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Abstract

oncogenic functional roles.

The pathogenetic roles of 8q24 amplified segments in leukemic cells with double minute chromosomes remain to
be verified. Through comprehensive molecular analyses of 824 amplicons in leukemic cells from an acute
myelogenous leukemia (AML) patient and AML-derived cell line HL60 cells, we identified two novel fusion genes
between NSMCE2 and long noncoding RNAs (IncRNAs), namely, PVTT-NSMCE2 and BF104016-NSMCE2. Our study
suggests that 8g24 amplicons are associated with the emergence of aberrant chimeric genes between NSMCE2 and
oncogenic INcRNAs, and also implicate that the chimeric genes involving IncRNAs potentially possess as-yet-unknown
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To the Editor,
To gain insight into the role(s) of double minute chromo-
- somes (dmins) in leukemia, we cytogenetically/molecularly
analyzed 8q24 amplicons in patient-derived leukemic cells
and AML-derived cell line (HL60) (See Additional file 1 for
supplementary materials and methods). The patient was a
71-year-old female with AML (M2). The G-banding karyo-
type of leukemic cells was 47, XX, +mar [2]/48, XX, idem,
+mar [6]/46, XX [7], containing two marker chromosomes
(mars) from chromosome 8 (Figure la and b). DNA copy
number analysis (CNA) revealed 13 high-level amplicons on
8q22.1-q24.2 (9843 Mb-134.16 Mb) (Additional file 2:
Table S1). SKY analysis of HL60 cells containing the 8q24
amplicons revealed that the representative karyotype was 44,
X, der(5)t(5;17)(q11.2,q11.2), t(7;16;9)(q34;q24;p21), t(5;14)
(q22;q22), +13, -15, -17, der(21)t(15;21)(q22;q21) [1]. CNA
revealed several amplicons on 8q24.13-q24.12 (126.25 Mb-
13075 Mb) in the HL60 cells (Figure 2a and b).
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Consequently, three common amplicons were identified be-
tween 8¢24.13-21 in the patient and the HL60 cells; i.e., the
regions covering NSMCE2 (8q24.13), PVTI (8q24.21) and
CCDC26 (8q24.21) (Figures 1c and 2b). Further investiga-
tion revealed three fusion transcripts between PVTI exon
la and NSMCE?2 exon 3 in the patient (Figure 1d and e),
and a fusion gene between exon 6 of NSMCE2 and exon 1
of BF104016, a noncoding RNA sharing the sequence of
CCDC26 exon 4 (Additional file 3: Figure S1) (Additional
file 4: Table S2), in the HL60 cells (Figure 2c-e). Both the
NSMCEZ2 and PVTI genes were amplified and located in a
micronucleus in the patient (Figure 1f-i), and the genomic
junction of 5-PVTI-NSMCE2-3" was located within intron
1 of PVT1 and at 5 upstream of exon 1 of NSMCE2
(Figure 1j and k) (Additional file 5: Figure S3). In the HL60
cells, amplification of ¥NSMCE2 and 5CCDC26 was co-
localized on der(13)hsr(8), ins(2;8) and dmins (Figure 2e-h)
(Additional file 5: Figure S3). Aberrant NSMCE2 transcripts
were higher than normal NSMCE?2 transcripts in the patient
and the HL60 cells, while NSMCE2 protein expression did
not correlate with normal or abnormal NSMCE2 transcripts
among the leukemic patient cells or the HL60 cells, suggest-
ing the presence of regulatory mechanisms other than tran-
scription (Additional file 6: Figure S2).
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Figure 1 ldentification of PVTT-NSMCE2 in the leukemic patient cells. (a) G-banding analysis. Arrow indicates two marker chromosomes

(mars). (b) SKY analysis for the patient identified two mars derived from chromosome 8 (arrows). (c) Copy number changes at 824 detected by
high-resolution oligonucleotide array. NSMCE2, TRIBI, MYC, PVT1, CCDC26, GSDMC, and FAM49B are amplified. The direction of the arrows reflects the
direction of gene transcription. NG: no gene. (d) Detection of three PYTT-NSMCE2 fusion transcripts by RT-PCR. Primers were P1S and NSMCE2-Ex4AS
for 5'-PVT1-NSMCE2-3'". Lane Pt.1: leukemic cells from the patient; lane N: water; lane M: size marker. (e) Sequence analysis of NSMCE2 fusion transcript
in the patient. (f) FISH finding of the patient using PVTT probe. Multiple red signals indicate extrachromosomal ampilification of 5PVTT on dmins.
Co-localized red and green signals indicate normal PYTT. Inset shows 5'PVTT amplification in a micronucleus equivalent of mar (arrow). (Additional file
5: Figure S3) (g) FISH finding from the patient using an NSMCE2 probe. Intense yellow signals indicate amplification of NSMCE2 on mars and
co-localized red and green signals signify normal NSMCE2 on chromosome 8. Inset shows NSMCE2 amplification in a micronucleus equivalent of mar
(arrow). (h and i) DAPI pictures of metaphase cells corresponding to (f) and (g). Arrows indicate mars. In metaphase, NSMCE2 amplification was
detectable on mars. 5'PVT1 amplification were observed on dmins, however, PVTT FISH probe sets could not identify mars because of the background
dmins (f and h). (j) Results of LDI-PCR. Primers were NSM38374 and NSM38666 for 5'-PVT1-NSMCE2-3". Lane Pt.1: leukemic cells from the patient; lane
N: water; lane M: size marker. (Additional file 4: Table S2) (k) Genomic mapping of PVTT and NSMCE2 exons and breakpoint. White vertical boxes
represent exons; dotted line represents breakpoint of PVTT and NSMCEZ in the patient detected by LDI-PCR. Horizontal line indicates the location

L of miRNAs.
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Figure 2 Identification of BF104076-NSMCE2 in HL60. (a) Representative SKY karyotype of HL60 cells. Arrowheads indicate material inserted
from chromosome 8 on ins(2;8) and der(13)hsr(8). Inset shows pseudocolor image of ins(2;8). (b) Copy nurnber changes at 8q24 detected by
high-resolution oligonucleotide array. NSMCE2, TRIB1, MYC, PVT1 and CCDC26 are amplified in HL60. The direction of the arrows reflects the
direction of the gene transcription. NG: no gene. (c) Bubble PCR products detected by nested PCR using NVAMP1 and NSMCE2-Ex7AS for the first
PCR, and NVAMP2 and NSM695 for the second. M: size marker. (d) Sequence analysis of NSMCE2 fusion transcript of HLEQ. {e) Detection of
BF104016-NSMCE2 fusion transcripts by RT-PCR. Primers were BF104-1S and NSMCE2-Ex7AS for 5'-BF104016-NSMCE2-3'. Lanes N: water. (Additional
file 4: Table S2) (f) FISH finding of HL60 using CCDC26 probe. Intense co-localized red and green signal indicates amplification of the CCDC26
gene on der(13)hsr(8) (arrowhead). A co-localized red and green signal is seen on ins(2;8) (arrow). Multiple green signals indicate amplification of
the 5'CCDC26 gene on dmins. Co-localized red and green signals show normal CCDC26. (g) FISH finding of HL60 using NSMCE2 probe. Intense
green signals indicate amplification of 3'NSMCE2 on der(13)hsr(8) (arrowhead) and ins(2;8) (arrow). Multiple red and green signals indicate ampilification
of the NSMCE2 gene on dmins. Co-localized red and green signals indicate normal chromosomal NSMCE2, (Additional file 5: Figure S3) (h and i) DAPI
pictures of metaphase cells corresponding to (f) and (g). Arrow and arrowhead indicate ins(2;8) and der(13)hsr(8), respectively.
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The present findings are consistent with previous stud-
ies demonstrating that segmental genome amplification of
8q24 contains recurrent PVT1 fusion genes, which might
be generated by chromothripsis [2,3]. Both IncRNAs,
PVT1 and CCDC26, harbor retroviral integration sites
and are transcribed into multiple splice forms [4-6]. PVT1
overexpression is induced by MYC or p53, contributing to
suppression of apoptosis [7-9], whereas PVTI produces
six annotated microRNAs that have been implicated in
oncogenesis [3,10,11]. The chimeric transcripts involving
PVTI may also regulate the expression of as-yet unspeci-
fied target genes through “enhancer-like functions” [12].
CCDC26 amplification has been also identified as a recur-
rent abnormality that is associated with the response to
retinoic acid-induced differentiation in AML [1,11,13-16].
This study is the first to identify NSMCE2-associated
fusion genes in AML [17-19]. Knockdown of NSMCE2
induces chromosomal instability and increases the
frequency of chromosomal breakage and loss [20]. We
speculate that NSMCE2 gene rearrangement may poten-
tially influence its function. Collectively, our study identi-
fied novel PVTI-NSMCE2 and CCDC26-NSMCE?2 fusion
genes that may play functional roles in leukemia.

Additional files

Additional file 1: Supplementary material information.

Additional file 2: Table S1. CNAG analysis of the region between the
MTDH and LRRC6 genes on 8g24 in patient 1 with marker chromosomes.
Results show the genomic size of the eight amplified segments that
were selected based on the existence of known genes within them and
their approximate positions.

Additional file 3: Figure S1. Association between CCDC26 and
BF104016 at 8q24.21. The scale indicates the region 8q24.21. White boxes
and grey boxes indicate exons of CCDC26 and BF104016 on the genetic
locus at 8q24.21, respecitively. Vertical black lines indicate exons on the
CCDC26 isoform. According to the NCBI database, isoform 1 (BC070152.1)
consists of four (1-2-3-4} exons, and isoform 2 (BC026098.1) consists of
three (1a-3-4) exons. BF104016 consists of 2 exons. The sequence of
BF104016 exon 2 is partly consistent with that of CCDC26 exon 4. ORF:
hypothetical open reading frame.

Additional file 4: Table S2. Sequences of the primers used in this
study.

Additional file 5: Figure S3. Identification of breakpoints region at
8g24 by FISH. Upper panel: location of FISH probes shown as color bars
and position of NSMCE2, TRIB1, MYC, and PVT1 genes at 8q24. Vertical
black lines indicate exons of NSMCE2, PVTI, and BF104016. Lower panel:
mapping of breakpoint in leukemic cells of patient 1 and HL60. Gray
boxes indicate amplified regions detected.

Additional file 6: Figure S2. Expression of NSMCE2 in patient 1 and
AML-derived cell lines. (a) NSMCE2 mRNA levels measured by RQ-PCR
(n=3, mean + SD). Theoretically, the NSMCE2 7-8 primer/probe can
amplify both normal and aberrant NSMCE2 transcripts, while the NSMCE2
2-3 primer/probe set which can amplify only normal NSMCE2 transcript.
NSMCE2 mRNA levels were normalized to B-actin and are relative to the
control mRNA extracted from normal BM cells. NSMCE2 mRNA levels
amplified by the NSMCE2 7-8 primer/probe set are higher than those
amplified by the NSMCE2 2-3 primer/probe set in patient 1, HL60 and
KG1 cells. (b) Protein analysis using the anti-NSMCE2 antibody in cells.
Blot for B-actin was used as loading control. Lane 1: normal BM; lane 2:

Page 4 of 5

KGT; lane 3: HL60. (c and d) IHC analysis of NSMCE2 expression in BM of
patient 1 (c) and normal BM (d). NSMCE2 expression of leukernic cells was
not higher than that of normal BM cells. Monocytes and megakaryocytes
showed strong positive signals in their cytoplasm.
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Summary

Allogeneic haematopoietic stem cell transplantation (HSCT) is still consid-
ered to play an important role as a consolidation therapy for high-risk
infants with acute lymphoblastic leukaemia (ALL). Here, we retrospectively
analysed outcomes of HSCT in infants with ALL based on nationwide reg-
istry data of the Japan Society for Haematopoietic Cell Transplantation. A
total of 132 allogeneic HSCT for infant ALL with KMT2A (MLL) gene rear-
rangements, which were performed in first complete remission (CR1), were
analysed. The 5-year overall survival rate after transplantation was
67-4 + 4-5%). Although recent HSCT (after 2004) had a trend toward bet-
ter survival, no statistical correlation was observed between outcomes and
each factor, including age at diagnosis, initial leucocyte count, cytogenetics,
donor types or conditioning of HSCT. Myeloablative conditioning with
total body irradiation did not provide a better survival (60-7 £ 9-2%) over
that with busulfan (BU; 67-8 & 5:7%). Two of the 28 patients treated with
irradiation, but none of the 90 BU-treated patients, developed a secondary
malignant neoplasm. In conclusion, allogeneic HSCT using BU was a
valuable option for infant ALL with KMT2A rearrangements in CR1.

Keywords: infant, acute lymphoblastic leukaemia, stem cell transplantation,
busulfan, total body irradiation.
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Although recent advances have achieved excellent cure rates
in most cases of paediatric acute lymphoblastic leukaemia
(ALL) (Inaba et al, 2013), infants with KMT2A (MLL) rear-
rangements have worse outcomes than older children (Rub-
nitz et al, 1999; Pui et al, 2002; Hilden et al, 2006) or infants
without KMT2A rearrangements (Nagayama et al, 2006).
Previous clinical studies have reported improvements in the
outcomes of infants with ALL characterized by KMT2A rear-
rangements using intensified treatments and allogeneic hae-
matopoietic stem cell transplantation (HSCT) (Silverman
et al, 1997; Kosaka et al, 2004; Jacobsohn et al, 2005; Sanders
et al, 2005; Tomizawa et al, 2007), and recent international
studies revealed that low-risk infants with ALL could be trea-
ted without HSCT, whereas high-risk infants still require
allogeneic HSCT as a consolidation therapy (Pieters et al,
2007; Mann et al, 2010; Dreyer et al, 2011). However, opti-
mal allogeneic HSCT strategies, such as the best stem cell
source or conditioning regimen, have yet to be determined
mainly because of the rarity of infants with ALL.

The high relapse risk of infant ALL with KMT2A rear-
rangements is well known; therefore, allogeneic HSCT at first
complete remission (CR1) was indicated for these patients
from the second half of 1990s in Japan (Kosaka et al, 2004;
Tomizawa et al, 2007). In the present study, we retrospec-
tively analysed HSCT for infants with ALL based on nation-
wide registry data of the Japan Society for Haematopoietic
Cell Transplantation (JSHCT) in order to obtain fundamen-
tal information for establishing a standard approach for
infants with ALL.

Patients and methods

This study was approved by the Institutional Ethics Commit-
tee of the University of Tokyo Hospital. A total of 132
patients were analysed based on data reported to the JSHCT
registry (Atsuta et al, 2007). The patients were selected
according to the following criteria: (i) diagnosed as ALL with
KMT2A rearrangements when aged < 1 year old; (ii) alloge-
neic HSCT was performed in CRI; (iii) HSCT was per-
formed between 1996 and 2011.

The overall survival (OS) probability was calculated using
Kaplan—Meier estimates. The duration of event-free survival
(EFS) was defined as the time from HSCT to either treat-
ment failure (relapse, death, or the diagnosis of secondary
cancer) or to the latest day that the patient was confirmed to
be alive. Cumulative incidence curves were used in a compet-
ing-risk setting to calculate the probability of engraftment,
graft-versus-host disease (GVHD) and non-relapse mortality
(NRM). Univariate analyses of OS were performed using the
log-rank test, and Gray’s test was used for group compari-
sons of cumulative incidences. Engraftment was defined as
the first day of three consecutive days with an absolute neu-
trophil count >0-5 x 10°/1. Myeloablative conditioning was
defined as total body irradiation (TBI) of 8 Gy or more, or
the administration of busulfan (BU) at a dose higher than

© 2014 John Wiley & Sons Ltd
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8 mg/kg. All other regimens were analysed as non-myeloablative
conditioning (Bacigalupo et al, 2009). Multivariate analysis
was performed using the Cox proportional-hazard regression
model, Univariate analysis did not find any statistical signifi-
cance (P < 0-2) between survival outcome and each factor
except transplantation period, and the variables considered as
clinically important were the patient’s age at diagnosis, leuco-
cyte count at diagnosis, the partner gene of the KMT2A
fusion, donor type and conditioning regimen.

All statistical analyses were performed using R software
2:13-0 (The R Foundation for Statistical Computing, Vienna,
Austria).

Results

Patients

All patients and transplantation characteristics are listed in
Table I. The median age at diagnosis was 4 months. The
median time from the diagnosis to HSCT was 148 days. The
median follow-up period after HSCT was 4-9 years (range,
0-16-6 years).

The estimated OS and standard error (£SD) at 5 years
after HSCT was 67-4 & 4.5%. For the 132 patients who
underwent HSCT in CRI, the EFS, relapse incidence and
NRM were 539 & 4-6%, 341 £ 44% and 120 £ 2:9%,
respectively. Fifteen patients died without relapse from
various causes: pulmonary complications (n = 6), infections
(n=5), GVHD (n=3) and sinusoidal obstruction syn-
drome (SOS) (n = 1).

Outcomes of HSCT

The relationships between the outcomes of HSCT according
to risk factor are shown in Table II. NRM of HSCT in the
recent period (after 2004) was lower than that before 2003
(5:6 £ 2-8% and 20-8 = 5-6%, respectively), but relapse of
the surviving patients minimized the difference in OS
(70-8 & 6:3% and 60-3 & 6-7%, respectively). Age at diagno-
sis, initial leucocyte count and partner genes of KMT2A rear-
rangements did not have a prognostic impact on OS, relapse
rate or NRM (Figure S1). Thirty-two patients had an initial
Jeucocyte count of 300 x 10%/1 or more, and the OS and EFS
of these patients (74-3 & 8:6% and 51:9 & 9:9% at 5 years,
respectively) were not inferior to those of the other patients.

Conditioning of HSCT

The OS following myeloablative conditioning with BU was
67-8 & 5:7% (n = 90), and the OS with myeloablative TBI
was 60-7 £+ 9-2% (n = 28) (Table II, Fig 1B). Most patients
received a combination of etoposide (VP16) and cyclophos-
phamide (CY) in these myeloablative regimens. Hepatic
Sinusoidal obstruction syndrome was observed in 16 of 90
(17-8%) BU patients and three of 28 (10-7%) TBI patients.
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Table 1. Patient and transplantation characteristics.

Disease status at transplantation

Characteristics First remission
All patients, n 132
Transplantation period
1996-2003 53
2004-2011 79
Age at diagnosis, months
<3 28
3-5 56
6-12 48
Median initial leucocyte count, x 10°/1
<100 59
100-299 28
=300 000 32
Not known 13
Cytogenetics, n
KMT2A rearrangements 132
t(4;11)/KMT2A-AFF] 79
t(9;11)/KMT2A-MLLT3 10
t(11;19)/KMT2A-MLLT1 10
Other KMT2A 33

Others/not known -
Transplantation donor, n

Related 30
HLA-matched 15
HLA-mismatched 15

Unrelated 13
HLA-matched 12
HLA-mismatched 1

Cord blood 89
HLA-matched 35
HLA-mismatched 54

Transplantation conditioning, n

Myeloablative busulfan 90
VP16+CY 85
Others/not known 5

Myeloablative TBI 28
VP16+CY 19
Others/not known 9

Non-myeloablative 3

Not known 11

HLA, human leucocyte antigen; TBI, total body irradiation; VP16,
etoposide; CY, cyclophosphamide.

Although two out of 28 (7-1%) patients who received HSCT
with TBI developed thyroid carcinoma as a secondary neoplasm
(9-6 and 11-7 years after HSCT), these patients were alive 13
and 4-3 years after this diagnosis. In contrast, no secondary neo-
plasm occurred in the 90 patients that received myeloablative
BU or non-myeloablative HSCT (P = 0-05, Fisher’s exact test).

Stem cell sources of HSCT in CRI

The stem cell sources of HSCT did not have a significant
impact on OS (Table I, Fig 2A). All related donors and
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unrelated donors achieved engraftment, with a median of 14-5
and 18 days after HSCT. Of 54 cord blood (CB) transplants, 48
achieved engraftment in a median of 18 days, and the engraft-
ment probability was 93-3 == 2.8% at day 60. The incidence of
acute GVHD was slightly higher with unrelated donors (53-8 +
14-7% at day 100, Fig 2B) than with related donors (286 +
8-7%) and cord blood (294 + 5-0%) (P-value by the log-rank
test between unrelated donor and others was 0-05). Among 123
patients who were alive at 100 days after HSCT, chronic
GVHD was observed in 6 (21-4%) of 28 transplanted from a
related donor, 5 (41-7%) of 12 transplanted from a unrelated
donor, and 15 (18:1%) of 83 transplanted with cord blood.

A total of 30 HSCT performed in CR1 was from a related
donor, 15 of which were human leucocyte antigen (HLA)-
mismatched. Of the 15 mismatched donors, 3 donors were
2- or 3-antigen-mismatched related donors in the graft-
versus-host (GVH) direction. The HLA disparity among
HSCT from related donors did not have a significant differ-
ence on outcomes. The 5-year OS of matched related donors
was 50-0 £ 13-7%, whereas that of mismatched related
donors was 78-0 £ 11-4% (P = 0-20).

Of 89 HLA-mismatched CB, 48 were Il-antigen-
mismatched, while 6 were 2- or 3-antigen mismatched.
However, mismatched CB was not associated with OS
(766 &+ 8:8% at 5 years for matched CB, 646 £ 7-8% for
1-antigen-mismatched CB, and 83-3 & 152% for 2- or
3-antigen-mismatched CB, P = 0-68) (Fig 2C). Status of
killer immunoglobulin-like receptor (KIR) ligand incompati-
bility was identified in 74 HSCT, including 9 KIR ligand mis-
matches; however, no significant differences were observed
when the survival curve of the mismatched group was super-
imposed on the matched group (P = 0-70, Fig 2D).

The results of multivariate analysis were consistent with
those of univariate analysis. Age at diagnosis, initial leucocyte
count, partner of the KMTZA gene, conditioning regimen
and stem cell source did not show significant correlation
with survival (Table II1). However, recent SCT (after 2004)
had a trend toward lower mortality risk although the differ-
ence did not reach statistical significance.

Discussion

Although recent large studies reported that intensified
chemotherapy without HSCT could provide non-inferior
outcomes for relatively low-risk infants with ALL (Pieters
et al, 2007; Dreyer et al, 2011), allogeneic HSCT is still a
valuable option for infants with ALL; therefore, an optimal
allogeneic HSCT treatment strategy needs to be established.
In the present study, in which an analysis of the registry data
of the JSCHT was conducted, disease status was the only
prognostic factor for OS that was identified in allogeneic
HSCT for infants with ALL, and allogeneic HSCT in CRI1
could provide similar outcomes independent of the age at
diagnosis, initial leucocyte count, partner genes of KMT2A
rearrangements, stem cell source or conditioning regimen.

© 2014 John Wiley & Sons Ltd
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Table II. Qutcome of HSCT in CR1.

Characteristics CI of relapse (at 5 years) P CI of NRM (at 5 years) P OS (at 5 years) P
All patients 341 + 44 12:0 & 29 67-4 + 45
Transplantation period
1996-2003 245 4+ 60 0-08 20-8 4+ 56 0-02 60-3 £ 67 0-05
20042011 419 + 62 56 &+ 2.8 70-8 + 63
Age at diagnosis (months)
<3 394  10-1 091 115 & 6-4 0-92 741 & 9:3 0-75
3-5 29:4 + 65 13-4 4 4-8 64:6 * 69
6-12 36-5 4 75 10:7 &+ 4-6 669 &+ 7-4
Initial leucocyte count (x 10°1)
<100 30-9 & 64 0-42 70 4 3-4 0-26 752 & 61 0-25
=100 399 £ 69 143 + 4.7 64:2 = 7.0
Cytogenetics
t(4;11) 29-8 £ 55 0-34 13.7 4+ 55 0-68 641 = 5.7 0-66
t(9;11) 416 4 17-3 0-0 £ 0-0 65-6 4 20-9
t(11;19) 38:0 4 196 20-0 4 13-4 80-0 #4127
Other KMT2As 41-0 = 9-0 94 + 52 702 £ 93
Transplantation donor
Related 40-0 &+ 9-7 0-95 138 & 6:5 0-88 636 + 93 071
Unrelated 15-4 + 10-5 77 x£77 769 + 11-7
Cord blood 352 & 5.4 12:0 +£ 3-6 66-7 &+ 57
Transplantation conditioning
Myeloablative BU 389 4 56 017 96 £ 3-2 0-09 67-8 &+ 57 0-26
Myeloablative TBI 214 £ 79 214 + 79 60-7 £ 9-2

HSCT, haematopoietic stem cell transplantation; CR1, first complete remission; CI, cumulative incidence; NRM, non-relapse mortality; OS, over-
all survival; BU, busulfan; TBI, total body irradiation.

(A) )]
ch 2
£ 2 2
é HSCT at CR1 (n = 132) ig LH___‘ Myeloablative-BU (n = 80)
5 © 2 o
3 © g ° Myeloablative-TBI (n = 28)
s S
Fig 1. Overall survival following haematopoiet- é’ o g 3
ic stem cell transplantation. Overall survival © P =053
probability of (A) all the 132 patients and (B) 21 \ . , ‘ 21 ‘ ‘ ( ‘
according to conditioning regimen. BU, busul- 0 2 4 6 8 0 2 4 6 8
fan; TBI, total body irradiation. Years after transplantation Years after transplantation
Recent large studies demonstrated that younger age at ity rate (Gooley er al, 2010), and this was also reproduced in
diagnosis and higher initial leucocyte count were risk factors our cohort. Recent HCST was associated with a trend toward
for relapse when patients were treated with intensified che- better outcomes in our cohort, although indication of HSCT
motherapy (Hilden et al, 2006; Pieters et al, 2007; Dreyer did not differ during this study period.
et al, 2011). Our results showed that the outcome of HSCT TBI-based conditioning is the most potent and standard
in CR1 for the high-risk group was not inferior to the other regimen for paediatric ALL (Davies et al, 2000; Bunin et al,
group, which suggested that age and leucocyte count influ- 2003), but is associated with a higher incidence of late
ence outcomes only when HSCT could be performed during complications, especially in infants (Dvorak et al, 2011).
CR1. Based on the finding that the outcome of HSCT at Our results demonstrated that BU-based conditioning could
non-remission was very poor (Tomizawa et al, 2009), we be used as an alternative regimen and provided potentially
confirmed that intensified chemotherapy, which can achieve better survival outcomes than TBI-based conditioning, with
and maintain CR1 until HSCT, is essential in the treatment fewer late complications, such as secondary neoplasm (Cur-
strategy for infants with high-risk ALL. tis et al, 1997; Cohen et al, 2007; Schiniegelow et al, 2013).
It is well recognized that recent progress in supportive Although gonadal dysfunction is more problematic (Sara-
therapy has resulted in a substantial reduction of the mortal- foglou et al, 1997; Somali et al, 2005), the BU-based
© 2014 John Wiley & Sons Ltd 567
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Table III. Multivariate analysis of the risk factors for overall mortal-
ity (HSCT at CR1).

Overall mortality

Characteristic Hazard ratio (95% CI) P-value
Transplantation period
19962003 1 0-07
2004-2011 0-40 (0-15~1-08)
Age at transplantation (months)
<3 1 0-93
35 1-05 (0-36-3-09)
7-12 0-88 (0-28-2-80) 0-83
Initial leucocyte count (x 10°/1)
<100 1 0-24
=100 1-60 (0-73-3-50)
Cytogenetics
t(411) 1 0-25
Other KMT2As 0-61 (0-26~1-43)
Transplantation donor
Related 1 0-73
Unrelated 132 (0-27-6-40)
Cord blood 1-49 (0-51-4-37) 0-46
Transplantation conditioning
Myeloablative BU 1 0-38

Myeloablative TBI 0-61 (0-20-1-86)

95% CI, 95% confidence interval; BU, busulfan; TBI, total body
irradiation.

regimen is assumed to be standard conditioning for infants
with ALL.

In our cohort, CB was the main stem cell source, probably
because of small body size of infants, and the types of stem
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Years after transplantation

incompatibility.

cell sources and HLA disparities were not associated with sur-
vival. Previous studies reported that HLA mismatches could
be a risk factor for paediatric leukaemia (Eapen et al, 2007);
however, CB transplantation results in a large number of hae-
matopoietic stem cells in infants due to their small body size,
which could overcome the possible disadvantages associated
with HLA disparities. The graft-versus-leukaemia (GVL) effect
induced by a KIR ligand incompatibility could suppress the
relapse of leukaemia (Willemze et al, 2009), and is more
prominent in infants with ALL (Leung et al, 2004); however,
we failed to confirm this finding in the present study.

This study retrospectively analysed registry data and natu-
rally has some limitations. For example, data regarding late
complications other than secondary malignancies, such as
hormonal, pulmonary or neurocognitive dysfunction, is
insufficient and inconsistencies were observed in the selection
criteria for the stem cell source and conditioning regimen
(BU or TBI), even though HSCT at CR1 had been
principally indicated for infants with ALL during this period.
Although this is one of the largest studies conducted on
HSCT in infants with ALL, all of these subgroup analyses
were underpowered due to the small sample size and wide
confidence intervals, and the results obtained should be care-
fully interpreted. Therefore, further international studies in a

. large cohort are required to improve the treatment of infants
with ALL with or without HSCT.

In conclusion, allogeneic HSCT with myeloablative BU
conditioning is an important option for infants with high-
risk ALL in CR1, and could provide similar survival proba-
bilities regardless of the age at diagnosis, initial leucocyte
count, KMT2A fusion partner of, and stem cell sources,

® 2014 John Wiley & Sons Ltd
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Abstract

Pleuropulmonary blastoma (PPB) is a rare pediatric malignancy whose pathogens are poorly understood.
Recent reports suggest that germline mutations in the microRNA-processing enzyme DICERL may contribute to
PPB development. To investigate the genetic basis of this cancer, we performed whole-exome sequencing or
targeted deep sequencing of multiple cases of PPB. We found biallelic DICERI mutations to be very common,
more common than 7P53 mutations also found in many tumors. Somatic ribonuclease 111 (RNase IIlb) domain
mutations were identified in all evaluable cases, either in the presence or absence of nonsense/frameshift
mutations. Most cases had mutated DICERI alleles in the germline with or without an additional somatic
mutation in the remaining allele, whereas other cases displayed somatic mutations exclusively where the RNase
IIIb domain was invariably affected. Our results highlight the role of RNase IIIb domain mutations in DICER] along
with TP53 inactivation in PPB pathogenesis. Cancer Res; 74(10); 2742-9. ©2014 AACR.

Introduction

Pleuropulmonary blastoma (PPB) is an extremely rare and
highly aggressive pulmonary malignancy occurring in early
childhood. It is characterized histologically by a primitive
blastoma and a malignant mesenchymal stroma in the lung
that often shows multidirectional differentiation (1). PPB
may be sporadic or hereditary and may also present as a part
of a familial tumor syndrome (2) consisting of cystic
nephroma and other tumor types, such as ovarian tumor,
embryonal rhabdomyosarcoma, and malignant germ cell
tumors (2). Recently, germline DICERI mutations have been
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demonstrated in majority of patients with PPB and DICER1
syndrome (2, 3). DICERI is a member of the ribonuclease I1I
(RNase IIT) protein family that is involved in the generation
of microRNAs (miRNA), modulating gene expression at the
posttranscriptional level (4). The DICER1 protein contains
RNase Illa and RNase IlIb domains, which are considered to
dimerize intramolecularly with Mg®*/Mn*" to form the
active site of the enzyme (5). In PPB, almost all mutations
are reported to be heterozygous frameshift or nonsense
mutations of germline origin, suggesting an important role
of DICERI haploinsufficiency in PPB pathogenesis (2, 3).
However, most obligate carriers of DICER] mutations and
heterozygous Diceri-deficient mice did not develop PPB or
other types of tumors, suggesting that DICERI haploinsuffi-
ciency alone is insufficient for tumor development but
requires additional genetic alterations (3, 6). To identify a
complete set of genetic alterations underlying PPB patho-
genesis, we performed whole-exome sequencing of paired
tumor and normal DNA from seven cases with sporadic PPB,
of which two cases were analyzed for samples obtained at
both initial presentation and relapse. Mutations in DICERI
and other genes were examined by targeted deep sequencing
in 16 samples from 12 sporadic PPB cases, including three
analyzed by whole-exome sequencing.

Materials and Methods

Specimens

Genomic DNA for 11 cases was extracted from fresh-frozen
samples stored at —80 °C and obtained approximately 2 to 15
years previously. Paraffin-embedded samples were used as
tumor samples for cases 10 (at relapse) and 11 (at diagnosis).
These samples were stored for approximately 1 year. For
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germline control, DNA was obtained from bone marrow blood,
peripheral blood, or bone marrow smears in which absence of
tumor cells was pathologically confirmed. Bone marrow smears
were used as normal samples for cases 05, 07, 08, and 12. This
study was approved by The University of Tokyo Ethics Com-
mittee (Tokyo, Japan; approval number 1598), and informed
consent was obtained from the parents of all participants.

Whole-exome sequencing

Whole-exome sequencing of primary tumor and matched
normal specimens of cases 01, 02, 04, 07, 09, 10, and 12 was
performed as previously described (7, 8). Relapsed tumor
specimens of cases 01 and 02 were also analyzed. Whole-exome
capture was accomplished using liquid-phase hybridization of
sonicated genomic DNA having a 150 to 200-bp mean length to
a bait cRNA library synthesized on magnetic beads (SureSelect
Human All Exon Kit V3 or V5, Agilent Technology) according to
the manufacturer's protocol. The captured targets were sub-
jected to sequencing using HiSeq 2000 (Illumina) according to
the manufacturer's instructions. Raw sequence data were
processed using Genomon-exome (http://genomon.hge.jp/
exome/en/index.html) for detection of cancer exome sequenc-
ing data through the in-house pipeline constructed at the
Human Genome Center, the Institute of Medical Science, The
University of Tokyo. Analyses using Genomon are summarized
in Supplementary Fig. S1. Sequence data have been deposited
at the European Genome-phenome Archive (EGA, http://www.
ebi.ac.uk/ega/), which is hosted by the European Bioinformat-
ics Institute, under accession number EGAS00001000662.

Deep sequencing for validation of variants detected by
whole-exome sequencing

To validate the mutations detected by whole-exome
sequencing, deep sequencing was performed using pair or trio
DNA specimens (primary/relapse tumor and normal) using
HiSeq 2000 or MiSeq (Illumina). Primers used for this valida-
tion are listed in Supplementary Table S1. Mutations were
amplified using PCR with a No#I linker individually attached to
each primer and pooled together on a per-sample basis after
successful amplification was confirmed by gel electrophoresis.
Pooling was followed by purification of DNA using the Fast-
Gene Gel/PCR Extraction Kit (Nippon Genetics) and digestion
with Notl. The digested DNA was purified again, and an aliquot
of purified DNA was ligated with T4 DNA ligase for 5 hours,
sonicated into approximately 200 bp fragments on an average
using Covaris (Covaris), and used for generation of sequencing
libraries with the NEBNext Ultra DNA Library Prep Kit for
Tumina (New England Biolabs) according to the manufac-
turer's protocol. Data processing was performed according to
previously described methods (7, 8). Each single-nucleotide
variant and each insertion/deletion (indel) whose variant allele
frequency (VAF) in the tumor sample was equal to or more
than 2.0% and in the germline sample less than 2.0% were
assigned as a somatic mutation. If the mutant allele frequency
in the matched nontumor sample was more than 2.0%, the
mutation was discarded (8). The mutation was evaluated for
pathogenicity using the online mutation predicting tool, Muta-
tion Taster (http://www.mutationtaster.org).

Small RNA sequencing

RNA was extracted using the miRNeasy Kit (Qiagen). Total
RNA was quantified and evaluated for quality using a bioana-
lyzer (Agilent Technology). Libraries for small RNA sequencing
were generated using the TruSeq small RNA Sample Prepara-
tion Kit ([llumina) and analyzed using the Illumina MiSeq
according to the manufacturer's protocol. Small RNA sequenc-
ing was performed for four cases (cases 01, 07, 08, and 09). Read
sequences were aligned against miRBase (release 16) using
MiSeq Reporter v2.3 (Illumina). After alignment, the number of
read sequences aligned to each miRNA or pre-miRNA was
calculated. Gurtan and colleagues demonstrated that the
RNase IIIA and IIB domains of DICERI process the 3' (3p)
and 5 (5p) arms of miRNAs, respectively, in vivo (9). We defined
the pre-miRNA cleavage ratio as the read counts of miRNA/
(read counts of pre-miRNA + miRNA). This ratio was calcu-
lated for 5p or 3p miRNA, and then compared tumor specimens
with fetal lung as normal control. Statistical differences were
calculated by Wilcoxon rank-sum test.

Single-nucleotide polymorphism genotyping microarray

DNA of 11 cases (excluding case 11) as well as that of three
relapse cases was hybridized to Affymetrix GeneChip 250K Nsp
arrays (Affymetrix). DNA of cases 10 (at relapse) and 11 was not
hybridized because of the poor quality of DNA from the
paraffin-embedded samples. After appropriate normalization
of mean array intensities, signal ratios between tumors and
anonymous normal references were calculated in an allele-
specific manner, and allele-specific copy numbers were
inferred from the observed signal ratios based on a hidden
Markov model using CNAG software (http://www.genome.
umin,jp).

Sanger sequencing and targeted deep amplicon
sequencing

Sanger sequencing of DICERI and TP53 was performed for
samples from all cases and relapsed tumor samples from four
cases. Germline DNA was sequenced for nine cases (including
case 02 without DICERI mutation). Sanger sequencing of
PDCD2L and UBA2 was performed for 11 cases. Deep amplicon
sequencing of target exons of 7P53, GPR182, and CTNNBI was
performed for 14 samples from 11 cases. Exons harboring
mutations in DICERI were sequenced for 11 cases, and all
coding exons of DICERI were sequenced for case 02. Details of
deep sequencing have been provided above. All primer
sequences for these genes are listed in Supplementary Table
S2-54.

Results

The mean coverage in the whole-exome sequencing of
‘tumor and germline samples was 126x and 128x for the 50
Mb target regions, respectively. More than 93% of the coding
sequences were represented by more than 20 independent
reads on an average (Supplementary Fig. $2). GC content and
mean coverage are shown in Supplementary Fig. S3. Mean
coverage of high-GC (>60%) exons was lower than that of low
GC (<60%). In total, 217 nonsilent substitutions and 12 indels
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were detected across nine tumor specimens, of which 191
(88%) and 12 (100%), respectively, were successfully confirmed
by deep sequencing (Supplementary Table S5). The number of
nonsilent mutations per sample at presentation (13-35 muta-
tions) was lower than that reported in most solid tumors in
adults (10-12), but comparable with the number reported for
other pediatric tumors such as neuroblastoma and medullo-
blastoma (18 and 16, respectively; Fig. 1A; refs. 13, 14). In two
cases for which serial samples could be analyzed, relapsed
samples had higher mutation number than corresponding
samples at initial presentation (Fig. 1A and B). In both cases,
intratumoral subpopulations were evident at the time of initial
presentation (Fig. 1C). As previously reported for other cancers
(15, 16), the clonal architecture of tumor subpopulations
underwent dynamic evolutionary alterations during tumor
progression. Serial samples in each case had several clonal
mutations in common as well as harbored private subclonal
mutations of their own (Fig. 1B and C). In case 01, some of the
subclonal mutations (purple) found in the initial sample dis-
appeared at relapse and were replaced by new mutations
carried by new subpopulations (red), whereas most of the
mutations found in the subclones (green) were retained at
similar relative allele frequencies in the relapse sample in case
02. In both cases, relapsed tumors were accompanied by newly
acquired gene mutations in each subpopulation and/or by
appearance of new subclones that were totally absent from the
original initial samples (Fig. 1C).

DICERI mutations were detected for six cases (cases 01, 04,
07,09, 10, and 12) but not for case 02; targeted deep sequencing
was unable to detect any DICERI mutations. DICERI muta-
tions were found in the major tumor populations in these six
cases (Fig. 1C and D). In contrast with previous reports where
all DICERI mutations were heterozygous and had germline
origin, we identified two homozygous somatic DICERI muta-
tions in cases 09 and 10, prompting us to investigate the status
of DICERI mutations in five additional cases. DICERI muta-
tions were found in 11 of 12 (92%) cases (Table 1; Fig. 2A and
Supplementary Fig. $4), in which six of the 11 cases with
DICERI mutations carried compound heterozygous muta-
tions. Two cases carried homozygous DICERI mutations (Fig.
2B), preswmably caused by copy number-neutral LOH (or
uniparental disomy; UPD) involving the 14q arm harboring
the DICERI locus. In total, biallelic DICERI mutations were
found in eight of the 11 (73%) cases with DICERI mutations.
We failed to demonstrate biallelic alterations in three cases
(case 01, 05, and 11; Table 1 and Supplementary Fig. $4). We
confirmed the same DICERI mutation status in initial and
relapse samples in all four cases, for which both serial samples
were available, indicating that DICERI mutations are involved
in tumor development rather than progression.

Germline DNA was available in eight cases to confirm
germline/somatic origins of DICERI mutations, of which four
(cases 04, 07, 08, and 12) were compound heterozygous for a
germline nonsense/frameshift and a somatic missense muta-
tion, two (cases 09 and 10) were homozygous for somatic,
missense mutations caused by an acquired UPD, and the
remaining cases were heterozygous for a somatic missense
mutation (case 01) or a germline frameshift mutation (case 05;
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Figure 1. Mutations and mutant allele frequencies detected by whole-
exome sequencing in 7 PPB cases. A, type and number of somatic
mutations in each tumor. Each mutation type is distinguished using the
indicated color. Primary (pr) and relapsed (re) tumors of cases 01 and 02
were examined independently by whole-exome sequencing. B, Venn
diagram of somatic mutations found in cases 01 and 02. Both relapsed
(re) tumors had increased number of somatic mutations compared with
primary (pr) tumors. C, VAF distribution of validated mutations in relapsed
cases. VAF was obtained from deep sequencing. Allele frequencies were
corrected for copy numbers determined by SNP array analysis. DICER
mutation is discriminated by the indicated color in case 01. Case 02
harbored no DICERT mutation. Subclonal mutations in case 01 at primary
(pr) and relapse (re) are distinguished by purple and red, respectively.
Subclonal mutations in case 02 are distinguished by green. D, VAF
distribution of validated mutations in nonrelapsed cases. DICER1
mutations were included in the major tumor population.

Table 1). Among the three cases without normal samples, the
combination of a nonsense and missense mutation was also
found in the two cases with compound heterozygous muta-
tions. In these cases, a somatic origin was suspected for a
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Table 1. Mutations in DICERT and TPS53 in sporadic PPB cases
DICER1 TP53

Case Exon Mutation AA change Origin Exon Mutation AA change 17p Sample

01 25 5428G>T D1810Y Somatic Native Loss Pr/Re

02 Native Native Pr/Re

03 23  4910C>A S$1637X ND 4 €.332_333delTG p.L111fs  Loss Pr
24 5114AST E1705v ND

04 21 3482delC P1161fs Germiine 5 c.527G>T? p.C176F Loss Pr/Re
24 5125G>A D1709N Somatic 4 ¢.313G>AP p.G1058

05 9 1383delAAAG 1461fs Germline Native Pr

06 19  3007C>T R1003X ND Native Pr
25 5428G>T D1810Y Probably somatic

07 18  2863insA T955fs Germline 8 c.891_903 p.H297fs  Loss Pr
25  5425G>A G1809R Somatic delCGAGCTGCCCCCA

08 21 3748delC S1250fs Germiine 7 ©.762_764delACAT p.1254fs Loss Pr
25  5425G>A G1809R Somatic

09 25 5425G>A (Homozygous) G1809R Somatic Native Loss Pr

10 25 5425G>A (Homozygous) G1809R Somatic 8 c.817C>T p.R273C Loss Pr/Re

11 8  1148dupAGGGT 1383fs ND Native ND Pr

12 25  5460C>G Y1820X Germline Native Loss Pr
256  5438A>G E1813G Somatic

Abbreviations: ND, not determined; AA, amino acid; Pr, primary; Re, relapse.

2Primary tumor.

®Relapse tumor.

missense mutation (D1810Y) in case 06, in that the VAF of
that mutant deviated significantly from the expected value
(0.5) for germline variants (Supplementary Table S6). Conspic-
uously, all the nine missense DICERI mutations found in our
cohort were located within the RNase IIIb domain with a
mutational hotspot at G1809 (Fig. 2C), for which a somatic
origin was confirmed or highly suspected in eight mutations.
Combined with previous reports for PPB (2, 3), this high
frequency of germline mutations supported the incomplete
penetrance of DICERI mutations in both familial and sporadic
PPB. To assess the effect of DICERI mutation in RNase ITIb
domain on RNA cleavage, we performed small RNA sequencing
in tumors with mutational hotspots at GI809R and D1810Y.
Total RNA including miRNA extracted from fetal lung was used
as a normal control. Given that the RNase IIIA and IIB
domains of DICER1 process the 3p and 5p arms of miRNAs,
respectively (9), DICERI mutations in RNase IIIb domain are
expected to affect 5p rather than 3p miRNA expression. Com-
paring the pre-miRNA cleavage ratio of tumor samples to that
of the fetal lung control, we confirmed dramatically reduced 5p
miRNA expression in the tumors with G1809R and D1810Y
mutations (P<7.1 x10™"; Fig. 3A and B). In contrast, 3p miRNA
expression was significantly higher in the tumor samples than
in fetal lung control (P < 1.4 x107%), suggesting that GI809R
and D1810Y mutants have opposite effects on 3p miRNA
cleavage. Taken together, our results suggest that a mutational
hotspot at GI809R has a pathogenic effect.

Except for DICERI, several genes were found to be recur-
rently mutated in whole-exome sequencing, including 7P53,

CTNNBI, GPR182, MYHS, PDE2A, and TMX3 (Supplementary
Table S7). TP53, CTNNBI, and GPRI82 were investigated by
targeted deep sequencing in an additional five cases, although
these genes were not mutated in CTNNBI and GPRI82. The
result of targeted deep sequencing in 7P53 is described below.
To identify additional genetic alterations, we next performed
single-nucleotide polymorphism (SNP) array-based genome-
wide copy number analysis in 14 samples of 11 cases for which
high-quality genomic DNA was available (including three cases
with both primary and relapsed tumors). Chromosome 8q gain
was the most common copy number change and was found in
10 of the 11 cases in varying combinations with other genetic
changes, including loss of chromosomes 10 and 17p and high-
grade amplification of 19q (Fig. 4A and Supplementary Figs. S4
and $5). Chromosome 17p LOH was found in 10 samples and
was caused by UPD (N = 1) or deletions (N = 9), and commonly
involved an 8.5-Mb region that contained 7P53. To investigate
a possible role of 7P53 mutations in PPB, we analyzed the TP53
mutation status in 14 tumor samples from all 12 cases by
Sanger and deep sequencing. We detected recurrent missense
or frame shift mutations in five of the 12 cases (42%; Fig.
4B; Table 1), in which all five cases were accompanied by 17p
LOH and led to biallelic TP53 inactivation. Intriguingly, in case
04, the relapsed tumor had a different P53 mutation (G1058)
from that found at the time of initial presentation (C176F),
suggesting that the relapse originated from a different sub-
clone in which the two DICERI mutations predated TP53
mutations. We also found several focal amplifications involv-
ing 5q23, 6q16-21, 15923-24, and 19q13.11. However, none of
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these amplifications were recurrent, except for those involving
19q13.11, which were found in three (25%) of the 12 cases
(Supplementary Fig. S5). The amplified region contains five
genes, including LSM144, KIAA0355, GPIL, UBA2, and PDCD2L,
but mutations were detected in none of these genes.

Discussion

The most striking discovery in the present study is the
frequent biallelic involvement of DICERI mutations in majority
of PPB cases with an obligatory missense mutation involving
the RNase IIIb domain. In our cohort, biallelic DICERI muta-
tions were documented in eight of the 11 DICERI-mutated
cases with sporadic PBB, with RNase IIIb domain-involving
mutations found in all cases and somatic origins demonstrated
in all evaluable cases. This result was in stark contrast with
previous reports, where all DICERI mutations in PPB or
DICERI syndrome cases were heterozygous and inherited from
parents; all mutations were either nonsense or frameshift
changes except for two cases, of which one had a missense
mutation in the RNase IIl domain (2, 3). Interestingly, a recent
study reported frequent recurrent DICERI mutations affecting
the RNase IIIb domain in nonepithelial ovarian cancers, espe-
cially Sertoli-Leydig cell tumor, in which 26 of 43 tumors
carried exclusively RNase IIlb domain mutations with only
four tumors being compound heterozygotes of a germline

nonsense/frameshift mutation and an RNase IIIlb domain
mutation (5). Conspicuously, no germline mutations involving
the RNase IIIb domain and no biallelic nonsense or frameshift
mutations have been reported in any human cancers, possibly
accounting for the different spectrum of DICERI mutations
between PPB and ovarian cancers. These unique features of
DICERI mutations suggest distinct oncogenic roles of both
nonsense/frameshift and RNase IIIb domain mutations. It
could be hypothesized that complete loss of DICER1 functions
caused by biallelic nonsense/frameshift mutations is not com-
patible with cell viability, whereas further loss of particular
DICER function, beyond haploinsufficiency through targeted
mutations within the RNase IIIb domain, could be required or
effective for the tumor cells to be clonally selected.

The RNase IIlb domain in DICER1 and other RNase III
protein family members is involved in excision of double-
stranded miRNA stems, which are then cleaved to single-
stranded miRNA through the activity of the RNase IIla domain
(5). A mutation of the conserved amino acids in the RNase IITb
domain could thus lead to compromised miRNA processing,
especially in excision of miRNAs. In fact, four mutational
hotspots at metal-binding sites (E1705, D1709, D1810, and
E1813) found in nonepithelial ovarian cancer were shown to
have decreased RNase IIIb activity (5). In the current study, we
found an additional mutational hotspot within the RNase IIIb
domain affecting a highly conserved amino acid position
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(G1809) in the vicinity of the two known hotspot codons
(D1810 and E1813). Our small RNA sequencing revealed that
mutational hotspots at G1809 and a D1810 mutation showed a
dramatically reduced cleavage ratio of 5p miRNA, and D1810
mutation also showed the same results in PPB. D1810 mutation
is one of the hotspot mutations in nonepithelial ovarian cancer
(5), of which reduced 5p miRNA expression has been already
confirmed (17). This finding suggests that a specific mutational
hotspot of PPB, G1809, is functionally equivalent to hotspot
mutations in nonepithelial ovarian cancer. Anglesio and col-
leagues showed no significant change in 3p miRNA expression
(17); however, its cleavage ratio was increased in our analysis.
This result may be due to the existence of some mechanism
that activates DICERI to compensate the loss of 5p miRNA
production (Fig. 3C). Gurtan and colleagues also mentioned an
increased ratio of miRNA star to mature strands relative to
cells expressing native hsDicer (9). MiRNA star means less
abundant mature miRNA, which usually consists of 3p miRNA,

so that this result is compatible with our observation. Thus, it
seems that mutations at G1809 could lead to a biologic
consequence similar to that of known hotspot mutations
(5), although the oncogenic mechanism of the defective cleav-
age but not excision of miRNAs in the pathogenesis of PPB and
other cancers awaits elucidation.

Besides DICERI mutations, TP53 mutations with or without
17p loss as well as trisomy 8 and other chromosomal abnor-
malities were among the common genetic lesions in PPB. With
respect to DICERI mutations, it is of note that TP53 also plays a
critical role in the regulation of miRNA processing (18). Indeed,
tumor-derived transcriptionally inactive TP53 mutants sup-
press precursor and mature miRNA levels, whereas native TP53
increases them (18), indicating that TP53 plays an important
role in cancer biology via regulation of miRNA processing, A
recent study showed that TP53 regulates DICER1 expression
via transcriptional miRNAs such as let-7 (19). In contrast,
Wang and colleagues showed that knockdown of DICERI
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Figure 4. Overview of DICERT and TP53 mutations with copy number alterations. A, copy number alterations by SNP array analysis in 14 PPB samples from
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frequently detected copy number alterations. pr, primary; re, relapse; NA, not available.

expression in BxPC-3 and Panc-1 pancreatic cancer cells mutations and importance of 7P53 inactivation in the path-
resulted in significant increases in TP53 protein levels (20), ogenesis of PPB.
suggesting the existence of a regulatory loop between TP53,
DICERLI, and let-7, deregulation of which may play a role in PPB
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