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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) RASSF1A, 40% (P <0.0001, 7.89, 95%CI 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%CI 2.2-16.9):

Table 1

Association between RASSF1A, CASP8, 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) (>18 m)
RASSF1A (cMSP) RASSF1A
(qMSP)
Total (methyl versus unmethyl) NS $(0.018) S (5.49E-05) ROC; S (0.029); DRR.,,  ROC, S (0.008); DRR,, S (0.022)
NS
Diploidy (methyl versus S (0.029) M (0.052) S (0.006) ROC, NS; DRR., NS ROC, M (0.078); DRR., NS
unmethyl) V
Triploidy (methyl versus NS NS S(3.12E-03) ROC, NS; DRR, NA ROC, M (0.080); DRR., NS
unmethyl)
CASP8 (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 (methyl 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 $(0.003) ROC, NS; DRR, NA ROC, M (0.057); DRR,, S (0.033)
unmethyl)
Triploidy (methyl versus NS NA $(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, S (0.003); DRR., NS

Group Al, infants found by mass-screening; Group A2, infants diagnosed clinically; Group B, children diagnosed clinically; 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.
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Table 2
Association between RASSF1A, CASP8, DCR2, and PCDHB methylation and MYCN amplification.
Group Al Group A2 Group B Group A2 (<18 m) Group B (>18 m)
(<18 m) (<18 m) (>18m)
RASSF1A (cMSP) RASSF1A
(qMSP)

Total (methyl versus NS $(0.001) S (0.002) ROC, S (5.29E-06); DRR., S ROC, S (0.003); DRR., S
unmethyl) (8.97E—06) (0.001)

Diploidy (methyl versus NS S (0.005) S(0.011) ROC, S (0.002); DRR,, S (0.001) ROC, S (0.003); DRR,, S
unmethyl) (0.003)

Triploidy (methy! versus NA NA NS ROC, NA; DRR., NA. ROC, M (0.08); DRR, NS
unmethyl)

CASP8 (cMSP)

Total (methyl versus NS S (1.94E-07) S (0.002)
unmethyl)

Diploidy (methyl versus NA S (1.35E-04) $(0.034)
unmethyl)

Triploidy (methyl versus NA NA $(0.027)
unmethyl)

DCR2 (cMSP) DCR2 (qMSP)

Total (methyl versus NS NS NS ROC, S (0.043); DRR,, NA ROC, NS; DRR., NS
unmethyl)

Diploidy (methyl versus NS NS NS ROC, NS; DRR., NA. ROC, NS; DRR., NS
unmethyl)

Triploidy {(methy! versus NA NA NS ROC, NA; DRR., NA. ROC, NS; DRR., NS
unmethyl)

PCDHB (cMSP) PCDHB

(gMsP)

Total (methyl versus ROC, S (2.34E-07); DRR., S ROC, S (0.003); DRR., M
unmethyl) (1.2E-04) (0.091)

Diploidy (methyl versus ROC, S (5.86E--06); DRR,, S ROC, S (0.036); DRR,, S
unmethyl) (0.005) (0.032)

Triploidy (methyl versus ROC, NA; DRR, NA. ROC, NS; DRR,, NS
unmethyl)

Group Al, infants found by mass-screening; Group A2, infants diagnosed clinically; Group B, children diagnosed clinically; 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 Suppiementary Tables 2-7.

children were at a more advanced stage than DCR2-unmethylated
diploid and triploid tumors in children, respectively (P = 0.003 and
P=0.017), and the results were consistent with those obtained by
quantitative MSP.

Quantitative MSP analysis disclosed that PCDHB-methylated
diploid and triploid tumors were at more advanced stages than
PCDHB-unmethylated diploid and triploid tumors, respectively, in
children (P=0.001 and P=0.003). Such an association was not
found between PCDHB-methylated and -unmethylated tumors in
infants.

3.3. Correlation of methylation in the RASSF1A, CASP8, DCR2, and
PCDHB genes with MYCN amplification

Because only 2 of 123 tumors found by mass-screening had
MYCN amplification, further studies on the correlation were not
conducted (Table 2). RASSF1A methylation detected by conven-
tional MSP was associated with MYCN amplification in tumors in
infants and children (P=0.001 and P =0.002). CASP8 methylation
was also associated with MYCN amplification in tumors in infants
and children (P = 1.94E—07 and P = 0.002). In contrast, no associa-
tion was found between DCR2 methylation and MYCN amplifica-
tion in tumors in infants and children. Quantitative MSP analysis
in RASSF1A and DCR2 methylation confirmed the findings. In addi-
tion, PCDHB methylation was also identified to have correlation
with MYCN amplification in tumors of infants and children. The
association between RASSF1A and PCDHB methylation and MYCN
amplification was also indicated by different distributions of meth-
ylation percentages of RASSF1A and PCDHB between MYCN-ampli-
fied and -nonamplified tumors; however, different distributions

of DCR2 methylation percentages were not exhibited between
the tumors in infants and children (Fig. 2).

We then classified tumors by the ploidy status, and found that
none of the triploid tumors in infants had MYCN amplification.
RASSF1A methylation was associated with MYCN amplification in
diploid tumors in infants and children (P=0.005 and P=0.011),
but not in triploid tumors in children. DCR2 methylation was not
associated with MYCN amplification in diploid and triploid tumors
in children. Quantitative MSP analysis confirmed the association
with MYCN amplification found in RASSF1A-methylated tumors,
and no association found in DCR2-methylated tumors. CASP8 meth-
ylation was associated with MYCN amplification in diploid tumors
in infants (P = 1.35E-04) or in diploid and triploid tumors in chil-
dren (P=0.034 and P=0.027). The correlation between PCDHB
methylation and MYCN amplification was found in tumors of in-
fants and children. When divided by the ploidy status, RASSF1A
and PCDHB methylation was correlated with MYCN amplification
in diploid, not triploid tumors in infants and children. DCR2 meth-
ylation (>7%) was found only 3 of 53 tumors in infants; further
study was not conducted. The correlation between DCR2 methyla-
tion and MYCN amplification was not found in tumors of children.

3.4. Correlation between the methylation status of the RASSF1A,
CASP8, DCR2, and PCDHB genes analyzed by conventional and
quantitative MSP and overall survival

There was no prognostic significance of methylation of RASSFIA,
CASP8, and DCR2 in infants found by mass-screening because only
two of 123 infants died of the disease (Table 3 and Supplementary
Tables 2-4). When we combined infants and children clinically
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Fig. 2. The distribution of RASSFIA, DCR2, and PCDHB methylation percentages between MYCN amplified and MYCN-nonamplified tumors.

Table 3

Association between RASSFI1A, CASP8, DCR2, and PCDHB methylation and overall survival.

Group Al Group A2 Group B Group A2 (<18 m) Group B (>18 m)
(<18 m) (<18 m) (>18 m)
RASSF1A (cMSP) RASSF1A
(gMSP)
Total {(methyl versus unmethyl) NS M (0.0705) $(0.0331) ROC, S (0.0001); DRR,, S ROC, S (0.0288); DRR., S
(0.0002) (0.0060)
Diploidy (methyl versus NS S (0.0405) NS ROC, S (0.0057); DRR,, S ROC, NS; DRR,, NS
unmethyl) (0.0031)
Triploidy (methyl versus NA NS NS ROC, NA; DRR,, NA ROC, NS; DRR,, S (0.0126)
unmethyl)
CASPS8 (cMSP)
Total (methyl versus unmethyl) NS S (<0.0001) NS
Diploidy (methyl versus NA S (0.0027) NS
~~unmethyl)
Triploidy (methyl versus NA NA NS
" unmethyl) '
DCR2 (cMSP) DCR2 (qMSP)
Total (methyl versus unmethyl) NS NA M (0.0821) ROC, S (0.0020); DRR., NA ROC, NS; DRR,, S (0.0360)
Diploidy (methyl versus NA NA NS ROC, S (0.0381); DRR,, NA ROC, NS; DRR., NS
unmethyl)
Triploidy (methyl versus NA NA $(0.0182) ROC, NA; DRR., NA ROC, NS; DRR,, S (0.0164)
unmethyl)
, PCDHB (cMSP) PCDHB
(qMSP)
Total (methyl versus unmethyl) ROC, S (0.0101); DRR,, S ROC, S (0.0218); DRR., NS
) (<0.0001)
Diploidy (methyl versus ROC, M (0.0609); DRR,, S ROC, NS; DRR,, § (0.0451)
unmethyl) (0.0007)
Triploidy (methy! versus ROC, NA; DRR.,, NA ROC, M (0.0850); DRR,, NS
unmethyl)

Group A1, infants found by mass-screening; Group A2, infants diagnosed clinically;

Group B, children diagnosed clinically; m, month; cMSP, conventional methylation-

specific PCR; gMSP, 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 27,

diagnosed, patients with a RASSF1A-, CASP8-, or DCR2-methylated
tumor examined by conventional MSP had worse overall survival
than patients with a RASSF1A-, CASP8-, or DCR2-unmethylated tu-
mor, respectively (P = 0.0015, P = 0.0003,and P = 0.0038)(Fig. 3A~-C).

When we further classified patients according to the ploidy sta-
tus, infants with a RASSF1A-methylated diploid tumor had worse

overall survival than infants with a RASSF1A-unmethylated diploid
tumor (P = 0.0405); however, such an association was not found in
infants with triploid tumors (Fig. 3D and F). In addition, infants
with a CASP8-methylated diploid tumor had worse overall survival
than infants with a CASP8-unmethylated diploid tumor
(P=0.0027). No significant difference was observed in overall
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Fig. 3. Overall survival curves for infants and children diagnosed clinically and classified by the methylation status of RASSFIA (A), CASP8 (B), and DCR2 (C) examined by
conventional MSP analysis. Overall survival curves for infants with a RASSF1A-methylated diploid tumor and those with a RASSF1A-unmethylated diploid tumor diagnosed
clinically and examined by conventional MSP (D), or quantitative MSP (E) analysis, and for infants with a RASSF1A-methylated triploid tumor and those with a RASSF1A-
unmethylated triploid tumor diagnosed clinically and examined by conventional MSP (F).
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Fig. 4. The distribution of RASSF1A methylation percentages between diploid and triploid tumors in infants found by mass-screening (A), between diploid and triploid tumors
in infants (<18 months) diagnosed clinically (B), and between diploid and triploid tumors in children (>18 months) (C).

survival between any two of the 4 types of tumors classified by the
methylation status of RASSFIA or CASP8 and the ploidy status in
children. In contrast, children with-a DCR2-methylated triploid
tumor had worse overall survival than children with a DCR2-

unmethylated triploid tumor (P = 0.0182).

When we analyzed RASSF1A, DCR2, and PCDHB methylation by
quantitative MSP, an association between methylation of each

tumor.
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gene and poor outcomes was identified in tumors of infants and
children (Tabie 3). When we divided tumors according to the ploi-
dy status, RASSF1A and DCR2, not PCDHB methylation was associ-
ated with a poor outcome in infants with a diploid, not triploid
tumor. Interestingly, RASSFIA and DCR2 methylation was corre-
lated with a poor outcome in children with a triploid, not diploid
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Fig. 5. The distribution of DCR2 methylation percentages between diploid and triploid tumors in infants (<18 months) diagnosed clinically (A), and between diploid and
triploid tumors in children (>18 months) (B). The distribution of PCDHB methylation percentages between diploid and triploid tumors in infants (<18 months) diagnosed
clinically (C), and between diploid and triploid tumors in children (>18 months) (D).

Table 4

Multivariate analysis on 5 clinicopathological and genetic factors including RASSFIA methylation in 102 patients with neuroblastoma.
Prognostic factors Relative risk (95%C1%) P-value Relative risk (95%CI®) P-value
Age: <18 months versus > 18 months 2.07 (0.84-5.13) 0.1159 1.88 (0.75-4.70) 0.1754
Stage: 1, 2, 4S versus 3, 4 2.71 (0.79-9.27) 0.1116 2.88 (0.86-9.62) 0.0859
Ploidy: Triploidy versus diploidy 1.40 (0.65-3.01) 0.3940 1.26 (0.58-2.75) 0.5648
MYCN: Single copy versus amplification 3.19 (1.45-7.03) 0.0041 3.30(1.55-7.00) 0.0019
RASSF1A ®: Unmethylated (<26%) versus methylated (>26%) 1.55 (0.67-3.61) 0.3086
RASSF1A ©: Unmethylated (<40%) versus methylated (>40%) 2.19 (1.02-4.72) 0.0455

2 95%Cl, 95% confidence interval.
5 The cut-off value was determined by ROC analysis.
¢ The cut-off value was determined by the dose-response relationship.

3.5. The mean methylation percentage between diploid and triploid
tumors in infants and children

The mean methylation percentage of RASSFIA was higher in
diploid tumors than in triploid tumors of infants diagnosed clini-
cally; however, such an association was not observed in tumors
of infants found by mass-screening or children (Fig. 4). Likewise,
the mean methylation percentage of DCR2 or PCDHB was higher
in diploid tumors than in triploid tumors of infants; however, such
an association was not observed between diploid and triploid tu-
mors in children (Fig. 5).

The difference in the methylation percentage of RASSFIA or
DCR2 between diploid and triploid tumors in infants, but not in
children reflected the difference in outcomes between infants hav-
ing a diploid tumor with or without RASSF1A or DCR2 methylation
(P=0.0057 and P =0.0381), but not between children having a dip-
loid tumor with or without (Table 3). Interestingly, the difference
in outcomes was observed between children having a triploid
tumor with or without RASSFIA or DCR2 methylation, but not

between infants having a triploid tumor with or without; methyl-
ation percentages of RASSFIA or DCR2 rarely exceeded cut-off val-
ues of 27% or 7% in triploid tumors in infants (Figs. 4 and 5).

3.6. Multivariate Cox proportional hazard regression analysis on 5
clinical and genetic factors in 102 patients clinically diagnosed

Multivariate analysis exhibited the MYCN amplification and
RASSF1A methylation statuses were shown to be independent fac-
tors predicting poor outcome, but the PCDHB and DCR2 methylation
statuses were not (Table 4, and Supplementary Tables 8 and 9).

4. Discussion

The present study using conventional MSP found methylation of
the RASSF1A, CASP8, and DCR2 genes in 62%, 25%, and 21%, respec-
tively, of 136 neuroblastoma samples diagnosed clinically. Previ-
ous studies reported methylation of RASSF1A, CASP8, and DCR2 in
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| Table 5

Incidences and associations between RASSF1A, CASP8, and DCR2 methylation and disease stage, MYCN amplification, and overall or event-free survival.
RASSF1A CASP8 DCR2
Studies Incidence Stage MYCN amp. Survival Incidence Stage MYCN Survival Incidence Stage . MYCN Survival
amp. amp.
Astuti et al. {14} 55%, 37/67 N.S N. S N.S. 40%, 24/60 N. D. N.D. N. D.
Yang et al. {15} 70%, 39/56 N. S N.S. 0S, P<0.01 :
Banelli et al. [16} 84%, 26/31 N. D P<0.05 0S,N. S. N.D. N.S N.D. 42%,13/  N.D. N. S. 0S, P<0.03
31
Lizcoz et al. [17] 83%, 29/35 N. D. N. S. “ N.D. 60%,21/35 N.D. N.S. N. D.
Yang et al. {18} 90%, 63/70 N. D. N. D. N. D. 56%,39/70  N.D. N. S. 0S,P=0.008 44% 31/ N.D. N. D. 0S, P=0.019
70
Michalowski et al. {19} 93%, 42/45 N. D. N.D N. S. 38%,17/45 P=0.001 N.S N. S.
Misawa et al. {20} 94%, 64/68 N.S. N.S N.S.
Hoebeeck et al. [21] 71%, 29/41 N.S. N.S OS and EFS, N. 56%, 20/36 N. S. N. S EFS,
S. P=0.038
Grau et al. [22] 66%, 54/82 P=0.024 N.S. EFS, P=0.003 52%, 43/8 P<0.001 P=0.007 0OS,P=0.019
(intermediate EFS,
risk) P=0.002
Stutterheim et al. {23} 96%, 68/71 N. D. St 1-3, 0S, P=0.02 (St
P=00065t4, 4&>1y.)
P=0.05
Kiss et al. [24} 61%, 23/38 N. D. N. D. N.D. 55%, 21/38 N. D. N. S. N.D.
Teitz et al. {25] 62%, 26/42 N. S. P<0.0001 N.D.
Takita et al. {26] 32%, 8/25 N. D. N.S. N. D.
Gonzalez-Gomez et al. {27} 14%, 6/38 P=0.019 P=0.0047 N.D.
Asada et al. {28] 19%,26/140 N.D. N. D. 0S P=0.002
20%, 30/152 in Japanese
P=0.0002 in
German
van Noesel et al. {29] 70%,39/ N.D. N. D. N. D.
56
Yagyu et al. {30} 28%,24] N.D. N. D. 0S, P=0.008
86 EFS,
P<0.001
Present study 62%, 84/136 <18 m, P<0.001 0S, P=0.0015 27%,36/136 <18m P=0.0003 OS,P<0.001 21%29/ <18m, P=0.149 0§,
P=0.018 P=0.090 136 P=0.406 P=0.0038
>18 m, >18 m >18 m,
P <0.001 P=0.026 P<0.001

z

S., not significant; N. D., not done; OS, overall survival; EFS, event-free survival; st, stage; 1y., one year; Studies were cited in the Reference section.
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55-96%, 14-62%, and 28-70% in 25-86 neuroblastoma samples
(Table 5) [14-30]. The various results may have been affected by
the location of primers for target genes and numbers of PCR cycles
used for conventional and quantitative MSP analysis. We also eval-
uated PCDHB methylation, which was reported in a substantial
number of neuroblastoma samples {31].

Regarding to methylation of the 4 genes and the stage distri-
bution, RASSFIA methylation was associated with a more
advanced stage in infants and children diagnosed clinically and
in infants with a diploid tumor found by mass-screening,
whereas CASP8, DCR2, and PCDHB methylation was associated
with an advanced stage only .in tumors of children (Table 1).
The findings reflected that RASSF1A methylation was fairly com-
mon in neuroblastoma in infants, while CSAPS, DCR2, and PCDHB
methylation was rare in tumors of infants, especially in triploid
tumors.

Associations between RASSF1A, or CASP8 methylation and MYCN
amplification have been reported (Table 5) {14~28]. In addition,
neuroblastoma with PCDHB methylation was reported to include
all tumors with MYCN amplification, and associated with a poor
outcome [31}]. The present study exhibited that RASSF1A, CASPS,
or PCDHB methylation was correlated with MYCN amplification in
tumors of infants and children, but DCR2 methylation was not
(Table 2 and Fig. 2). Based on classification by the ploidy status,
the association between RASSF1A or PCDHB methylation and MYCN
amplification was observed in diploid tumors of infants and chil-
dren; triploid tumors in infants had no MYCN amplification, there-
fore, associations could not be examined. CASP8 methylation was
associated with MYCN amplification in diploid tumors of infants
and children, and triploid tumors in children.

Regarding to overall survival, the present study using conven-
tional andfor quantitative. MSP analysis exhibited association
between RASSFI1A, DCR2, and PCDHB methylation and poor out-
comes in infants and children (Table 3 and Fig. 1), especially in dip-
loid tumors of infants, and triploid tumors of children; CASP8
methylation was only associated with a poor outcome in infants
with a diploid tumor. Thus, RASSFI1A methylation was associated
with at a more advanced stage, MYCN amplification, and a poor
outcome in infants with a diploid tumor. Although a substantial
number of triploid tumors in infants exhibited RASSF1A methyla-
tion by conventional MSP analysis, they had no MYCN amplification
and showed a favorable outcome, suggesting triploid tumors in in-
fants as a specific biological subtype of neuroblastoma. Children
with RASSF1A-, DCR2-, and PCDHB-methylated tumors had poorer
outcomes than children with RASSF1A-, DCR2-, and PCDHB-unme-
thylated tumors, respectively. The association between RASSF1A
and DCR2 methylation and a poor outcome in children with triploid
tumors is noteworthy, because the association was also observed
in infants having a diploid tumor with or without RASSFIA and
DCR2 methylation. These findings suggest 2 subtypes of triploid
neuroblastoma; while one was common in infants, exhibited
hypomethylation of RASSFIA and DCR2, no MYCN amplification,
and a favorable outcome, the other was common in children,
exhibited hypermethylation of RASSF1A, DCR2, and PCDHB, fre-
quent MYCN amplification, and an unfavorable outcome. We previ-
ously stated that triploidy in infant neuroblastoma may arisen
through tetraploidization and succeeding tripolar division,
whereas triploidy in childhood neuroblastoma may have derived
from tetraploidization and chromosome loss {36]. We suggest that
different mechanisms of triploid formation may have contributed
to the different epigenetic features between infant and childhood
triploid tumors. INRG proposed that patients with a hyperdiploid
tumor be classified at low risk, whereas patients with a diploid tu-
mor be classified at intermediate risk if they were <18 months of
age and at the distantly metastatic stage {33]. We provided the
data on epigenetic differences between diploid and triploid tumors

in infants, and supported the inclusion of the ploidy status as one
of factors included in the INRG classification system.

A recent study proposed a model in which the binding of TNFx
to the death receptor, TNFoiR1 results in its internalization, and
subsequent formation of a complex with MOAP-1/RASSF1A to pro-
mote the open form of MOAP-1 to associate with Bax. This in turn
results in Bax conformational changes- and recruitment to the
mitochondria to initiate cell death [10]. Silencing of RASSFIA due
to promoter methylation by DNMT3B facilitated by MYCN and
PRC2 was shown to avoid neuroblastoma cells entering apoptosis
[37]. Thus, we consider that RASSF1A-methylated diploid tumors
avoid entering apoptosis, facilitate proliferation, and finally cause
unfavorable outcomes in infants and children with overexpressed
MYCN with or without MYCN amplification.

On the other hand, aneuploidy has been shown to cause a pro-
liferative disadvantage in yeast because of the overexpression of
certain metabolism-associated genes [38], and it has been specu-
lated that hypermethylation of the promoter regions of genes in
cancer cells may lessen the metabolic impact of aneuploidy by
silencing genes on a supernumerary chromosome while preserving
the expression of other genes on chromosome that confer a selec-
tive advantage [39]. We propose that RASSF1A methylation in trip-
loid neuroblastomas in infants found by mass-screening or
diagnosed clinically may modulate their expression levels to
repress cell cycle arrest and microtubule stabilization.

DCR2 is an antiapoptotic decoy receptor, which disturbs TRAIL-
induced apoptosis in normal cells {29]. The present findings show-
ing that MYCN amplification was associated with RASSF1A, CASPS,
and PCDHB methylation, but not with DCR2 methylation, may be
explained by the transcriptional regulation of MYCN to the RASS-
F1A, CASP8, and PCDHB promoters, but not to the DCR2 promoter.

In conclusion, the present study disclosed 2 subtypes of triploid
neurblastoma with different clinical and epigenetic characteristics.
These findings will facilitate understanding of heterogeneous biol-
ogy of neuroblastoma, and improve choice of the treatment.
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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 DMAP1 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 DMAP! 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 Ilevel,
resulting in p53-induced apoptotic death. BAX and p21“P""4 promoter activity dependent on
p53 was clearly up-regulated by DMAPI. 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, DMAP1

* 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: tkamijo@chiba-cc.jp (T. Kamijo).

http:/fdx.dol.org/10.1016/.cjca.2014.01.023
0959-8049/© 2014 Elsevier Ltd All rights reserved.

— 300 —



1556 Y. Yamaguchi et al. | European Journal of Cancer 50 (2014) 1555-1565

appears to be a new candidate for a 1p tumour suppressor and its reduction contributes to NB
tumourigenesis via inhibition of MYCN-related ATM/p53 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 [1-3]. 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 MYCN;
and allelic gain of 11p and 17q, are frequently observed
{1]. Deletion of the 1p 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 [6]. NB tumours with M YCN in
asingle copy had preferentially lost the 1p36 allele and these
tumours also had a very distal commonly deleted region; in
contrast, all MYCN-amplified NBs had larger 1p
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 epigeneticmod-
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 1 (DMAP1) was originally
identified as a molecule interacting with DNMT1 and
was demonstrated to co-localise with PCNA and
DNMT1 at DNA replication foci during the S phase
[10]. Previously, we reported that Dmapl participates in
DNA repair and transformation of mouse embryonic

" fibroblasts (MEFs). Dmap! 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 [111 In addition, Penicud and Behrens
reported that DMAPI1 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,

DMAPI gene is coded in 1p34 and the region that is
frequently deleted in NB tumours with 1p 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 DMAP1
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, pLLKO.1 puromycin-based lentiviral vectors
containing five sequence-verified shRNAs targeting human
DMAP! (RefSeq NM 0191004, NM _001034024.1,
NM_001034023.1) were obtained from the MISSION
TRC-Hs 1.0 Human, shRNA library (Sigma-Aldrich). We
checked DMAP1 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 {131

2.3. Antibodies

Antibodies against p53 (DO-1) and MYCN (rabbit
polyclonal, C-19) were purchased from Santa Cruz
Biotechnology. Antibodies against p53Ser15-P (rabbit
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Fig. 1. Expression level of Dnmtl-associated protein | (DMAP1) 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 (n = 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.nciferf.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. (Ac) Academic
Medical Center cohort R2 microarray analysis and visualisation platform (http://r2.ame.nl), 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 DMAP1 in NB. Statistical significance was determined by Fisher’s exact
probability test. MKI: Mitosis-karyorrhexis index. FH: favourable histology; UH: unfavourable histology. DMAPI (+): DMAPI 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 (qPCR) analysis and normalised by GAPDH expression. DMAPI 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
Cell Signaling Technology (Danvers, MA, USA). Anti-

were compared using the log-rank test. Cox regression
models were used to explore associations between

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-
DMAPI1 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

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. 1Ab, ¢), and it was also shown by quantitative
polymerase chain reaction (QPCR) (Suppl. Fig. S1Aa).
Unfavourable NBs, which are classified by International
Neuroblastoma Staging System (INSS) stage with
MYCN copy number, also expressed low-level DMAPI
(Suppl. Fig. S1B). Immunohistochemical analysis also
showed low expression of DMAPI in unfavourable
histology NB (Fig. 1B).

Next, the chromosome 1p 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. DMAP1 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 BMI! 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: DMAPI
expression, age at diagnosis (>1 year old versus <1 year
old), tumour stage (3+4 versus 1-+2-+4s), TrkAd
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 MYCN amplification (Table 1). These results
suggested that DMAP] works as a tumour suppressor
gene in NB and its expression levels strongly correlate
with MYCN 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 pS53-downstream effectors, leading to

Table 1
Correlation between Dnmtl-associated protein 1 (DMAPI1) expression
and other prognostic factors of neuroblastoma.

Terms High DMAP1 Low DMAPI p-Value

Age (years)
<1.5 25 33 0.13
>1.5 31 23

Tumour origin
Adrenal 29 28 0.773
Others 26 28

Stage
1,2,4S 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

TrkA expression
High 32 28 0.507
Low 23 26

DNA index
Diploidy 22 27 0.186
Aneuploidy 28 20

MYCN: Fisher’s exact probability test, y° = 7.669496321, p < 0.01.

the inhibition of cell cycle progression or apoptotic cell
death [14]. 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 DMAPI in p53-wild type NB cells and
found that ATMSer1981 phosphorylation increased for
up to 6 h after Doxo treatment, and p53Serl5 phosphor-
ylation was up-regulated subsequently (Fig. 2A). We
also confirmed DMAPI-related p53Serl5 phosphoryla-
tion in human fibroblasts (Fig. 2B).

Next, SH-SY5Y 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 p53-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 (DMAPI1) promoted focus formation of ataxia telangiectasia mutated (ATM) and activated ATM under
doxorubicin (Doxo) treatment. (A) Phosphorylation status of ATMSer1981 and p53Serl5 in DMAP1 over-expressing cells. SK-N-SH cells were
transduced with human influenza hemagglutinin (HA)-tagged DMAP1 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-SYSY cells were
infected with shDMAP]1-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-SY5Y cells were infected with siDMAP1-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: DMAPI, KD: DMAPI knockdown; “1: HA-DMAPI, *2: Endogenous DMAPI.
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Fig. 3. Dnmtl-associated protein 1 (DMAPI1) activated p53 via ataxia telangiectasia 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 dodecy! sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blot analysis. (Ab) SK-N-SH cells were transfected with ATM siRNA (sequence: 5'-
AACATACTACTCAAAGACATT-?, 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, D1: Dmapl. (B, C) Semi-
quantitative Reverse Transcription Polymerase Chain Reaction (RT-PCR) of p53-target genes in Dmapl over-expressing cells (B) and in DMAPI
knocked-down SH-SYS5Y cells (C). m: mock, D1: Dmapl, KD: DMAP! knockdown. (D) Luciferase reporter assay analysis of p21 P41 and
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 (n = 3).

ATM-specific ATP-competitive inhibitor KU-55933.  Bcl-2 family molecule, which was previously shown to
KU-55933 abrogated the Dmapl-induced phosphoryla-  be a critical molecule in p53-related damage-induced
tion of ATM and p53, indicating ATM dependency of  NB cell death [16], was also upregulated by DMAP1
Dmapl-related p53 phosphorylation (Fig. 3Aa). ATM  (Suppl. Fig. S2A). DMAPI1-promoted upregulation of
knockdown further represented ATM-dependent  p2/“#""47 and BAX promoter activity, which was
p53Serl5 phosphorylation by DMAPI (Fig. 3Ab).  mediated by p53, was confirmed by a luciferase reporter
Downstream target genes of p53, such as p2/?!/"¥  assay of p53-null H1299 cells (Fig. 3D).

and BAX, were induced by Dmapl in the presence or

absence of Doxo in p53-wt SK-N-SH cells but were  3.4. DMAPI acts as a tumour suppressor via p53

not induced in pS53-mutated SK-N-BE(2¢c) cells  activation in NB cells

(Fig. 3B). Knockdown of DMAP1 reduced p53 accumu-

lation (Fig. 2C) and transcription of the downstream We examined the functional role of DMAPI and its
p21“?""4and BAX in a Doxo-dependent manner  p53 dependency in NB cells. DMAPI enhanced cell
(Fig. 3C). Transcription of NOXA, the pro-apoptotic ~ cycle arrest and apoptosis induced by Doxo in a
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Fig. 4. Dnmtl-associated protein 1 (DMAPI) 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-SY5Y cells, 500 pg/ml G418 for NB-19 cells,
800 pg/ml G418 for MCF7 cells and 800 pg/ml G418 for SK-N-BE(2¢) 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.

pS53-dependent manner (Fig. 4A and Suppl. Fig. S2B). two weeks. As shown in Fig. 4B, Dmapl significantly
SH-SYSY cells, NB-19 cells and breast cancer-derived  suppressed colony formation in these cells. These results
MCEF7 cells harbouring wild-type p53 were transfected  suggested that DMAPI acts as a tumour suppressor via
with pcDNA3-HA-Dmapl and selected with G418 for  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
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indicate% of subG0/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 Dnmt!-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 MYCN-induced ATM
activation

Given that MYCN amplification correlated with a
low level of DMAPI and that MYCN regulates the
ATM/p53 pathway [17], we studied the DMAP1/
ATM/p53 pathway in MYCN-transduced cells. As

reported [18], exogenous MYCN promoted apoptosis
in MYCN single-copy and p53 wild type SK-N-SH cells
and NB-69 cells (Fig. 5A) 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 DMAP1 was upregulated by MYCN although
DMAPI mRNA was not increased (Fig. 5B, C).
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Fig. 6. Dnmtl-associated protein 1 (DMAP1) 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 Dmapl
and increasing amounts of pcDNA3-FLAG-tagged p53 and then treated with 2 uM MG132 for 24 h. (C) MYCN/DMAPI/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. 5E) and Doxo-induced apoptosis
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(Fig. 5F), which were up-regulated by MYCN, indicat-
ing that DMAP! was implicated in MYCN-induced
ATM/p53 activation and apoptosis.

3.6. Negative feedback regulation of DMAPI by p53

In MYCN-related ATM/p53 pathway activation, we
found that DMAPI1 protein was reduced, accompanied
with p53 activation (Fig. 5B) and this DMAPI reduc-
tion was also observed in DMAP1-tranduced cells after
p53 activation by Doxo (Figs. 2A, B and 3A). To exam-
ine whether p53 reduces DMAPI, we knocked down
p53 in NB cells (Fig. 6A). DMAPI protein was clearly
increased by p53 knockdown, but the mRNA level of
DMAP! was not affected. Proteasome inhibitor,
MG132 treatment effectively inhibited DMAP1 degra-
dation by p53 expression (Fig. 6B), suggesting that
p53 promotes DMAPI1 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 MYC-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, MDM?2 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/
p53 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 MYCN single-copy cells increased DMAP1 and Doxo-
induced apoptotic cell death (Fig. 5). DMAPI induced
ATMSer1981 phosphorylation and its focus formation
in the presence of Doxo (Figs. 2 and 3A). By DMAPI
expression, p53Serl5S phosphorylation was induced in
an ATM-dependent manner. In NB tumour samples,
low expression of DM AP1 was related to poor prognosis,
unfavourable histology, MYCN amplification and 1p
LOH (Fig. 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 DMAP1 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 DMAP1 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 DMAPI1 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 DMAP]1 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 1p tumour suppressors and has a role in
ATM/p53 activation induced by MYCN-related cellular
stresses (Fig. 6C). DMAPI1 might be a new molecular
target of MYCN-amplified NB treatment.
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Flotillin-1 Regulates Oncogenic Signaling in Neuroblastoma
Cells by Regulating ALK Membrane Association

Arata Torniyama'®, Takamasa Uekita™, Reiko Kamata®, Kazuki Sasaki®, Junko Takita®, Miki Ohira®,
Akira Nakagawara’, Chifurni Kitanaka®, Kentaro Mor®, Hideki Yamaguchi', and Ryuichi Sakai’

Neuroblastomas harbor mutations in the nonreceptor anaplastic lymphoma kinase {ALK) in 8% to 9% of cases
where they serve as oncogenic drivers. Strategies to reduce ALK activity offer clinical interest based on initial
findings with ALK kinase inhibitors. In this study, we characterized phosphotyrosine-containing proteins
associated with ALK to gain mechanistic insights in this setting. Flotillin-1 {FLOT1}, a plasma membrane
protein involved in endocytosis, was identified as a binding partuer of ALK. RNAi-mediated attenuation of
FLOTI expression in neuroblastoma cells caused ALK dissociation from endosomes along with membrane
accumulation of ALK, thereby triggering activation of ALK and downstream effector signals. These features
enhanced the malignant properties of neuroblastoma cells i vitro and in vive. Conversely. oncogenic ALK
mutants showed less binding affinity to FLOTI than wild-type ALK. Clinically, lower expression levels of FLOT1
were documented in highly malignant subgroups of human neuroblastoma specimens. Taken together, our
findings suggest that attenuation of FLOTI-ALK binding drives malignant phenotypes of neuroblastoma by
activating ALK signaling. Cancer Res; 74(14); 3790-801. ©2014 AACR.

Anaplastic lymphonia kinase (ALK) is a receptor tyrosine
kinase (RTK) that is rather specifically expressed in the nervous
system during development in mice {1). ALK was first identi-
fied in anaplastic large cell lymphoma as the fusion protein
NPM-ALK caused by chromosomal translocation (2}, Recently.
ALK was highlighted as a therapeutic target of several cancers
such as non-small cell lung cancers and colon cancers, which
possess oncogenic fusion ALK proteins such as EML4-ALK
(3-6). Genetic alterations of ALK have also been identified in
cell lines and clinical samples of neuroblastoma, which consist
of gene awplifications. activating mutations, or N-terminus
truncations {7-12). Activated ALK proteins in neuroblastorma
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are distinct from other turnors as for the point that they retain
the transmembrane domain. The survival of neuroblastoma
cefls with activated ALK is dependent on the ALK protein in
some cases, which highlights the so called oncogene addiction
to activated ALK (13).

Neuroblastoma is one of the most refractory solid tumors in
children with 5-year survival rates of less than 40% following
conventional treatments (14-16). To this end, clinical trials
involving patients with neuroblastoma and ALK inhibitors
such as crizotinib have already begun (17). However, it was
reported that neuroblastoma harboring certain types of acti-
vation mutations of ALK show greater resistance to the ALK
inhibitors (18) and that there are differences in the malignancy
grades among neuroblastoma cases with mutant ALK depend-
ing on the type of mutations {19, 20). Therefore, further
investigation is necessary to elucidate what aspects of the
mutant ALK protein determine the clinicopathological fea-
tures of nenroblastoma.

As ALK is a RTK. it is essential to understand the signal
transduction pathways that mediate the activation of this
kinase. In addition to the common downstream mediators of
RTKs, such as Akt, Erk, and STAT3, we have shown the eritical
role of SheC as a binding partner of ALK in peurcblastoma
(21, 22). Further identification of the tyrosine-phosphorylated
binding partners of ALK and analysis of their functions in
neuroblastoma will aid understanding of the unigue oncogenic
roles of ALK signaling.

Flotillin-1 (FLOT1) is a plasma membrane lipid raft-local-
izing protein that is jnvolved in internalization of membrane-
localizing proteins into the cytosol by endocytosis. In addition,
FLOT1 plays a role in the regulation of actin organization and
nenronal regeneration (23, 24), and phosphorylation of FLOT1
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