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Abstract Neuroblastoma (NB) is a paediatric solid tumour which originates from sympa-
thetic nervous tissues. Deletions in chromosome 1p are frequently found in unfavourable
NBs and are correlated with v-myc avian myelocytomatosis viral oncogene neuroblastoma
derived homolog (M YCN) amplification; however, it remains to be elucidated how the 1p loss
contributes to MYCN-related oncogenic processes in NB. In this study, we identified the role
of Dnmtl-associated protein 1 (DMAP1), coded on chromosome 1p34, in the processes.

We studied the expression and function of DMAP! in NB and found that low-level expression of
DMAPI related to poor prognosis, unfavourable histology and 1p Loss of heterozygosity (LOH)
of primary NB samples. Intriguingly, DMAP! induced ataxia telangiectasia mutated (ATM)
phosphorylation and focus formation in the presence of a DNA damage reagent, doxorubicin.
By DMAPI expression in NB and fibroblasts, p53 was activated in an ATM-dependent manner
and p53-downstream pro-apoptotic Bcl-2 family molecules were induced at the mRNA level,
resulting in p53-induced apoptotic death. BAX and p21P""#" promoter activity dependent on
p53 was clearly up-regulated by DMAPI1. Further, MYCN transduction in M YCN single-copy
NB cells accelerated doxorubicin (Doxo)-induced apoptotic cell death; MYCN is implicated in
DMAPI protein stabilisation and ATM phosphorylation in these situations. DMAP1 knockdown
attenuated MYCN-dependent ATM phosphorylation and NB cell apoptosis. Together, DMAPI

* Corresponding author: Address: Division of Biochemistry and Molecular Carcinogenesis, Chiba Cancer Center Research Institute, 666-2
Nitona, Chuo-ku, Chiba 260-8717, Japan. Tel.: +81 43 264 5431; fax: +81 43 265 4459.
E-mail address: tkamijoi@gchiba-cejp (T. Kamijo).
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appears to be a new candidate for a Ip tumour suppressor and its reduction contributes to NB
tumourigenesis via inhibition of MYCN-related ATM/p33 pathway activation.
© 2014 Elsevier Ltd All rights reserved.

1. Introduction

Genetic and molecular analyses have indicated vari-
ous types of deletions of the short arm of chromosome
1 (Ip) in a broad range of human malignant tumours,
including neuroblastoma (NB) and others [1-5]. It has
been suggested that this genomic region harbours
several tumour suppressor genes and that additive
effects of loss of those tumour suppressors on tumouri-
genesis exist in several “1p loss malignant tumours’.

NB is the second most common paediatric solid malig-
nant tumour derived from sympathetic nervous tissues.
Extensive cytogenetic and molecular genetic studies have
identified that genetic abnormalities, such as loss of the
short arm of 1p, 11q and 14q; amplification of M YCN;
and allelic gain of 11p and 17q, are frequently observed
[1]. Deletion of the [ p region is highly correlated with both
MYCN amplification and an adverse patient outcome,
indicating the presence of several tumour suppressor genes
(TSGs) within this region [G]. NB tumours with M YCN in
asingle copy had preferentially lost the Ip36 allele and these
tumours also had a very distal commonly deleted region; in
contrast, all MYCN-amplified NBs had larger 1Ip
deletions, extending from the telomere to Ip31 [7]. The
extent of deletion or LOH was identified in 184 primary
NBs; in 80%, the 1p deletion extended from the telomere
to Ip31 [8] Given the tendency of large, hemizygous 1p
deletions in M YCN-amplified NBs, alternative hypotheses
for tumour suppression are: (1) an additional, MYCN-
associated TSG in the 1p region; (2) suppression of TSG
expression from a hemizygous allele due to epigenetic mod-
ifications except for imprinting, e.g. miRNAs and non-
coding RNAs; (3) haplo-insufficiency-based suppression
accounting for the rarity of 1p homozygous deletions [9].

Dnmtl-associated protein | (DMAP!) was originally
identified as a molecule interacting with DNMT1 and
was demonstrated to co-localise with PCNA and
DNMT]1 at DNA replication foci during the S phase
[10]. Previously, we reported that Dmap] participates in
DNA repair and transformation of mouse embryonic
fibroblasts (MEFs). Dmap1 was recruited to the damaged
sites, formed complexes with y-H2AX and directly inter-
acted with Proliferating Cell Nuclear Antigen (Pcna);
inhibition of this binding impaired the accumulation of
the Pcna-Caf-1 complex at damaged sites and resulted
in DNA breaks [!1]. In addition, Penicud and Behrens
reported that DMAPL promotes ataxia telangiectasia
mutated (ATM) recruitment and focus formation at dam-
aged sites. These results suggest that DMAPI is involved
in the DNA damage response (DDR) [12]. Interestingly,

DMAP! gene is coded in 1p34 and the region that is
frequently deleted in NB tumours with Ip LOH {8.9].
These results prompted us to study the expression level
of DMAPI in neuroblastoma samples and its functional
role in tumourigenesis.

In the present report, for the first time, we found that
DMAPI is a novel 1p tumour suppressor and DMAPI
has an indispensable role in MYCN-related ATM/p53
pathway activation. Downregulation of DMAPI seems
to be a result of MYCN-induced stress and an impor-
tant mechanism for NB tumourigenesis.

2. Materials and methods
2.1. Cell culture

Human NB cell lines were obtained from official cell
banks (RIKEN Bioresource Cell Bank, Tohoku Univer-
sity Cell Resource Center, and the American Type
Culture Collection) and were cultured in RPMI1640 or
Dulbecco’s modified Eagle’s medium (Wako, Osaka,
Japan) supplemented with 10% heat-inactivated foetal
bovine serum (Invitrogen, Carlsbad, CA, United States
of America (USA)) and 50 pg/ml penicillin/streptomy-
cin (Sigma-Aldrich, St. Louis, MO, USA) in an incuba-
tor with humidified air at 37 °C with 5% CO,. ATM
kinase inhibitor, KU-55933 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) was dissolved in DMSO to make
stock solutions of 20 mM.

2.2. Lentiviral production and infection for over-expression
and knockdown of genes

For the over-expression of mouse Dmapl and human
DMAPI, cDNAs were subcloned into lentiviral vector
pHR-SIN-CSGW [13]. For shRNA-based knockdown
experiments, pLKO.l puromycin-based lentiviral vectors
containing five sequence-verified shRNAs targeting human
DMAPI (RefSeq NM_019100.4, NM_001034024.1,
NM_001034023.1) were obtained from the MISSION
TRC-Hs 1.0 Human, shRNA library (Sigma-Aldrich). We
checked DMAPI1 knockdown by five lentivirus-produced
shRNAs (clones: TRCN0000021744-21748) and used at least
two shRNAs for experiments. Lentiviral production, infec-
tion and confirmation of infection efficiency were performed
as described previously [13].

2.3. Antibodies

Antibodies against p53 (DO-1) and MYCN (rabbit
polyclonal, C-19) were purchased from Santa Cruz
Biotechnology. Antibodies against p53Serl15-P (rabbit
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Fig. 1. Expression level of Dnmtl-associated protein 1 (DMAPI) in neuroblastoma (NB) samples and neuroblastoma cell lines. (A) Kaplan-Meier
survival analysis of NB patients based on higher or lower expression levels of DAMPI (overall survival analysis) presented by microarray analysis
in three individual cohorts. (Aa) Chiba Cancer Center Research Institute cohort (» = 41). Expression levels of DMAPI were separated into a high
or low group based on the average expression. Statistical analysis was performed by the log-rank test. Corresponding p values are indicated. (Ab)
Childrens Hospital Los Angeles cohort (http://pob.abee.ncifesf. gov/egi-bin/JK), Neuroblastoma Prognosis Database-Seeger Lab dataset. n = 102.
Expression levels of DMAPI on probe 224163 s _at were separated into a high or low group based on the median expression. (A¢) Academic
Medical Center cohort R2 microarray analysis and visualisation platform (bttp://r2.amuenl), Tumor Neuroblastoma public-Versteeg-88 dataset.
n = 88. Expression levels of DMAPI on probe 224163_s at were separated into a high or low group based on the expression cutoff value 118.0
according to the R2 algorithm. (B) Immunohistochemical staining for DMAPI in NB. Statistical significance was determined by Fisher’s exact
probability test. MKI: Mitosis-karyorrhexis index. FH: favourable histology; UH: unfavourable histology. DMAPI (+): DMAP! high-expression
tumour; DMAPI (—): DMAPI low-expression tumour. (C) 1p loss was studied by array CGH analysis. Expression status of DMAPI was
quantified by quantitative polymerase chain reaction (qQPCR) analysis and normalised by GAPDH expression. DMAP! high or low expression was
determined by its median value. Fisher’s exact probability test was applied to determine statistical significance.

polyclonal) and ATMSer1981-P (10H11. E12) were from  were compared using the log-rank test. Cox regression

Cell Signaling Technology (Danvers, MA, USA). Anti-
ATM rabbit polyclonal antibody (Ab-3) was from Merck
Millipore. Antibodies against B-Actin (rabbit polyclonal)
and anti-FLAG (M2) were from Sigma-Aldrich. A
mouse monoclonal anti-tubulin antibody was from
Neomarkers Lab Vision (Fremont, CA, USA). Anti-
DMAPI rabbit polyclonal antibody (ab2848) was from
Abcam (Cambridge, United Kingdom (UK)), anti-
DMAPI1 (2G12) was from Abnova (Taipei, Taiwan)
and anti-human influenza hemagglutinin (HA) rabbit
polyclonal was from MBL (Nagoya, Japan).

2.4. Statistical analysis

All data were tested statistically using the Welch test

and Fisher’s exact probability test. p < 0.05 was consid-
ered to indicate statistical significance. Kaplan—-Meier
survival curves were calculated, and survival distributions

models were used to explore associations between
DMAPI expression, age at diagnosis, tumour stage, TrkA4
expression, M YCN copy number, tumour origin, DNA
ploidy, Shimada pathology and survival. Statistical
significance was declared if p < 0.05. Statistical analysis
was performed using JMP 8.0 (SAS Institute Inc., Cary,
NC, USA).

Other methods are described in Supplementary
information.

3. Results

3.1. Low expression level of DMAPI correlated with
unfavourable prognosis of NB patients

We examined the expression levels of DMAPI in NB
samples by microarray analysis. Kaplan—-Meier survival
analysis showed that low DMAPI expression correlated
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with the unfavourable prognosis of NB patients
(Fig. 1Aa). Web-based microarray analysis and visual-
isation application for NB confirmed these results
(Fig. 1TADb, ¢), and it was also shown by quantitative
polymerase chain reaction (qPCR) (Suppl. Fig. STAq).
Unfavourable NBs, which are classified by International
Neuroblastoma Staging System (INSS) stage with
MYCN copy number, also expressed low-level DMAPI
(Suppl. Fig. S18). Immunohistochemical analysis also
showed low expression of DMAPI in unfavourable
histology NB (I“ig. 1B).

Next, the chromosome lp status was analysed by
array CGH to study the mechanism of DMAPI reduc-
tion in unfavourable NB (Fig. 1C). As a result, DMAPI
reduction in unfavourable NB was significantly corre-
lated with loss of its gene locus. DMAPI mRNA levels
were significantly lower in NB cell lines than in primary
NB samples (Suppl. Fig. S1C). To further assess other
possibilities for the suppression of DMAPI expression,
bisulphite sequencing was carried out using five clinical
samples and two cell lines of NB and BM1I knockdown
to study epigenetic suppression by polycombs in NB cell
lines; however, DNA methylation of the DMAPI pro-
moter region and transcriptional suppression of
DMAPI by BMII were not found (data not shown).
Next, univariate Cox regression was employed to exam-
ine the individual relationship of each variable to sur-
vival (Table 1). These variables were: DMAP]
expression, age at diagnosis (1 year old versus <1 year
old), tumour stage (3-+4 versus |-+ 2-4s), TrkA
expression (low versus high), MYCN copy number
(amplified versus non-amplified), origin (adrenal gland
versus others), DNA ploidy (aneuploidy versus di-/tet-
raploidy) and Shimada pathology (favourable versus
unfavourable), all of which were found statistically to
be of prognostic importance. Additionally, multivari-
able Cox analysis demonstrated that DMAPI expres-
sion was an independent prognostic factor from
tumour origin, stage and DNA ploidy. However, the
analysis showed a correlation between DMAPI reduc-
tion and M YCN amplification (Table 1). These results
suggested that DMAPI works as a tumour suppressor
gene in NB and its expression levels strongly correlate
with M YCN copy numbers.

3.2. DMAPI activated ATM and p53 with DNA damage

In our previous study, we observed that Dmapl
knockdown in MEFs leads to the failure of DNA repair,
resulting in accumulated DNA damage [11]. These
results prompted us to study the role of DMAPI in
DDR, including the ATM/p53 pathway. In response
to DNA damage, ATM forms foci at double-stranded
DNA break (DSB) sites and undergoes self-phosphory-
lation at serine 1981 to enhance its kinase activity. The
activated ATM phosphorylates p53 at serine 15, which
in turn induces p53-downstream effectors, leading to

Table |
Correlation between Dnmitl-associated protein | (DMAPL) expression
and other prognostic factors of neuroblastoma.

Terms High DMAPI i.ow DMAPI p-Value

Age (years) .
<1.5 25 33 0.13
=15 31 23

Tumour origin
Adrenal 29 28 0.773
Others 26 28

Stage
1, 2,48 29 22 0.184
3,4 27 34

Shimada pathology
Favourable 37 30 0.16
Unfavourable 12 18

MYCN copy number
Single 52 41 <0.01
Amplified 4 15

Trk A expression
High 32 28 0.507
Low 23 26

DNA index
Diploidy 22 27 0.186
Ancuploidy 28 20

MYCN: Fisher’s exact probability test, 7> = 7.669496321, p < 0.01.

the inhibition of cell cycle progression or apoptotic cell
death [i4]. For DNA damage induction, we chose
doxorubicin (Doxo) at 0.5 pg/ml concentration to assess
the effect on NB cells according to the results of the
analysis of peak plasma concentrations of doxorubicin
[1s]

We expressed DMAPT in p53-wild type NB cells and
found that ATMSer1981 phosphorylation increased for
up to 6 h after Doxo treatment, and p53Ser15 phosphor-
ylation was up-regulated subsequently (Fig. 2A). We
also confirmed DMAPI-related pS53Serl5 phosphoryla-
tion in human fibroblasts (Iig. 2B).

Next, SH-SYSY cells, which express rather higher
DMAPI than other NB cell lines (Suppl. Fig. S1D),
were infected with shDMAP1-expressing virus and trea-
ted with Doxo. Knockdown of DMAPI resulted in
downregulation of ATM and p53 phosphorylation
(Fig. 2C). We then evaluated the focus formation of
ATM. It was significantly suppressed 1.0h but not
1.5-2.5 h after Doxo treatment by DMAP1 knockdown
(Fig. 2D), suggesting that DMAPI is required for effi-
cient focus formation of ATM in the early stage of
DDR.

3.3. DMAPI activated p53 by ATM and induced
transcription of p5S3-downstream genes

To examine whether p53 phosphorylation promoted
by DMAPI is dependent on ATM activity, we used an
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Fig. 2. Dnmtl-associated protein 1 (DMAP1) promoted focus formation of ataxia telangiectasia mutated (ATM) and activated ATM under
doxorubicin (Doxo) treatment. (A) Phosphorylation status of ATMSer1981 and p53Serl5 in DMAPI over-expressing cells. SK-N-SH cells were
transduced with human influenza hemagglutinin (HA)-tagged DMAP! and treated with Doxo for the indicated time period. The cells were
subjected to sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot analysis. (B) Phosphorylation of
p53Serl5 by DMAPI in human fibroblasts (hfb). Hfb were transduced with HA-tagged DMAPI and treated with Doxo for 24 h to confirm
phosphorylation of p53 by Western blot analysis. (C) Phosphorylation status of ATMSer1981 in DMAP1 knocked-down cells. SH-SY5Y cells were
infected with siDMAP1-expressing virus and treated with Doxo for 1 h. The cells were subjected to SDS-PAGE and Western blot analysis. (D)
Focus formation of ATM in DMAPI knocked-down cells. SH-SYSY cells were infected with shDMAPI1-expressing virus and treated with Doxo
for the indicated time period, followed by SDS-PAGE, Western blot analysis (Da) and immunocytochemistry (ICC, Db). In ICC, cells were stained
with anti-ATMSer1981-P and propidium iodide (PI). (Dc) Number of ATM foci was counted using the colony counting tool in Image Quant TL.
Error bars represent S.D. obtained from triplicate samples. Data were analysed using the Welch test. Data are representative of three independent
experiments. (A-D), m: mock, D1: DMAP1, KD: DMAPI knockdown; “1: HA-DMAPI, *2: Endogenous DMAPI.
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Fig. 3. Dnmtl-associated protein 1 (DMAPI) activated p53 via ataxia telangicctasia mutated (ATM). (A) Phosphorylation of p53Serl5 by Dmapl
thorough ATM activation. (Aa) SK-N-SH cells were infected with HA-tagged Dmapl-expressing virus and pre-treated with KU-55933. One hour
after KU-55933 addition, cells were treated with doxorubicin (Doxo) for 12 h and subjected to sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blot analysis. (Ab) SK-N-SH cells were transfected with ATM siRNA (sequence: 5'-
AACATACTACTCAAAGACATT-3, Sigma-Aldrich, St. Louis, MO, USA). or control siRNA (ON-TARGETplus Non-targeting siRNA #1,
Thermo Fisher Scientific, Lafayette, CO, USA). Transfection of siRNA was performed according to a previous report (16). Forty-eight hours after
forward transfection, the cells were treated with 0.3 pg/ml Doxo for 1 h and subjected to Western blot. m: mock, DI: Dmapl. (B, C) Semi-
quantitative Reverse Transcription Polymerase Chain Reaction (RT-PCR) of p53-target genes in Dinapl over-expressing cells (B) and in DMAP1
knocked-down SH-SY5Y cells (C). m: mock, D1: Dmapl, KD: DMAP! knockdown. (D) Luciferase reporter assay analysis of p2/P!/We/! ynd
BAX promoter activity in H1299 cells. Increasing amount of pcDNA3-HA-Dmapl, constant amount of pcDNA 3-p53, Renilla luciferase reporter
plasmid (pRL-TK) and luciferase reporter plasmid with p53 responsive elements were transfected, and luciferase activity was studied. Data are
representative of three independent experiments (1 == 3).

ATM-specific  ATP-competitive inhibitor KU-55933.
KU-55933 abrogated the Dmapl-induced phosphoryla-
tion of ATM and p53, indicating ATM dependency of
Dmapl-related p53 phosphorylation (Fig. 3Aa). ATM
knockdown further represented ATM-dependent
p53SerlS phosphorylation by DMAP1 (Fig. 3Ab).
Downstream target genes of p53, such as p2“P//"/!
and BAX, were induced by Dmapl in the presence or
absence of Doxo in p53-wt SK-N-SH cells but were
not induced in p53-mutated SK-N-BE(2c) cells
(Fig. 3B). Knockdown of DMAPI reduced p53 accumu-

lation (Fig. 2C) and transcription of the downstream
p2] CiplIWafl

(Fig.

and BAX in a Doxo-dependent manner
3C). Transcription of NOXA, the pro-apoptotic

Bcl-2 family molecule, which was previously shown to
be a critical molecule in p53-related damage-induced
NB cell death [16], was also upregulated by DMAPI

(Suppl. Fig. 52A). DMAPI-promoted upregulation of
p21€P!"4 and BAX promoter activity, which was

mediated by p53, was confirmed by a luciferase reporter
assay of p53-null H1299 cells (Fig. 3D).

- 3.4. DMAPI acts as a tumour suppressor via p53

activation in NB cells

We examined the functional role of DMAP1 and its
p53 dependency in NB cells. DMAP1 enhanced cell
cycle arrest and apoptosis induced by Doxo in a
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Fig. 4. Dnmtl-associated protein 1 (DMAP1) acts as a tumour suppressor via p53 activation in NB cells. (A) Dmapl-transduced NB cells were
treated with doxorubicin (Doxo) and subjected to Western blot (Aa) and cell cycle analysis by flow cytometry (Ab). Numbers in histogram indicate
% of subG0/G1 population. (B) Colony formation assay in Dmapl over-expressing cells. Cells were transfected with pcDNA3-heteroduplex
analysis (HA)-Dmap! and subjected to Western blot (Ba) and selected with 400 pg/ml G418 for SH-SYS5Y cells, 500 pg/ml G418 for NB-19 cells,
800 ug/ml G418 for MCF7 cells and 800 pg/ml G418 for SK-N-BE(2c) cells, for 2 weeks. (Bb) Colonies were stained with May-Griinwald’s Eosin
Methylene Blue Solution (Wako, Osaka, Japan) and Giemsa’s solution (Merk Japan, Tokyo, Japan). (Bc) Number of colonies was counted using
the colony counting tool in Image Quant TL. Error bars represent S.D. (A-B), m: mock, D1: Dmapl.

p53-dependent manner (Fig. 4A and Suppl. Fig. S2B).
SH-SYS5Y cells, NB-19 cells and breast cancer-derived
MCF7 cells harbouring wild-type p53 were transfected
with pcDNA3-HA-Dmap! and selected with G418 for

two weeks. As shown in Fig. 4B, Dmapl significantly
suppressed colony formation in these cells. These results
suggested that DMAPI acts as a tumour suppressor via
p53 activation in NB cells.
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Fig. 5. MYCN promoted doxorubicin (Doxo)-induced apoptosis and ataxia telangiectasia mutated (ATM)/p53 activation. Cells were transduced
with pCDH-MYCN and subjected to analysis as follows. (Aa) Cell cycle analysis [(Ab) protein expression was confirmed by Western blotting in left
panel], (B) Western blot analysis and (C) semi-quantitative RT-PCR of MYCN over-expressing and Doxo-treated NB cells. Numbers in histogram
indicate% of subGO/G1 population. (D) Activation of Atm/p53 pathway by MYCN in NIH3T3 cells. Cells were collected 12 h after Doxo
treatment and subjected to Western blot analysis. (E, F) MYCN over-expression and/or Dnmtl-associated protein 1 (DMAPI1) knockdown were
performed as indicated in SK-N-SH cells. Cells were collected for Western blot analysis of ATMSer1981-P (E) and sub G0/G1 analysis (F) 6 h after

Doxo treatment. (A-D) m: mock, MN: MYCN.

3.5. DMAPI was implicated in M YCN-induced ATM

activation

Given that MYCN amplification correlated with a
low level of DMAPI and that MYCN regulates the
ATM/p53 pathway [17],
ATM/p53 pathway in MYCN-transduced cells.

we studied the DMAPI1/

reported [18], exogenous MYCN promoted apoptosis
in MYCN single-copy and p53 wild type SK-N-SH cells
and NB-69 cells (Fig. SA) and activation of ATM/p53
under Doxo treatment in SK-N-SH cells (Fig. 5B left:
6 h after, right: 24 h after). Interestingly, the protein
amount of DMAPI was upregulated by MYCN although

As DMAPI mRNA was not increased (Fig. 5B, C).
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Fig. 6. Dnmtl-associated protein 1 (DMAPI1) degradation by p53. (A) DMAPI expression in p53 knocked-down cells. SK-N-SH cells harbouring
wt-p53 were transfected with p53 siRNA (ON-TARGETplus Duplex J-003329-14-0005, Human Tp53; Thermo Fisher Scientific, Lafayette, CO,
USA) or control siRNA (Silencer_Negative Control #1 siRNA; Ambion Inc., Austin, TX, USA). Transfection of siRNA was performed according
to a previous report (16). Forty-eight hours after forward transfection, the cells were treated with 0.3 pg/ml doxorubicin (Doxo) for the indicated
time periods and subjected to Western blotting (Aa)/semi-quantitative RT-PCR (Ab). (B) Western blot analysis of Dmap! degradation by p53 in
combination with MG132 treatment. 293T cells were transfected with a constant amount of pcDNA3-heteroduplex analysis (HA)-tagged Dmap1
and increasing amounts of pcDNA3-FLAG-tagged p53 and then treated with 2 pM MG132 for 24 h. (C) MYCN/DMAP]1/ataxia telangiectasia
mutated (ATM)/p53 pathway regulates neuroblastoma cell death.

These phenomena were confirmed in MYCN-single  Further, DMAPI knockdown reduced the phosphoryla-
copy, p53 wild-type NIH3T3 fibroblasts (Fig. 5D).  tion of ATM (Fig. SE) and Doxo-induced apoptosis
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(Fig. 5F), which were up-regulated by MYCN, indicat-
ing that DMAPL was implicated in MYCN-induced
ATM/p53 activation and apoptosis.

3.6. Negative feedback regulation of DMAPI by p53

In MYCN-related ATM/p33 pathway activation, we
found that DMAP! protein was reduced, accompanied
with p53 activation (lig. 5B) and this DMAPI reduc-
tion was also observed in DMAPI-tranduced cells after
p53 activation by Doxo (Iigs. ZA, B and 3A). To exam-
ine whether p53 reduces DMAPI, we knocked down
p53 in NB cells (12, 6A). DMAPI protein was clearly
increased by pS53 knockdown, but the mRNA level of
DMAP! was not aflected. Proteasome inhibitor,
MG132 treatment effectively inhibited DMAPI degra-
dation by pS53 expression (Fig. 6B), suggesting that
pS3 promotes DMAPI degradation in an ubiquitin-
proteasome system-dependent manner.

4. Discussion

The proto-oncogenes MYC and MYCN have a
pivotal function in growth control, differentiation and
apoptosis and are among the most frequently affected
genes in human malignant tumours; they are overex-
pressed in a large percentage of human tumours
[19,20]. Transformation by Myc proteins requires con-
comitant inhibition of apoptosis by inactivation of
apoptosis-inducing pathway genes [21]. One of the
MYC oncogene product-related apoptotic pathways is
involved in DDR [18]. Recent studies have clarified the
relevant pathways regulating MY C-induced DDR, lead-
ing to the identification of ATM, TIP60 and WIP1 as
mediators of this response [22]. Once ATM was
activated by DNA damage, both p53 and proteins that
interact with p53, MDM2 and Chk2 were phosphory-
lated by ATM, which in turn transactivated the p53-
downstream effectors, leading to the inhibition of cell
cycle progression or apoptotic cell death [23].

Regarding MYC/MYCN-related ATM regulation,
this over-expression causes DNA damage in vivo and
the ATM-dependent response to this damage is critical
for p53 activation, apoptosis and the suppression of
tumour development [22,24.25]. These findings sug-
gested that MYC/MYCN expression induces ATM/
pS53 pathway activation by the related cellular stresses
and subsequent inactivation of ATM will produce
advantages for the tumourigenesis of MYC/MYCN-
deregulated tumours. However, the occurrence of NB
in ataxia-telangiectasia patients and ATM mutation in
NB cells have not been reported to our knowledge,
and mutations of p53 have been reported in <2% of
NB [26,27], suggesting that functional inactivation of
the pathway by other molecules seems to occur in NB
tumours.

In the present study, we found that MYCN expression
in M YCON single-copy cells increased DMAPI and Doxo-
induced apoptotic cell death (Fig. 5). DMAPI induced
ATMSer1981 phosphorylation and its focus formation
in the presence of Doxo (IFigs. 2 and 3A). By DMAPI
expression, p33Serl5 phosphorylation was induced in
an ATM-dependent manner. In NB tumour samples,
low expression of DMAP!| was related to poor prognosis,
unfavourable histology, M YCN amplification and Ip
LOH (Iig. 1, Table 1, Suppl. Fig. S1), suggesting that
DMAPI downregulation is required for NB tumourigen-
esis, especially under MYCN-induced cellular stress.
Intriguingly, we observed negative feedback for degrad-
ing DMAPI, suggesting another DMAP! downregula-
tion mechanism in NB tumourigenesis (Fig. 6).

Recently, Penicud and Behrens reported that
DMAPI enhances Histone Acetyl Transferase (HAT)
activity of TIP60 and promotes ATM auto-phosphory-
lation {12]. Depleting DMAPT reduced ATM phosphor-
ylation a few minutes after irradiation, but at later time
points, it had no effect on ATM activation, as we previ-
ously reported [11]. Consistent with these observations,
we found that DMAP! knockdown delayed ATM focus
formation and that the delay of ATM activation atten-
uated p53 phosphorylation and stabilisation. (Fig. 2C,
D). These results indicate that DMAPI regulates the
efficient recruitment of ATM to the site of DNA breaks
and this regulation is required for subsequent Doxo-
induced p53-dependent cell death in NBs.

Taken together, we found that DMAPI is a novel
molecule of lp tumour suppressors and has a role in
ATM/p53 activation induced by MYCN-related cellular
stresses (F1z. 6C). DMAP1 might be a new molecular
target of MYCN-amplified NB treatment.
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RASSFIA methylation was frequent in neuroblastomas found in infants by mass-screening or infants and
children diagnosed clinically, whereas CASP8 and DCR2 methylation was only frequent in tumors in chil-
dren. When classified according to the ploidy status, RASSFIA and PCDHB methylation was only associ-
ated with MYCN amplification and poor outcomes in infants with a clinically diagnosed diploid, not

triploid tumor. RASSF1A and PCDHB methylation was associated with poor outcomes in children with
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triploid and diploid tumors, respectively, and with MYCN amplification in children with diploid tumor.
RASSF1A methylation may have two biological roles based on the ploidy status and patient’s age.
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1. Introduction

Neuroblastoma is the most common solid tumor in children,
and accounts for 8-10% of childhood cancers and 15% of childhood
cancer deaths [1]. While localized neuroblastomas in infants re-
gress spontaneously or mature, disseminated tumors in children
resist intensive multimodal treatment {2,3]. A mass-screening pro-
gram has been conducted on infants in Japan and other countries,
based on the assumption that the early detection of tumors in in-
fants could improve overall outcomes [4-G]. Because it is clear that
damage has been caused by excessive treatment of some neurobl-
astomas that would have regressed spontaneously, and the effec-
tiveness of the program has been questioned {5-7], this program
was discontinued in Japan.

RASSF1A functions as a tumor suppressor gene that plays an
important role in cell cycle arrest, apoptosis, genomic stability,
microtubule stabilization, and cell motility [8~10]. The mRNA
expression levels of RASSF1A are controlled by DNA methylation
in the promoter region, and it is a representative gene that shows
hypermethylation in various primary tumors [8,11-24]. Caspase 8
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encoded by CASPS is a family member of cysteine proteases that
play essential roles in apoptosis, and silencing of CASP8 by methyl-
ation has frequently been found in neuroblastomas, especially
those with MYCN amplification |[14~19,21,22,24-28]. DCR2 has
been shown to prevent binding of TNF-related apoptosis-inducing
ligand (TRAIL) to the death receptors, DR4 and DR5 as a decoy
receptor, and exhibits antiapoptotic activity. The down-regulation
of DCR2 by promoter methylation was reported in various types of
cancer including neuroblastoma [29,30]. In addition, the CpG is-
land methylator phenotype (CIMP) was shown to have stronger
prognostic power than methylation of individual genes in neurobl-
astomas; CIMP was detected by methylation analysis of the PCDHB
CGls [31].

Tumor cell ploidy is one of the biomarkers that predicts out-
comes of patients with neuroblastoma. The majority of tumors
found by mass-screening have been characterized by triploidy
[32]. The International Neuroblastoma Risk Group (INRG) classifi-
cation system used ploidy (DNA index) to classify tumors with dis-
tant metastasis and less than 18 months of age [33].

Many studies have examined the methylation status of tumor
suppressor genes in neuroblastomas; however, none have clarified
the association between methylation of the genes and the subtypes
of tumors classified by age, method for tumor detection, or the
ploidy status, although the disease is well-known for its biological
heterogeneity | 14-28]. We found that RASSF1A, CASP8, DCR2, and
PCDHB family were significantly methylated, and associated with
clinical and MYCN status. When tumors were classified according
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to the ploidy status, RASSF1A and DCR2 methylation was associated
with poor outcomes in infants with a diploid, not triploid tumor,
and in children with a triploid, not diploid tumor, suggesting
age-dependent heterogeneity in triploid tumors.

2. Material and methods
2.1. Patients and samples

Tumors were obtained from 259 Japanese infants or children with neuroblas-
toma who underwent biopsy or surgery between January 1985 and December
1998. One-hundred and twenty-three patients were found by mass-screening to
have neuroblastomas at 6 months of age (group A1) and 64 patients at 18 months
of age or less (group A2), and 72 children over 18 months (group B) were diagnosed
clinically.

2.2. Ploidy determined by interphase FISH and flow cytometry

Pathologists in each institution verified that each sample contained 70% or more
tumor cells. To detect the copy number of chromosome 1s and the status of 1p, two-
color FISH was performed using the two probes, D1Z1 and D1Z2, as described pre-
viously |34}, Disomy 1, trisomy 1, tetrasomy 1, or pentasomy 1 was determined
based on the humber of D121 signals. The DNA index of tumor tissues was analyzed
on the Becton-Dickinson FACScan flow cytometer by DNA cell-cycle analysis soft-
ware-version C. Tumors were classified into 2 types (diploid, 2n and triploid, 3n)
based on the numbers of chromosome 1 or the DNA index obtained by flow cytom-
etry. Triploidy included triploidy and hyperdiploidy determined by flow cytometry,
and tumors with a combination of cells with 3, 4, and 5 chromosomes 1 examined
by FISH were classified as triploid (3n) tumors.

2.3. Sodium bisulfite modification and conventional methylation-specific PCR (MSP)
analysis

Bisulfite treatment was performed as previously described [11,35}. The genes
examined were RASSF1A, CASP8, DCR2, HOXA9, RUNX3, NORE1A, p16INK4A, p14ARF,
RASSF2A, SOCS1, RIZ1, and HOXB5. Primer sequences and PCR conditions were de-
scribed in a previous study | 11]. PCR products were run on 2% agarose gels and visu-
alized after staining with ethidium bromide.

2.4. Quantitative MSP analyses of RASSF1A, DCR2, and PCDHB family

Bisulfite-modified DNA was used as a template for TaqgMan- or SYBR green
I-based real-time PCR using a LightCycler (Roche Diagnostics), as described previ-
ously [11]. Primers and probes used to specifically amplify bisulfite-converted
DNA for the internal reference gene (ACTB) and target genes (RASSF1A, DCR2, and
PCDHB family) were described in Supplementary Table 1[11.31]. Each amplification
reaction included positive and negative controls for the methylation status of target
genes, and tumor DNA samples with the bisulfite treatment. ACTB was used as a ref-
erence gene to determine the relative level of methylated DNA for one of the target
genes in each sample.

We failed to detect quantitative PCR products using PCR primers and a probe for
the exon 4 region of CASP8, from which PCR primer sequences for conventional PCR
were obtained, probably because of low CpG contents of the region.

2.5. MYCN amplification analysis

DNA preparation, digestion, and Southern blot analysis using the MYCN probe
were performed as described previously [ 34]. More than 3 copies of the MYCN gene
per haploid genome were considered to indicate amplification.

2.6. Statistical analysis

The significance of differences in various biological and clinical aspects of the
disease among the patient groups was examined by the Chi-square or Fisher’s exact
test. The Student’s ¢ test with or without Welch's correction compared the mean
percentages of RASSF1A, DCR2, or PCDHB methylation between two types of tumors
with or without MYCN amplification or any two ploidy groups classified by the age
of patients and the method of tumor detection. The overall survival for each group
of patients was estimated on August 30, 2003 by the Kaplan-Meier method, and
compared using log-rank tests. The survival time was defined as the interval be-
tween remission induction or surgery and death from any cause. The influence of
various biological and clinical factors on overall survival was estimated using the
Cox proportional-hazards model calculated with Stat Flex software for Windows,
version 6.0.

3. Results
3.1. Conventional and quantitative MSP analysis

The methylation status of RASSF1A, CASP8, DCR2, HOXA9, RUNX3,
NORET1A, p16INK4A, p14ARF, RASSF2A, SOCS1, RiZ1, and HOXBS was
examined using conventional MSP. Conventional MSP analysis of
the RASSF1A, CASP8, and DCR2 genes was performed in 259 neu-
roblastomas [123 found by mass-screening (group A1) and 136
found clinically (groups A2 + B)], and of the other 9 genes in 45 tu-
mors (25 found by mass-screening and 20 diagnosed clinically).
RASSF1A, CASP8, and DCR2 were methylated in 57.7%, 3.3%, and
3.3% of 123 neuroblastomas found by mass-screening, in 51.6%,
10.9%, and 1.6% of 64 tumors diagnosed clinically (<18 months),
and in 70.8%, 40.3%, and 38.9% of 72 tumors diagnosed clinically
(>18 months) (Supplementary Tables 2-4). None of the 9 other
genes (HOXA9, RUNX3, NORE1A, p16INK4A, p14ARF, RASSF2A, SOCS1,
RIZ1, and HOXB5) were methylated in the 45 tumors.

Quantitative MSP analysis of RASSF1A, DCR2, and PCDHB meth-
ylation was carried out in 221 (85.3%), 116 (44.8%), and 116
(44.8%), respectively, of 259 neuroblastomas. Group Al was in-
cluded in RASSF1A analysis, and excluded from DCR2 and PCDHB
analysis. We performed ROC analysis, and determined cut-off val-
ues of 26%, 7%, and 18% of RASSF1A, DCR2, and PCDHB methylation
(Fig. 1, A, B, and C). We then examined the dose-response relation-
ship between percentages of RASSF1A, DCR2 and PCDHB methyla-
tion (10%, 20%, 30%, 40%, 50%, 60%, 70% and 80%) and overall
survival, and adopted the cut-off value of 40%, 70%, and 60%,
respectively, which gave the highest HR (Fig. 1D-F). Although
cut-off values were determined based on data of overall survival,
they were also used for association analysis between gene methyl-
ation and clinical and MYCN features.

3.2. Correlation between RASSF1A, CASP8, DCR2, and PCDHB
methylation and stage of the disease

We found no significant difference in stage distribution be-
tween RASSF1A-, CASP8-, and DCR2-methylated tumors and RASS-
F1A-, CASP8-, and DCR2-unmethylated tumors, respectively,
determined by conventional MSP and found by mass-screening
with an exception of RASSF1A-methylated diploid tumors (Table 1).
RASSF1A-methylated tumors were at more advanced stages than
RASSF1A-unmethylated tumors in infants and children diagnosed
clinically (P=0.018 and P = 5.49E-05). Quantitative MSP analysis
confirmed the association. CASP8- and DCR2-methylated tumors
were at a more advanced stage than CASP8- and DCR2-unmethylat-
ed tumors in children (P =0.026 and P = 5.06E—05), however, such
an association was not detected in tumors in infants diagnosed
clinically. Quantitative MSP analysis of DCR2 confirmed the associ-
ation between the methylation and an advanced stage in children,
but not in infants. The similar association was also found between
PCDHB-methylated and —unmethylated tumors in children.

When tumors were further classified according to the ploidy
status, RASSF1A-methylated diploid tumors were or were more
likely to be a more advanced stage than RASSF1A-unmethylated
diploid tumors in infants found by mass-screening (P = 0.029) or
clinically diagnosed (<18 months) (P=0.052) and in children
(>18 months) (P=0.006) (Table 1). RASSF1A-methylated triploid
tumors in children were at a more advanced stage than RASSF1A-
unmethylated triploid tumors in children (P = 3.12E-03), but not
in infants found by mass-screening or clinically diagnosed. Quanti-
tative MSP could not confirm the association in children.

Children with CASP8-methylated tumors were at a more ad-
vanced stage than those with CASP8 unmethylated tumors in chil-
dren (P=0.026). DCR2-methylated diploid and triploid tumors in
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Fig. 1. Overall survival curves for infants and children diagnosed clinically and classified by the cut-off value in tumors determined by ROC analysis; (A) RASSFIA, 26%
[P <0.0001, hazard ratio (HR) 4.634, 95% confidence interval (95%Cl) 2.3-9.3]; (B) DCR2, 7% (P = 0.0003, HR 3.91, 95%Cl 1.9-8.2); (C) PCDHB, 18% (P < 0.0001, HR 5.35, 95%Cl
2.7-10.8), and by the dose-response relationship; (D) RASSFIA, 40% (P < 0.0001, 7.89, 95%Cl 3.3-19.2; (E) DCR2, 70% (P=0.001, 5.34, 95%Cl 2.0-14.5); (F) PCDHB, 60%

(P<0.0001, 6.11, 95%Cl 2.2-16.9).

Table 1

Association between RASSFIA, CASPS, DCR2, and PCDHB methylation and stage of the disease.

Group Al Group A2 Group B Group A2 (<18 m) Group B (>18 m)
(<18 m) (<18 m) (>18m)
RASSF1A (¢MSP) RASSFIA
(qMSP)
Total (methyl versus unmethyl) NS S (0.018) S (5.49E-05) ROC, § (0.029); DRR.,  ROC, S (0.008); DRR., S (0.022)
NS
Diploidy (methyl versus $(0.029) M (0.052) $(0.006) ROC, NS; DRR., NS ROC, M (0.078); DRR., NS
unmethyl)
Triploidy (methy! versus NS NS S (3.12E-03) ROC, NS; DRR, NA ROC, M (0.080); DRR., NS
unmethyl)
CASPS8 (cMSP)
Total (methyl versus unmethyl) NS M (0.090) S (0.026)
Diploidy (methyl versus NA NS NS
unmethyl)
Triploidy (methyl versus NS NA NS
unmethyl)
DCR2 (cMSP) DCR (qMSP)
Total (methy! versus unmethyl) NS NS S (5.06E-05) ROC, NS; DRR, NA. ROC, S (0.005); DRR,, S (0.004)
Diploidy (methyl versus NS NS S (0.003) ROC, NS; DRR, NA ROC, M (0.057); DRR,, S (0.033)
unmethyl)
Triploidy (methyl versus NS NA S (0.017) ROC, NA ; DRR, NA ROC, S (0.048); DRR., NS
unmethyl)
PCDHB PCDHB (qMSP)

Total (methyl versus unmethyl)

Diploidy (methyl versus
unmethyl)

Triploidy (methyl versus
unmethyl)

ROC, NS; DRR.,, NS
ROC, NS; DRR,, NS

ROC, NS; DRR, NS

ROC, S (5.70E—06); DRR., M
(0.051)
ROC, S (0.001); DRR., NS

ROC, §{0.003); DRR., NS

Group Al, infants found by mass-screening; Group A2, infants diagnosed clinically; Group B, children diagnosed clinicaily; m, month; cMSP, conventional methylation-
specific PCR; qMSP, quantitative methylation-specific PCR; Methyl, methylated; unmethyl, unmethylated; NS, not significant; S, significant; M, marginally significant; NA, not
applicable; ROC, ROC analysis; DRR, dose-response relationship analysis; Detailed data are shown in Supplementary Tables 2-7.




