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1. Materials and methods
1.1. Animal model

Pregnant Sprague~Dawley rats were purchased from Shimizu labo-
ratory (Kyoto, Japan). The day in which the vaginal plug was confirmed
was considered to be day 0 of gestation (EO). In order to produce the
fetal CDH rat model, 100 mg of nitrofen (2,4-dichorophenyl-p-
nitrophenylether: WAKO Chemical, Osaka, Japan) dissolved in 1 ml of
olive oil was administered via an orogastric tube under short anesthesia
on E9.5 (term, 22 days). As a control, some rats were given the same
dose of olive oil without nitrofen. The animals were divided into three
groups on E14: 1) CDH/BBS(+) group, in which the nitrofen-treated
rats were administered BBS (50 pg/kg/day: Peptide Institute, Inc.,
Osaka, Japan) using an osmotic minipump (Alzet 2002: Palo Alto, CA,
USA) implanted in the peritoneal cavity under general anesthesia; 2)
CDH/BBS(—) group, in which the nitrofen-treated rats were adminis-
tered normal saline instead of BBS using an osmotic minipump; and
3) control group, in which rats treated without nitrofen were adminis-
tered normal saline instead of BBS using an osmotic minipump. The fe-
tuses were harvested via cesarean section and weighed on E21. The
peritoneal cavity of each fetus was opened and a defect in the dia-
phragm was confirmed with a visual inspection of the diaphragm. The
bilateral lungs were removed and weighed, and the lung-body-weight
ratio (both lungs (mg)/body (g) weight: LBWR) was measured. The ex-
pression of proliferating cell nuclear antigen (PCNA) was assessed using
both immunohistochemical staining and real-time polymerase chain
reaction (PCR) in order to determine the amount of cell proliferation.
The degree of lung maturity was assessed as the expression of thyroid
transcript factor-1 (TTF-1), a marker of alveolar epithelial cell type II.

1.2. Immunohistochemical staining

The left lungs were immersed and fixed in 4% paraformaldehyde for
eight hours and embedded in paraffin. The samples were cut into 5-pm-
thick sections and deparaffinized. Subsequently, antigen retrieval was
performed by boiling the sections in a 10 mmol/L of sodium citrate so-
lution at a pH of 6.0 for two periods of five minutes in a microwave at
medium heat. After rinsing the slides in PBS, the endogenous peroxidase
activity was blocked by exposing the slides to a 3% hydrogen peroxide in
methanol solution for a period of 10 minutes.

To detect positive cells of PCNA or TTF-1 in the lungs, immunohisto-
chemical staining was performed using a primary antibody to rat PCNA
(PC10: Nichirei, Tokyo, Japan) or TTF-1 (SPT24: Nichirei, Tokyo, Japan).
The sections were incubated with the primary antibodies for one hour at
room temperature. The primary antibodies were visualized using the
Histofine Simple Stain MAX-PO (M) kit (Nichirei, Tokyo, Japan) accord-
ing to the instruction manual. The slide was counterstained with hema-
toxylin. Using a Dynamic Cell Count (BZ-H1C: Keyence, Tokyo, Japan)
with high power field (x400), the number of positive cells was counted
and averaged for five sites in each group.

1.3. RT-PCR and real-time RT-PCR

The left lungs obtained from the three groups, control (n = 8), CDH/
BBS(—) (n = 7) and CDH/BBS(+) (n = 7), were analyzed. Total RNA
was extracted according to the guanidinium acid phenol method
using ISOGEN II (Nippon gene, Toyama, Japan). In addition, total RNA
was reversed transcribed using ReverTra Ace® qPCR RT Master Mix
(Toyobo, Tokyo, Japan) according to the manufacturer's instructions.

Real-time reverse transcription-PCR (RT-PCR) was performed
using the Real-time PCR Master Mix (Toyobo, Tokyo, Japan) and the
7500 Real-Time PCR Systems (Applied Biosystems, Foster, CA, USA) ac-
cording to the manufacturer's instructions. The matching primers
for PCNA (Rn01514538_g1), TTF-1 (Rn01436110_m1) and B-actin
(Rn014244440_s1) were purchased from Applied Biosystems.

1.4. Statistical analysis

The statistical analysis was performed using Student’s t-test for un-
equal variances. A p value of less than 0.05 was considered to be statis-
tically significant.

2. Results

The incidence of CDH in this study was 50% (13/26 fetuses) among
the nitrofen-treated rats not administered BBS and 49% (24/49) in
those administered BBS. The defect in the diaphragm was observed on
the left side in all CDH fetuses, and no other anomalies were found.

There were no significant differences in body weight between the
CDH/BBS(—) group and the CDH/BBS(+) group. The LBWR values
were compared between the three groups: control (nitrofen(—), BBS
(=)) (n = 23), CDH/BBS(—) (nitrofen(+), BBS(—)) (n = 13), and
CDH/BBS(+) (nitrofen(+4), BBS(+)) (n = 24). Consequently, the
LBWR in the CDH/BBS(—) group was significantly less than that ob-
served in the control group (16.05 -+ 2.32 v.s. 23.86 4 2.78; p < 0.01).
On the other hand, the LBWR in the CDH/BBS(+) group was significant-
ly greater than that observed in the CDH/BBS(—) group (18.29 + 3.03
v.s. 16.05 4+ 2.32; p < 0.05) (Fig. 1).

Regarding the immunohistochemical stainings, both PCNA-and TTF-
1-positive cells were localized to the alveolar endothelium in the fetal
rats. The number of PCNA-positive cells in the CDH/BBS(—) group was
significantly greater than that observed in the control group (877.0 +
87.8 v.s. 290.4 + 50.65; p < 0.01). Meanwhile, the number of PCNA-
positive cells in the CDH/BBS(+) group was less than that observed in
the CDH/BBS(—) group (501.8 + 72.7 v.s. 877.0 & 87.8; p < 0.01)
(Fig. 2). In addition, the number of TTF-1-positive cells in the CDH/BBS
(—) group was significantly greater than that observed in the control
group (664.0 & 90.5 v.s. 238.4 4 52.8; p < 0.01). Conversely, the num-
ber of TTF-1-positive cells in the CDH/BBS(+) group was significantly
less than that observed in the CDH/BBS(—) group (267.6 & 30.0 v.s.
664.0 + 90.5; p < 0.01) (Fig. 3).

On RT-PCR, the mRNA expression levels of PCNA (PCNA/B-actin)
were low in the CDH/BBS(+) group. However, there were no significant
differences between the CDH/BBS(—) and CDH/BBS(+) groups (2.49 +
1.11 v.s. 1.69 & 0.58) (Fig. 4). On the other hand, the mRNA expression
levels of TTF-1 (TTF-1/B-actin) in the CDH/BBS(+) group were signifi-
cantly decreased compared with those observed in the CDH/BBS(—)
group (2.55 + 1.21 v.s. 1.45 & 0.23; p < 0.05) (Fig. 5).
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Fig. 1. Lung-body-weight ratio (LBWR) values in the control, CDH/BBS(—) and CDH/BBS(+)
groups. The LBWR values in the control group were significantly greater than those observed
in the CDH/BBS(—) group (p < 0.01). The LBWR values in the CDH/BBS(+) group were also
significantly greater than those observed in the CDH/BBS(—) group (p < 0.05).
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Fig. 2. Immunohistochemical staining for PCNA. Micrographs show the nuclear localization of PCNA and TTF-1 in the lung alveolar epithelium. The number of PCNA-positive cells in the
CDH/BBS(—) group was significantly greater than that observed in the control group. Meanwhile, the number of PCNA-positive cells in the CDH/BBS(+ ) group was less than that observed
in the CDH/BBS(—) group. PCNA staining; control group (A), CDH/BBS(—) group (B), CDH/BBS(+) group (C) Original magnification: x400.

3. Discussion

The present study demonstrated that the prenatal administration of
BBS promotes lung growth and maturity in a rat model of nitrofen-
induced CDH without inducing other serious anomalies. To our knowl-
edge, there have been no previous reports showing that prenatal medical
treatment increases fetal lung weight in a rat nitrofen-induced CDH model.

The use of prenatal medical treatment with corticosteroids in fetuses
with CDH has been reported both experimentally and clinically [17].
There are many reports showing that the antenatal administration of
corticosteroids may correct lung immaturity; however, no experiments
using corticosteroids have succeeded in increasing the fetal lung vol-
ume. With respect to clinical studies, late gestational maternal cortico-
steroid administration has been found to have no effect in improving
fetal lung hypoplasia to date [18].

There are various experimental reports indicating that the administra-
tion of antenatal retinoic acid affects the expression of various genes relat-
ed to lung maturity in CDH rat models [19-21], and Montedonico et al.
found that prenatal treatment with retinoic acid stimulates
alveologenesis in hypoplastic lungs under the setting of CDH [22]. Howev-
er, Gonzalez-Reyes et al. reported no changes in the lung weight-to-body

p <0.01

weight ratio using similar rat models [23]. Furthermore, retinoic acid ap-
pears to be unlikely as a candidate of prenatal treatment for CDH, because
the prenatal administration of this agent carries the potential risk of in-
ducing many major anomalies, such as intestinal atresia and anorectal
malformations [24]. As a pilot study, we investigated the effect of BBS to
pregnant rats without nitrofen administration from day 1 to investigate
whether BBS might have other effect to the fetus. As a result, it was con-
firmed that there were no increase of lung volume and no major anoma-
lies found in fetuses. In the present study, no other anomalies were found
in the nitrofen-induced rat CDH model and the additional administration
of BBS did not induce any further anomalies. Considering the potential for
teratogenic risk and safety, BBS may be a candidate for use in prenatal
medical therapy. In order to access the actual effect of BBS to lung of
CDH rat in this study, the parameters of lung maturation were compared
between CDH/BBS(—) group and CDH/BBS(+) group.

In this study, both PCNA and TTF-1 were used as markers of lung
maturation. The number of PCNA-positive cells is increased in immature
lungs. Similarly, in our CDH model with lung hypoplasia, both the num-
ber of PCNA-positive cells and the mRNA expression of it were signifi-
cantly increased, thus indicating that lungs in our CDH model were
immature ones. TTF-1 is a marker of alveolar epithelial cells type II
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Fig. 3. Immunohistochemical staining for TTF-1. Micrographs show the nuclear localization of TTF-1 in the lung alveolar epithelium. The number of TTF-1 positive cells in the CDH/BBS(—)
group was significantly greater than that observed in the control group. The number of TTF-1 positive cells in the CDH/BBS(+) group was less than that observed in the CDH/BBS(—)

group. TTF-1 staining; control group (D), CDH/BBS(+) group (E), CDH/BBS(+) group (F).
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Fig. 4. mRNA expression levels of PCNA on RT-PCR. The expression levels of PCNA were in-
creased in the lungs of the CDH/BBS(—) group compared to that observed in the control
group (p < 0.01). There were no significant differences between the CDH/BBS(—) and
CDH/BBS(+) groups.

(AECs-11). It has been reported that the AEC-If levels are also increased in
the hypoplastic lungs of animals with CDH [25]. In the present study, it
was also confirmed that both the number of TTF-1-positive cells and the
mRNA expression of TTF-1 in the CDH group were also significantly in-
creased, compared with that observed in the control group. Therefore,
based on our results in PCNA and TTF-1, the hypoplastic lungs in our
rat CDH model indicated to be immature.

As for the effect of BBS administration on fetal lung maturity, the ex-
pression levels of PCNA and TTF-1 were significantly decreased in the
CDH/BBS(+) group. Our results showed BBS was considered to have
promoted fetal lung maturity. As described previously, we investigated
the effects of the BBS and elucidated its multipotent ability to maintain
and modulate the mucosal structure and immunity of the gastrointesti-
nal system [6-10]. Based on present and previous data, we speculate
that BBS plays an important role via the same pathways in the respira-
tory and intestinal mucosa systems. In this study, it is impossible to
deny that BBS affected maternal metabolism and had some secondary
effect to the fetus. However, in our previous study of rat intestinal trans-
plantation, it was confirmed that BBS surely had direct effect on the in-
testinal mucosal system. Therefore, we now speculate that BBS affected
directly the lung of the fetuses as well as their intestine.
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Fig. 5. mRNA expression levels of TTF-1 on RT-PCR. The expression levels of TTF-1 were in-
creased in the lungs of the CDH/BBS(—) group compared to that observed in the control
group (p < 0.01) and CDH/BBS(+) group (p < 0.05).

In conclusion, the prenatal administration of the neuropeptide
bombesin increases the fetal lung volume and promotes fetal lung ma-
turity without inducing other anomalies in a rat nitrofen-induced CDH
model. The prenatal administration of neuropeptide BBS may be a pos-
sible candidate therapy for improving lung hypoplasia in patients with
fetal CDH.
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Abstract Patients with severe aplastic anemia (SAA) and an
absolute neutrophil count (ANC) of 0 typically have fatal
outcomes. We defined fulminant AA (FAA) as ANC=0 for
at least 2 weeks prior to and after immunosuppressive therapy
(IST). We analyzed the outcomes of 35 children with FAA
among 288 children who enrolled in a prospective study for
AA (AA-97 study). AA was classified as FAA (n=35), very
SAA (VSAA; n=129), or SAA (n=124). All of the children
received the IST with horse anti-thymocyte globulin (ATG)
and cyclosporine (CsA). A significantly lower response rate at
6 months was seen in children with FAA when compared to
those with vSAA or SAA (40.0, 63.6, and 63.7 %, respective-
ly; p=0.027). Of 20 nonresponder patients in the FAA group,
11 were rescued by alternative donor transplantation, and 5
patients showed a late response after 6 months. Consequently,
no significant difference was noted in overall survival when
comparing the FAA, vSAA, and SAA groups (88.5, 95.8, and
96.8 %). These findings indicate that IST with ATG and CsA
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is justified as a first-line treatment for children with FAA who
lack a human leukocyte antigen-matched sibling donor.

Keywords Children - Cyclosporine - Fulminant aplastic
anemia - Horse anti-thymocyte globulin - Immunosuppressive
therapy

Introduction

Aplastic anemia (AA) is characterized by peripheral blood
pancytopenia and bone marrow hypoplasia. Previously, the
severe form of AA (SAA) was almost universally fatal. How-
ever, the prognosis of SAA has improved markedly in re-
sponse to the introduction of immunosuppressive therapy
(IST) with anti-thymocyte globulin (ATG) and cyclosporine
(CsA) in the 1980s [1, 2]. In AA patients, survival after ATG
therapy is dependent on the severity of the disease and
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neutrophil counts [3]. Indeed, survival of AA patients with
absolute neutrophil count (ANC) of <0.2x 10%/L was signifi-
cantly lower than that of AA patients with a neutrophil count
of 0.2 to 0.5% 10”/L (23 vs. 61 %, p=0.01) [4]. Further, in an
analysis from the European Group for Blood and Marrow
Transplantation (EBMT), the actuarial 5-year survival rates
were 46 % in patients with ANC of <0.2x 10%L and 61 % in
patients with ANC of 0.2 to 0.5x 10%L [5]. SAA was origi-
nally defined as ANC of <0.5x 10”/L. by Camitta et al. [6].
Subsequently, Bacigalupo et al. proposed further subclassifi-
cation into very SAA (vSAA) (ANC of <0.2x10%/L) and
SAA (ANC of 0.2 to 0.5%10/L) [7]. Over the past decade,
several studies have examined the relationship between dis-
ease severity and the response rate to IST or survival rate with
varying results. For example, a German pediatric study
showed a significantly better complete response (CR) rate
and survival in patients with vSAA than those with SAA (68
vs. 45 %, p=0.009, and 93 vs. 81 %, p <0.001, respectively)
[8]. In contrast, the Japanese AA-97 study showed compara-
ble response rates at 6 months after IST in patients with vVSAA
and in patients with SAA (72 and 66 %, respectively) [9].
Several recent large studies reported that the severity of the
disease or neutrophil counts at diagnosis did not predict the
response to IST [10-12].

We experienced several cases of patients with an ANC of 0
and complete aplasia of bone marrow at the time of diagnosis.
These patients had a particularly high risk of developing life-
threatening infections. We designated these patients as having
fulminant AA (FAA), defined as AA patients in whom ANC
of 0 persist for more than 2 weeks prior to or after IST. We
were not able to find any studies that had previously examined
the clinical outcomes of the patients with FAA.

This study retrospectively analyzed the outcome of 35
patients with FAA who were enrolled in a prospective multi-
center study for AA children.

Patients and methods

Patients and study design From October 1997 to August
2009, a total of 288 patients with SAA (168 boys and 120 girls)
were enrolled in the AA-97 study conducted by the Japan
Childhood Aplastic Anemia Study Group. Among these patients,
205 who were enrolled in the study until April 2004 were already
described in previous reports [13]. All were less than 18 years old
and newly diagnosed with AA (<180 days from the time of
diagnosis) without specific prior treatment. SAA was diagnosed
if at least two of the following criteria were fulfilled: ANC of
<0.5% 10%L, platelet count of <20x 10”/L, or reticulocyte count
of <20 10”/L with hypocellular bone marrow [6]. VSAA was
diagnosed if the criteria for severe disease were fulfilled and if the
ANC was <0.2x 10%/L [7]. We defined FAA as ANC=0 for at
least 2 weeks prior to and after IST. The study protocol was
approved by the ethics committee of each participating hospital
and conformed to the recently revised Declaration of Helsinki.
Written informed consent was obtained from all parents, and all
patients over the age of 10 years agreed to participate in the study.

All patients were treated with a combination of intravenous
horse ATG (Lymphoglobulin; Genzyme, Cambridge, USA) at
15 mg/kg/day for 5 days and oral CsA at 6 mg/kg/day. The
dose of CsA was adjusted to maintain trough levels between
100 and 200 ng/mL, and an appropriate dose was adminis-
tered for at least 6 months. Granulocyte colony-stimulating
factor (filgrastim; Kirin, Tokyo, Japan) was administered in-
travenously or subcutaneously at 400 pg/m® for 3 months
only to patients with ANC of <0.2x 10°/L.

CR was defined as ANC of >1.5x 10%/L, platelet count of
>100x 10°/L, and hemoglobin (Hb) level of >11.0 g/dL. Par-
tial response (PR) was defined as ANC of >0.5x 10”/L, plate-
let count of >20x10%L, and Hb level of >8.0 g/dL. The
overall response rate (RR) was defined as CR or PR at 3 and

Table 1 Patient characteristics

FAA vSAA SAA
Patient number 35 129 124
Sex (male/female) 15/20 83/46 70/54
Median age, years (range) 11 (0-16) 8 (0-16) 9 (0-16)
Cause of aplastic anemia
Idiopathic 25 104 105
Hepatitis 8 22 17
Drug 2 3 2
Median days from diagnosis to treatment (range) 15 (0-77) 14 (0-102) 18 (1-180)
Median WBC countx 10°/L (range)* 14 (0.2-8.5) 1.7 (0.2-5.8) 2.2(0.4-6.1)
FAA fulminant aplastic anemia, Median neutrophil countx 10%L (range) 0 0.11 (0.01-0.19) 0.35 (0.2-0.93)
vSAA very severe aplastic anemia, Median reticulocyte countx 10%/L (range)* 3 (0-33) 8 (0-83) 25 (0-202)
SAA severe aplastic anemia, Median platelet countx 10%/L (range)* 6 (1-11) 7 (1-43) 11 (1-52)
WBC white blood cell Median observation time, months (range) 83 (5-147) 80 (11-158) 85 (1-180)

*p <0.03, statistically significant
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Table 2 Response to treatment

FAA

vSAA SAA

3 months

Evaluable number

CR

PR

NR

6 months

Evaluable number

CR

PR

NR 20

129

] 457%

50

70

129 122

21 30

] 63.6% ] 63.7%

61 49

47 43

FA4 fulminant aplastic anemia, vSA4 very severe aplastic anemia, SA4 severe aplastic anemia

6 months after IST. Failure-free survival (FFS) was defined as
survival without treatment failure, which was the first event
following IST, including death from any cause, need for
secondary treatment [second IST or stem cell transplantation
(SCT)], relapse, and clonal evolution to acute myeloid
leukemia/myelodysplastic syndrome (AML/MDS) or parox-
ysmal nocturnal hemoglobinuria (PNH).

Statistical analysis Overall survival (OS) and FFS were cal-
culated using the Kaplan—Meier method. The difference was
analyzed with the log-rank test. RR was compared using the X2
test. A value of p <0.05 was considered statistically significant.
All analyses were conducted using R version 2.11.1 software.

Results
Baseline characteristics

Patient profiles are shown in Table 1. Patients were classified into
the following three groups according to disease severity: 35 with
FAA, 129 with vSAA, and 124 with SAA. Median age at
diagnosis was 11 years in the FAA group, 8 years in the vSAA
group, and 9 years in the SAA group. Median interval between
diagnosis and treatment was 15, 14, and 18 days, respectively.
Median follow-up at the time of analysis was 83, 80, and
85 months, respectively.

Treatment response

Of the 288 patients, 134 (46.5 %) and 175 (60.8 %) achieved
CR or PR at 3 and 6 months after IST, respectively. Subgroup
analyses revealed that RR at 3 and 6 months was significantly
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lower in the FAA group than in the vSAA and SAA groups
(20.0, 45.7, and 54.8 % at 3 months, respectively, p=0.001;
40.0, 63.6, and 63.7 % at 6 months, respectively, p=0.027)
(Table 2). These results indicate that FAA was associated with
significantly poorer RR to IST than vSAA and SAA.

Outcomes of nonresponders and failure-free survival

The clinical outcomes of nonresponders in each group are
shown in Table 3. Of 20 nonresponders in the FAA group, 5
patients achieved a late response, and 15 patients had either one
of treatment failure as follows: clonal evolution (n =4), need for
second IST (n=2), or SCT (n=9). Of 14 responders, two
patients had the following treatment failure: relapse (n=1)
and need for SCT (n=1). Because one patient had an early
death, the total number of treatment failure was 18 in the FAA
group.

Of 47 nonresponders in the vSAA group, nine patients
achieved a late response, and three patients were alive without
response. Therefore, 35 patients had either one of treatment
failure as follows: death (n=1), need for second IST (n=12),
or SCT (n=22). Of 82 responders, 12 patients had the follow-
ing treatment failure: clonal evolution (n=2), relapse (n=8),
need for second IST (rn=1), or SCT (n=1). Therefore, the
total number of treatment failure was 47 in the vSAA group.

Of 43 nonresponders in the SAA group, nine patients
achieved a late response, and two patients were alive without
response. One patient with a delayed response relapsed there-
after. Totally, 33 patients had either one of treatment failure as
follows: clonal evolution (n=3), relapse (n=1), need for
second IST (n=11), or SCT (n=18). Of 79 responders, eight
patients had the following treatment failure: clonal evolution
(n=1), relapse (n=4), and need for second IST (n=3).
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Table 3 Clinical course of nonresponders; second line and 3rd line treatments

Second-line therapy No. Outcome No. Third-line therapy No. Outcome No.
FAA
None 9 Late response/alive 5
Evolution to overt leukemia 4 UBMT 1 Alive 1
UCBT 3 Dead 3
Second IST 2 No response 2 None 1 Alive 1
MR-BMT 1 Alive 1
U/MR-BMT 8 Alive 8
UCBT I Alive 1
vSAA
None 13 Late response/alive 9
No response 4 None 4 Alive 3
Dead 1
Second IST 12 Response/alive 4
No response 8 None 3 Alive 3
UMR-BMT 5 Alive 5
U/MR-BMT 21 Alive 17
Dead 3
Rejection 1 UCBT 1 Alive 1
UCBT 1 Alive
SAA
None 14 Late response/alive 8
Late response but relapse 1 None Alive 1
No response 2 None 2 Alive 2
Evolution to overt leukemia 3 UBMT 3 Alive 3
Second IST 11 Response/alive 3
No response 8 UBMT 4 Alive 4
UCBT 1 Alive 1
None 3 Alive 1
Dead 2
U/MR-BMT 18 Alive 15
Dead 2
Rejection 1 UCBT 1 Alive 1

FAA4 fulminant aplastic anemia, vSAA4 very severe aplastic anemia, SA4 severe aplastic anemia, IST immunosuppressive therapy, UBMT unrelated donor
bone marrow transplantation, MR-BMT mismatched related donor bone marrow transplantation, UCBT unrelated cord blood transplantation

Because two patients had an early death, the total number of
treatment failure was 43 in the SAA group.

As a result, the 5-year FFS is 48.2 % [95 % confidence
interval (CI), 34.1-68.2 %] in the FAA group, 65.1 % (95 %
Cl, 57.3-74.1 %) in the vSAA group, and 68.1 % (95 % CI,
60.3-77.0 %) in the SAA group, respectively (Fig. 1a). This
difference was not significant (p =0.206).

Overall survival and causes of death
As indicated in Table 3, 11 of 20 nonresponders in the FAA

group were rescued by SCT, and 5 achieved a late response.
Of 47 nonresponders in the vSAA group, 24 were rescued by

@_ Springer
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SCT, and 9 achieved a late response. Of 43 nonresponders in
the SAA group, 24 were rescued by SCT, and 9 achieved a late
response. Both alternative donor SCT and late response sub-
stantially raised the OS in all three groups. The 5-year OS was
comparable among the three groups: 88.5 % in the FAA group
(95 % CI, 78.5-99.8 %), 95.8 % in the vSAA group (95 % CI,
92.2-99.5 %), and 96.8 % in the SAA group (95 % CI, 93.7-
99.9 %), respectively (p=0.281) (Fig. 1b). A total of 16
patients died of the following causes: sepsis (rn =3), evolution
to overt leukemia (n=3), transplantation-related toxicities
(n=7), and other causes (n=3). The causes of death in each
group are shown in Table 4. It is noteworthy that only one
patient died of infection among the 35 patients with FAA.
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Fig. 1 The S5-year FFS (a) and the 5-year OS (b) according to the
severity of AA. The 5-year FFS was 48.2 % in the FAA group, 65.1 %
in the vVSAA group, and 68.1 % in the SAA group, respectively. However,
no significant difference was demonstrated (p=0.206). The 5-year OS
was comparable among the three groups: 88.5 % in the FAA group,
95.8 % in the vSAA group, and 96.8 % in the SAA group, respectively

Discussion
The current study showed that the trilineage hematologic

recovery was seen in 40 % of FAA patients, which was
significantly inferior to the rate of recovery seen in those with

Table 4 Causes of death

FAA vSAA SAA

Sepsis (n=1) Sepsis (n=1) Sepsis (n=1)

Transplantation- Transplantation- Transplantation-related
related toxicities related toxicities toxicities (n=2)
(n=1) (n=4)

Evolution to overt
leukemia (n=1)

Evolution to overt Hemolysis (n=1)
leukemia (n=2)
Accident (n=1)

Hemochromatosis (n=1)

FAA fulminant aplastic anemia, vSAA very severe aplastic anemia, SA4
severe aplastic anemia
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vSAA and SAA. However, the OS reached 88.5 % in
the FAA group, which was comparable to the OS seen
in the other two groups. The ability to maintain patients
alive with persistent neutropenia and high success of
alternative donor SCT might contribute to the favorable
survival. Indeed, only one patient died of infectious
complications among the FAA patients. According to a
report from the National Institutes of Health, infection-
related mortality decreased from 37 % in the early
1990s to 11 % in the 2000s among nonresponders to
IST [14]. Because granulocyte colony-stimulating factor
is not effective in increasing neutrophil counts of pa-
tients with FAA [15, 16], the improvement of survival
may be mainly attributable to advances of anti-
infectious agents, especially antifungal drugs.

Another reason for the favorable OS in this study is the
young age of the patient population. In multivariate analysis,
age of <16 years is a significantly favorable factor for the OS
in SAA patients who receive IST. Indeed, the OS was 100, 92,
71, and 60 % for patients <20, 2040, 40-60, and >60 years of
age, respectively, in a recent European study [17]. Due to the
higher number of deaths that occurs before treatment response
in older patients, they are more likely to be nonresponders
than younger patients.

Outcomes after unrelated donor BMT (UBMT) for chil-
dren with SAA have resulted in marked improvements and are
now similar to those after matched sibling donor BMT
[18-20]. Therefore, several investigators advocate UBMT as
the first-line treatment for SAA children who lack a matched
sibling donor. However, it takes more than 3 months to find a
suitable unrelated donor through the marrow donor bank in
Japan. Other alternative donor transplantations, including un-
related cord blood transplantation (UCBT) and haploidentical
transplantation from a family donor, can reduce the time
needed to find a suitable donor.

Although UCBT has been used for SAA, the results are not
encouraging. The Japan Cord Blood Bank Network analyzed
the outcome of 31 SAA patients who received UCBT. As a
result, the 2-year OS was 41 % [21]. Forty-five patients with
SAA who received UCBT as their first transplant were report-
ed to the Center for International Blood and Marrow Trans-
plant Research. The observed graft failure rate was 30 %, and
the 2-year OS was 35 % [22]. On the other hand, several
successful case series of haploidentical SCT with or without T
cell depletion were also reported [23, 24]. However, the results
of these studies were too limited to determine whether
haploidentical SCT should be employed as a first-line therapy.

Accordingly, at present, IST with ATG and CsA is justified
as a first-line treatment for children with FAA who lack a
matched sibling donor.

Conflict of interest The authors report no competing interests.
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Abstract Neuroblastoma (NB) is a paediatric solid tumour which originates from sympa-
thetic nervous tissues. Deletions in chromosome Ip are frequently found in unfavourable
NBs and are correlated with v-myc avian myelocytomatosis viral oncogene neuroblastoma
P23 , derived homolog (M YCN) amplification; however, it remains to be elucidated how the 1p loss
- Neuroblastoma. ‘ contributes to MYCN-related oncogenic processes in NB. In this study, we identified the role
of Dnmtl-associated protein 1 (DMAPI1), coded on chromosome 1p34, in the processes.

We studied the expression and function of DMAP! in NB and found that low-level expression of
DMAP]I 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 p353-downstream pro-apoptotic Bcl-2 family molecules were induced at the mRNA level,
resulting in p53-induced apoptotic death. BAX and p21<%* IWefl promoter activity dependent on
p53 was clearly up-regulated by DMAPI. Further, MYCN transduction in MYCN single-copy
NB cells accelerated doxorubicin (Doxo)-induced apoptotic cell death; MYCN is implicated in
DMAP!I protein stabilisation and ATM phosphorylation in these situations. DMAP! 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.
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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 (1p) 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, [1q 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
a single 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 1p
deletions, extending from the telomere to 1p31 [7]. The
extent of deletion or LOH was identified in 184 primary
NBs; in 80%, the 1p deletion extended from the telomere
to 1p31 [8]. Given the tendency of large, hemizygous 1p
deletions in M YCN-amplified NBs, alternative hypotheses
for tumour suppression are: (1) an additional, M YCN-
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 1 (DMAP1) 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 Dmapl 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 [11]. In addition, Penicud and Behrens
reported that DMAP1 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,
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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 DMAP! 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, pLKO.l puromycin-based lentiviral vectors
containing five sequence-verified sShRINAs targeting human
DMAPI (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 DMAP! 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 p53Ser15-P (rabbit
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Fig. 1. Expression level of Dnmtl-associated protein 1 (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.abec.nciferf.gov/cgi-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 DMAPI in NB. Statistical significance was determined by Fisher’s exact
probability test. MKI: Mitosis-karyorrhexis index. FH: favourable histology; UH: unfavourable histology. DMAP1 (+): DMAPI high-expression
tumour; DMAP1 (—): DMAPI low-expression tumour. (C) 1p loss was studied by array CGH analysis. Expression status of DMAP] 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-
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-
DMAP1 (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

were compared using the log-rank test. Cox regression
models were used to explore associations between
DMAPI expression, age at diagnosis, tumour stage, Trk4
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 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. DMAP1I mRNA levels
were significantly lower in NB cell lines than in primary
NB samples (Suppl. Fig. SIC). 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 BMII 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), 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 MYCN 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 pS53-downstream effectors, leading to

154

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

Terms High DMAPI! Low DMAPI1 p-Value

Age (years)
<15 25 33 0.13
>1.5 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

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 ug/ml concentration to assess
the effect on NB cells according to the results of the
analysis of peak plasma concentrations of doxorubicin
[13].

We expressed DMAP! 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 DMAP]-related p53Serl5S phosphoryla-
tion in human fibroblasts (Fig. 2B).

Next, SH-SY5Y cells, which express rather higher
DMAP! than other NB cell lines (Suppl. Fig. S1D),
were infected with shDMAPI1-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 (DMAPI) 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 DMAPI 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 DMAPI knocked-down cells. SH-SYSY cells were
infected with shDMAPI-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 shDMAP1-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: DMAPI1, KD: DMAPI knockdown; *1: HA-DMAPI, "2: Endogenous DMAPI.
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Fig. 3. Dnmtl-associated protein 1 (DMAPI) 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 dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blot analysis. (Ab) SK-N-SH cells were transfected with ATAM 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 ug/ml Doxo for 1h 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 DMAP1
knocked-down SH-SY5Y cells (C). m: mock, D1: Dmap!, KD: DMAPI knockdown. (D) Luciferase reporter assay analysis of p21¢P"/"4/ 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.
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
p53Serl5 phosphorylation by DMAPI (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
p21<P""41and BAX in a Doxo-dependent manner
(Fig. 3C). Transcription of NOXA, the pro-apoptotic
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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. S2A). DMAPI1-promoted upregulation of

p21€PUWal 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 DMAPI and its
p33 dependency in NB cells. DMAPI1 enhanced cell
cycle arrest and apoptosis induced by Doxo in a



Y. Yamaguchi et al. | European Journal of Cancer 50 (2014) 1555-1565 1561

Aa
SK-N-SH SK-N-BE(2c)
Transduction: m D1 m D1

DMAP1

Non-specific band
HA-Dmagp1
F~Endogenous DMAP1

Tubulin | e e [ l : {
b SK-N-SH (p53 wt) SK-N-BE(2¢) (p53 mut)
Mock DMAP1 Mock DMAP1
Dovo : : :
o 4 & +F
T 51086 31 061 3:10.68 31068
8 2 EE —i 3 i
% S P ° e o ~3 EY = e Y X
+ ; § % ;
&3 :3 L o
$h7.90 L2792 L7 5i1.00
sl M __1‘ At a1
B a

SH-SY5Y NB-19  MCF7 SK-N-BE(2c)

Transfecton: m D1t m D1t m D1 m D1
E{*ﬁ«i; — | | HA-Dmap1

(s a— wﬁ. Endogenous DMAP1

Dmap1
Tubulin

SH-SY5Y MCF7 SK-N-BE(2¢)

c SH-SY5Y NB-19 MCF7 SK-N-BE(2c)
700 ~ 2500 p— 120 i 18 P
@ s iy } i . ] 1 2 0 Mock
) 2000 g 14 H
2 s ! B Dmap1
g 800 1500 BO| 12
i 400 50 1:
5 w0 E 100 40 3
°
&) fzz i 500 20 :
ol . o, 0 o
*p<0.05 **p<0.05 **p<0.05 ***p>0.05

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)-Dmap1 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 pug/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.

p53-dependent manner (Fig. 4A and Suppl. Fig. S2B).  two weeks. As shown in Fig. 4B, Dmap! significantly
SH-SYS5Y cells, NB-19 cells and breast cancer-derived  suppressed colony formation in these cells. These results
MCF7 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
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 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 Dnmtl-associated protein 1 (DMAP1) knockdown were

performed as indicated in SK-N-SH cells. Cells were collected for Western
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 DMAPI1/
ATM/p53 pathway in MYCN-transduced cells. As
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blot analysis of ATMSer1981-P (E) and sub G0/G1 analysis (F) 6 h after

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
DMAP! 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 Dmapl 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/DMAP]I/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. 35D). tion of ATM (Fig. 5E) and Doxo-induced apoptosis
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(Fig. 5F), which were up-regulated by MYCN, indicat-
ing that DMAPI 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 DMAPI protein was reduced, accompanied
with p53 activation (Fig. 5B) and this DMAPI reduc-
tion was also observed in DMAPI-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 DMAP! degra-
dation by p53 expression (Fig. 6B), suggesting that
p53 promotes DMAP! 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 WIPI 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 pS3 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.
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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 DMAP1
expression, p53Serl5 phosphorylation was induced in
an ATM-dependent manner. In NB tumour samples,
low expression of DMAP1 was related to poor prognosis,
unfavourable histology, MYCN amplification and 1p
LOH (Fig. 1, Table 1, Suppl. Fig. S1), suggesting that
DMAPI1 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 DMAPI1 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 DMAPI 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 DMAPI1 is a novel
molecule of 1p tumour suppressors and has a role in
ATM/p53 activation induced by MYCN-related cellular
stresses (Fig. 6C). DMAPI might be a new molecular
target of MYCN-amplified NB treatment.
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