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Introduction

Prognosis of pediatric acute lymphoblastic leukemia (ALL)
has dramatically improved and recent clinical studies
report excellent results for children [1-7]; however, the
probability of survival of older children is unsatisfactory
[7, 8]. The biological and molecular genetic features differ
between older and younger children with ALL [9-14], such
as higher frequency of poor prognostic factors, T-cell
phenotype [12], BCR-ABLI translocations [14] and a lower
frequency of favorable prognostic factors, including high
hyperdiploidy and the ETV6-RUNXI translocation [13].

Thus, specific attention should be paid for older children
with ALL, and pediatric-specific intensive chemotherapy
could improve the outcomes of this group [8, 10, 15-19].
Although 15 years or older adolescents have been reported
as a risk factor for poor outcome because of higher induction
failure, relapse and therapy-related mortality [8, 15, 18, 20],
there is limited information available regarding the charac-
teristics of 15 years or older patients with ALL who under-
went treatment in clinical studies [8, 11, 19]. Therefore, the
optimal treatment for this age group is not established [21].
This situation occurs partly because such patients are treated
by adult and pediatric oncologists, even though ALL is rel-
atively uncommon in adolescents and young adults.

In the present study, we retrospectively analyzed the
long-term outcomes of with ALL aged 10 years or older
(younger-adolescents) who were enrolled in the three
consecutive Tokyo Children’s Cancer Study Group
(TCCSG) ALL treatment protocols between 1995 and
2006. We focused particularly on children aged
15-18 years (older-adolescents).

Patients and methods
Patients

A total of 1,755 newly diagnosed ALL patients aged
1-18 years were enrolled in the TCCSG ALL trials L.95-14
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[22] (from 1995 to 1999, n = 597), L99-15/1502 [23-25]
(from 1999 to 2004, n = 754/254), and 1.04-16 (from 2004
to 2006, n = 150). All protocols were approved by the
institutional review board or equivalent committee at each
participating institution. Thirty patients were excluded
from this study due to insufficient data related to age. Of
the remaining 1725 patients, 373 were aged 10 years or
older. The median follow-up period for the 373 patients
was 8.8 years.

Risk classification

The risk classification system used in these studies was
based on age, leukocyte count at diagnosis, and immuno-
phenotype [22-24]. Risk classification regarding patients
10 years or older is described below. In study 1.95-14 [22],
all patients 10 years of age or older were assigned to a
high-risk (HR) group. The indication for allogeneic
hematopoietic stem-cell transplantation (HSCT) was a
leukocyte count at diagnosis >150000 cells/pl, Phl, or
presence of the MLL translocation. Autologous peripheral
blood stem-cell transplantation was permitted if an allo-
geneic HLA-matched donor was unavailable. All HR
patients received 18 Gy of cranial irradiation.

In the 1.99-15/1502 [23-25] and L04-16 studies, upon
diagnosis, patients were tentatively assigned to standard
risk (SR), intermediate risk (IR), or HR groups. Patients
aged 10 years or older with a leucocyte count of <50000 or
>50000 cells/pl at diagnosis were assigned to IR or HR
groups, respectively. For patients with non-T-cell ALL,
initial IR patients with prednisolone poor response (PPR
>1000 blasts/ul in peripheral blood on day 8) were
reclassified into the HR group. For T-cell ALL, patients
with a very good prednisolone response (VGPR, no blasts
in peripheral blood on day §) were assigned to the IR group
and the other patients were assigned to the HR group.
Patients with the cytogenetics of Phl or 11923 were
assigned to the HR group (Supplementary Figure 1). The
indication for allogeneic HSCT was initial HR and PPR of
non-T ALL, PPR of T-ALL, Phl, MLL translocation, and
failure to enter remission at the end of induction.

Therapies employed in the L95-14, 1L.99-15/1502,
and 04-16 studies

The chemotherapy schedule is shown in Supplementary
Figure 2 and Tables 1-4. Previous reports provide the
details of the treatment regimens of L.95-14 [22] and L99-
15 [23-25]. From July 2003, the treatment schedule for the
HR group of the L99-15 study was amended to that of the
1.99-1502 study. Berlin—Frankfurt-Miinster (BEM)-type
block consolidations were administered after induction
chemotherapy corresponding to that of the L99-15 study.
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HR1’, HR2', and HR3’ consolidations of BFM-ALL935 [26]
were repeated twice, followed by reinduction and mainte-
nance therapy. Identical chemotherapy treatment schedules
were employed by the 1.04-16 and 1.99-1502 studies.
Patients with leukocyte counts 100000 cells/pl or more
received cranial irradiation for prophylaxis with 18 Gy
(L95-14 and 1.99-15/1502) or 12 Gy (L04-16).

Statistical analysis

Fisher’s exact test was used to compare differences in the
distribution of clinical features among each age group. The
duration of event-free survival (EFS) was defined as the
time from the initiation of therapy to either treatment
failure (relapse, death, or the diagnosis of secondary can-
cer) or the final day of observation that confirmed the
patient was alive. Overall survival (OS) was defined as the
time from the initiation of therapy to death from any cause
or the time of the last follow-up. The probabilities of EFS
and OS were estimated using Kaplan—-Meier analysis, and
the statistical significance of differences was evaluated
using the log-rank test.

Cumulative incidences of relapse were estimated taking
into account the competing events of death without relapse
and development of a secondary malignancy. To determine

the cumulative incidence of non-relapse mortality (NRM),
relapse and development of secondary malignancy were
considered as competing risk factors. Gray’s test was used
to assess the statistical significance of age on the cumula-
tive incidences.

Multivariate analysis was performed using the Cox
proportional hazard regression model, and the variables
considered were patient age groups (younger-adolescents
10-14 years, or older-adolescents 15-18 years), treatment
protocols, immunophenotype (T or non-T), initial leuko-
cyte count, and peripheral blast count on day 8. All sta-
tistical analyses were performed using the R software
2.13.0 (The R Foundation for Statistical Computing,
Vienna, Austria). A 2-sided p value <0.05 was considered
statistically significant.

Results

Clinical features of adolescent ALL

Patient characteristics are summarized in Table 1. Com-
pared with patients aged <10 years, older children

showed male predominance, high leukocyte count at
diagnosis, and increased T-cell phenotype. The frequency

Table 1 Clinical characteristics

; Characteristics <10 years 10-14 years 15-18 years p value
according to age groups
Total (n) 1352 332 41
Study (n) 0.66
L95-14 461 122 14
1.99-15/1502 777 187 22
L04-16 114 23 5
Gender n (%) 0.01
Male 736 (54.6) 206 (62.4) 28 (68.3)
Female 612 (45.4) 124 (37.6) 13 31.7)
WBC at diagnosis n (%) 0.01
<50000 cells/pl 885 (65.7) 202 (60.8) 22 (53.7)
WBC white blood cell, CNS 50000-100000 cells/pl 321 (23.8) 76 (22.9) 10 (24.4)
central nervous system, PGR >100000 cells/pl 141 (10.5) 54 (16.3) 9 (22.0)
prednisologe good responder, Immunophenotype n (%) <0.001
PPR prednisolone poor
responder Non-T 1235 (92.1) 260 (78.8) 32 (78.0)
# CNS status was evaluated at T 106 (7.9) 70 (21.2) 9 (22.0)
day 8 [23] CNS status® n (%) 0.04
P Cytogenetic data were not CNS-1 1318 (97.9) 324 (97.6) 37 (90.2)
available for 138 patients‘ CNS-2 15 (1.1) 5(1.5) 3(73)
;igjit;fi?f;jigﬁffms CNS-3 13 (1.0) 3(09) 1(24)
patients of 15-18 years of age Cytogenetics” n (%) 1214 310 37
¢ High hyperdiploid was High hyperdiploid® 255 (21.0) 25 (8.1) 2(54) <0.001
cytogenetically defined as 51 or BCR-ABLI 28 (2.3) 14 (4.5) 127D 0.02
more modal chromosome TCF3-PBXI 46 (3.8) 25 (8.1) 3(8.1) <0.001

number
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Table 2 Treatment outcome

Characteristics <10 years 10-14 years 15-18 years p*
Patients (n) 1352 332 41
PB blast on day 8 n (%) 0.88
No blasts 597 (44.2) 137 (41.3) 16 (39.0)
[~1000 blasts/pl 619 (45.8) 146 (44.0) 18 (43.9)
>1000 blasts/ul 129 (9.5) 49 (14.8) 7170
Missing data 7(0.5) 0(0.0) 0 (0.0)
CR at end of induction n (%) 1275 (94.3) 308 (92.7) 38 (92.7) 1.0
HSCT in the first CR n (%) 120 (8.9) 60 (18.1) 133317 0.06
Allogeneic HSCT (n) 97 48 11
Autologous PBSCT (n) 19 12 2
Missing data 4 0 0
Relapse n (%) 264 (19.5) 93 (29.8) 9 (24.3) 0.59
Median period from diagnosis to relapse, days 688 409 348 0.83
Site of relapse n (%) 0.37
Isolated BM 180 (68.2) 67 (79.8) 8 (88.9)
Combined BM 26 (9.8) 5(6.0) (LD
Isolated extramedullary 47 (17.8) 12 (14.3) 0 (0.0)
) Missing data 11 (4.2) 0 (0.0 0(0.0)
f fm‘ﬁg‘t‘f}"fggii’sli‘:)?“f‘ ]_fgkc,f Death n (%) 181 (134) 87 (26.2) 11 (26.8) 0.86
hematopoictic stem-cell Remission status at death n (%) 0.40
transplantation, BM bone Death after relapse 135 (74.6) 72 (82.8) 8 (72.7)
marrow Death in the first CR 46 (25.4) 15 (17.2) 3 (27.3)
* p value for 10~14 and Second malignancy n (%) 18 (1.3) 4(12) 1 24) 0.44

15-18 years

of high hyperdiploidy was lower in patients aged 10 years
or older, whereas the presence of the TCF3-PBXI
translocation was more frequent. However, most of the
characteristics of patients aged 10 years or older were not
statistically different between the younger-adolescents
(10~14 years) and the older-adolescents (15-18 years).
Median  of initial leukocyte count was 11000
(500-874000) in the younger-adolescents and 15300
(600-416500) in the older-adolescents. Immunophenotype
distribution was similar between the two groups, and
21.2 % of younger-adolescents and 22.0 % of older-ado-
lescents were T-cell ALL, respectively. Incidence of
central nervous system (CNS) invasion at diagnosis
(CNS-2 and 3) in the older-adolescents was nearly 10 %
and higher than that in the younger-adolescents (2.4 %),
with statistical significance (p = 0.03).

Outcomes of adolescent ALL

The treatment outcomes are shown in Table 2. Early
response to treatment, the number of day 8 blasts in
peripheral blood, and induction rate were similar between
the younger-adolescents and the older-adolescents. HSCT
at the first CR (CR1) was performed for 60 (18.1 %) of 332
(including 48 allogeneic HSCTs) younger-adolescents and

for 13 (31.7 %) of 41 (including 11 allogeneic HSCT)
older-adolescents (p = 0.06), while only 120 (8.9 %) of
1352 patients younger than 10 years underwent HSCT at
CR1.

The probability of EFS of the 373 patients aged
10-18 years was 06.5 4= 2.5 %. Although the EFS of
adolescents was worse than that of <10 years patients
(76.5 &= 1.2 %), the EFS was similar in younger-adoles-
cents (664 4 2.6 %) and older-adolescents (67.5 +
74 %) (p = 0.96) (Fig. 1a). There was no statistical dif-
ference between the probabilities of OS at 8 years, which
was 74.2 & 2.4 % for younger-adolescents and 70.7 4
7.1 % for older-adolescents (p = 0.46) (Fig. 1b).

No significant difference in EFS was observed between
the two age groups: 1.95-14 cohort (68.1 £ 4.3 % for
younger-adolescents and 76.9 £ 11.7 % for older-adoles-
cents, p = 0.51), L99-15 cohort (68.7 + 3.8 % for
younger-adolescents and 63.2 &= 11.1 % for older-adoles-
cents, p = 0.47), and 1.99-1502 and 1L.04-16 (57.7 £ 6.6 %
for younger-adolescents and 62.5 £ 17.1 % for older-
adolescents, p = 0.73).

The cumulative incidence of relapse at 8§ years was
292 £ 2.5 % for patients aged 10-14 years and
25.0 7.0 % for those aged 15-18 years (p = 0.45)
(Fig. 2a). The distribution of relapse sites was not
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Fig. 1 Analysis of survival probability of patients aged 10 years or older. Estimated probability curves of a event-free survival and b overall

survival are shown according to age groups
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Fig. 2 Relapse and non-relapse mortality incidences of patients aged 10 years or older. Cumulative incidence curves of a relapse and b non-

relapse mortality (NRM) are shown according to age groups

statistically associated with these two age groups, although
CNS invasion at diagnosis was more frequently observed in
the older age group. There was no isolated extramedullary
relapse in older-adolescents, and only one patients with
CNS-1 at initial evaluation suffered combined bone mar-
row and CNS relapse. Thus, the cumulative incidence of
CNS-related relapse of older-adolescents was as low as
2.5 £ 25 % at 8 years after diagnosis. In the younger-
adolescents, 7 (7.5 %) of 93 relapses were CNS-related,
which resulted in the cumulative incidence of 2.1 4+ 0.8 %
at 8 years.

The difference in the cumulative incidence of NRM at
8 years was also not statistically significant (4.6 &+ 1.2 %
for the younger-adolescents and 7.5 £ 4.2 % for the
older-adolescents, p = 0.15). Although 11 patients who
were aged <10 years died during induction therapy, death
during induction therapy was observed in only one of
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younger-adolescents, and no older-adolescent died during
induction therapy. Severe toxicity which resulted in dis-
continuation of protocol therapy occurred in 4 (1.2 %) of
younger-adolescents (including 2 pancreatitis) and 1
(2.4 %) of older-adolescent (due to pancreatitis), whereas
13 (1.2 %) of patients who were aged <10 years could
not continue because of toxicity (1 allergy and no
pancreatitis).

In the younger-adolescents, 48 patients received allo-
geneic HSCT during the first CR, and 14 relapses and 5
NRM were observed, which resulted in EFS of
62.4 £ 7.0 %, whereas 3 relapses and no NRM after HSCT
were observed in 11 older-adolescents who undertook
allogeneic HSCT during the first CR, and EFS at 8 years of
these patients was 70.0 £ 14.5 %.

Secondary neoplasms occurred in 4 patients (2 acute
myeloblastic leukemia, 1 myelodysplastic syndrome, and
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1 tongue carcinoma) among younger-adolescents and |
patient (breast cancer) among older-adolescents.

Multivariate analysis of EFS did not reveal a statistically
significant difference between the younger-adolescents and
the older-adolescents (Table 3). Early response to treat-
ment was a significant prognostic factor (hazard ratio for
event was 1.81, p = 0.02). There was a high probability
(86.7 £ 8.8 %) at 8 years of EFS for patients with VGPR
in patients aged 15-18 years (n = 16).

Table 3 Multivariate analysis of the risk factors for event-free sur-
vival in patients aged 10 years or older

Characteristics Hazard ratio (95 % CI) p value
Patient age

10-14 years 1

15-18 years 0.92 (0.53-1.61) 0.77
Treatment

1.95-14 1

1.99-15 0.95 (0.63-1.43) 0.80

L99-1502/L04-16 1.30 (0.79-2.14) 0.30
WBC at diagnosis

<100000 cells/pl i

=100000 cells/pl 1.25 (0.76-2.04) 0.38
Immunophenotype

Non-T 1

T 1.04 (0.96-1.65) 0.85
PB blast on day 8

<1000 cells/ul 1

=>1000 cells/ul 1.81 (1.12-2.93) 0.015

WBC white blood cell, PB peripheral blood, CI cumulative incidence

Discussion

Several studies showed that pediatric-type intensive che-
motherapy improves the prognosis of adolescents with
ALL, but the outcome of adolescent aged 15 years or older
is still not satisfactory [8]. However, there is no consensus
on an optimum treatment strategy for these patients
because of insufficient data. Therefore, accumulating
clinical features is important to resolve this issue. The
retrospective analysis of three consecutive TCCSG trials
presented in this study demonstrates that long-term out-
comes for children aged 15-18 years were comparable
with those aged 10-14 years.

Older children with ALL generally exhibit high-risk
factors such as high leukocyte count and T-cell phenotype.
In this study, we show that patients aged 10 years or older
had a higher frequency of the TCF3-PBXI fusion in our
cohort and that the frequency was not significantly differ-
ent between younger-adolescents and older-adolescents.

Consistent with the outcomes of adolescent patients with
ALL treated according to Dana-Farber Cancer Institute
(DECI) ALL Consortium Protocols [10], the EFS proba-
bility curves in TCCSG trials were superimposable for
patients aged 10-14 and 15-18 years in our cohort and
were reproducible for each treatment protocol. One of the
distinctive features of DFCI treatment regimens is the use
of  intensive asparaginase (total doses of
525000750000 U/m?) and anthracycline (60-360 mg/m?).
Although asparaginase is one of the most important agents
for the treatment of ALL, adolescent patients have
increased rates of asparaginase-related toxicity such as
pancreatitis and thrombosis [18, 19, 27]. In contrast, a
significant feature of our treatment regimen was intensified

Table 4 Cumulative doses of chemotherapy during induction and consolidation therapy

CALGB 8811 LALA 94 CCG 1882 FRALLE 93 DFCI 9101/0501 TCCSG L95-14/1.99-
15/1502
PSL (mg/m?) 1260 840 1680 2540 1240-7240 2100-3480
DEX (mg/m?) 140 320 210 140 0-900 84-740
VCR (mg/m?) 22 (mg) 11.2 (mg) 19.5-37.5 10.5° 26 10.5-22.5
L-ASP (U/m®) 84000 90000 90000-348000 132000 525000-750000  84000-244000
Anthracyclines” 202 396 86-158 249 60-360 155-243
(mg/m?)
CPA (mg/m?) 4200 12500 3000-4000 0 0 24004600
Age 16-20 years 15-20 years 16-20 years 15-20 years 15-18 years 15-18 years (n = 41)
(n = 124) (n = 100) (n=197) (n="177) (n =151
EFS 34 9% at 7 years 41 % at 5 years 63 % at 7 years 67 % at 5 years 78 % at 5 years  67.5 % at § years
oS 46 % at 7 years 45 % at 5 years 68 % at 7 years 78 % at 5 years 81 % at 5 years  70.7 % at 8 years

Chemotherapy during maintenance is not included

* Anthracycline was calculated as adriamycin equivalent

" Eighteen and 12 mg/m? of vindesine (VDS) were scheduled in the FRALLE93 and the TCCSGL04-16, respectively
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induction, including cyclophosphamide and block consol-
idation, with a relatively decreased total dose of asparagi-
nase (84000-244000 U/m?) and anthracycline
(155-243 mg/m? of adriamycin equivalent) compared with
the DFCI treatment regimen. Summary of total dose of
chemotherapeutic agent and outcome of adolescent ALL is
listed in Table 4 [10, 15, 16]. Our results demonstrate that
TCCSG treatment regimens, which contained moderate
doses of asparaginase and anthracycline, achieved com-
parable outcome for adolescents aged 15-18 years.

Of note, approximately 30 % of our older patients
received HSCT during their first remission. Although a
previous report suggests an advantage of allogeneic HSCT
during the first remission in young adults [28, 29], pedi-
atric-type chemotherapy can minimize the indication for
allogeneic HSCT in adolescents [19, 30] to avoid acute and
late complications. Our analysis showed that early response
to treatment was a strong prognostic predictor in adoles-
cents and the outcomes were excellent for patients with
very good responses. Therefore, determining minimal
residual disease kinetics [31] may be useful for developing
a more refined stratification strategy, including limited
indication for allogeneic HSCT.

According to the TCCSG registration data, only 41
(2.4 %) of 1,725 patients were aged 15-18 years. A popu-
lation-based analysis from the Austrian study group inclu-
ded 6 % of 15 years or older ALL patients among 18 years
or younger [11], and children’s Oncology Group showed
that their clinical trials included 7 % of 15 years or older
among younger than 22-year-old ALL patients [8]. In most
countries, the percentage of adolescents who enter clinical
studies is lower compared with that of younger children
[32-35]. Therefore, to clarify comprehensive clinical
characteristics of adolescents with ALL, enrollment in
clinical studies is essential. Collaboration between pediatric
and adult study groups is required to obtain a comprehen-
sive understanding of the characteristics of adolescents and
young adults with ALL. More attention should be paid to
young adults that are older than 18 years. A prospective
collaborative trial is in progress in Japan [36].

Adverse events are generally more problematic in older
patients, such as osteonecrosis, thrombotic events, and infec-
tion [10, 19]. It is very important to assess how these adverse
events affect the quality of life by conducting prospective
studies to avoid poor medical compliance of older children.

In conclusion, we suggest that the clinical characteristics
and treatment outcomes of adolescents aged 15-18 years
are similar to those of children aged 10-14 years. There-
fore, our treatment backbone, intensive induction, and
block-type consolidation can be adopted for adolescents,
although further prospective studies and biological inves-
tigations are required for treatment optimization, including
a minimized indication for administering allogeneic HSCT.
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Prognostic impact of gained chromosomes in high-
hyperdiploid childhood acute lymphoblastic leukaemia:

a collaborative retrospective study of the Tokyo Children’s
Cancer Study Group and Japan Association of Childhood

Leukaemia Study

Although the prognosis of high-hyperdiploid (HHD) acute
lymphoblastic leukaemia (ALL) is excellent, relapse occurs in
10-15% of cases (Look et al, 1985). A gained chromosome is
commonly found (Heerema et al, 2000; Kawamata et al,
2008), and previous studies reported a correlation between
other chromosome combinations and outcomes. The Pediat-
ric Oncology Group (POG) and Children’s Oncology Group
(COG) demonstrated that the combined gain of chromo-
somes 4, 10 and 17 (termed as triple trisomy) was associated
with a better prognosis (Sutcliffe er al, 2005), and POG data
suggested that +4 and +10 (termed as double trisomy)
patients had a very low risk of relapse (Harris et al, 1992).

In this study, we performed a retrospective analysis with
the Tokyo Children’s Cancer Study Group (TCCSG) cohort
as a test set to investigate the relationship between a combi-
nation of specific chromosome gains and disease outcomes,
and used patients included in the Japan Association of Child-
hood Leukaemia Study (JACLS) as a validation set.

Paediatric ALL patients (aged 1-18 years old) enrolled in
the TCCSG 195-14 (Igarashi et al, 2005) (n = 597, 1995-99),
199-15 (Manabe et al, 2008; Hasegawa et al, 2012; Kato et al,
2014) (n = 770, 1999-2003), and JACLS ALL97 (Suzuki et al,
2010) (n = 674, 1997-2002) trials were analysed. Based on

cytogenetic data obtained with the G-banding test, HHD was
defined as a modal chromosome number of 51 or more
(Heerema et al, 2000), and 186 and 75 HHD patients were
analysed from the TCCSG and JACLS cohorts, respectively.

Associations between the gained chromosome pattern and
outcomes were investigated with all two combinations of
each chromosome in the TCCSG cohort. Combinations with
a small number of patients (<25% of all patients, i.e. 47
patients) were excluded. Fifteen combinations were found to
have a significant impact on outcome; the association of
these combinations and outcomes in the JACLS cohort was
analysed for validation (Table SI and Figure S1).

Event-free survival (EFS) was calculated using Kaplan—
Meier estimates, and the log-rank test was used to detect
significant differences. Multivariate analysis was performed
using the Cox proportional hazard regression model. All sta-
tistical analyses were performed with the statistical software »
(version 2.13.0; The R Foundation for Statistical Computing,
Vienna, Austria). A two-sided P-level of <0-05 was consid-
ered significant for all analyses.

The characteristics of the paediatric patients with HHD
ALL are shown in Table 1. The median follow-up period was
2160 d in the TCCSG cohorts. The 6-year EFS and overall

Table 1. Characteristics and outcomes of patients with high-hyperdiploidy acute lymphoblastic leukaemia.

Median age at

Median WBC at

n diagnosis, years (range) P diagnosis, x10°/1 (range) P 6-year EFS p*
TCCSG cohort
All 186 4 (1-14) 5:8 (0-3-16-5) 797 £ 3-2%
+11 or +17
Yes 135 4 (1-14) 0-85 6-2 (0-3-16-5) 0-29 83-2 &+ 3:-5% 0-027
No 51 3 (1-12) 4.7 (0-8-46-4) 70-8 & 6:7%
JACLS cohort
All 75 3 (1-15) 5:6 (1-6-970) 866 & 4%
+11 or +17
Yes 56 3 (1-15) 0-63 5-3 (1-6-970) 0-52 911 + 3.8% 0-045
No 19 4 (1-9) 6-3 (1-9-60-1) 73-:0 + 10-4%

TCCSG, Tokyo Children’s Cancer Study Group; JACLS, Japan Association of Childhood Leukaemia study; WBC, white blood cell count.

*Log-rank test.
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Fig 1. Gained chromosomes in FIFHD-ALL and their prognostic impact. (A) Prequency of gained chromosomes in 186 HHD-ALL patients in the
TCCSG cohort. Event-free survival in the TCCSG and JACLS cohorts is shown. Concurrent absence of a gain of both chromosomes 11 and 17
was associated with poor outcome in the TCCSG cohort (B) and JACLS cohort (C). (D) Event-free survival of ALL patients with or without dou-

ble trisomy (+4 and +10) in the TCC

SG cohort. HHD, high-hyperdiploidy; ALL, acute lymphoblastic leukaemia; TCCSG, Tokyo Children’s Can-

cer Study Group; JACLS, Japan Association of Childhood Leukaemia study.

survival (0OS) for HHD patients in the TCCSG cohort was
797 £ 3-2% and 91-2 4 2:3% respectively, compared to
744 4+ 1-3% and 83-4 & 1:1%, respectively, for non-HDD
patients. The distribution of gained chromosomes in the
TCCSG cohort is shown in Fig 1A. In the JACLS cohort, the
median follow-up period was 2791 d, and the 6-year EFS
and OS was 866 £ 4-0% and 97-2 4= 2-0%, respectively.

The absence of +11 and +17 was associated with a poorer
outcome in the TCCSG cohort (Table I and Fig 1B). Fifty-one
of 186 (27-4%) patients with HHD-ALL and no extra copies of
these two chromosomes had a significantly poorer prognosis,
with a 6-year EFS of 70-8 &+ 6:7% compared to HHD patients
with either +11 or +17 (83-2 =+ 3-5%, P = 0-027). However,
no significant difference was observed in OS between the two
groups (835 £ 5:9% with no +11 and no +17, and
94-3 £ 2-1% with +11 or +17, P = 0-09). Mulitvariate analysis
failed to identify these chromosome gains as statistically signif-
icant due to small sample size (Table SII).

The correlation was concordant with that found in the
JACLS cohort. Nineteen of 75 (25-3%) HHD patients had
neither +11 nor +17, and EFS was inferior to that of
patients with +11 or +17 (73-0 & 10-4% and 91-1 % 3-8%,
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P = 0-045) (Fig 1C). No significant difference was observed
in age, leucocyte count at diagnosis, or gender between the
two groups (Table I).

In contrast to the findings of previous studies by the POG
and COG (Harris et al, 1992; Sutcliffe et al, 2005), double/tri-
ple trisomy was not correlated with outcome in our cohort. In
the TCCSG cohort, 105 of 186 (56-5%) patients had both +4
and +10, and EFS at 6 years was 81-2 &+ 4-2%, whereas EFS of
81 patients without +4 or +10 was 77-8 + 4-8%, which was
not significantly different (P = 0-64) (Fig 1D).

Based on the finding that the gain of chromosomes is
non-random, it is assumed that the gain of specific chromo-
somes contributes to leukaemogenesis, while the gain of
other chromosomes is a “passenger” event, which is a by-
product of leukaemic cell development.

This study showed an association between +11 and +17
and EFS probability in two independent patient cohorts, each
of which received different treatments. Data from the POG
and COG showed that +4, +10, and +17 was associated with
outcome (Heerema et al, 2000; Sutcliffe et al, 2005), and
another report on the Berlin-Frankfiirt-Munster study cohort
demonstrated that patients with neither +17 nor +18 had

© 2014 John Wiley & Sons Ltd
British Journal of Haematology, 2014, 166, 292-308



poor outcomes (Kawamata et al, 2008). Thus, the gain of
chromosome 17 may be the most important ‘driver’ abnor-
mality in HHD pathogenesis and provide a favourable
phenotype. However, it should be noted that no relapse was
observed in 21 patients with +11 and +17 of the TCCSG
cohort, which suggests that +11 is still associated with better
prognosis even in patients with +17.

Some of our findings were inconsistent with those of pre-
vious studies. This suggests that the association between the
gained chromosome combination and outcome may be influ-
enced by the treatment regimen or ethnicity because most of
the enrolled patients in the present study were Asian. The
significance of the gain of specific chromosomes in HHD
ALL on prognosis should be considered carefully.
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Could a citrus keep the haematologist away?

Anaemia has long been recognized as one of the most impor-
tant prognostic factors in chronic lymphocytic leukaemia
(CLL) (Binet et al, 1981). Many mechanisms can cause anae-
mia in CLL including bone marrow infiltration, auto-immu-
nity, cytotoxic therapy, hypersplenism, inflammation, iron
deficiency and poor nutritional status (Mauro ef al, 2002).
Among nutritional causes of anaemia, vitamin B9 and vita-
min B12 deficiencies are often sought, whereas vitamin C
deficiency (hypovitaminosis C) is underestimated (Fain,
2004). Vitamin C, also known as ascorbic acid (AA), is one
of the four main antioxidants (AA, vitamin E, selenium and
B-carotene) available in human alimentation (Fain, 2004).
The pathophysiology of CLL may involve oxidative stress
(Sarmento-Ribeiro ef al, 2012). Because of its role in pre-
venting anaemia and its ability to degrade free radicals and
oxidants, we hypothesized that hypovitaminosis C level could
be associated with Binet stage C. Herein, we report a single-
centre study comparing the blood level of vitamin C in
patients with Binet stage A and Binet stage C CLL.

Between June 2012 and November 2012, we performed a
prospective exploratory study of the vitamin C plasma level
in patients followed for CLL at the Department of Hema-
tology of University Hospital of Tours. In order to com-
pare vitamin C plasma level between low and high burden
of disease, we randomly selected 40 patients with Binet
stage A CLL and 40 patients with Binet stage C CLL (Binet
et al, 1981). The only exclusion criterion was ongoing vita-
min C supplementation. The following baseline demograph-
ical and clinical data were recorded for all of the study
patients: age, sex, weight, size, performance status and date
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of CLL diagnosis. The following blood tests were performed
in patients who provided an informed consent: complete
blood cell count, reticulocytes, aspartate aminotransferase,
serum creatinine level, thyroid-stimulating hormone (TSH),
C-reactive protein (CRP), serum iron level, transferrin satu-
ration, ferritin, albumin, folic acid, vitamin B12 and vita-
min C serum levels. To protect AA from light and air
alteration, blood samples were collected in tubes encased in
foil. Results are expressed as mean and confidence intervals.
Wilcoxon’s test was used to test the comparisons between
the two groups. A P value of less than 0-05 was considered
significant.

Baseline data and biological test results of the patients are
presented in Table I. Stage C patients had lower haemoglo-
bin level than stage A patients (107 g/l, vs. 134 g/l,
respectively, P < 0-00005). Anaemia was mostly normocytic,
normochromic and hyporegenerative. Platelet count was also
lower in stage C patients than in stage A patients
(111 x 10°/1, vs. 200 x 10°/l, respectively, P < 0-00005).
Thyroid, liver and renal functions, as well as vitamin B9 and
serum iron levels, were normal in both groups. CRP and fer-
ritin levels were significantly higher in patients with Stage C
(10-0 mg/l, vs. 3-0 mg/l, and 431 pg/l, vs. 117 pg/l, respec-
tively, P < 0-05 for both comparisons). There was no statisti-
cal difference in Vitamin B12 level between the two groups.
Vitamin C level was significantly higher in stage A patients
than in stage C patients (58-7 pmol/l, vs. 37-7 pmol/l,
P < 0-00005). In total, 22 CLL patients (27-5%) had hypovi-
taminosis C including three stage A patients (7-5%) and 19
stage C patients (47-5%).

© 2014 John Wiley & Sons Lid
British Journal of Haematology, 2014, 166, 292-308
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Recurrent CDC25C mutations drive malignant
transformation in FPD/AML

Akihide Yoshimi'*, Takashi Toya"*, Masahito Kawazu?, Toshihide Ueno3, Ayato Tsukamoto!, Hiromitsu lizuka',
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Familial platelet disorder (FPD) with predisposition to acute myelogenous leukaemia (AML)
is characterized by platelet defects with a propensity for the development of haematological
malignancies. Its molecular pathogenesis is poorly understood, except for the role of germline
RUNXT mutations. Here we show that CDC25C mutations are frequently found in FPD/AML
patients (53%). Mutated CDC25C disrupts the G2/M checkpoint and promotes cell cycle
progression even in the presence of DNA damage, suggesting a critical role for CDC25C in
malignant transformation in FPD/AML. The predicted hierarchical architecture shows that
CDC25C mutations define a founding pre-leukaemic clone, followed by stepwise acquisition of
subclonal mutations that contribute to leukaemia progression. In three of seven individuals
with CDC25C mutations, GATAZ is the target of subsequent mutation. Thus, CDC25C is a novel
gene target identified in haematological malignancies. CDC25C is also useful as a clinical
biomarker that predicts progression of FPD/AML in the early stage.
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amilial platelet disorder (FPD)/acute myelogenous leukae-
mia (AML) (MIM601399) is an autosomal dominant
o disorder with inherited thrombocytopenia, abnormal plate-
let function and a lifelong risk of the development of a variety of
haematological malignancies’, such as AML, myelodysplastic
syndromes (MDS) and myeloproliferative neoplasms. Although
inherited RUNXI mutations are the cause of the congenital
thrombocytopenia, it remains unclear whether a mutation in
RUNX1, which is generally known to have a dominant-negative
effect?4, is sufficient to induce the development of haemato-
logical malignancies in individuals with FPD/AML. It is also not
known whether additional gene mutations are required for the
transformation, and, if so, which genes are involved. Given that
only 40% of FPD/AML patients develop these neoplasms® and
that a relatively long period is required for subsequent RUNXI
mutation-mediated development of neoplasms in FPD/AML, the
secondary genetic events may function as a driver to promote
malignant transformation. We reasoned that identifying gene
mutations responsible for the malignant transformation of FPD/
AML would provide indispensable information for addressing
these questions. However, only about 30 pedigrees with FPD/
AML have been reported so far, and the rarity of this disorder has
impeded the establishment of clinical diagnostic criteria and the
clinical improvement to refine cancer therapy and to identify
biomarkers that would allow detection of patients at risk for the
onset of malignancies in FPD/AML.

We collected DNA samples and clinical information of 73
individuals, belonging to 57 pedigrees, who have a history of
familial thrombocytopenia and/or haematological malignancies,
with the aim of identifying pedigrees with FPD/AML and
uncovering recurrent mutations that drive the malignant
transformation. Next-generation sequencing and single-cell
sequencing strategy suggest that somatic mutation in CDC25C
may be one of the early genetic events for leukaemic initiation in
FPD/AML, and further stepwise acquisition of mutations such as
GATA2 leads to FPD/AML-associated leukaemic progression.
These observations shed light on a part of leukemogenesis in
FPD/AML.

Results

A novel gene target in haematological disorders. Thirteen
patients in 7 pedigrees were diagnosed as having FPD/AML after
screening for germline RUNXI mutations in 73 index patients; 7
of the 13 patients had developed haematological malignancies,
while the other 6 only showed thrombocytopenia (Table 1).

Most of the detected RUNXI mutations were point mutation
in Runt homology domain or frame-shift mutation that lost
transactivation domain, consistent with the previous reports®%,
As haploinsufficiency of RUNXI might cause familial
thrombocytopenia with propensity to develop AML!, we also
examined whether the pedigrees have RUNXI loss of
heterozygosity (LOH) or not. A synchronized quantitative-PCR
method® and single-nucleotide polymorphism (SNP) sequencing
detected no case with LOH in RUNXI in our cohort
(Supplementary Fig. 1 and detailed in Methods). To
systematically identify additional genetic alterations, we utilized
whole-exome sequencing for two individuals from the same FPD/
AML pedigree who shared a common RUNXI_p.Phe303fs
mutation and who had developed MDS (subject 20) or
myelofibrosis (subject 21) at the age of 37 and 17 years,
respectively. In both these patients, the disease had progressed
to AML’. Validation by Sanger sequencing and/or targeted deep
sequencing of candidate mutations in paired tumour/normal
DNA samples confirmed 10 (subject 20) and 8 (subject 21)
somatically acquired nonsynonymous mutations (Table 2;
Supplementary Figs 2-4; Supplementary Methods). Surprisingly,
both patients carried the identical somatic CDC25C mutation
(p.Asp234Gly), which had not been reported previously in
human cancers (Fig. 1ab). Prompted by this finding, we
investigated CDC25C mutations in other FPD/AML cases by
deep sequencing. In total, four of seven affected patients with
haematological malignancies had CDC25C mutations, of which
three carried the same p.Asp234Gly mutation. Moreover,
CDC25C mutations were detected in an additional three FPD/
AML patients who had not yet developed haematological
malignancies, although the variant allele fractions (VAFs) were
much lower in this group of patients than in those who had
already developed haematological malignancies (Fig. 1c; Table 1).
Thus, 7 of the 13 FPD/AML patients (53%) harboured a CDC25C
mutation. CDC25C was also screened for mutations in 90
sporadic MDS and 53 AML patients, including 13 MDS and 3
AML cases who carried RUNXI mutations. No CDC25C
mutations were identified in the 90 sporadic cases, except for
the p.Ala344Val in an MDS patient bearing a RUNXI mutation,
indicating that CDC25C mutations were significantly associated
with germline, but not with somatic RUNXI mutations
(P=0.004; Supplementary Fig. 5; Supplementary Table 1).

Clonal evolution of FPD/AML. Deep sequencing of individual
mutations that had been detected by whole-exome sequencing

Table 1| Mutational status of CDC25C in FPD/AML patients.
Pedigree number Subject number RUNX1 mutation Disease status Age, years* CDC25C mutation VAF (%)
18 20 p.Phe303fs MDS/AML 37/38 p.Asp234Gly 317/45.8
21 MFE/AML 17/18 p.Asp234Gly 31.1/39.0
19 22 p.Argl74* AML 41 p.His437Asn 39.7
54 65 p.Ser140Asn MDS 25 — —
66 AML 56 p.Asp234Gly 24.2
32 38 p.Leud445Pro HCL 72 — —
16 18 p.Thr233fs Thrombocytopenia — p.Asp234Gly 59
53 62 p.Gly262fs MDS 12 — —
63 Thrombocytopenia — — -
67 Thrombocytopenia — — —
57 71 p.Gly172Glu Pancytopenia® — p.Asp234Gly 83
72 Thrombocytopenia — — —
73 Thrombocytopenia — p.Lys233Glu 1.8
AML, acute myeloid leukemia; FPD, familial platelet disorder; HCL, hairy cell leukemia; MDS, myelodysplastic syndrome; MF, myelofibrosis; VAF, variant allele fraction.
*Age at the time of diagnosis of each haematological malignancy is shown.
FThrombocytopenia, leukopenia and iron-deficiency anemia were diagnosed.
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Gene symbol Ref seq_no. Amino-acid  Position (hg19) Base change Mutation type SIFT prediction VAF at VAF
change MDS/MF (%) at AML (%)
Subject 20
AGAP4 NM_133446 p.Arg484Cys g.chr10:46321905 C->T Missense Damaging 13.2 1.5
CDC25C NM_001790 p.Asp234Gly g.chr5:137627720 A->G Missense Damaging 317 458
CHEK2 NM_007194 p.Argd06His g.chr22:29091740 G->A Missense Tolerated 14.6 11
COL9A1 NM_001851 p.Gly878Val  g.chr6:70926733 G->T Missense Damaging 9.6 26.4
DTX2 NM_001102594 p.Pro74Arg  g.chr7:76110047 C->G Missense Damaging 183 1.2
FAM22G NM_001170741  p.Ser508Thr  g.chr9:99700727 T->A Missense Tolerated 10.2 27.6
GATA2 NM_001145661 p.leu321His  g.chr3:128202758 T->A Missense Damaging 0.0 281
LPP NM_001167671  p.Val538Met g.chr3:188590453 G->A Missense Damaging 9.7 28.8
RPILT NM_178857 p.Ser215fs g.chr8:10480295 insC Frameshift Damaging 14.2 12.7
SIGLEC9 NM_014441 p.Ser437Gly  g.chr19:51633253 A->G Missense Tolerated 27.4 425
Subject 21
ANXA8LT ~ NM_001098845 p.Val281Ala  g.chr10:48268018 T->C Missense Damaging 30.8 36.8
CDC25C NM_001790 p.Asp234Gly g.chr5:137627720 A->G Missense Damaging 311 39.1
DENND5A  NM_001243254 p.Arg320Ser g.chr11:9215218 A->C Missense Damaging 295 373
FER NM_005246 p.Tyr634Cys  g.chr5:108382876 A->G Missense Damaging 14 30.4
FNDC1 NM_032532 p.Argl89Cys  g.chr6:159636081 C->T Missense Damaging 293 35.9
OR8U1 NM_001005204 p.Asn175lle  g.chr11:56143623 A->T Missense Damaging 30.0 341
PIDD NM_145886 p.Arg342Cys g.chr11:802347 C->T Missense Damaging 33 283
ZNF614 NM_025040 p.Glu202Gly  g.chr19:52520246 A->G Missense Damaging 28.7 337
AML, acute myeloid leukemia; MDS, myelodysplastic syndrome; MF, myelofibrosis; SIFT, sorting intolerant from tolerant; VAF, variant allele fraction.

allowed accurate determination of their VAFs; on this basis, we
could establish an inferred model of clonal evolution in terms
of individual mutations in subjects 20 and 21 .(Fig. 2a,b;

Supplementary Fig. 6a,b). Intratumoral heterogeneity was evident -

at both MDS and AML phases in subject 20. According to the
predicted model, a founding clone with a CDC25C mutation
acquired additional mutations in COL9A1, FAM22G and LPP
(group A), followed by the emergence of a GATA2 mutation
(group B), which was associated with leukaemic transformation,
whereas the size of another subclone, defined by mutations in
CHEK?2 and three other genes (group C), was unchanged. To
validate this hierarchical model, single-cell genomic sequencing
was performed using genomic DNA of 63 bone marrow cells
from subject 20 when the patient was in the AML phase.
Assuming that all cells harbour the RUNXI mutation, the false-
negative rate of the procedure reached 35%, possibly due to
biased allele amplification (Online Methods). However, this
technique successfully demonstrated that the group A/B and
group C mutations were mutually exclusive (Fig. 2¢
Supplementary Table 2). To statistically evaluate this possibility,
we assumed two hypotheses (Hy: the mutational status of genes in
group A/B and group C is independent; H;: mutations in group
A/B and group C are mutually exclusive) and calculated each
probability distribution (P;: probability that the current results as
shown in Fig. 2c were obtained under the hypothesis H;). Our
mutational profile data were achieved with a much higher like-
lihood under H; than H, (Supplementary Fig. 7 and detailed in
Supplementary Methods). Similarly, the clonal architecture for
subject 21 was portrayed in Fig. 2b and Supplementary Fig. 6b.
In both scenarios, CDC25C mutations seemed to represent a
founding mutation with the highest VAF, suggesting that
the CDC25C mutation contributed to the establishment of a
founding tumour population as an early genetic event,
whereas progression to AML seemed to be accompanied by
the appearance of additional mutations, indicating a multistep
process in leukemogenesis.

Along with the somatic mutations found in subjects 20 and 21,
a GATA2 mutation was also identified in subject 22 (Fig. 3a). This

NATURE COMPMUNICATIONS[5:4770 | DOL: 10.1038/ncomms5770 | www.nature.com/naturecommunications

patient developed AML with multilineage dysplasia, which led to
the diagnosis of AML — MRC (myelodysplasia-related changes).
Remission-induction therapies were only partially effective and
the blast cell count was reduced from 54 to 5.6%, while dysplastic
features persisted (Fig. 3b; Supplementary Fig. 8). Allogeneic stem
cell transplantation was successfully performed from a human
leukocyte antigen-matched unrelated donor and durable com-
plete remission, with 100% donor chimerism, was achieved.
During treatment, the VAF of the GATA2 mutation decreased
virtually in parallel with the blast cell percentage, while the VAF
of the CDC25C mutation hovered at a high level before
transplantation. Thus, we hypothesized that the GATA2 mutation
induced leukaemia progression in this patient, whereas the
CDC25C mutation was associated with the pre-leukaemic status.
Another GATA2 mutation (p.Leu359Val) was found in subject
18, with a VAF (0.94%), who showed only thrombocytopenia
without any signs of leukaemia progression and who had a small
subclone with a concurrent CDC25C mutation (Fig. 3c). Although
GATAZ2 mutations are detected in a small number of patients with
FPD/AML, the findings described above suggest that mutation
of GATA2 is a key factor promoting disease progression in
FPD/AML (Fig. 3d).

Biological consequences of CDC25C mutations. We next
investigated the possible impact of CDC25C mutation on clonal
selection and evolution. CDC25C is a phosphatase that prevents
premature mitosis in response to DNA damage at the G2/M
checkpoint, while it is constitutively phosphorylated at Ser216
throughout interphase by ¢-TAK1 (refs 8-10). When
phosphorylated at Ser216, CDC25C binds to 14-3-3 protein'l,
leading to sequestration of CDC25C to the cytoplasm and its
inactivation. Ba/F3 cells were transduced with retroviruses
encoding the wild-type or mutant CDC25C containing each
of the individual mutations (p.Asp234Gly, p.Ala344Val,
p-His437Asn and p.Ser216Ala), and assayed for the phospho-
rylation status, 14-3-3 protein-binding capacity and intracellular
localization of each of these proteins. The Ser216Ala mutant form
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Figure 1 | Mutation in CDC25C recurs in cases of FPD/AML. (a,b) Sanger
sequencing of CDC25C mutations found in whole-exome sequencing is
shown. Both forward and reverse traces were available for each mutation,
but only one trace is shown above. The results of buccal mucosa,
pre-leukaemic phase and leukaemic phase is demonstrated for subject 20
(a) and subject 21 (b), respectively. (¢) The distribution of alterations is
shown for the CDC25C protein. NES, a putative nuclear export signal
domain between amino acids 177-200; NLS, a putative nuclear localization
sequence domain consisting of amino acids 240-244.

of CDC25C, which lacks the phosphorylation site, was used as a
negative control. In all of the mutated forms of CDC25C, the
capacity for binding to c-TAK1 was reduced (Fig. 4a,b;
Supplementary Fig. 9a,b), resulting in decreased phosphory-
lation of CDC25C at Ser216 (Fig. 4c). Consequently, the mutant
proteins failed to bind 14-3-3 protein efficiently (Fig. 4d,e;
Supplementary Fig. 8c,d) and remained in the nucleus even
during interphase (Fig. 4f; Supplementary Figs 10 and 11). In
accordance with these observations, CDC25C mutants enhanced
mitotic entry, which was exaggerated by low-dose radiation-
induced DNA damage (Fig. 4gh; Supplementary Fig. 12;
Supplementary Methods). These results suggest that mutation
of CDC25C results in disruption of the DNA checkpoint
machinery. Next, we investigated why mutation of CDC25C is a
frequent genetic event in FPD/AML. It is known that RUNXI
mutations suppress DNA damage repair and subsequent cell cycle
arrest in hematopoietic cells by means of transcriptional
suppression of several genes that are involved in DNA
repair'?13, We confirmed that FPD/AML-associated RUNXI
mutations have similar effects, as we observed activation of the
G2/M checkpoint mechanism in the presence of RUNXI
mutations (Fig. 4i; Supplementary Fig. 13a,b). We found,
however, that introduction of mutations in CDC25C resulted
in enhanced mitosis entry, despite co-existence of RUNXI

mutations (Fig. 41). Therefore, we speculated that compromised
DNA damage checkpoint mechanisms caused by mutations in
CDC25C may contribute to malignant transformation, in concert
with increased genomic instability due to RUNXI mutations.

Discussion

Whole-exome sequencing, followed by targeted deep sequencing,
identified novel aspects of the pathogenesis of malignant
transformation in FPD/AML. First, the high frequency of
CDC25C mutations in FPD/AML underscores their major role
in the development of haematological malignancies in FPD/AML
patients. To our knowledge, CDC25C mutations have not been
reported previously and represent a new recurrent mutational
target in haematological malignancies, although CDC25C muta-
tions have been reported in some solid carcinomas with unknown
significance!#!®. Furthermore, our functional assays support their
biological significance, which is characterized by cell cycle
progression and premature mitotic entry. Although the
5@31 minimally deleted region, in which CDC25C is located, is
frequently detected in MDS, it seems to be associated with other
oncogenic mechanisms since our functional assays suggested that
CDC25C mutations in FPD/AML were gain-of-function type
mutations that facilitate the mitotic entry by aberrant
accumulation in the nucleus. Impaired DNA repair function
mediated by germline RUNXI mutation may play a role in the
generation of CDC25C mutations.

Evaluation of the allelic burden of mutated genes demonstrated
that CDC25 mutations are found with high VAFs in FPD/AML-
derived leukaemia and with low VAFs in cases of thrombocyto-
penia. Our hierarchical model and clonal selection highlighted

- that mutation of CDC25C defines an initial event during

malignant transformation and predates subclonal mutations in
GATA2 and other genes. On the basis of the observation that four
of the seven FPD/AML patients with CDC25C mutations have
developed leukaemia and that CDC25C mutations were actually
detected in the leukaemic subclones, we speculated that a FPD/
AML patient with a CDC25C mutation, but without clinically
evident leukaemia, is at high risk for the onset of leukaemic
progression. Examination of the allelic burden of CDC25C
mutation may thus serve to evaluate the risk of leukaemic
progression in patients with FPD/AML.

Among the mutations found in FPD/AML, mutations in
GATA2 were identified in 3 of 13 individuals (subjects 18, 20
and 22). GATA2 mutations were frequently identified in FPD/
AML-derived leukaemia (2/7) and in a patient with thrombocy-
topenia who had a small subclone bearing a CDC25C mutation
(1/6). Although reports on the clinical relevance of GATA2
mutations in myeloid malignancy are limited, several lines of
evidence in this respect have recently been reported. GATA2
mutations are frequently found in a subgroup of patients
with cyto%enetically normal AML with biallelic CEBPA gene
mutations'®, which account for ~4% of AML. Germline
GATA2 mutations are also observed in disorders linked to an
increased propensity for the development of MDS and AML,
including Emberger syndrome, MonoMAC syndrome and
dendritic cells, monocytes, B and natural killer cells
deficiency!’20. The alterations in GATA2 (leading to
p.Leu321His and p.Leu359Val), which were found in FPD/AML
patients in this study, are located in the part of the gene encoding
the N-terminal and C-terminal zinc-finger domains, respectively
(Fig. 3d). Mutations affecting the identical amino acids have been
reported in AML patients bearing CEBPA mutations and chronic
myeloid leukaemia patients in blast crisis!®?!. Thus, GATA2
mutation may contribute to AML progression in collaboration
with RUNX1I and/or CDC25C mutations. Furthermore, although
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Figure 2 | Clonal evolution of FPD/AML-related myeloid disorders. (a,b) Observed variant allele fraction (VAF) of validated mutations are listed in
Table 2, in both pre-leukaemic and leukaemic phases, are shown in diagonal plots (top) for subject 20 (a) and subject 21 (b). Predicted chronological
behaviours in different leukemia subclones are depicted below each diagonal plot. Distinct mutation clusters are displayed by colour. The vertical

axis represents cell proportion of each clone calculated by VAF x 2 (%) (because all the mutations were heterozygous), regarding the whole bone marrow
as 100%. (¢) Mutation status of each bone marrow cell from subject 20 during the acute myeloid leukemia (AML) phase. The vertical axis represents
each cell (n=63) and the horizontal axis displays each gene mutation. Coloured columns show that the corresponding cell harbours gene mutation(s) as
defined in Online Methods. Subclone numbers shown in the right row correspond to the numbers in the lower figure of a.
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Figure 3 | GATA2 mutations in FPD/AML. The result of Sanger sequencing for GATAZ2 p.Leu321His mutation in subject 22 (a) and Leu359Val mutation in
subject 18 (¢) validated with subcloning strategy by methods shown in Supplementary Methods. (b) Variant allele fractions (VAFs) of RUNX1, CDC25C and
GATAZ2 mutation in subject 22 are demonstrated with the time course of treatment. Half the value of the blast cell percentage, which corresponds

to the allele frequency of a heterozygous mutation, is also shown by a red bar. |A, idarubicine + Ara-C; AEM, Ara-C + etoposide + mitoxantrone; HDAC,
high-dose Ara-C; uBMT, unrelated bone marrow transplantation. (d) Schematic representation of GATA2 mutations. GATA2 mutations that were identified
in FPD/AML are displayed together with mutations found in AML with CEBPA mutation'® as well as in CML patients in blast crisis?'. ZF, zinc-finger
domain; NLS, a putative nuclear localization sequence domain.

another report identified somatic CBL mutation with acquired Although the precise pathogenetic roles of CDC25C mutations
11q uniparental disomy as a second hit as being responsible for remain unclear, we presume that mutant CDC25C alleles confer a
leukaemic transformation in FPD/AML??, CBL mutations were proliferative advantage under certain circumstances in which

not detected in our series of FPD/AML samples. DNA repair machinery is compromised, such as that mediated by
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Figure 4 | Mutated CDC25C enhances mitotic entry. (a) HEK293T cells were transiently transfected with constructs encoding Flag-tagged CDC25C wild
type or mutants, as indicated, and cell lysates were immunoprecipitated with anti-c-TAK1 antibody. Binding capacity of CDC25C was evaluated by western
blotting. IP, immunoprecipitation; TCL, total cell lysate. (b) Reciprocal immunoprecipitation of a using anti-Flag (CDC25C) antibody for immuno-
precipitation. (¢) Left half; cell lysates were immunoprecipitated with anti-Flag antibody. Phosphorylation levels of CDC25C were assessed by
phosphorylated-Ser216-specific anti-CDC25C antibody. Right half; the same experiment was performed with cell lysates from HEK293T cells transfected
with constructs encoding Flag-tagged CDC25C wild type or mutants and HA-tagged ¢-TAK1. (d) Mutated CDC25C showed reduced capacity for binding
to 14-3-3. Cell lysates were immunoprecipitated with anti-14-3-3 antibody and binding capacity of CDC25C was evaluated. (e) Reciprocal immuno-
precipitation of d using anti-Flag (CDC25C) antibody for immunoprecipitation. (f) Localization of CDC25C or its mutants was visualized by
immunofluorescence. Anti-Flag antibody and Alexa Fluor 555 antibody was used for visualization of CDC25C. N/C ratio of each cell was calculated as
detailed in Supplementary Methods and Supplementary Fig. 10. The mean and s.d. of the N/C ratio is presented. Statistical significance of difference was
determined by unpaired Student's t-test (n>30 for each). Scale bar, 10 um. (g) Schematic description of the method used for evaluation of mitotic entry.
(h) Mitotic entry of CDC25C-mutated cells. Percentage of mutated CDC25C-transduced cells in the M phase was compared with that of wild-type
CDC25C-transduced cells. P values were calculated using Student's t-test and the differences between groups, as indicated, were all statistically significant
(*P<0.05) at 10 and 12 h after irradiation (n=3). The average and s.d. is presented. (i) Mutated RUNX1 and CDC25C were co-expressed in Ba/F3 cells, as
indicated, and mitosis entry of these cells was evaluated. The differences between groups, as indicated, were all statistically significant (*P<0.05

at 16 h after washout of thymidine (n=3). P values were determined using the Student's t-test. The average and s.d. is presented.
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a germline RUNXI mutation. In addition, as Turowski and
colleagues reported that CDC25C was involved in S phase entry
in addition to mitotic entry?, release from thymidine-induced
G1/S block may be affected by some unknown machinery
mediated by mutated CDC25Cs, which might affect the results
when we observed G2/M phase fraction of these cells. It is not
clear why CDC25C mutations are repetitively documented in
FPD/AML, but not in sporadic MDS or AML cases. One
possibility is that in the presence of a RUNXI mutation, as an
initial event, an extended period is required before an additional
CDC25C mutation is acquired. This proposal is supported by the
clinical observation that ~40% of patients with FPD/AML
develop leukaemia in their 30s°; however, the mutational status in
CDC25C in the reported cohort was unknown.

One of the important problems in the research of FPD/AML is
that definitive diagnostic criteria have not been established yet.
For this purpose, more extensive studies are required for
accumulating clinical characterization, genetic information and
functional examination as to whether a RUNX1 variant in families
with thrombocytopenia and/or haematological malignancy is
causal?®. We clarified tentative diagnostic criteria for FPD/AML,
which was used in this study (in Methods). Regarding the
three missense variants in our study (p.Ser140Asn in pedigree
54, p.Glyl172Glu in pedigree 57 and p.Leu445Pro in pedigree 32),
Ser140 and Gly172 have been reported to be mutated in sporadic
AML and/or MDS cases?>?®, In addition, induced pluripotent
stem cells from a FPD/AML pedigree with p.Glyl172Glu
recapitulate the phenotype of FPD/AML after hemat-
opoietic differentiation?”. Ser140 has been also shown to be
important for RUNX1 conformation, and a mutation of this site
affects hydrogen bonds and results in functional loss*®%°.
Furthermore, all the three missense variants have not been
reported in the following SNP database: SNP database (dbSNP)
(http://www.ncbi.nlm.nih.gov/projects/SNP), the 1000 Genomes
Project (http://www.1000genomes.org), HGVB (http://www.
genome.med kyoto-u.ac.,jp/SnpDB/indexhtml). They were also
predicted as ‘damaging’ by Polyphen-2 (http://genetics.bwh.
harvard.edu/pph2/), SIFT (http://siftjcvi.org/) and PROVEAN
(http://provean.jcvi.org/index.php). Therefore, we regarded the
pedigrees with these RUNXI variants as having FPD/AML
in this study. However, regarding pedigree 32 with
p-Leud445Pro, we could not completely exclude the possibility of
incidental co-occurrence of a possible non-causal RUNXI
germline variant and hairy cell leukaemia, although co-
occurrence of them is supposed to be rare. In addition, we
should bear in mind the somatic as well as germline LOH of
RUNXI, which contributes to thrombocytopenia and/or
leukemogenesis in FPD/AML.

In conclusion, our results indicate that FPD/AML-associated
leukaemic transformation is due to stepwise acquisition of
mutations and clonal selection, which is initiated by a CDC25C
mutation in the pre-leukaemic phase, and is further driven by
mutations in other genes including GATA2 (Supplementary
Fig. 14). The identification of CDC25C as the target gene
responsible for the leukaemic transformation will facilitate
diagnosis and monitoring of individuals with FPD/AML, who
are at an increased risk of developing life-threatening haemato-
logical malignancy.

Methods

Subjects. Studies involving human subjects were done in accordance with the
ethical guidelines for biomedical research involving human subjects, which was
developed by the Ministry of Health, Labour and Welfare, Japan; the Ministry of
Education, Culture, Sports, Science, and Technology, Japan; and the Ministry of
Economy, Trade, and Industry, Japan, and enforced on 29 March 2001. This study
was approved by ethical committee of the University of Tokyo and each
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participating institution. Written informed consent was obtained from all patients
whose samples were collected after the guideline was enforced. All animal
experiments were approved by the University of Tokyo Ethics Committee for
Animal Experiments. The clinical data, peripheral blood sample and buccal mucosa
of the patients whose pedigree contained two or more individuals with thrombo-
cytopenia and/or any haematological malignancies were collected from partici-
pating institutions. Platelet threshold depended on each institution’s judge and any
haematological malignancies were allowed. The diagnoses were self-reported.
When all the following four criteria were fulfilled, the patient was considered as
having FPD/AML in this study: (1) the pedigree has two or more individuals with
thrombocytopenia and/or any haematological malignancies; (2) a germline RUNXI
variant, including missense, nonsense, frameshift, insertion and deletion, is con-
firmed by Sanger sequencing and a synchronized quantitative-PCR method in at
least one family member; (3) the RUNXI variant has not been reported in public
dbSNP; (4) no germline mutations were detected in the following 16 genes:
GATA2, GATAI, CEBPA, MPL, MYH9, MYLS, GP1BA, GP9, MASTL, HOXAll,
CBL, DIDOI, TERT, ANKRD26, GFI1B and SRP72. Regarding the last criterion, 16
genes were selected because they have been reported to be responsible for familial
thrombocytopenia and/or haematological malignancies.

Whole-exome sequencing. Genomic DNA was extracted from samples using the
QIAamp DNA Mini kit (Qiagen). Exome capture was performed. Enriched exome
fragments were subjected to sequencing using HiSeq2000 (Illumina). We removed
any potential somatic mutations that were observed in dbSNP (http://
www.ncbi.nlm.nih.gov/projects/SNP) or in the 1000 Genomes Project (http:/
www.1000genomes.org) data. All candidate single-nucleotide variations and indels,
which were predicted to be deleterious by the Polyphen-2 algorithm, were validated
by deep sequencing and Sanger sequencing. Genomic DNA samples from the
buccal mucosa of the two patients (subject 20 and subject 21) were used as
references. All candidate somatic mutations were validated by Sanger sequence and
deep sequencing using primers listed in Supplementary Tables 3 and 4.

Deep sequencing. Using genomic DNA of the patients as template, each targeted
region was PCR amplified with specific primers (Supplementary Table 4). The
amplification products from an individual sample were combined and purified with
the AMpure XP Kit (Beckman Coulter) and library preparation was carried out
using the Ion Xpress Fragment Library Kit (Life Technologies) according to the
manufacturer’s instructions. The Agilent 2100 Bioanalyzer (Agilent Technologies)
and the associated High Sensitivity DNA kit (Agilent Technologies) were used to
determine quality and concentration of the libraries. The amount of the library
required for template preparation was calculated using the template dilution factor
calculation described in the protocol. Emulsion PCR and enrichment steps were
carried out using the Ion OneTouch 200 Template Kit v2 DL (Life Technologies).
Sequencing was undertaken using Ion Torrent PGM and Ion 318 chips Kit v2 (Life
Technologies). The Ion PGM 200 Sequencing Kit (Life Technologies) was used for
sequencing reactions, following the recommended protocol. The presence of
CDC25C and GATA2 mutations was also validated by a subclone strategy for DNA
sequence analysis.

Single-cell sequencing and genome amplification. Single cells were separated
from the bone marrow of subject 20 at AML phase using FACSAria II (BD bios-
ciences) (Supplementary Fig. 15a). Each cell was deposited into individual wells of
a 96-well plate. Single cells were lysed and whole genome from single cell was
amplified using GenomePlex Single Cell Whole-Genome Amplification Kit (Sigma-
Aldrich). Mutation status of each gene was analysed by direct sequencing with
specific primers (Supplementary Table 5). To improve the sensitivity of this pro-
cedure, we used multiple primer sets for detecting a single-nucleotide variation. We
estimated the false-negative rate of this procedure based on the ratio of RUNX1
mutation, which is supposed to be observed in all of the cells. The false-negative
rate was estimated to be 35% (22 cells out of 63 cells, Supplementary Table 2),
which is consistent with the manufacturer’s bulletin reporting the allelic dropout of
30%. In light of these results, we regard those cells with at least one gene mutation
in a mutational group (coloured in red, orange, green, blue or purple) as being
positive for gene mutations of the corresponding group. To assess whether
mutations in LPP, FAM22G, COL9AI and GATA2 and mutations in AGAP4,
RPIL1, DTX2 and CHEK2 were mutually exclusive, we performed a statistical
analysis as follows. First of all, we determine a matrix A that virtually represents the
mutational status of eight genes (1: LPP, 2: FAM22G, 3: COL9AI, 4: GATA2, 5:
AGAP4, 6: RP1L1, 7: DTX2 and 8: CHEK2) of 57 cells. Concretely, A is defined as
follows:

(ORI 31
A= PR if gene i of cell j is wildtype (1)
- "7 1:if geneiof cell j is mutated

ay57 ag.57

On the other hand, a matrix R indicates data from the actual experimental
results of mutational analysis as shown in Fig. 2c. Elements of R is provided in
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Supplementary Table 2.

nao O if gene i of cell j is wild type
Re| @ : 1y w41l gene dof cell jis mutated

2 +if mutational status of gene i of cell jis undetermined

(2)

sy 0 Fasy

Then we assumed two hypotheses: Hy and H,.

Hy: the mutational status of genes 1~4 and genes 5~ 8 is independent. Each
matrix elements of A are randamly assigned 0 or 1 {at ratio of 1:1} independently
of each other.

Hy: mutations in genes 1 ~4 and genes 5~ 8 are mutually exclusive, and cells
1~40 harbour mutations of genes | ~4, while cells 41 ~ 57 harbour mutations of
genes 5~8, In mathematical representation,

g = o:(5<i<Bandl £ j<40)and (1 2
7] 0 or 1 randomely © ( “qandl <)<

We assumed matrices A, and A, that represent virtually generated mutational
status under the hypotheses Hy, and H;, and calculate the probability of
substantializing R for given A, and A,.

Py(R/Aq) and P(R/A;) can be calculated (or given matrices Ag and A; under
the condition as follows:

Probability that we cannot determine whether a cell has mutation in gene X
when the cell does not actually have a mutation; 28% (based on our data shown in
Supplementary Table 2).

Probability that we judge that a cell has a mutation in gene X when the cell does
not actually have a mutation; 5% (because it is very unlikely to happen).

Probability that we can judge correctly that a cell does not have a mutation in
gene X when the cell does not actually have a mutation; 67% (100 — 28 — 5= 67%).

Probability that we cannot determine whether a cell has mutation in gene X
when the cell actually has a mutation; 28% (based on our data shown in
Supplementary Table 2).

Probability that we judge that a cell has a mutation in gene X when the cell
actually has a mutation; 35% (the estimated false-negative rate based on the ratio of
RUNX1 mutation).

Probability that we can judge correctly that a cell has a mutation in gene X
when the cell actually has a mutation; 37% (100 — 28 — 35 =37%).

Put it simply, Py represents the probability that one can get the mutational
profile R when a cell harbours mutations independently of each other, while P,
indicates the probability that R is realized under the condition where mutations in
gene groups 1 ~4 and 5~8 are exclusive. Because Ao and A, that meet the
hypotheses Hy, and H, can be generated innumerably, we conducted a
computational simulation to acquire the distribution of Py and Py by generating A,
and A, 100,000 times. For visibility, horizontal axis is converted to — In(P).

Synchronized quantitative-PCR. These experiments were performed mostly as
described previously®. Briefly, genomic DNA was denatured 95 °C for 5min and
iced immediately. Using the LightCycler 480 Instrument II (Roche), thermal
cycling was performed with denatured genomic DNA, forward and reverse primers
(Supplementary Table 6), THUNDERBIRD SYBR qPCR mix (TOYOBO).
Threshold cycle scores were determined as the average of triplicate samples. We
designed 27 primers for RUNXI and 3 reproducible primers (that is, primer
RUNX-9, RUNX-19 and RUNX-20) were chosen by preparatory experiments.
RPL5-2 and PRS7-1 primers, which were authorized previously’, were also utilized
as controls. In addition, genomic DNA extracted from the bone marrow sample of
a MDS patient with a chromosome 21 deletion was also examined with the same
primers as a control of RUNXI locus copy-number loss. Crossing points (Cps) of
designed primers were examined by quantitative PCR. RUNX1 locus copy-number
relative to RPL5-2 was calculated using Cps of RUNX-9 and RPLS5-2, with RPL5-2
values set at 2. Similar results were obtained when Cps of RUNX-19, RUNX-20 or
RPS7-1 values were used.

LOH detection with SNP sequencing. To examine the existence of uniparental
disomy, we designed four specific primers to detect nine SNPs in RUNX1I, which
are frequently seen (>40%) (Supplementary Table 7). Direct sequencing was
performed with the primers, and heterogeneity of SNPs was examined.

Chemicals and immunological reagents. Thymidine and nocodazole were pur-
chased from Sigma-Aldrich. Anti-CDC25C, anti-phospho-CDC25C (Ser216) and
anti-beta-actin antibodies were purchased from Cell Signaling Technology. Anti-
HA monoclonal antibody was purchased from MBL. Rabbit anti-Flag monoclonal
antibody was purchased from Sigma-Aldrich. Anti-HA was purchased from Roche.
Mouse anti-phospho-histone H2AX (Ser139) antibody and Alexa Fluor 488 mouse
anti-phospho-H3 (Ser10) antibody were purchased from Merck Millipore. Alexa
Fluor 488 rabbit anti-mouse immunoglobulin (Ig)G, Alexa Fluor 488 goat anti-
rabbit IgG and Alexa Fluor 555 goat anti-rabbit IgG were purchased from Invi-
trogen. TO-PRO3 was purchased from Molecular Probes. Rabbit anti-14-3-3 Sigma
antibody was purchased from Bethyl laboratories. Sheep anti-c-TAK1 antibody was
purchased from Exalpha Biologicals. Anti-sheep IgG-HRP was purchased from
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RSD. Nanviable cell exclusion was performed by 7-AAD Viability Staining Solution
{BioLegend).

Subclone strategy and direct sequencing. Using genomic DNA of the patients as
template, each targeted region was amplified by PCR with specific primers
(Supplementary Table 4). PCR products were purified with illustra ExoStar

(GE Healthcare) and subcloned into EcoRV site of pBluescript II KS(—)
(Stratagene). Ligated plasmids were transformed into E. coli strain XL1-Blue by 455
heat shock at 42 °C, Positive transformants were incubated on LB plates containing
100 pgml =~ ampicillin supplemented with X-gal (Sigma-Aldrich) and isopropyl
[-D-1-thiogalactopyranoside (Sigma-Aldrich). For colony PCR, a portion of a
white colony was directly added to a PCR mixture as the DNA template. Insert
region was amplified by PCR procedure with T3 and T7 universal primers,
purified with illustra ExoStar (GE Healtheare Life Sciences), and sequenced by the
Sanger method with T3 and T7 primers using BigDye Terminator v3.1 Cycle
Sequencing kit (Applied Biosystems) and ABI Prism 310 Genetic Analyzer

(Life Technologies).

Immunoprecipitation and western blotting. These experiments were performed
as described previously™, Briefly, HEK293T cells were transiently transfected with
mammalian expression plasmids encoding Flag-tagged CDC25C and its mutants,
HA-tagged 14-3-3 or c-TAKI, All plasmids were sequence verified. After 481, cell
lysates were collected and incubated with an antibody (anti-HA antibody (1:200,
3h), anti-Flag antibody (1:200, 3 h), anti-c-TAKI antibody (1:150, 3h) and anti
14-3-3 antibody (1:150, 3 h)). After incubation, the cell lysates were incubated with
protein G-Sepharose (GE Healthcare) for 1h. The precipitates were stringently
washed with high salt-containing wash buffer and analysed by western blotting.
Anti-Flag (HRP-conjugated, Sigma-Aldrich), anti-HA (MBL), anti-HA (HRP-
conjugated, Roche), anti-CDC25C (Cell Signaling Technology), anti-phospho-
CDC25C (Ser216) (Cell Signaling Technology), anti-c-TAK1 antibody (Exalpha
Biologicals) or anti-14-3-3 antibody (Bethyl laboratories) antibodies and
Immunostar LD (Wako) was used for detection. Original gel images of western blot
analysis are shown in Supplementary Fig, 16.

Cell cycle synchronization and analysis for mitosis entry. After transduction of
wild-type CDC25C or its mutated forms to murine fymphoid cell line Ba/F3 cells
(RIKEN BioResource Center), double-thymidine block was performed to obtain
cell cycle synchronization at G1/S phase. In brief, 2mM of thymidine was added to
the medium. After 16 h, cells were washed and released from the first thymidine for
8h. A second block was initiated by adding 2 mM of thymidine, and cells were
maintained for 16h. Then thymidine was washed out and the cells were incubated
with 1 mM nocodazole with or without 2 Gy of irradiation (Supplementary

Fig. 10a). Ba/F3 cells were fixed over time with 75% ethanol in phosphate-buffered
saline (PBS) at 4 °C overnight and permeabilized with 2% Triton-X at 4°C for
15min. The cells were stained with anti-phospho-H3 (Ser10) Alexa Fluor 488
conjugated antibody (dilution, 1:200) in PBS with 2% fetal calf serum at 4°C for
30 min and then treated with 5% propidium iodide and 1% RNase in PBS at room
temperature (RT) for 30 min. Cell cycle was analysed using a BD LSR II Flow
cytometer (BD biosciences) (Supplementary Fig. 15b). To assess the cooperation of
CDC25C and RUNXI mutation, wild-type or mutant (D234G, H437N) pMXs-neo-
Flag-CDC25C and mutant (F303£sX566, R174X) pGCDNsam-IRES-KusabiraOr-
ange-Flag-RUNX1 were retrovirally transduced into Ba/F3 cells.

Immunofluorescent microscopic analysis. These experiments were performed as
described previously®?, Briefly, Ba/F3 cells were fixed, permeabilized and blocked.
Staining for phosphorylated histone H2AX was performed with anti-phospho-
histone H2AX (Ser139) antibody (dilution, 1:500; Merck Millipore) at RT for 3 h.
After washing with PBS three times and with 1% bovine serum albumin in PBS, the
cells were treated with Alexa Fluor 488 rabbit anti-mouse I1gG (dilution, 1:500;
Invitrogen) and TO-PRO3 (dilution, 1:1,000; Molecular Probes) for 1h. The
proteins were visualized using FV10i (Olympus) or BZ-9000 (Keyence). The
percentage of YH2AX foci-positive cells was determined by examining 100 cells per
sample. Three independent experiments were performed. To evaluate the
localization of CDC25C, Ba/F3 cells were treated with 2 mM thymidine for 12h
and stained. Staining was underwent with anti-Flag antibody or anti-CDC25C
antibody at RT for 3 h. After washing, the cells were treated with Alexa Fluor 488 or
555 antibody and TO-PRO3 for 1 h. The mean intensity of CDC25C in the nucleus
and cytoplasm of each cell was measured within a region of interest placed within
the nucleus and cytoplasm (Supplementary Fig. 10). Similarly, the background
intensity was quantified within the region of interest placed outside the cells. All
the measurements were performed using the Fluoview FV10i software or Image].
The background-subtracted intensity ratio of the nucleus to cytoplasm was
calculated in > 30 cells in each specimen.

Retravirus production. The procedures were performed as described previously>®.
Briefly, Plat-E packaging cells were transiently transfected with each retroviral
construct using the calcium phosphate precipitation method, and supernatant
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containing retrovirus was collected 48 h after transfection and used for infection
after it was centrifuged overnight at 10,000 r.p.m.

Statistical analysis. To compare data between groups, unpaired Student’s #-test
was used when equal variance were met by the F-test. When unequal variances
were detected, the Welch t-test was used. Differences were considered statistically
significant at a P value of <0.05.
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