.
“Schneiderman and colleagues [20] also reported 6 cases of MYCN-amplified and favorable histology tumor in favorable stage (A. B, or D). They were included
in the reports of Cohn and colleagues [13] and Alvarado and colleagues [19].

"These 2 cases were also included in the report by Alvarado and colleagues [19].

“This patient experienced tumor progression but was alive at the time of Jast follow up.

cell type, and prominent nucleoli were not detected in the
nuclei of the neuroblastic cells in those cases (Fig. 2).
Immunohistochemically, 3 MYCN-A&FH tumors
were completely negative for MYCN protein (Fig. 3A),
and only a few (<1%) tumor cells in case 2 showed
nuclear staining. All negative controls (MYCN-nA&FH
tumors, MYCN-nA&UH tumors, and MYCN-A&FH

without primary antibody) showed negative staining
(Fig. 3B,C), and positive controls (MYCN-A&UH tu-
mors) demonstrated positive nuclear staining for MYCN
protein (Fig. 3D). As shown in Figure 4, MYCN mRNA
was not detected by RT-PCR in the tumor of case 1 with
appropriate positive controls (MYCN-amplified tumor
sample and cell line, SK-N-BE [2], both expressing
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Figure 1. Double staining with MYCN probe (orange) and chromosome 2p telomere probe (green). Note numerous orange
signals of MYCN compared with 2 or 3 green signals of chromosome 2p detected in the individual nuclei of MYCN-
amplified and favorable histology tumor (case 4, fluorescence in situ hybridization, x1000).

Figure 2. MYCN-amplified and favorable histology tumor showing an appearance of neuroblastoma, poorly differentiated
subtype with a low mitosis-karyorrhexis index diagnosed at 6 months of age (case 1, hematoxylin and eosin stain [H&E],
»1000). Inset: Typical morphology of large-cell neuroblastoma with prominent nucleoli in an MYCN-amplified and
unfavorable histology tumor (case from our file, H&E, x1000).

Figure 3. Immunohistochemical staining for MYCN protein (x1000). A. MYCN-amplified and favorable histology tumor
from case 1 showing no detectable MYCN protein. B. Negative controls of MYCN-nonamplified and favorable histology
tumor and MYCN-nonamplified and unfavorable histology tumor (C). D. Positive control of MYCN-amplified and

unfavorable histology tumor showing nuclear staining.
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Figure 4. Reverse transcriptase polymerase chain reaction
detection of MYCN mRNA expression. Lane 1: Positive
control, MYCN-amplified tumor expressing mRNA. Lane 2:
Negative control, MYCN-nonamplified tumor expressing
no mRNA. Lane 3: MYCN-amplified and favorable histology
tumor (case 1) expressing no mRNA. Lane 4: Positive
control, SK-N-BE(2) (MYCN-amplified neuroblastoma cell
line) expressing mRNA. Lane 5: Negative control, LA-N-6
(MYCN-nonamplified cell line) expressing no mRNA. Cell
lines SK-N-BE(2) and LA-N-6 were kindly provided by Dr C.P.
Reynolds (Children’s Hospital Los Angeles, Los Angeles,
CA, USA).

MYCN protein detectable by immunohistochemistry) and
negative controls (MYCN nonamplified tumor sample and
cell line, LA-N-6, both expressing no MYCN protein
detectable by immunohistochemistry).
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DISCUSSION

MYCN amplification is a well-established molecular
indicator for predicting aggressive clinical behavior of
NTs [9,10]. MYCN-amplified tumors are usually classi-
fied into the UH group, according to the INPC. MYCN
amplification followed by excess MYCN protein expres-
sion with subsequent myc-max heterodimer formation in
the neuroblastoma cells is considered to be a powerful
driving force for preventing cellular differentiation and
increasing cellular proliferation (mitosis) and cellular
death (karyorrhexis due to DNA instability) [11,12]. Four
cases reported here, however, demonstrated a discordant
genotype-phenotype relationship. Their tumors had
MYCN amplification but were classified into the FH
group.

Further study demonstrated that MYCN protein was
not detected immunohistochemically in our cases.
Interpretation of MYCN protein expression by immuno-
histochemistry requires caution, especially in our 4 tumor
samples, which were evaluated as negative. We repeated
staining on those tumors and confirmed the results with
appropriate positive and negative controls. We also had a
chance to perform RT-PCR in 1 case, and no MYCN
mRNA was detected in the tumor. Cohn and colleagues
[13] described similar results of lower or no MYCN
protein expression in 2 MYCN-A&FH tumors from their



series of 6 cases of MYCN-amplified and localized PNTs.
One wmor showed a heterogeneous staining pattern by
immunohistochemistry, a significantly low expression
level by Western blot, and a low expression level of
MYCN mRNA by Northern blot, and the other showed
negative staining immunohistochemically.

To our knowledge, a total of 31 cases of MYCN-
A&FH neuroblastoma have been reported in detail: 4
cases included in this report and summarized in Table 1
and 27 cases in the literature summarized in Table 2 [13-
19]. Schneiderman and colleagues also reported 6 cases of
FH&MY CN-amplified tumors from the Pediatric Oncol-
ogy Group Study [20]. Although they did not mention
detailed information of those cases, many of them seemed
to be included in the report by Cohn and colleagues [13]
and Alvarado and colleagues [19]. Incidence of the
MYCN-A&FH tumors in our series (4/63, 6%) was
considerably higher than that of the large series (~1%)
[12,14]. This was partly because our institutions (Aichi
Medical University and the National Center for Child
Health and Development) were offering reference diag-
nostic services for problematic/unusual cases locally and
nationally.

Those 31 patients with MYCN-A&FH tumors were
diagnosed between age 0.1 and 48 months. The majority
(27/31, 87%) were less than 18 months of age. Although
follow-up periods of the patients varied, all patients except
2 (20722, 91%) were alive with localized/nonmetastatic
(stage 1, 2, 3) or stage 48 disease. As suggested by Cohn
and colleagues [13] and George and colleagues [16],
MYCN-amplified FH tumors, especially when diagnosed as
a localized disease without distant metastasis, would not
portend an adverse outcome of the patients. In their report,
Schneiderman and colleagues [20] described a relatively
low 7-year event-free survival of 50% = 20% but a higher
7-year overall survival of 83% = 15% for the patients with
FH&MYCN-A tumor in favorable stage (A, B, or D). They
also suggested that diploid pattern could be a factor for
indicating a poor prognosis of children with MYCN-
amplified, favorable-stage neuroblastomas. Each of our 4
cases, including 3 survivors, with MYCN-A&FH tumor in
different clinical stages had a diploid pattern. However, 5
of 9 (56%) patients with stage 4 disease died with MYCN-
A&FH PNTs (Tables 1 and 2).

Several reports describe a significance of prominent
nucleoli in MYCN-amplified neuroblastomas [3-6].
Thorner and colleagues [5] pointed out that tumors with
macronucleoli were reported as a sign of MYCN
amplification with a high specificity and a low sensitivity.
Sano and colleagues presented a paper at the Advances of
Neuroblastoma Research Meeting in 2006 and reported a
total of 20 cases of MYCN-A&FH neuroblastoma
(unpublished results). They distinguished 2 prognostic
groups: 1 was composed of conventional FH neuroblas-
tomas (16 cases with 81% S-year event-free survival and
87% S-year overall survival), and the other was composed
of neuroblastomas of large cell type with prominent
nucleoli (4 cases, all died within 13 months from

diagnosis). All 4 cases in our series did not have
prominent nucleoli and were classified in the conven-
tional FH neuroblastoma group.

We report 4 neuroblastoma cases with amplified
MYCN and conventional FH, according to the INPC. This
is a unique category by combination of unfavorable and
favorable prognostic indicators, and 3 of 4 patients in our
series are alive and well after high-dose therapy and
autologous stem cell rescue. It is speculated that a lack of
excess MYCN protein expression despite gene amplifi-
cation could cause the genotype-phenotype discordance in
this rare subset of PTNs. Molecular/genomic alterations
other than nonexpression of amplified MYCN may also
explain the tumors® clinical behavior in our cases.
Genome-wide expression analysis would be of interest
in this neuroblastoma subtype.
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Expression of NLRR3 Orphan Receptor Gene Is Negatively
Regulated by MYCN and Miz-1, and Its Downregulation
Is Associated with Unfavorable Outcome in Neuroblastoma
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Abstract

Purpose: Our previous study showed that expression of NLRR3 is significanty high in favorable
neuroblastomas (NBL), whereas that of NLRR1 is significantly high in unfavorable NBLs. However, the
molecular mechanism of transcriptional regulation of NLRR3 remains elusive. This study was undertaken
to clarify the transcriptional regulation of NLRR3 and its association with the prognosis of NBL.

Experimental Design: NLRR3 and MYCN expressions in NBL cell lines were analyzed after induction of
cell differentiation, MYCN knockdown, and overexpression. The transcriptional regulation of NLRR3 was
analyzed by luciferase reporter and chromatin immunoprecipitation assays. Quantitative PCR was used for
examining the expression of NLRR3, Miz-1, or MYCN in 87 primary NBLs.

Results: The expression of NLRR3 mRNA was upregulated during differentiation of NBL cells induced by
retinoic acid, accompanied with reduced expression of MYCN, suggesting that NLRR3 expression was
inversely correlated with MYCN in differentiation. Indeed, knockdown of MYCN induced NLRR3
expression, whereas exogenously expressed MYCN reduced cellular NLRR3 expression. We found that
Miz-1 was highly expressed in favorable NBLs and NLRR3 was induced by Miz-1 expression in NBL cells.
MYCN and Miz-1 complexes bound to NLRR3 promoter and showed a negative regulation of NLRR3
expression. In addition, a combination of low expression of NLRR3 and high expression of MYCN was
highly associated with poor prognosis.

Conclusions: NLRR3 is a direct target of MYCN, which associates with Miz-1 and negatively regulates
NLRR3 expression. NLRR3 may play a role in NBL differentiation and the survival of NBL patients by

inversely correlating with MYCN amplification. Clin Cancer Res; 17(21); 6681-92. ©2011 AACR.

Introduction

Neuroblastoma (NBL) is one of the most common
malignant solid tumors in children and accounts for 8%
of all pediatric cancers (1). NBLs originate from sympa-
thetic precursor neuroblasts derived from the neural crest.
NBLs found in patients older than 1 year are usually
aggressive and eventually kill the patients despite intensive
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therapy, whereas those in patients younger than 1 year
often regress spontaneously or maturate, resulting in a
favorable prognosis (2). We have made extensive efforts
to show that TrkA, a high-affinity receptor for nerve growth
factor, and TrkB, a receptor for brain-derived neurotrophic
factor as well as neurotrophin 4/5, are important key
regulators (3-6). However, the precise molecular mechan-
isms of how NBL becomes aggressive and how the spon-
taneous regression is induced still remain elusive.
Amplification of the MYCN oncogene is strongly asso-
ciated with rapid progression of NBL (7). The MYCN
amplification occurs in approximately 25% of NBL and
is one of the most important prognostic indicators of poor
clinical outcome (8-12). MYCN is a nuclear transcription
factor and its expression level is well associated with cell
proliferation of NBL cells (13, 14). In general, MYCN exerts
its biological functions through transcriptional regulation
of its target genes in both positive and negative manners.
MYCN has an ability to activate its target genes by forming a
heterodimer with MAX and binds to the E-box motif,
CACGTG, in the proximal promoter region (15-18). On
the contrary, MYCN represses the expression of genes, such
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Amplification of MYCN oncogene is strongly associ-
ated with rapid progression of neuroblastoma (NBL)
and one of the most important prognostic indicators of
'poar clinical outcome. Our group previously reported
that NLRR3 is highly expressed in a favorable subset of
NBL ut until this work, there was no sound investi-
g f the function of NLRR3 and its transcriptional |
tegulauon In this study, we found that NLRR3 is a
direct target of MYCN but its expression is negatively
tegulated by MYCN in association with Miz-1. Further-
‘more, a combination of Iow exq)wssxon level of NLRR3
and lngh expression level of MYCN was strongly cor-
related with the poor prognosis. These data suggest that
the expressxon pattern of N LRR3 Miz-1, and MYCN
plays an important role in defining the clinical behavior
of NBLs. The decreased expression of NLRR3 might be
one of the key events regulating the aggressive behavior
of NBL.

as p15™K9P 1279 and NDRG2, when it forms a complex

with transcriptional regulators, such as Myc-interacting
zinc finger protein 1 (Miz-1) and Sp1 (19-21). Koppen
and colleagues have previously described that MYCN sup-
presses Dickkopf-1 (DKK1) expression, resulting in prolif-
eration of NBL cells (22). However, the precise mechanism
of how MYCN contributes to NBL aggressiveness remains
unclear.

We have identified human neuronal leucine-rich repeat
(NLRR) family genes as one of the differentially expressed
genes between favorable and unfavorable NBLs, using our
unique NBL ¢DNA libraries (23, 24). The NLRR protein
family consists of 3 members, NLRR1, NLRR2, and NLRR3
(23), and belongs to the type y transmembrane protein
with leucine-rich repeat (LRR) domains containing 11 or
12 LRRs, an immunoglobulin c2-type domain, and a
fibronectin type IlII domain in its extracellular region.
The amino acid sequences of NLRR family proteins are
highly conserved in the extracellular domains, and NLRR1
and NLRR3 also possess a conserved stretch of 11 amino
acids with 2 clathrin adapter interaction domains and a
dileucine-type domain in the short intracellular region (25,
26), which might provide a basis for NLRR function. Our
previous reports showed that NLRR1 is a direct transcrip-
tional target of MYCN and that a high expression level of
NLRR1 mRNA is associated with a poor prognosis of NBL
(23, 27). However, the function of NLRR3 is poorly un-
derstood except that mouse NLRR3 expression is increased
in the cerebral cortex after a cortical brain injury (28) and
that rat NLRR3 may be involved in the regulation of EGF
receptor signaling through interaction with clathrins (26).

We have previously reported that high levels of NLRR3
mRNA expression are associated with favorable prognostic
factors in NBL (23). In this study, we found that NLRR3 is
induced during differentiation of NBL cells. Transcriptional
analysis has revealed that NLRR3 is a direct transcriptional

target of MYCN, which negatively transactivates it in asso-
ciation with Miz-1. Furthermore, high expression of NLRR3
or Miz-1 and the combination of high expression of both
NLRR3 and Miz-1 are significantly associated with a favor-
able outcome of NBL. On the contrary, the low expression
levels of NLRR3 and high expression of MYCN were
strongly correlated with a poor prognosis of NBL.

Materials and Methods

Patient population

Eighty-seven patients with NBL were diagnosed clinically
and histologically, using a surgically removed tumor
specimen according to the International Neuroblastoma
Pathological classification (INPC). According to the Inter-
national NBL Staging System (INSS; ref. 29), 18 patients
were diagnosed as stage 1, 11 were stage 2, 20 were stage 3,
33 were stage 4, and 5 were stage 4S. Cytogenetic and
molecular biological analysis of all tumors was also carried
out by assessing DNA ploidy, MYCN amplification, and
TrkA expression. The patients were then treated following
the protocols proposed by the Japanese Infantile NBL
Cooperative Study (30) and Group for Treatment of Ad-
vanced NBL (31), and subjected to survival analysis of the
resultin a follow-up period of atleast 36 months (range, 4-
58). The study was conducted under internal review board
approval with appropriate informed consent.

Cell lines and transient transfection

Human NBL-derived cell lines, including SK-N-BE,
CHP134, IMR32, GOTO, KAN, KP-N-NS, LAN-5, NB-1,
NB-9, NLF, RTBM1, SK-N-DZ, TGW, NB69, NBL-S, OAN,
SK-N-AS, SK-N-SH, and SH-SY5Y cells were obtained from
the CHOP cell line bank (Philadelphia, PA) and main-
tained in a culture conditon, using RPMI 1640 supple-
mented with 10% heat-inactivated FBS (Invitrogen), 100
IU/mL penicillin, and 100 pg/mL streptomycin in a 37°C,
5% CO; incubator. For the NBL cell differentiation exper-
iment, RTBM1 and SH-SYS5Y cells were exposed to all-trans
retinoic acid (ATRA; Sigma) at a final concentration of 5
umol/L. For transient transfection, cells were transfected
with the indicated expression of plasmids by using a
Lipofectamine 2000 transfection reagent (lnvitrogen),
according to the manufacturer’s recommendations.

RNA extraction and semiquantitative reverse
transcriptase PCR

Total RNA was prepared from fresh-frozen tissues of
primary NBLs or cultured cells by using Trizol reagents
(Life Technologies) or the RNeasy Mini kit (Qiagen).
Reverse transcription was carried out by random primers
and Superscript I (Invitrogen), following the man-
ufacturer’s instructions. After reverse transcription, the re-
sultant cDNA was subjected to PCR-based amplification.
The sequence of the primer sets were used for PCR ampli-
fication is listed in the Supplementary Table S4. All PCR
amplifications were carried out with a GeneAmp PCR 9700
(Perkin-Elmer Co), using rTaq DNA polymerase (Takara).
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The expression of GAPDH was measured as an internal
control.

Quantitative real-time PCR

¢DNA from primary NBLs and cell lines were subjected
to the real-time PCR to quantitate the expression levels of
MYCN, Miz-1, and NLRR3 mRNA. TagMan GAPDH con-
trol reagent kit (Perkin-Elmer Applied Biosystems) was
used for GAPDH expression and analyzed by an ABI prism
7500 Sequence Detection System (Applied Biosystems).
NLRR3 and Miz-1 TagMan probes were purchased from
Applied Biosystems. MYCN mRNA expression was mea-
sured by the SYBR green real-time PCR system. The primers
and probes used for real-time PCR were listed in Supple-
mentary Table S4.

Generation of a specific antibody against NLRR3

The rabbit polyclonal anti-NLRR3 antibody was raised
against a mixed synthetic peptide corresponding to amino
acid sequences between positions 655 to 670 and 692 to
707 of human NLRR3. The peptide and polyclonal anti-
body (TB0266) were generated by Medical and Biological
Laboratories (Nagoya, Japan). The specificity of the affin-
ity-purified antibody was assayed by immunoblotting.

Plasmid constructs

The protein-coding region of Miz-1 was amplified by
PCR and inserted into the EcoRI site of pcDNA3.1 (Invitro-
gen) flanked with a Flag tag. The human NLRR3 promoter
region and its 5" progressive deletion mutant were ampli-
fied by PCR and then inserted into the Sacy site in the
upstream of the luciferase gene of the pGL3-basic plasmid
(Promega). All constructs were verified by DNA sequenc-
ing. The pUHD-MYCN vector was kindly provided by Dr.
M. Schwab (German Cancer Research Center, Heidelberg,
Germany).

Luciferase reporter assay

SH-SY5Y cells were seeded at a density of 5 x 10" cells/
12-well cell culture plate and allowed to attach overnight.
The cells were transiently cotransfected with each mutant of
the human NLRR3 promoter-driven luciferase reporter and
an internal control vector for Renilla luciferase, or a com-
bination of the indicated expression vectors. The total
amount of plasmid DNA per transfection was kept consis-
tent with the pcDNA3.1 vector. Both firefly and Renilla
luciferase activities were assayed with the Dual-Luciferase
reporter assay system (Promega) according to the man-
ufacturer’s instructions. The firefly luminescence signal was
normalized on the basis of the Renilla luminescence signal.

siRNA transfection

To knockdown endogenous MYCN expression, SK-N-AS,
SK-N-BE, and SH-SY5Y cells were transfected with 10
nmol/L of the indicated siRNA purchased from Dharma-
con by using LipofectAMINE RNAIMAX (Invitrogen),
according to the manufacturer’s recommendations. The
list of siRNA sequences used will be provided upon request.

Forty-eight hours after transfection, cell lysates were pre-
pared and analyzed for the expression levels of NLRR3 and
MYCN by immunoblotting.

Immunoblot analysis

The cells were washed twice with ice-cold PBS and then
lysed immediately with SDS sample buffer containing 10%
glycerol, 5% PB-mercaptoethanol, 2.3% SDS, and 62.5
mmol/L Tris-HCI (pH 6.8). The protein concentrations
were determined by using Bio-Rad protein assay dye re-
agent (Bio-Rad Laboratories). Equal amounts of cell lysates
were separated by SDS-PAGE and electrophoretically trans-
ferred onto Immobilon-P membranes (Millipore). The
transferred membranes were blocked with 5% nonfat dry
milk in TBS containing 0.1% Tween-20 and incubated with
appropriate primary antibodies at room temperature for 1
hour followed by incubation with horseradish peroxidase—
conjugated goat anti-mouse or anti-rabbit secondary anti-
bodies (Cell Signaling Technology Inc.) at room temper-
ature for 1 hour. Immunoreactive bands were visualized by
an ECL system (GE Healthcare). The primary antibodies
used in this study were as follows: monoclonal anti-MYCN
(Ab-1; Oncogene Research Products), polyclonal anti-
NLRR3, polyclonal anti-Miz-1 (Santa Cruz Biotechnolo-
gv), monoclonal anti-GAP43 (9-1E21; Chemicon), and
polyclonal anti-actin (20-33; Sigma) antibodies.

Chromatin immunoprecipitation assays

A chromatin immunoprecipitation (ChIP) assay was
carried out according to the protocol provided by Upstate
Biotechnology (Charlottesville). In brief, cells were cross-
linked with 1% formaldehyde in medium for 10 minutes at
37°C. Chromatin solutions were prepared and immuno-
precipitated with the following antibodies: anti-MYCN,
anti-Miz-1, anti-Max rabbit polyclonal antibodies (Santa
Cruz Biotechnology), and normal mouse or rabbit serum
as a control. The immunoprecipitates were eluted with 100
uL of elution buffer (1% SDS and 1 mmol/L. NaHCO3).
Formaldehyde-mediated cross-links were reversed by heat-
ing at 65°C for 4 hours, and the reaction mixtures were
treated with proteinase K at 45°C for 1 hour. DNAs of the
immunoprecipitates and control input DNAs were purified
by using a QIAquick PCR purification kit (Qiagen). Puri-
fied DNA was subjected to optimized semiquantitative PCR
amplification protocol for NLRR3 gene promoter and
control regions, using appropriate primer sets (Supplemen-
tary Table $4).

Statistical analysis

Student ¢ tests were employed to examine the possible
association between NLRR3 expression and other prognos-
tic factors. The classification of high and low levels of
NLRR3, Miz-1, and MYCN expression was determined
on the basis of the mean value obtained from quantitative
real-time PCR analysis. Kaplan—-Meier survival curves were
calculated, and survival distributions were compared by
using the log-rank test. Cox regression models were used to
search associations along with NLRR3 expression, MYCN
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expression, Miz-1 expression, age, MYCN amplification
status, INSS, TrkA expression, DNA index, origin, and
survival. Statistical significance was considered if P value
was less than 0.05. The statistical analysis was carried out by
SPSS Statistical Software release 12.0.

Results

NLRR3 is upregulated during neuronal differentiation

It has been previously reported that the NBL cell lines
exposed to ATRA undergo neuronal differentiation (32),
accompanied by a marked decrease in the expression levels
of MYCN (33). To examine the possible involvement of
MYCN in the regulation of NLRR3 expression, the NBL-
derived RTBM1 cells were treated with or without 5 pmol/L
ATRA. As previously described (34), RTBM1 cells under-
went neuronal differentiation with extensive neurite out-
growth in response to ATRA treatment (Fig. 1A). The induced
differentiation was confirmed by the expression levels of
GAP43, a marker of neuronal differentiation (35), which

increased after ATRA treatment at both mRNA and protein
levels (Fig. 1B and C). As expected, MYCN expression was
significantly decreased after ATRA treatment and almost
diminished at 6 days after treatment. Consistent with our
previous observations (23), NLRR3 was markedly upregu-
lated at the mRNA and protein levels during the differenti-
ation process. Similar results were also obtained from ATRA-
treated SH-SY5Y cells (Supplementary Fig. S1A and B).

Inverse correlation between MYCN and NLRR3
expressions

To further confirm a possible relationship between
MYCN and NLRR3, we used MYCN-inducible SHEP21N
cells originally derived from NBL (36) and treated with
tetracycline to switch off the expression of MYCN. As
shown in Fig. 2A, the reduced expression level of MYCN
upon tetracycline treatment was confirmed by reverse
transcriptase PCR (RT-PCR) and immunoblotting, whereas
NLRR3 expression was increased after tetracycline treat-
ment.

A ATRA (5 umoliL)

Day 0 ’

Day 4

Day 6

Day 8

ATRA (5 pmol/L)

Opposite expression pattern of NLRR3 and MYCN in differentiated RTBM1 cells in response to ATRA. A, ATRA-induced differentiation program in
RTBM1 cells. Cells were treated with 5 umol/L. ATRA or left untreated. At the indicated time-periods after treatment with ATRA, neurite outgrowth was
examined with a phase-contrast microscope. B and C, RT-PCR and immunoblot analysis for MYCN, NLRR3, and GAP43 in response to ATRA. RTBM1
cells were treated as in A. Total RNA and cell lysates were prepared and processed for RT-PCR (B) and immunoblotting with indicated antibodies (C).
For RT-PCR, GAPDH was used as an internal control. For immunoblotting, actin was used as a loading control.
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Figure 2. Inverse regulation of MYCN and NLRR3 in various NBL cell lines. A, RT-PCR and immunoblot analysis for MYCN and NLRR3 in

SHEP21N cells maintained in the presence of tetracycline. At the indicated time points after the addition of tetracycline (50 ng/mL), total RNA and cell
lysates were prepared and processed for RT-PCR (left) and immunoblotting with indicated antibodies (right). B, siRNA-mediated knockdown

of the endogenous MYCN. SK-N-AS and SK-N-BE cells were transfected with control siRNA {Con.) or with 2 siRNA (si-1 and si-2) against MYCN. At
48 hours after transfection, total RNA and cell lysates were prepared and processed for RT-PCR (left) and immunoblotting with indicated antibodies (right).
C, SH-SY5Y cells were transiently transfected with or without the increasing amounts of the expression plasmid encoding MYCN. Forty-eight

hours after transfection, total RNA and cell lysates were prepared and processed for RT-PCR (ieft) and immunoblotting (right) with indicated antibodies.
GAPDH was used as an internal control of RT-PCR and actin was used as a loading control for immunoblotting.

To examine whether MYCN and NLRR3 have an inverse
functional relationship under these physiologic condi-
tions, siRNA knockdown of the endogenous MYCN was
carried out in 2 NBL cell lines, SK-N-AS cells with a single
copy of MYCN and SK-N-BE cells with MYCN amplifica-
tion. As shown in Fig. 2B, one of the siRNAs against MYCN,
si-2, efficiently reduced endogenous expression of MYCN
in both cell lines and resulted in an increased expression of
NLRR3. SH-SY5Y cells with a single copy of MYCN also
showed the similar result after siRNA-mediated knock-
down of the endogenous MYCN (Supplementary
Fig. S2A and B). These observations prompted us to exam-
ine whether MYCN can directly downregulate NLRR3 ex-
pression. To address this issue, SH-SY5Y NBL cells were
transfected with the expression plasmid encoding the
MYCN gene. Forced expression of MYCN resulted in a
dose-dependent decrease of NLRR3 expression both at
the mRNA and protein levels (Fig. 2C), suggesting that

NLRR3 expression is negatively regulated by MYCN in NBL
cells.

MYCN represses the promoter activity of NLRR3 in
association with Miz-1

According to the previous reports (19, 20, 37), Myc
proteins repress its target genes by forming a complex with
Miz-1. Under these conditions at low expression levels of
Mye, Miz-1 activates transcription of the target genes by
cooperating with other transcriptional cofactors and
enhances cell differentiation (20). Therefore, we hvpothe-
sized that Miz-1 might be involved in the regulation of
NLRR3 expression. To prove this, we examined whether
exogenously expressed Miz-1 upregulates NLRR3 expres-
sion in SH-SY5Y cells. Figure 3A, left shows that NLRR3
expression was upregulated by overexpression of Miz-1 in
the same manner as a positive control, p15™ expression,
whereas expression of other NLRR family members, NLRR1
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Figure 3. Regulation of the NLRR3 promoter by MYCN and Miz-1. A, left, RT-PCR analysis showing expression of NLRR1, NLRR2, NLRR3, and p15™** in SH-
SY5Y cells transiently transfected either with control or Miz-1-expressed plasmid. GAPDH was used as an internal control. Right, Western blot showing
expression of NLRR3 and Miz-1 in SH-SY5Y cells transiently transfected either with control vector or with Miz-1 expressing vector. Actin was used as a
loading control. B, left, Miz-1 enhances promoter activity of NLRR3 in transient transfection assay. Data represent fold activation of the NLRR3 promoter
(—677 to +67) construct upon coexpression of increasing amounts of the expression plasmid for Miz-1 in SY5Y cells. Forty-eight hours after transfection, the
cells were lysed and their relative luciferase activities were measured. Firefly luminescence signal was normalized on the basis of Renifla luminescence signal.
Right, expression of MYCN reduces the basal activity of the NLRR3 promoter and abrogates transactivation by Miz-1. SH-SY5Y cells were transiently
cotransfected with or without constant amount of the expression plasmid for the Miz-1 and 0.1 pg of NLRR3 promoter (—677 to +67) together with or without
the increasing amounts of the expression plasmid for MYCN. The luciferase activity was determined as in B, left. Results are the mean of 3 independent
experiments + SD. C, interaction between MYCN and Miz-1 in NBL cells. Whole cell lysates prepared from SK-N-AS cells transfected with indicated vectors
and immunoprecipitated (IP) with the monoclonal anti-MYCN antibody or with polyclonal ant-Miz-1 antibody. The immunoprecipates were analyzed by
immunoblotting (IB) with the polyclonal anti-Miz-1 antibody or with monoclonal anti-MYCN antibody, respectively. D, ChIP analysis of SH-SY5Y cells was
carned out by using the indicated antibody and PCR primers specific for the different part of NLRR3 promoter (top 3 panels), upstream, downstream (middle 2

panels) regions of the NLAR3 gene, and for p15™“ promoter (bottom).

and NLRR2, showed no change. The increased expression sequences of the NLRR3 gene (nucleotide —1,020 to +67)
of NLRR3 protein was also confirmed by Western blot was cloned and analyzed for promoter activity by using a
analysis (Fig. 3A, right). This induction of NLRR3 by luciferase reporter assay. The promoter deletion analysis
Miz-1 was also observed in SK-N-AS cells (Supplementary showed that a nucleotide position between —677 and +67
Fig. $3). To determine whether Miz-1 activates the NLRR3 gives maximum promoter activity (Supplementary
promoter, the region spanning exon 2 and 5’-upstream Fig. S4A). The core promoter region (—35 to +67) also
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showed higher promoter activity than other deletion
mutants. In transient-cotransfection assays, simultaneous
expression of Miz-1 increased the luciferase activities driven
by the NLRR3 promoter (—677 to +67; Fig. 3B, left).

On the contrary, overexpression of MYCN resulted in
reduced activity of the NLRR3 promoter (Supplementary
Fig. S4B). These results suggest that Miz-1 and MYCN
together contribute to the transcriptional regulation of
the NLRR3 gene. Indeed, the activation of the NLRR3
promoter by exogenous Miz-1 expression in SH-SY5Y cells
was suppressed by coexpression of MYCN in a dose-de-
pendent manner (Fig. 3B, right). The luciferase activities
driven by the core promoter region (—35 to +67) also
showed a similar result (data not shown). It was reported
that a transcriptional suppression of the MYCN-targeted
genes occurs when MYCN forms a complex with Miz-1 and
Max (19). To make certain of the physical interaction
between MYCN and Miz-1, the whole cell lysates prepared
from the SK-N-AS cells cotransfected with MYCN and Atiz-1
were subjected to an immunoprecipitation assay. As shown
in Fig. 3C, coimmunoprecipitation using either MYCN or
Miz-1 antibody confirmed that MYCN and Miz-1 formed a
complex in SK-N-AS cells as previously reported in non-
NBL cell lines (38). Moreover, ChIP analysis revealed that
MYCN, Max, and Miz-1 were recruited onto the same
promoter region of NLRR3 (—164 to +67) in SH-SY5Y
cells (Fig. 3D). Hence, MYCN negatively regulates NLRR3
expression by forming a transcriptional complex with Miz-
1 in NBL cells.

Increased expression of NLRR3 and Miz-1 in favorable
neuroblastoma

In our previous report, NLRR3 is highly expressed in
favorable NBLs with a single copy of MYCN as compared
with NBLs with MYCN amplification. To evaluate whether
the expression pattern of Miz-1, NLRR3, and MYCN ob-
served in NBL cell lines is consistent in primary NBLs, we
analyzed expression levels of those 3 genes in 16 favorable
(stages 1 or 2, high expression of TrkA and a single copy of
MYCN) and 16 unfavorable (stages 3 or 4, low expression
of TrkA and amplification of MYCN) NBL samples by
semiquantitative RT-PCR. As shown in Supplementary
Fig. S5A, NLRR3 and Miz-1 were expressed at higher levels
in favorable NBLs than those in unfavorable tumors,
whereas the levels of MYCN expression were predominant-
ly high in the unfavorable tumors. The expression levels of
NLRR3 and Miz-1 were also higher in the cell lines with a
single copy of MYCN than those with MYCN amplification,
indicating evidence of a positive correlation between
NLRR3 and Miz-1 expressions and of an inverse correlation
between NLRR3 and MYCN expressions (Supplementary
Fig. S5B). Those expression patterns were further assessed
by immunohistochemistry for NLRR3, MYCN, and Miz-1
in primary NBL tissues (Supplementary Fig. S5C). We
carried out immunohistochemical staining on all 11 avail-
able paraffin-embedded primary NBL tissues, including 5
NBLs with a single copy of MYCN and favorable histology
according to INPC (39), 3 NBLs carrying a single copy of

MYCN with unfavorable histology, and 3 NBLs with MYCN
amplificadon and unfavorable histology. As shown in
Supplementary Fig. S5C and Supplementary Table S1,
the absence of MYCN amplification was associated with
strong positive staining of NLRR3 and Miz-1 in all exam-
ined samples except one (case 8). All 3 NBLs with MYCN
amplification showed weak staining for both NLRR3 and
Miz-1.

Low expression of NLRR3 and Miz-1 is associated with
an unfavorable outcome of neuroblastoma

To evaluate whether a statistically significant relationship
exists between the patients’ survival periods and the ex-
pression of NLRR3, Miz-1, or MYCN in primary NBLs, we
quantitatively measured the expression levels of NLRR3,
Miz-1, and MYCN mRNAs in 87 primary NBLs by using the
quantitative real-time PCR method. The clinical features of
each NBL samples are listed in Supplementary Table S2. As
shown in Table 1, high levels of NLRR3 expression were
significantly associated with younger age (P = 0.047),
single copy of MYCN (P = 0.047), favorable disease stages
(P=0.041), high levels of TrkA expression (P = 0.042), and
diploid DNA index (P = 0.003), but not with tumor origin
(P = 0.933). A high level of AMiz-1 expression was also
significantly associated with younger age (P = 0.004),
single copy of MYCN (P = 0.004), favorable disease stages
(P = 0.001), and high levels of TrkA expression (P =
0.001), but not with DNA index (P = 0.060) and tumor
origin (P = 0.959). In contrast, a high level of MYCN
expression was significantly associated with MYCN am-
plification (P = 0.0001), advanced disease stages (P =
0.0031), low levels of TrkA expression (P = 0.026), and
tumor origin (P = 0.028), but not with DNA index (P =
0.079), which is consistent with the previous reports (23,
40, 41). There was also a marginal association with
patient age (P = 0.063). These results suggest that high
expression of NLRR3 and Miz-1 is well associated with
conventional prognostic markers predicting a favorable
NBL outcome.

To examine whether the expression levels of NLRR3,
Miz-1 and/or MYCN have a prognostic significance in
primary NBLs, we employed log-rank tests for gene-expres-
sion data (Supplementary Table S3). There were significant
differences in survival rates in the groups of patients with
high and low expression of NLRR3, Miz-1, and MYCN,
Patients with high expression of NLRR3 or Miz-1 had a
higher survival rate than patients with low expression of
NLRR3 or Miz-1, and such a difference in survival rate was
statistically significant (P = 0.0023 and P = 0.00060,
respectively). However, a patient with high MYCN expres-
sion was associated with a lower survival rate than that of
the MYCN low subset (P < 0.00001; Supplementary
Table $3). Figure 4 shows Kaplan-Meier cumulative sur-
vival curves for 87 patients with NBL in terms of expression
of NLRR3, Miz-1 and MYCN. High expression of NLRR3
and that of Miz-1 were significantly associated with good
survival (P = 0.0023 and P = 0.00060, respectively; Fig. 44,
left and right). As already known, high expression of MYCN
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Table 1. Correlation between expression of NLRR3 or MYCN or Miz-1 and other prognostic factors
(Student ¢ test)
NLRR3 MYCN Miz-1
Variable No. Mean + SEM P Mean + SEM P Mean + SEM P
Age, y
<1 32 0.043 + 0.011 0.047% 0.034 + 0.013 0.063 0.091 + 0.019 0.004
>1 585 0.024 + 0.003 0.141 + 0.043 0.042 + 0.007
MYCN copy number
Single copy 58 0.041 + 0.006 0.047° 0.022 + 0.016 0.0001* 0.077 + 0.012 0.004°
Amplified 29 0.019 + 0.004 0.222 + 0.053 0.026 + 0.004
Tumor stage
1,2,4s 34 0.043 + 0.009 0.041° 0.007 + 0.002 0.0031% 0.093 + 0.017 0.001°
3,4 53 0.024 + 0.003 0.144 + 0.036 0.039 + 0.007
TrkA expression
High 24 0.047 + 0.013 0.042° 0.009 + 0.003 0.026" 0.104 + 0.024 0.001*
Low 61 0.025 + 0.004 0.125 + 0.032 0.044 + 0.006
DNA index
Diploidy 42 0.019 + 0.003 0.003* 0.121 + 0.037 0.079 0.049 + 0.008 0.06
Aneuploidy 31 0.050 + 0.010 0.034 + 0.023 0.085 + 0.019
Tumor origin
Adrenal gland 48 0.082 + 0.007 0.933 0.135 + 0.035 0.028° 0.059 + 0.012 0.959
Others 39 0.032 + 0.004 0.034 + 0.025 0.060 + 0.011
P < 0.05.

was strongly associated with a poor prognosis of NBL (P <
0.00001; Fig. 4A, middle). Remarkably, the combination
of low levels of both NLRR3 and Miz-1 expressions
showed a significantly worse prognosis as compared with
the other combination, high NLRR3 and Miz-1 expres-
sions (P = 0.0012; Fig. 4C). Furthermore, the combina-
ton of low expression of NLRR3 and high expression of
MYCN showed a significantly worse prognosis than the
combination of high expression of NLRR3 and low ex-
pression of MYCN (P < 0.00001; Fig. 4B). In NBLs with
low expression of MYCN, the expression levels of NLRR3
could segregate the prognosis into good and intermediate
groups.

The univariate Cox regression analysis shown in Table 2
was employed to examine the individual relationship of
each variable to survival. The results in Table 2 showed that
NLRR3 expression, MYCN expression, Miz-1 expression,
age, MYCN amplification, stage TrkA expression, and origin
were of prognostic importance, supporting the results of
the log-rank test. Moreover, the multivariate Cox models
were fitted to assess the predictive importance of NLRR3
expression for survival after controlling other prognostic
factors. The results in Table 2 showed that NLRR3 expres-
sion was significantly associated with survival after con-
trolling TrkA expression (P = 0.0212), suggesting that
NLRR3 expression was an independent prognostic factor
from TrkA expression (Table 2). This suggests that NLRR3
expression is associated with survival after controlling
MYCN expression (P = 0.0610), Miz-1 expression (P =

0.1510), MYCN amplification (P=0.1210), and stage (P =
0.1040), and also supports that NLRR3 expression could
serve as a prognostic biomarker for NBL tumors dependent
on both MYCN and Miz-1 expression as well as MYCN
amplification.

Discussion

In primary human NBLs, MYCN is frequently amplified
and thereby one of the most important prognostic factors.
In this study, we found that NLRR3 is a direct target of
MYCN but its expression is negatively regulated by MYCN
in association with Miz-1. In primary NBLs, both NLRR3
and Miz-1 are expressed at significantly high levels in
favorable NBLs and downregulated in MYCN-amplified
aggressive tumors.

In general, favorable NBL cells show more differentiated
features than unfavorable cells (30). The treatment of NBL
cells with ATRA induces neuronal differentation accom-
panied with growth inhibition and reduction of MYCN
expression (33). Under such conditions, NLRR3 is induced
while MYCN is decreased (Figs. 1 and 2). These results
suggest a functional inverse relationship between MYCN
and NLRR3 in cellular differentiation and tumor develop-
ment. In some NBL cell lines, siRNA-mediated knockdown
of endogenous MYCN caused NLRR3 induction; converse-
ly, ectopic expression of MYCN resulted in a decreased
expression of NLRR3. Hence, the inverse regulatory rela-
tionship between NLRR3 and MYCN may be present as a
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Fic Real-time PCR analysis for the expression of NLRR3, MYCN, and Miz-1 in 87 primary NBLs. Kaplan-Meier survival curves of patients with
NBLs on the basis of higher or lower expression levels of NLRR3 (A, left); MYCN (A, middle); Miz-7 (A, right): NLRR3 and MYCN (B); or NLRR3 and Miz-1 (C).
In case of NLRR3 and MYCN survival curve, high NLRR3/high MYCN group was excluded because this group consists of only 2 samples. Relative expression
levels of NLRR3 or MYCN or Miz-1 mRNA were determined by calculating the ratio between GAPDH and NLRR3 or MYCN or Miz-1.

consequence of MYCN-induced transcriptional downregu-
lation of NLRR3.

MYCN' protein is an important regulator of many
cellular processes, including growth, proliferation, differ-
entiation, and apoptosis (42). A part of these diverse
cellular functions of MYCN may be due to the combined
abilites of both activating and repre

the target genes (42). Transcriptional activation by MYCN
occurs via dimerization with its partner protein, Max, and
direct binding to specific DNA sequences named E-boxes.

MYCN directly binds and stimulates the expression of

approximately 4,000 of the E-box containing genes (43).
Although heterodimerization of Max with MYCN is nec-
essary 1o regulate gene expression, the other proteins
including Miz-1 may bind to C-terminal MYCN in addi-
tion to Max (19, 20, 44). Concurrent binding of these
factors redirects the MYCN/Max dimer to noncanonical

sites such as the initiator element, where this complex
might prevent the efficient binding of basal transcription-

sing transcription of

al machinery or coactivators necessary for transactivation,
resulting in repression of gene expression (38, 44). The
dimerization with MYCN switches Miz-1 from a tran-
scriptional activator to a repressor of the target genes,
likely by preventing the interaction of Miz-1 with its own
coactivator (19, 20). Several studies have shown that Miz-
1 binds and activates the promoter of several genes,
including p15™% and p21“"”, and the transactivation
can be negatively regulated by its association with MYCN
(16, 17, 29). Regarding the reduction of NLRR3 expres-
sion observed in this study, Miz-1 seems to be a key
molecule forming a transcription factor complex with
MYCN. Because Miz-1 itself acts as an activator of NLRR3
promoter, NLRR3 expression may be switched on and off
through Miz-1 in the absence and presence of MYCN,
respectively. Although the expression levels of Miz-1 in
unfavorable NBLs are relatively low, its amount still may
be enough to act with MYCN to inhibit transactivation of
NLRR3 in NBLs.
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expression, Miz-

Model Factor

Table 2. Multiple Cox regression model using NLRR3 expression and dichotomous factors of MYCN
I expression, age, MYCN amplification, stage, TrkA expression, and origin (n — 87)

P HR (95% ClI)

Univariate analysis

Age (>1vs. <1y)

Stage (1,2,4s vs. 3,4)
TrkA expression (high vs. low)

IGOTMOO ®>»

Multivariate analysis

Stage (1, 2, 4s vs. 3, 4)

TrkA expression (high vs. low)

NLRR3 mRNA expression (high vs. low)
MYCN mRNA expression (high vs. low)
Miz-7 mRNA expression (high vs. low)

MYCN amplification {single copy vs. amplified)

Origin (adrenal gland vs. others)

A NLRR3 mRNA expression (high vs. low) 0.061 0.424 (0.172-1.041)
MYCN mRNA expression (high vs. low) 0.0011° 3.707 (1.735-7.921)
B NLRR3 mRNA expression (high vs. low) 0.151 0.503 (0.198-1.283)
Miz-1 mRNA expression (high vs. low) 0.0301° 0.304 (0.104-0.893)
C NLRR3 mRNA expression (high vs. low) 0.0150" 0.347 (0.148-0.814)
Age (>1 vs. <1y) 0.053 0.384 (0.146-1.013)
D NLRR3 mRNA expression (high vs. low) 0.121 0.545 (0.253-1.173)
MYCN amplification {single copy vs. amplified) 0.0001° 3.940 (1.893-8.203)
E NLRR3 mRNA expression {high vs. low) 0.104 0.493 (0.210-1.156)

F NLRR3 mRNA expression (high vs. low)

G NLRR3 mRNA expression (high vs. low)
Origin (adrenal gland vs. others)

0.0041% 0.291 (0.125-0.678)

<0.0001* 5.050 (2.450-10.40)
0.0021% 0.212 (0.080-0.561)
0.0161% 0.309 (0.119-0.803)
<0.0001° 4.628 (2.281-9.387)
0.0010% 12.66 (3.023-53.09)
0.0070* 7.180 (1.714-30.07)
0.0480% 2.125 (1.005-4.491)

0.0020% 10.108 (2.359-43.309)
0.0212% 0.361 (0.152-0.863)
0.0163* 5.892 (1.395-24.901)
0.0070% 0.308 (0.132-0.720)
0.084 1.937 (0.914-4.104)

“P < 0.05.

NOTE: All variables with 2 categories. HR shows the relative risk of death of first category relative to the second.

Inhibition of cellular differentiation is one of the
well-known biological functions of MYCN. Because
differentiated NBL cells have a high expression of NLRR3
instead of MYCN, the reduced expression of NLRR3 in
undifferentiated, unfavorable NBL cells may propose an
important component of the mechanism by which
MYCN functions against cell differentiation. As ectopic
expression of NLRR3 induced morphologic changes in-
dicative of neuronal differentiation accompanying with
neurite outgrowth (data not shown), the downregulation
of NLRR3 by MYCN might contribute to the well-docu-
mented stimulation of cell proliferation by MYCN. Al-
though there are MYCN target genes that are potentally
involved in cell-cycle progression, including o-prothymo-
sin, ornithine decarboxylase, MCM7, 1D2, MDM?2, and
NLRR1 (27, 36, 45-47), suppression of NLRR3 might
have an additive effect on NBL cell proliferation. Our
log-rank test showed that expression of NLRR3 is well
associated with a favorable prognosis, suggesting its
involvement in NBL differentiation. Of more interest,
NLRR3 and NLRR1 seem to function oppositely in NBL.
Thus, the expression of NLRR3 is a new prognostic
indicator of NBL and may be involved in regulating
the biology of the wimor.

Collectively, our present findings suggest that the repres-
sion of NLRR3 mediated by MYCN requires an association
with Miz-1 and also contributes to the favorable outcome
of NBLs. The expression pattern of NLRR3, Miz-1, and
MYCN might play an important role in defining the clinical
behavior of NBLs. Because NLRR3 is an orphan receptor,
the future discovery of its ligand(s) may unveil the molec-
ular mechanism of tumorigenesis, differentiation, and pro-
liferation of NBL. Further investigation is necessary to
clarify whether NLRR3 is an important primary cue for
developing novel diagnostic and therapeutic strategies
against high-risk NBLs.
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