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Abstract The Japanese National Research Group on Idio-
pathic Bone Marrow Failure Syndromes has been conduct-
ing prospective registration, central review, and follow-up
study for patients with aplastic anemia and myelodysplastic
syndrome (MDS) since 2006. Using this database, we ret-
rospectively analyzed the prognosis of patients with MDS.
As of May 2016, 351 cases were registered in this database,
186 of which were eligible for the present study. Kaplan—
Meier analysis showed that overall survival (OS) curves
of the five risk categories stipulated by the revised interna-
tional prognostic scoring system (IPSS-R) were reasonably
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separated. 2-year OS rates for the very low-, low-, inter-
mediate-, high-, and very high-risk categories were 95,
89, 79, 35, and 12%, respectively. In the same categories,
incidence of leukemic transformation at 2 years was 0, 10,
8, 56, and 40%, respectively. Multivariate analysis revealed
that male sex, low platelet counts, increased blast percent-
age (>2%), and high-risk karyotype abnormalities were
independent risk factors for poor OS. Based on these data,
we classified Japanese MDS patients who were classified
as intermediate-risk in IPSS-R, into the lower risk MDS
category, highlighting the need for careful assessment of
treatments within low- and high-risk treatment protocols.
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Introduction

Myelodysplastic syndrome (MDS) is a heterogeneous
group of hematopoietic stem cell disorders, character-
ized by ineffective hematopoiesis and a high propensity to
transform into acute myeloid leukemia (AML). The clinical
course of MDS is highly variable; the disease may progress
into AML quickly, or it may remain in a stable condition
for years without any interventions. Disease risk stratifica-
tion is important for selecting optimal treatments for indi-
vidual patients. Various systems, including international
prognostic scoring system (IPSS) [l, 2], World Health
Organization prognostic scoring system [3], Global MD
Anderson risk model score for MDS [4], and a gene-only
model [5] have been developed for this purpose [6].

IPSS, which was proposed in 1997, remains the most
commonly used among the systems. According to the IPSS,
patients are categorized into 4 risk groups by calculating
risk scores, which are determined by percentages of bone
marrow (BM) blasts, karyotypes, and number of cytope-
nias. The low- and int-1-risk groups in the IPSS are gen-
erally regarded as the lower risk MDS, and the int-2- and
high-risk groups are regarded as the higher risk MDS. The
former groups are often indolent, and the latter groups are
prone to progress to AML. If a patient is categorized into
the higher risk MDS group, either hematopoietic stem cell
transplantation (SCT), intensive chemotherapy, or treatment
with hypomethylating agents is proposed depending on age
and comorbidities [7]. Revised IPSS (IPSS-R) has recently
been developed based on the multivariate analysis of over-
all survival (OS) and time to AML transformation data for
more than 7000 patients with MDS registered worldwide
[8]. This system underscores the contribution of chromo-
somal abnormalities to the prognosis of patients with MDS,
and a refined cytogenetic scoring system including 5 risk
categories was adapted [9]. In the IPSS-R, patients are
stratified into five risk categories (very low, low, intermedi-
ate, high, and very high) with significantly different median
0S (8.8, 5.3, 3, 1.6, and 0.8 years, respectively) established
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bascd on five main features, including cytogenetics, BM
blast percentage (<2, 2-5, 5-10, and >10%), and depth
of cytopenias [Hb (>10, 8-10, and <8 g/dL), platelet
count (=100, 50-99, and <50 K/pL), and absolute neu-
trophil count (>0.8 and <0.8 K/iuL)]. The OS curves for
the 5 categories have been shown to have clear separation
in several recent studies [10—12]. The very low- and low-
risk categories in IPSS-R are regarded as lower risk MDS,
and the high- and very high-risk categories are higher risk
MDS. Patients with the latter categories are candidates for
intensive treatments including SCT. However, the optimal
treatments for patents in the IPSS-R intermediate-risk cat-
egory remain ambiguous [8]. In addition, given that IPSS-
R was developed from the data for patients who did not
receive disease-altering treatments, such as hypomethylat-
ing agents, intensive chemotherapy, and SCT, during their
MDS phases, the actual prognosis of patients with MDS
including those who received such treatments may be dif-
ferent. Furthermore, IPSS-R has not been verified in a large
MDS cohort in Japan.

Since 2006, the Japanese National Research Group on
Idiopathic Bone Marrow Failure Syndromes has been con-
ducting the prospective registration, central review, and
follow-up study for aplastic anemia and MDS. Using the
database of this study cohort, we retrospectively analyzed
the OS and leukemia-free survival (LFS) of patients with
MDS according to IPSS- and IPSS-R-risk categories to
verify these systems in the real-world practice in Japan. We
also investigated the ratios of patients who received SCT in
each risk category.

Methods
Patient database

We used the data from the Prospective Registration, Cen-
tral Review, and Follow-up Study for Aplastic Anemia and
MDS conducted by the Japanese National Research Group
on ldiopathic Bone Marrow Failure Syndromes. This pro-
spective registration system collected newly diagnosed
cases with aplastic anemia and MDS using the definition of
French—-American—British (FAB) classification [13] as well
as cases with cytopenias with unknown etiologies from 16
institutions in Japan (Supplementary Table S1). After reg-
istration, patients with BM blasts <5% were subjected to
central review for final diagnosis. At least two hematolo-
gists and one pathologist reviewed the peripheral blood and
BM smear specimens, BM biopsy and/or clot sections, and
chromosomal karyotype data for each case, and diagnosed
separately. Morphological diagnoses were essentially based
on the criteria of the International Working Group on Mor-
phology of MDS [14, 15]. If the diagnosis was inconsistent,
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the final diagnosis was determined by inspection and dis-
cussion in regular inspection meetings held twice a year.
We did not take into account the patients’ prior history of
cytotoxic therapy in the diagnosis. Medical records of reg-
istered cases were collected every 6 months. This study
was performed in accordance with the Helsinki Declara-
tion. The study protocol was approved by the Ethics Com-
mittee of Kyoto University Graduate School and Faculty of
Medicine and by the ethics committee of each participating
institution. Written informed consent was obtained from
the participating patients, Cases registered between April
2006 and May 2016 were enrolled in this study.

Statistics

OS was defined as the time from the initial diagnosis to
death, LFS was defined as the time until death or the date
on which the patient was found with >20% blasts in either
peripheral blood or BM. Patients who had been alive at the
last follow-up were censored. The Kaplan—-Meier method
was used for the survival analysis, and comparison between
groups was performed using the log-rank test. Cumula-
tive incidences of leukemic transformation were com-
pared using Gray’s test [16]. Possible risk factors including
age, gender, hemoglobin (Hb), neutrophil counts, platelet
counts, BM blast percentage, and chromosomal abnormali-
tics were also analyzed using the Cox proportional hazards
model. A multivariate analysis was performed vsing a step-
wise logistic regression model. p values <0.05 were con-
sidered to be statistically significant. All the analyses were
conducted using EZR, version 1.30 [17].

Results
Patient characteristics

A total of 351 cases were registered to the registry by May
2016. Among these cases, 215 were diagnosed as having
MDS as defined by FAB classification in the central review
system (Supplementary Table 52). After excluding those
who were not registered within 1 year after the institutional
diagnosis and those whose follow-up periods were shorier
than 4 weeks, 186 MDS cases remained to be analyzed
for the study. One hundred and nineteen were male; the
median age at diagnosis was 68 and the median follow-up
time of survivors was 24 months. According to the WHO
classification 2008 [18], this cohort included 30 refractory
cytopenia with unilineage dysplasia; 78 refractory cyto-
penia with multilincage dysplasia; 2 refractory anemia
with ring sideroblasts; 2 MDS with isolafed deletion 5q;
14 MDS, unclassified; 21 refractory anemia with excess
blast-1 (RAEB-1); {6 RAEB-2; 3 MDS with fibrosis; 12

myelodysplastic/myeloproliferative  neoplasms  (mostly
chronic myelomonocytic leukemia); and 8 AML with BM
blast <30% patients. The number of cases in the low-, int-
1-, int-2-, and high-risk groups according to the 1PSS were
37, 94, 44, and 11, respectively. According to the IPSS-R,
the number of cases in the very low-, low-, intermediate-,
high-, and very high-risk categories was 21, 69, 49, 23, and
24, respectively.

Prognostic significance of age and gender in patients
with MDS

Patients were divided into 5 age groups {(under 50 years,
in their 50s, 60s, 70s, and 80 years or above), and their
prognoses were analyzed using the Kaplan-Meier method.
Younger age groups tended to show better OS (p = 0.06)
and LES (p = 0.18) as compared with the elderly groups,
but not statistically significant (Supplementary Fig. Si,
panels a, b). The cumulative incidences of leukemic trans-
formation were not different between these groups (Sup-
plementary Fig. S1c). When we divided the patients into
young (under 60) and elderly (60 or over} groups, those in
the former group showed significantly better OS compared
with those in the latter group (p = 0.03, Supplementary
Fig. §1d). However, the LFS and cumulative incidences of
leukemic transformation were not different between these
groups (Supplementary Fig. Si, panels e, f). Subsequently,
we examined the effect of sex on the survival of patients
with MDS, Kaplan-Meier analyses showed that the sur-
vival curves of OS and LFS were superior in the female
patients over the male patients, but the differences were not
statistically significant (Supplementary Fig. 52, panels a,
b). No significant differences of cumulative incidences of
leukemic transformation were observed between genders
(Supplementary Fig. 5§2c).

08, LFS, and the incidence of leukemic transformation
in IPSS risk groups

In a Kaplan—-Meier analysis, the OS curves of the low- and
int-1-risk groups by the IPSS were almost completely over-
lapped, and those of the int-2- and high-risk groups were
nearly overlapped (Fig. 1a). The curves of the former two
and the latter two were clearly separated. The 2-year OS
rates of the low-, int-1-, int-2-, and high-risk groups were
87, 85, 33, and 30%, respectively. If patients were censored
when they received allogenic SCT, the OS curve hight of
the high-risk group became lower than that in Fig. 1a, but
08 curves of the other groups were essentially the same
as Fig. ta (Fig, i1b). The LFS curves of the low- and int-1-
risk groups were almost completely overlapped, and these
were clearly superior to those of the int-2 and high-risk
groups (Fig. 1¢). The 2-year LES of the low-, int-1-, int-2-,
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and high-risk groups were 82, 81, 26, and 9%, respectively
(Fig. lc). The cumulative incidence curves of leukemic
transformation showed that approximately half of the
patients with the int-2- and high-risk groups progressed
into AML within 2 years, while less than 20% of those with
the low- and int-1-risk groups developed AML during the
same duration (Fig. 1d).

0S8, LFS, and the incidence of leukemic transformation
in IPSS-R risk categories

The OS curves of the 5 risk categories by the IPSS-R were
reasonably separated. The 2-year OS rates of the very low-,
low-, intermediate-, high-, and very high-risk categories
were 95, 89, 79, 35, and 12%, respectively (Fig. 2a). The
OS curve of the intermediate-risk category was closer to
that of the low-risk category than to that of the high-risk
category; the OS curve of the very low-risk category was
clearly superior to the curves of the other 4 categories. If
patients were censored when they received allogenic SCT,
the OS curves of the high- and very high-risk categories
further dropped, which were clearly separated from those
of the other 3 categories (Fig. 2b). The LFS curves of these
5 categories were also well separated by Kaplan—Meier
analysis. However, similar to the OS corves, the LFS curve
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of the intermediate-risk category was closer to that of the
low-risk category rather than that of the high-risk category,
and that of the very low-risk category was clearly supe-
rior to those of the other 4 categories (Fig. 2c). The 2-year
LFS of the very low-, low-, intermediate-, high-, and very
high-risk categories were 95, 80, 71, 30, and 11%, respec-
tively. Approximately half of the patients with the high-
and very high-risk categories progressed into AML within
2 years, while less than 20% of the other 3 risk categories
progressed into AML during the same duration (Fig. 2d).
The incidences of leukemic transformation of the very
low-, low-, intermediate-, high-, and very high-risk cat-
egories at 2 years of diagnosis were 0, 10, 8, 56, and 40%,
respectively.

Stratification of the IPSS-defined risk groups by the
IPSS-R

To compare the IPSS and IPSS-R in our cohort, we strati-
fied the IPSS-defined risk groups by the IPSS-R. As
expected, most of the patients in the IPSS-defined low-risk
group were classified into either the very low- or low-risk
category, and most of those in the IPSS-defined high-risk
group were classified into the high- or very high-risk cat-
egory in IPSS-R (Fig. 3a). In contrast, the IPSS-defined
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int-1- and int-2-risk groups could be further separated
by IPSS-R into 4 and 3 risk categories, respectively. The
majority of patients in the IPSS-defined int-1-group were
classified into the low- or intermediate-risk category in
IPSS-R; however, a certain number of patients in this group
were classified into the very low- and high-risk categories
(Fig. 3a). OS curves of these 4 categories were reason-
ably separated (Fig. 3b); it is noteworthy that no death
was recorded among the patients in the very low-risk cat-
cgory. Patients with the IPSS-defined int-2-risk group were
divided into nearly equal proportions of 3 risk categories,
from intermediate to very high (Fig. 3a). The OS curves of
these categories were also well separated (Fig. 3c).

Risk factors for OS

In the IPSS-R, chromosomal karyotype, BM blast percent-
age, Hb, neutrophil counts, and platelet counts were cate-
gorized and incorporated into the calculation, We divided
the patients with MDS into 5 groups according to karyo-
type categories of the IPSS-R [9] and assessed their OS by
the Kaplan—Meier method. The OS curves of patients with
the very good-, good-, or intermediate-risk karyotypes were
nearly overlapped, and these were clearly superior to those
with the poor- and very poor-risk karyotypes (Fig. 4a). We
then divided the patients into 4 groups by BM blast per-
centages: <2%, 2-5%, 5-10%, and >10%. The OS curve
of patients with BM blasts <2% was evidently superior to
those of the other 3 groups (Fig. 4b). Therefore, we set the
cutoff of blast percentage to be 2%. Then, we assessed the
risk factors for OS by univariate analysis (Table 1). The
cut-off values of Hb (8.0 g/dL), neutrophil counts (800/
L), and platelet counts (100,000/wL) were took from
the IPSS-R. Age (cutoff 60 years) and gender were also
included as confounders in the model. Age =60 years,
Hb <8 g/dL, platelet counts <100,000/n1., BM blast >2%,
and the high- and very high-karyotype risks were signifi-
cantly associated with poor OS, whereas gender and neu-
trophil counts <800/wL were not. In a multivariate analy-
sis, male sex, low platelet counts (<100,000/\.L), increased
blast percentage (>2%), and the high-risk karyotype abnor-
malities (the high or very high-risk groups) were shown to
be independent risk factors for poor OS. The highest hazard
ratio of >10 was observed in the high-risk karyotype abnor-
malities (Table 1).

Ratios of patients receiving SCT

We evaluated the ratios of patients who received SCT
among those <65 years old, because patients >65 years
are generally regarded not to be eligible for SCT. In the
IPSS, less than 20% of those with the low- and int-1-
risk groups received SCT, while more than 60% of those

@ Springer

a Overall Survival
10 — Very good
’ — Good
Intermediate
038 Poor
2 — Very poor
T 061
g |
Kol
24
& 041
0.2
0 i T T
0 20 40 60 80 100
Months
b Overall Survival

1.0 1
— 0-2%
2-5%
0.8 1 5-10%
> — >10%
S 06 1
[0
s]
[=]
a 0.4
0.2 1
0 1 T T

Months

Fig. 4 Survival probabilities according to a karyotype risks by IPSS-
R and b bone marrow blast percentage

with the int-2- and high-risk groups received SCT during
their follow-up periods (Fig. 5a). When the patients were
divided according to IPSS-R categories, a third of those
in the intermediate-risk category, three-fourths of those in
the high-risk category, and nearly half of those in the very
high-risk category underwent SCT during the follow-up
period, while very few in the very low- and low-risk cat-
egories underwent SCT (Fig. 5b).

Discussion

In this study, we analyzed the OS and LFS of patients with
MDS in Japan. When we divided our patients according
to IPSS, the OS curves for the low- and int-1-risk groups
almost completely overlapped, and those for the int-2- and
high-risk groups nearly overlapped; the former two were
clearly superior to the latter two (Fig. 1). These results are
consistent with our understanding that, in the IPSS, the
low- and int-1-risk groups are regarded as the lower risk
MDS and the int-2- and high-risk groups are the higher risk
MDS. When we divided the patients according to the IPSS-
R, the OS curves of risk categories were well separated,
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Table 1 Risk factors of OS

Categories Criteria n Median OS (months) Univariate analysis Multivariate analysis
P Hazard ratio (95% confi- p
dence intervals)

Age <60 years 48 NR 0.009 1 0.004
>60 years 138 45 2.58 (1.36-4.88)

Gender Female 67 NR 0.294 1 0.017
Male 119 52 1.96 (1.13-3.43)

Hemoglobin >8 g/dL 126 NR 0.003
<8 g/dL. 60 26

Neutrophil counts =800 139 54 0.094
<800 47 26

Platelet counts =>100,000 82 NR 0.051 1 0.041
<100,000 104 45 1.69 (1.02-2.81)

BM blast percentages <2% 99 NR <0.001 1 0.031
>2% 79 26 1.79 (1.06-3.05)

Karyotype risks (IPSS-R) Very low, low, or interme- 146 NR <0.001 1 <0.001

diate

Poor or very poor 40 12 10.35 (5.66-18.95)

p values <0.05 are shown in bold

OS overall survival; NR not reached; BM bone marrow; IPSS-R revised-international prognostic scoring system

8 I without SCT
[ with SCT
(%)
100
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0
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b
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2

0

Very low ow Intermediate High Very high
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Fig. 5 Ratios of patients receiving allogenic stem cell transplantation
among those <65 years according to the a IPSS and b IPSS-R

and their estimated survivals were comparable with those
by the original IPSS-R and its validation studies that fol-
lowed [8, 10-12]. However, the OS and LFS curves for
the low- and intermediate-risk categories were relatively
close, and those for the high- and very high-risk categories
were also close; furthermore, the curve of the very low-risk
category was clearly superior to those of the other 4 cat-
egories (Fig. 2, panels a, b). Thus, the IPSS-R seems to be
quite useful into identifying the very low-risk patients with
extremely favorable prognosis, who could not be stratified
by conventional IPSS.

In this study, we found that the IPSS-R can be utilized
for restratification of each of the IPSS-defined risk groups
(Fig. 3a). Indeed, the IPSS-R allowed reclassification of the
IPSS-defined int-1-risk group, which included the largest
number of MDS patients, into various prognostic subgroups,
from the very low- to high-risk categories. Among patients
in the IPSS-defined int-1-risk group, no death was observed
for those classified into the IPSS-R-defined very low-risk
category during the observation period, while the median
OS for those classified into the high-risk category was only
1.4 years (Fig. 3b). Thus, patients with IPSS-defined int-1
risk group could be stratified more precisely by IPSS-R.

One of the main questions in the current study was
whether Japanese patients with MDS in the intermediate-
risk category in the IPSS-R should be treated as the lower
risk or higher risk MDS. A German study group investi-
gated the OS and incidence of leukemic transformation
of 1313 patients with MDS including those who received
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disease-altering therapies [10]. In this study, the OS curve
and cumulative incidence of leukemic transformation
of patients in the intermediate-risk category by IPSS-
R were clearly inferior to that of the low-risk category,
rather close to that of the high-risk category. Recently, a
similar study from The Netherlands was published [{9].
In this study, 222 patients with MDS by the definition
of WHO classification from a single institute were ana-
lyzed; the median OS of the intermediate-risk category
was 22 months, which was closer to that of the high-risk
category (19 months) than that of the low-risk category
(49 months). These studies suggest that the intermediate-
risk category in IPSS-R is a group to consider aggres-
sive treatments for the higher risk MDS including SCT.
In contrast, a report from a Serbian study group showed
different results [12]. They analyzed 173 patients with
MDS using the definition of FAB classification exchud-
ing those who received diseasc-altering therapies. Their
results showed that the OS curve of the intermediate-risk
category was closer to that of the low-risk category rather
than that of the high-risk category (the median OS of the
low-, intermediate-, and high-risk categories were 35, 22,
and 7 months, respectively). Another study from an Ital-
ian group validated the IPSS-R using 380 patients with
MDS including those who were treated with lenaridomide,
azacitidine, and cytotoxic agents [20]. In their cohort, the
survival curves for the high- and very high-risk categories
were nearly overlapped, and the curve for the intermedi-
ate-risk category was located in between those of the low-
and high-risk categories [20]. Thus, ethnic differences may
exist in the prognosis of patients in this disease category.
In our study cohort, in contrast to the aforementioned Ger-
man and Dutch studies, the OS curves for the low- and
intermediate-risk categories were relatively close, and
those for the high- and very high-risk categories were
also close; the former were clearly superior to the latter
(Fig. 2, paneis a, b). The cumulative incidences of leuke-
mic transformation were low in the former categories, less
than 20% in 24 months, whereas those of the latter cat-
egories were clearly high (Fig. 2d). These results support
the idea that Japanese patients with MDS with the TPSS-
R intermediate-risk category should be regarded as the
lower risk MDS together with those in the low- and very
low-risk categories. However, among patients <65 years,
33% of those in the intermediate-risk category received
SCT, whereas only less than 12.5% of those in the low-risk
category received it. Taken together, as suggested in the
original paper of IPSS-R [8], we suggest to classify Japa-
nese patients with MDS with intermediate-risk category in
IPSS-R into the lower risk MDS regarding their potential
therapeutic management, but simultancously, we suggest
to carefully assess optimal treatments of these patients
within low- and high-risk treatment protocols.
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This study has several study limitations. First, the
number of enrolled patients is relatively small. Second,
the registration period was relatively long; thus, the treat-
ment strategies, which may have affect their prognosis,
was not consistent during the enrolment period. Third,
because a considerable proportion of patients were
referred to local hospitals or clinics after diagnosis, the
median follow-up period (24 months) was relatively
short. Fourth, given that informed consent was required
prior to enrolment patients into this study, those with very
poor performance status were likely to be excluded. Fifth,
only relatively large institutes participated in this study,
which may have caused selection bias to relatively young
patients. A large proportion of elderly patients were prob-
ably managed by physicians in much smaller local hospi-
tals or clinics. According to a study by Chihara et al., the
incidence of MDS in Japan sharply increases with age,
particularly in those over age 70 years, and the median
age of MDS diagnosis in Japan is 76 [21], which is much
higher than that in our cohort {69 years). To approach
these problems, it is necessary to continue the research
systematically under the cooperation of all over Japan.

The results of this study was based on a database of
a multicenter Japanese MDS and aplastic anemia patient
registry, and the diagnosis of each case was strictly made
by a centrai review system including morphological
inspection at the time of registration. Although there are
several study limifations as mentioned above, we believe
that this study provides valuable basic data of the real-
world prognosis of patients with MDS in Japan.
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WILEY-L2%
Abstract

Hypoplastic myelodysplastic syndrome (hMDS) is a distinct entity with bone marrow (BM) hypo-
cellularity and the risk of death from BM failure (BMF), To elucidate the characteristics of hMDS,
the data of 129 patients diagnosed between April 2003 and March 2012 were collected from 20
institutions and the central review team of the National Research Group on Idiopathic Bone Mar-
row Failure Syndromes, and compared with 115 non-hMDS patients. More RA and fewer CMMol
and RAEB-t in French-American-British (FAB) and more RCUD and MDS-U and fewer RCMD in
World Health Organization (WHO) classifications were found in hMDS than non-hMDS with sig-
nificant differences. The overall survival (OS) and AML progression-free survival (AML-PFS) of
hMDS were higher than those of non-hMDS, especially in patients at age >50 and of lower risk in
Revised International Prognostic Scoring System (IPSS-R). In competing risks analysis, hMDS
exhibited decreased risk of AML-progression in lower IPSS or IPSS-R risk patients, and higher risk
of death from BMF in patients at age >50. Poor performance status (PS >2) and high karyotype
risks in IPSS-R (high and very high) were significant risk factors of death and AML-progression in

1 | INTRODUCTION

Hypoplastic MDS (hMDS) is a distinct disease entity of myelodysplastic
syndrome (MDS) characterized by bone marrow (BM) hypocellularity
and dysplasia.! The BM cellularity <30% had been the criterion for
hMDS in the early literature.™? However, based on the evidence that
BM cellularity decreases with aging, the stratified criteria of BM cellu-
larity <30% for patients younger than age 60 and <20% for patients
older than (or equal to) age 60 have been proposed for the definition
of hMDS.** More than 50% of hMDS patients were refractory anemia
(RA) in FAB classification,® but other background information, such as
past medical histories, family histories, and smoking habits, has hardly
been discussed.

The hMDS was originally reported to be of more favorable prog-
nosis with less frequent chromosomal abnormalities than non-hMDS,*
while some other reports exhibited similar prognostic outcomes of
hMDS compared with non-hMDS,? so the prognosis of hMDS s still
controversial. A study by Huang TC et al. showed that hMDS has more
favorable prognosis than non-hMDS, especially in lower risk groups
(low and intermediate-1 in the International Prognostic Scoring System
(IPSS)), and that hMDS also has lower risk to progress to acute leuke-
mia.? Since Revised IPSS (IPSS-R) was made available and proved to
predict the clinical outcomes of MDS better than IPSS,” it is desirable
to investigate the outcomes of hMDS according to IPSS-R as well.

The standard therapy for hMDS remains unknown. Because of
severe pancytopenia, the patients with hMDS may be at higher risk of
death from BM failure (BMF) rather than the risk of progression to
acute myeloid leukemia (AML), and therefore, the adequacy of applying

159 A report from

the intensive therapies to hMDS is still controversia
Czech included 9 hMDS patients to whom cyclosporine A (CsA) was
administered, and 8 of them (80%) responded well to CsA alone or in
combination with other agents such as erythropoietin (EPO),!® while
the hMDS patients responded poorly to CsA in another study.'! The

patients in these studies did not progress to acute leukemia after

Cox proportional hazards analysis.

immunosuppressive therapy (IST), but there is a report on a patient
with hMDS who transformed to AML after the administration of
CsA,* so it remains to be clarified to what extent IST is indicated for
hMDS. Some studies on successful allogeneic hematopoietic stem cell
transplantation (HSCT) included patients with hMDS,**"** but their
ages were much younger than the median age of hMDS patients,
which varied from 46 to 69.1%51%17 Therefore, accumulation of data
on the outcomes of HSCT for hMDS including the elderly patients is
desired.

The purpose of this study is to elucidate the patient background,
clinical characteristics, treatment response, and prognosis of patients
with hMDS by conducting a nationwide multicenter survey, and retro-
spectively analyze the survival and risk factors of these patients. In par-
ticular, this study is focused on the prognosis of subpopulations
according to the age and risk groups of hMDS.

2 | METHODS

The medical institutions participating in the National Research Group
on ldiopathic Bone Marrow Failure Syndromes and its central review
team were contacted, and the nationwide survey data were collected
from the institutions that participated in this study. The protocol of this
study was approved by the Research Ethics Committee of the Gradu-
ate School of Medicine and Faculty of Medicine, The University of
Tokyo, and by the ethics committee of each participating institution.
The criteria for the hypocellularity of hMDS are the BM cellularity
<30% for patients at age <60, and <20% for age >60 in BM biopsy
specimens™®; for patients diagnosed without BM biopsy, the same cri-
teria were applied to the clot samples of the BM aspirates. The hMDS
cases previously untreated and newly diagnosed by BM biopsy and/or
aspiration between April 2003 and March 2012 according to the
French-American-British (FAB) classification were enrolled in this
study, and their medical records and data were studied throughout the
same period. The data collected for analysis included the patients’
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clinical characteristics such as age at diagnosis, sex, past medical history
of malignancies and/or hematological diseases, family history of malig-
nancies and/or hematological diseases, performance status (PS), com-
plete blood counts (CBC), blasts in peripheral blood (PB) and BM,
cellularity of BM, chromosome abnormalities, FAB and World Health
Organization (WHO) classifications, risk groups in IPSS and IPSS-R,
treatments, the dates of initial diagnosis, progression to AML, and
death or the last follow-up. The data of the hMDS patients were com-
pared with those of non-hMDS patients in terms of clinical characteris-
tics, survival, risk factors, causes of death, and responses to treatments.
The clinical characteristics of hMDS patients and non-hMDS patients
were analyzed using t-test for parametric variables and BM blasts, and
Fisher's exact test for categorical data.

Overall survival (OS) was defined as the time from the initial diagno-
sis to death; patients who had been alive at the last follow-up were cen-
sored. The AML progression-free survival (AML-PFS) was defined as the
survival time until the date on which the patient was found with leuke-
mia either by CBC or BM analysis. The Kaplan-Meier method was used
for the survival analysis, and log-rank test was used to compare the sur-
vival distributions of hMDS and non-hMDS. The risk factors were also
analyzed using the Cox proportional hazards model. In the multivariate
analysis of Cox proportional hazards model, variables were optimized
using Akaike's information criterion (AIC).*8 Although discussed and
defined pathologically, there have been no proposed threshold values to
diagnose BMF. For the purpose of this study, death from BMF was
defined as the death with cytopenia of at least two lineages (the actual
causes of deaths shall be given below). The risks of progression to AML
and death from BMF were analyzed by competing risks analysis.

The original definition of hypocellularity for hMDS was given only by
BM biopsy, so the clinical study of hMDS only with the histology-proven
patients would be ideal. However, less than 50% of the hMDS patients
were diagnosed by BM biopsy, so the clot-diagnosed hMDS were
included in this study, and a subset analysis of only the histology-proven
MDS patients (i.e., the MDS patients diagnosed by BM biopsy) was stud-
ied as well. Furthermore, in order to investigate whether the subset of
histology-proven patients represents the characteristics of the entire pop-
ulation, two-sample Kolmogorov-Smirnov test was applied to the subpo-
pulations of histology-proven patients and the other patients.!”

The MDS patients were classified according to their initial treat-
ments, and the OS was studied for each treatment from the days on
which the treatment started (patients with best supportive care (BSC)
and no treatment were observed from the day on which they were
diagnosed).

Throughout this study, all of the statistical analyses were per-

formed using R version 3.2.1.

3 | RESULTS

Thirty-four of the 54 institutions responded to the preliminary survey
(63.0%); 27 institutions agreed to participating in the study, 4 institu-
tions had no hMDS cases, and 3 institutions withdrew from the study.
The data of 129 patients with hMDS were collected from 20

TABLE 1 Patient characteristics at initial diagnosis
hMDS non-hMDS
Variables (N=129) (N =115) P-value
Age, years 22
Median (range) 65 (16-89) 66 (19-88)
Sex 061
Male (%) 75 (58) 81 (70)
Female (%) 53 (41) 34 (30)
Unknown (%) 1 (0.78) 0(0)
Past illness (%)° 41 (32) 32 (28) 74
Family history (%)P 20 (16) 38 (33) <0017
Smoking (%) 32 (25) 58 (50) <.001*
Hemoglobin, g/dL 32
Median (range) 9.2 (4.9-14) 8.9 (4.4-15)
Platelet, x10*/uL .0079*
Median (range) 7.0 (0.60-44) 8.5 (0.50-87)
Neutrophil, x10%/uL .0019*
Median (range) 1.2 (0.042-9.9) 1.3 (0.11-36)
PB blast, % 0167
Median (range) 0(0-19) 0 (0-16)
BM blast, % 069
Median (range) 1.8 (0-28) 3.0 (0-25)
FAB classification (%) 021°
RA 84 (65) 55 (48)
RARS 3(2.3) 61(5.2)
RAEB 32 (25) 27 (23)
RAEB-t 2(1.6) 6(5.2)
CMMolL 2 (1.6) 14 (12)
Unknown/others 6(4.7) 716.1)
WHO classification <.001*
RCUD 40 (31) 8(7.0)
RARS 2 (1.6) 2(1.7)
RCMD 33 (26) 55 (48)
RAEB-1 22 (17) 16 (14)
RAEB-2 12 (9.3) 17 (15)
MDS-U 11 (8.5) 3(2.6)
5q- 1(0.78) 0(0)
Unknown/others 8 (6.2) 14 (12)
IPSS 31
Low (%) 19 (15) © 18 (16)
Intermediate-1 (%) 63 (49) 55 (48)
Intermediate-2 (%) 33 (26) 27 (23)
High (%) 7 (5.4) 13 (11)
Unknown (%) 7 (54) 2(1.7)
IPSS-R A7
Very low (%) 10(7.8) 61(5.2)
Low (%) 36 (28) 35 (30)
Intermediate (%) 33 (26) 28 (24)
High (%) 22 (17) 18 (16)
Very high (%) 18 (14) 26 (23)
Unknown (%) 10 (7.8) 2(1.7)

Statistically significant.

PMalignancies and/or hematological diseases.

BM, bone marrow; FAB, French-American-British; IPSS, International
Prognostic Scoring System; IPSS-R, Revised IPSS; PB, peripheral blood;
WHO, World Health Organization.
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FIGURE 1 OS and AML-PFS, hMDS versus non-hMDS. (A) Overall survival (OS). hMDS patients exhibited significantly higher rates of OS
than non-hMDS patients. hMDS: hypoplastic myelodysplastic syndrome (MDS). (B) AML progression-free survival (AML-PFS), hMDS
patients exhibited significantly higher rates of AML-PFS than non-hMDS patients. AML: acute myeloid leukemia. (C) OS, lower risk groups
(very low, low and intermediate) in IPSS-R. (D) AML-PFS, lower risk groups in IPSS-R. The hMDS of lower risk groups exhibited significantly
higher rates of OS and AML-PFS than non-hMDS patients. IPSS-R: Revised International Prognostic Scoring System. *: statistically

significant

institutions and from the central review team of the National Research
Group on Idiopathic Bone Marrow Failure Syndromes by September 7,
2013. These data were compared with 115 non-hMDS cases of The
University of Tokyo Hospital (Supporting Information Table S1).
Excluding 2 institutions whose total numbers of MDS patients were
unknown, the percentage of hMDS patients was 6.4% (125/1957).
Table 1 provides the demographic and clinical characteristics of
patients at their initial diagnoses. The numbers of hMDS patients with
family histories of malignancies and/or hematological diseases and with
smoking habits were significantly fewer than those of non-hMDS
patients (P<.001 and P<.001, respectively). Patients with hMDS
exhibited significantly lower platelet, neutrophil and blast counts in PB
than non-hMDS patients (P =.0079, P=.0019, and P =.016, respec-
tively). Also, statistically significant differences between hMDS and
non-hMDS patients were found in both FAB and WHO classifications:
in particular, the percentage of RCUD was higher in hMDS than in
non-hMDS (31% versus 7.0%), whereas that of RCMD was lower in
hMDS than in non-hMDS (26% versus 48%), and more MDS-U
patients were found in hMDS than in non-hMDS (8.5% versus 2.6%),

whereas fewer patients with RAEB-t and CMMolL were found in
hMDS than in non-hMDS (1.6% versus 5.2%, and 1.6% versus 12%,
respectively). The differences between hMDS and non-hMDS in other
characteristics such as past medical histories were not statistically
significant.

The OS and the AML-PFS of hMDS patients were evaluated by
Kaplan-Meier method, and analyzed further by dividing the hMDS
patients into two groups according to the age, IPSS, or IPSS-R (Sup-
porting Information Figure S1). The 5-year OS of hMDS patients was
66% (95% confidence interval (C. 1) = 54 to 81%) (Supporting Informa-
tion Figure S1A), whereas their 5-year AML-PFS was 63% (95% C.
I.=51 to 78%) (Supporting Information Figure S1B). Patients at age
<50 showed significantly higher 5-year AML-PFS than patients at age
>50 (94% versus 57% (P = .032)) (Supporting Information Figure S1F),
and their 5-year OS exhibited similar results as well (Supporting Infor-
mation Figure S1E). According to the IPSS, 5-year OS and AML-PFS
were significantly higher in low and intermediate-1 risk groups than in
intermediate-2 and high risk groups (81% versus 37% (P = .0052), and
80% versus 30% (P<.001), respectively) (Supporting Information
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FIGURE 2 The risks of progression to AML and of death from bone marrow failure (BMF) by competing risks analysis. (A) AML-
progression, all patients. AML: acute myeloid leukemia. (B) AML-progression, very low, low and intermediate risk groups in IPS5-R. The
hMDS patients exhibited significantly lower risk of AML-progression than non-hMDS patients, especially in lower risk groups of IPSS-R.
IPSS-R: Revised International Prognostic Scoring System. (C) Death from bone marrow failure (BMF), all patients. (D) Death from BMF, age
>50. The hMDS patients exhibited higher risk of death from BMF than non-hMDS, especially at age >50. The death from BMF is defined
as the death caused by cytopenia of at least two lineages. *: statistically significant

Figure S11,)); likewise, the 5-year OS and AML-PFS in very low, low
and intermediate risk groups in IPSS-R were significantly higher than in
high and very high risk groups (92% versus 11% (P <.001), and 89%
versus 11% (P <.001), respectively) (Supporting Information Figure
S1M,N).

Then, OS and AML-PFS of hMDS were compared with those of
non-hMDS5 (Figure 1, Supporting Information Figure S2). The difference
in the OS between hMDS and non-hMDS was statistically significant
(P=.0081), and their 5-year rates of OS were 66% and 49%, respec-
tively (Figure 1A). The difference in the AML-PFS between them was
also statistically significant (P < .001), with their 5-year rates being 63%
and 41%, respectively (Figure 1B). Based on the findings in Supporting
Information Figure 51, hMDS and non-hMDS patients were divided
into two groups by IPSS, IPSS-R and age (Supporting Information Fig-
ure S1C,D,G,H,KL). The OS and AML-PFS of patients in low and
intermediate-1 risk groups of IPSS were analyzed separately from
those in intermediate-2 and high risk groups (Supporting Information
Figure S2). For low and intermediate-1, 5-year OS and AML-PFS of

hMDS patients exhibited significantly higher rates than those of non-
hMDS patients (81% versus 57%) (P=.034), and 80% versus 49%
(P=.0027), respectively) (Supporting Information Figure S2AB). In
intermediate-2 and high risk groups of IPSS, hMDS patients failed to
show better OS but did show significantly superior AML-PFS compared
to those of non-hMDS patients (37% versus 33% (P=.11), and 30%
versus 23% (P=.024), respectively) (Supporting Information Figure
S$2C,D). Likewise, OS and AML-PFS of patients in very low, low and
intermediate risk groups of IPSS-R were analyzed separately from high
and very high risk groups. The 5-year OS and AML-PFS of hMDS
patients in very low, low and intermediate risk groups were signifi-
cantly higher than those of non-hMDS patients (92% versus 62%
(P =.0031), and 89% versus 51% (P < .001), respectively) (Figure 1C,D),
whereas the OS and AML-PFS in high and very high risk groups were
as low in hMDS as in non-hMDS (11% versus 13% (P =.50), and 11%
versus 25% (P = .40), respectively) (Supporting Information Figure S2E,
F). Therefore, the higher survival rates of hMDS than those of non-
hMDS were attributed to the favorable outcomes of lower-risk hMDS.
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TABLE 2 Cox proportional hazards analysis, hMDS patients (N = 129)

Overall survival

WILEY2

AML progression-free survival

Univariate

hMDS Hazard ratio 95% C. |. P-value Hazard ratio 95% C. I P-value
Sex 34 1.2-10 025" 4.3 15-12 00757
Age 1.0 0.99-1.0 .25 1.0 1.0-11 A2
Past illness” 3.0 1.3-6.7 010° 25 1.2-53 018"
Family history” 16 0.58-4.3 .38 1.3 0.48-34 63
Smoking 2.4 0.89-6.4 .083 3.2 1.3-8.1 0157
Hemoglobin 0.88 0.74-1.1 16 0.91 0.77-1.1 23
Platelet count 0.90 0.81-0.99 026" 0.94 0.88-1.0 .092
Neutrophil count 1.0 1.0-10 0347 1.0 1.0-1.0 .053
PB blast 0.96 0.78-1.2 .68 0.95 0.78-1.2 .63
BM blast i 1.0-11 055 11 1.0-1.2 <.001°
Performance status 71 25-20 <.001° 5.3 21-14 <.001"
Karyotype risks in IPSS-R 33 12-88 019* 3.8 1.6-9.0 .0030°
Multivariate Overall survival AML progression-free survival

hMDS Hazard ratio 95% C. I P-value Hazard ratio 95% C. I. P-value
Sex 6.3 1.3-30 0207 54 1.2-24 A1
Platelet count 0.87 0.75-1.0 062

BM blast’ b 10-1.2 .0033°
Performance status 4.1 1.3-13 016” 4.5 1.7-12 .0029*
Karyotype risks in IPSS-R 3.5 0.99-12 .051 52 1.7-15 001"

C.I.: confidence interval.
AStatistically significant, Sex: 1 for male, O for female.
bPast illness/family history of malignancy/hematological disease.

PB, peripheral blood; BM, bone marrow. Performance status (PS): 1 for score >2, O for score <1. Karyotype risks in IPSS-R, 1 for poor and very poor
risk groups, O for very good, good and intermediate risk groups; IPSS-R, Revised International Prognostic Scoring System.

For both age <50 and age >50, the survival rates of hMDS tended to
be higher than those of non-hMDS (Supporting Information Figure
$2G-J), especially with statistically significant differences in OS and
AML-PFS for age >50 (61% versus 42% (P=.011), and 57% versus
34% (P < .001), respectively) (Supporting Information Figure S21,J).

The risks of progression to AML and death from BMF were
investigated by competing risks analysis (Figure 2, Supporting Infor-
mation Figure S3). The difference in the risk of AML-progression
between hMDS and non-hMDS was statistically significant (P < .001),
with the 5-year cumulative incidence of 18% and 36%, respectively
(Figure 2A). Therefore, h(MDS patients face lower risk to progress to
AML than non-hMDS patients. Dividing the patients into two groups
by IPSS, IPSS-R or age revealed that the hMDS patients have signifi-
cantly lower risk of AML-progression than non-hMDS patients also in
the subpopulations of low and intermediate-1 risk groups in IPSS (5-
year cumulative incidence = 5.0% versus 31% (P < .001)} (Supporting
Information Figure S3A), very low, low and intermediate risk groups
in IPSS-R (5-year cumulative incidence = 4.5% versus 33% (P < .001))
(Figure 2B), and age >50 (5-year cumulative incidence = 21% versus
39% (P=.0015)) (Supporting Information Figure S3E). As given

above, the criterion of death caused by cytopenia of at least two line-
ages was used for the death from BMF (the actual causes of deaths
for hMDS patients are given in Supporting Information Table 52).
Applying this criterion to the analysis revealed that the 5-year cumu-
lative incidence of hMDS patients to die from BMF was significantly
higher than that of non-hMDS patients (18% versus 6.3% (P <.001)),
implying that hMDS patients face higher risk of death from BMF than
non-hMDS patients (Figure 2C). It was revealed further that hMDS
patients face higher risk of death from BMF than non-hMDS patients
at age >50 (5-year cumulative incidence=22% versus 8.0%
(P =.047)) (Figure 2D).

The univariate and multivariate Cox proportional hazards models
were used to analyze which characteristics of patients served as the
risk factors to affect the rates of OS and AML-PFS (Table 2, Supporting
Information S4). Among the statistically significant risk factors of sur-
vivals for h(MDS (N = 129) in the univariate proportional hazards analy-
sis, sex (male =1, female = 0) and PS remained significant risk factors
of OS in multivariate analysis, whereas BM blast, PS and karyotype
risks in IPSS-R (poor and very poor risk groups) remained significant
risk factors of AML-PFS in multivariate analysis, respectively (Table 2).
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Similar results were exhibited for all patients (N = 244) and non-hMDS
patients (N = 115) as well (Supporting Information Table S4).

The subset analysis of histology-proven patients is given in Sup-
porting Information Figure S4. The rates of OS and AML-PFS for this
subpopulation exhibited similar results as those for the entire popula-
tion including patients who were diagnosed by BM aspiration alone; 5-
year OS and AML-PFS for histology-proven hMDS were 69% (95% C.
|, = 52 to 94%) and 68% (95% C.I. = 51 to 91%), respectively (Support-
ing Information Figure S4A,B). The hMDS patients exhibited trends for
higher rates of survival for both OS and AML-PFS than the non-hMDS
patients, especially the latter with statistical significance (5-year
0OS = 69% versus 40% (P=.10), and 5-year AML-PFS = 68% versus
36% (P =.011), respectively) (Supporting Information Figure SAC,D).
Competing risks analysis for histology-proven patients also exhibited
similar results as those for all patients; 5-year cumulative incidences of
AML-progression for hMDS and non-hMDS were 14% versus 38%
(P =.0040), and 5-year cumulative incidences of death from BMF for
hMDS and non-hMDS were 24% versus 9.7% (P = .34), respectively
(Supporting Information Figure S4E,F). Therefore, it was confirmed that
hMDS patients face lower risk of AML-progression and higher risk of
death from BMF in this subset analysis as well.

Applying two-sample Kolmogorov-Smirnov test to the subpopula-
tions of histology-proven patients and the other patients confirmed
that all of the background continuous variables for histology-proven
patients, except for neutrophil count, follow the same distributions as
those of the other patients (Supporting Information Table S3). There-
fore, the data of all patients, including the data of those who were
diagnosed by BM aspiration alone, can be interpreted to represent the
clinical characteristics of hMDS patients, even though the importance
of diagnosing by BM biopsy cannot be overemphasized.

The OS of patients according to their initial treatments were also
analyzed (Supporting Information Figure S5), but the OS between
hMDS and non-hMDS did not exhibit statistically significant differen-
ces in any treatment, at least in part due to the limited sample sizes.
Twenty-seven percent of hMDS patients received no treatments
throughout the entire clinical courses, 17% were administered vitamins
as their first treatment, and 10% underwent hematopoietic stem cell
transplantation (HSCT) as their initial treatments (Supporting Informa-
tion Table S5).

4 | DISCUSSION

There have been a few reports of hMDS exhibiting poorer prognosis
than aplastic anemia (AA) and better prognosis than non-hMDS, but
they dealt with a limited number of hMDS patients, and a study with a
larger sample size was desirable.” Since IPSS-R has already been
acknowledged worldwide, the prognosis of hMDS needs to be dis-
cussed according to IPSS-R.” This study is the first multicenter study
with the data of >100 hMDS patients on hMDS that dealt with IPSS-
R. The fact that in neither OS nor AML-PFS did the hMDS patients dif-
fer significantly from non-hMDS patients in higher risk groups of IPSS-
R may reflect some advantages of IPSS-R to predict high risk patients

compared with IPSS because in int-2 and high risk groups of IPSS,
AML-PFS was significantly prolonged in hMDS patients. Furthermore,
the very low—intermediate risk groups of hMDS exhibited higher OS
and AML-PFS than those of non-hMDS patients with statistically sig-
nificant differences, implying that treatments for hMDS patients in
very low—intermediate risk groups of IPSS-R should be considered sep-
arately from those for non-hMDS in the same risk groups.

It is often difficult to distinguish hMDS from AA, because both the
clinical courses and pathological findings of hMDS may overlap with
those of AA, while treatments and prognosis of these two entities may
differ.?®~?? Although there have been several reports to propose the
criteria for distinction, such as CD34-positive BM cell analysis and
measurement of tumor necrosis factor receptors,?’?* the morphologi-
cal study of the BM still remains the standard means to diagnose
hMDS and distinguishing it from AA. The diagnosis of hMDS for the
current study is based on the morphological dysplasia, but there
remains the need for the methods of diagnosis with mare objective
criteria.**

In addition to the finding in Table 1 that more than half of the
hMDS patients were classified as RA in FAB classification, which coin-
cides with the previously reported literature,® it was exhibited in this
study that there were significant differences between hMDS and non-
hMDS in WHO classification. On the other hand, the marrow blast per-
centages of hMDS and non-hMDS were not significantly different,
which yielded similar fractions of RAEB-1/2; therefore, the significant
differences in WHO classification were mainly due to the higher per-
centage of RCUD and the lower percentage of RCMD. A recent study
suggests that RCUD exhibits higher rates of OS than RCMD,? but the
OS of hMDS in the current study did not exhibit statistically significant
difference between RCUD and RCMD (data and graph not shown).

High hazard ratios of PS and karyotype risks for both OS and
AML-PFS of hMDS patients in Cox proportional hazards analysis coin-
cide with the previously published literature,2*#” but it was shown fur-
ther in univariate Cox proportional hazards analysis that other factors
such as the male gender, past illnesses and smoking habits can also be
the risk factors of death and AML-progression for hMDS.

Competing risks analysis revealed that hMDS is less likely to pro-
gress to AML than non-hMDS, as Huang et al. exhibited.® However,
the anticipation that hMDS may have higher risk of death from BMF
had never been confirmed before. Applying a criterion of death from
BMF for the purpose of this study confirmed that hMDS has higher
risk of death from BMF. Therefore, there may be some hMDS patients
for whom myelo-suppressing therapies are not indicated,

The cytogenetic abnormalities of hMDS in this study were sum-
marized into the karyotype risk groups of IPSS-R. According to Koh Y
et al, the difference between the AML-PFS of hMDS patients with
cytogenetic abnormalities and of those without were not significant.'”
IPSS-R classifies some chromosomal abnormalities into the same risk
group as the normal karyotype, and there exist some hMDS patients
with chromosomal abnormalities that have more favorable outcomes
than those without. Therefore, survival analyses by IPSS-R exhibited
earlier may give more adequate assessments for the prognoses of
hMDS.



KOBAYASHI et AL

Abnormalities in fluorescent in situ hybridization (FISH) were not
dealt with in this study. It has been reported that AA positive of tris-
omy 1q by FISH progressed to acute leukemia frequently, whereas no
single karyotype or FISH abnormality in hMDS predicted leukemic pro-
gression.!” Therefore, it is likely that FISH analysis for the data of
hMDS patients in this study would not have vyielded significant
outcomes.

Another recent report suggests that hMDS acquires fewer somatic
mutations than hyperplastic MDS, and exhibits genomic differences in
driver clones when compared with hyperplastic MDS,?® so a combined
analysis of genetic data and clinical outcomes of hMDS in comparison
with those of non-hMDS is also desired.

Comparison of OS between hMDS and non-hMDS according to
the initial treatments did not exhibit statistically significant differences
between hMDS and non-hMDS because of the limited sample size and
also due to the fact that treatments for hMDS were selected at clini-
cians’ own discretions. Therefore, treatment choices according to the
characters and factors of the patients, as well as their adequacies, need
to be investigated with even a larger size of population.
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Purpose: Precise genetic diagnosis of inherited bone marrow failure
syndromes (IBMFS), a heterogeneous group of genetic disorders, is
challenging but essential for precise clinical decision making,

Methods: We analyzed 121 IBMFS patients using a targeted
sequencing covering 184 associated genes and 250 IBMES patients
using whole-exome sequencing {(WES).

Results: We achieved successful genetic diagnoses for 53 of 121
patients (44%) using targeted sequencing and for 68 of 250 patients
(27%) using WES. In the majority of cases (targeted sequencing:
45/53, 85%; WES: 63/68, 93%), the detected variants were concordant

INTRODUCTION
Inherited bone marrow failure syndromes {IBMFS) are part of
a heterogeneous disease category involving a family history in
which at least one hematopoietic cell lineage is decreased in the
bone marrow. IBMFS consist of more than 25 defined disease
entities, including Fanconi anemia (FA), Diamond-Blackfan
anemia (DBA), and dyskeratosis congenita (DC).! Certain
IBMES have been associated with an increased risk of second-
ary malignancies, The diagnosis is based on hematological

with, and therefore supported, the clinical diagnoses. However, in the
remaining 13 cases (8 patients by target sequencing and 5 patients
by WES), the clinical diagnoses were incompatible with the detected
variants.

Conclusion: Our approach utilizing targeted sequencing and WES
achicved satisfactory diagnostic rates and supported the cfficacy of
massive parallel sequencing as a diagnostic tool for IBMFS.

Genet Med advance online publication 19 January 2017

Key Words: Fanconi anemia; inherited bone marrow failure; next-
generation sequencing; target sequencing; whole-exome sequencing

and physical findings with the aid of several disease-specific
diagnostic tests such as the chromosomal breakage test for FA
and molecular diagnosis with conventional Sanger sequencing
for a very limited number of the causative genes. With recent
advances in clinical molecular studies that revealed a consider-
able amount of pathognomonic molecular lesions in IBMFS >
the role of genetic tests has become more important in the diag-
nosis of these diseases. However, because clinical and labora-
tory findings can overlap among different IBMFS, the selection
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of targeted genes for genetic diagnosis is difficult. Therefore,
a comprehensive genetic diagnostic approach is warranted
for patients with a suspicious diagnosis of IBMFES due to the
increased number of genes to be analyzed.

Next-generation sequencing (NGS) encompasses a broad
range of techniques that enable the simultaneous sequenc-
ing of a massive amount of nucleic acid molecules.” These
complementary approaches include targeted gene sequencing,
whole-exome sequencing (WES), and whole-genome sequenc-
ing (WGS), each with distinct advantages and disadvantages.
Compared with WES/WGS, targeted gene sequencing is a rela-
tively inexpensive approach for the identification of pathogenic
mutations in more than 100 genes and has relatively higher
sequence coverage. NGS has been used for research studies
regarding certain IBMES, but its clinical utility is limited. Only
two studies used targeted gene sequencing with NGS technol-
ogy to diagnose patients with distinct IBMFS.*” The majority
of these patients had previously undergone extensive genetic
testing, all of which yielded negative results. Targeted gene
sequencing efficiently identified causative mutations in both
studies, which supported the utilization of NGS for genetic
screening of patients with IBMFS.

In this study, we developed a targeted gene sequencing plat-
form with 184 genes that were specifically designed for the
diagnosis of IBMES. This platform was used as a first-line diag-
nostic test for 121 patients clinically diagnosed with IBMFS. In
addition, we performed diagnostic WES for 250 patients with
IBMFS whao could not be genetically diagnosed using conven-
tional genetic tests.

MATERIALS AND METHODS

Patients for targeted segquencing

A total of 121 consecutive patients who were clinically diag-
nosed with IBMFS at Nagoya University Hospital and other
nationwide institutions were included in this study. None of
the patients had previously undergone genetic tests. Clinical
diagnoses included DBA (17 = 26), DC (n = 13), FA (n = 22),
Shwachman-Diamond syndrome (SDS, i = 8), severe congeni-
tal neutropenia (SCN, 1 = 7}, other anemia {n = 21), other neu-
tropenia (1 = 3), other thrombocytopenia (1 = 13}, and other
bone marrow failure (BMF) (cytopenia with =2 lineages; n = 10)
(Table 1, Supplementary Table §1 online and Supplementary
Figure S1 online). '

Whole-exome sequencing of patients

In 2011, we established a government-supported nationwide
program, the Research on Measures for Intractable Diseases
Project of the Ministry of Health, Labor, and Welfare, for rare
inherited blood disorders. As of December 2013, a total of 733
patients were registered with the program (Supplementary
Table §1 online) and had clinical diagnoses including FA {n =
117), DBA (n = 110), congenital hemolytic anemia (HA; n =
261), DC {n = 62}, congenital dyserythropoietic anemia {CDA;
# = 21), congenital sideroblastic anemia (CSA; n = 34), con-
genital amegakaryocytic thrombocytopenia (CAMT; » = 10),
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hereditary hemophagocytic lymphohistiocytosis (HLH; n = 65),
SCN (1 = 47), and unclassified IBMES (n = 6). Conventional
genotyping such as Sanger sequencing had confirmed the clini-
cal diagnoses of 262 patients; however, no causative candidate
germline variants were identified (n = 267) or no genotyping
was performed (n = 204} for the remaining 471 patients. Of
these 471 patients, 250 patients with FA (i = 73}, DBA (1 = 61),
HA (1 = 44), DG (1 = 29), CDA (1 = 12), CSA (1 = 9}, CAMT
(1 =7), HLH (n = 6}, SCN (# = 3), and unclassified IBMFS (n =
6) were enrolied in the present study (Table 2, Supplementary
Tables $2 and S3 online). Most of these patients (182/250, 73%)
underwent various genetic tests with negative results before
WES analysis, whereas the remaining 68 (27%) patients were
not evaluated with genetic tests other than WES.

Sample preparation and next-generation sequencing
Written informed consent was obtained from patients or their
legal guardians. This study was approved by the ethics commit-
tees of Nagoya University Graduate School of Medicine and
Graduate School of Medicine, Kyoto University.

Genomic DNA was extracted from peripheral blood, bone
marrow, and Epstein-Barr virus-transformed lymphoblastoid
cell lines (EBV-LCL) using a QlAamp DNA Blood Mini Kit
(Qiagen, Hilden, Germany). For targeted sequencing, the tar-
get region of the genomic DNA was enriched using SureSelect
custom bait (Agilent Technologies, Santa Clara, CA) covering
the exons and 10 bases surrounding the exons of 184 genes
(Supplementary Table S4 online). For WES, genomic DNA
was captured using SureSelect Human All Exon 50M, V4, or
V5 Kits {Agilent Technologles). Captured genomic DNA was
analyzed by massively parallel sequencing using a HiSeq 2000
or 2500 {Illumina, San Diego, CA) next-generation sequencer
with a 100 x 2 paired-end option.

Detection of causative variants

We detected germline variants using our established pipeline
(Genomon-exome, http://genomon.hgejplexomef). In brief,
sequence reads were aligned to the hgl9 reference genome
using the Burrows-Wheeler Aligner; variants were detected
using our in-house variant caller. Variant allele frequency
(VAF) >0.2 (20%) was used as the cut-off value.

Following the guidelines published by the American College
of Medical Genetics and Genormics,® we removed common
single-nucleotide polymorphisms (SNPs) showing minor
allele frequency values of more than 1% in (i) the ESP6500
exome variant server {the National Heart, Lung, and Blood
Institute Exome Sequencing Project, Seattle, WA; http//
evs.gs.washington.edu/EVS/, as of April 2014); (ii)} the 1000
genomes project;” or (iii) our in-house SNP database." These
variants were considered the causative variants that were pre-
viously reported to be pathogenic (category 1) or were other-
wise highly expected to cause the associated disorders (e.g,
nonsense, frameshift, and splice site variants) (category 2).
Other variants of unknown significance such as missense vari-
ants without further evidence of pathogenicity were treated as
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Table 1 Summary of clinical and genetic diagnosis by target sequencing

Categories of dinical Patients with

Clinical and genetic diagnosis

diagnosis N genetic diagnosis Matched Unmatched ~  Identified gene mutations (n)

FA 22 15 (68%) 15 0 FANCA (11), FANCF (1), FANCG (3)

DBA 26 12 (46%) 11 1 RPLS (3), RPST7(3), RPS19(4), RPS524 (1), SPTB (1}
CHA 8 4 (50%) 4 0 FIEZO1 (2), SPTB(2)

DC 13 5 (38%) 4 1 DKCT(2), SBDS{1), TINFZ (2)

CDA 9 2(22%) 2 0 KLF1 (1), CDANT (1)

CSA 4 2 (50%) 2 Q ALAS2 (1), SLC25A38 (1)

CAMT 2 1(50%) 0 1 RUNXT (1)

HLH 0 0 0 Y -

SCN 7 2(29%) 2 o ELANE (1), HAXT{1)

SDS & 4(67%) 4 ¢ 5805 {4)

Other neutropenia 3 0 Q o -

Other thrombacytopenia 1" 3(27%) 1 2 RUNXT(2), VWF(1)

Other BMF 10 3@0%) 0 3 FANCG (1), RPL (1, SBOS(1)
Total cohort 121 53 (44%) 45 8

BMF, bone marrow failure; CAMT, congenital amegaryocytic thrombocytopenia; CDA, congenital dyserythropoietic anemia; CHA, congenital hemolylic anemia; C5A,
congenital sideroblastic anemia; DBA, Diamond-Blackfan anemia; DC, dyskeratosis congenita; FA, Fanconi anemia; HLH, hereditary hemophagocytic lymphohistiocytosis;

SCN, severe congenital neutropenia; SDS, Shwachrnan-Diarmond syndrome.

Table 2 Summary of genetic diagnoses by whole-exome sequencing

Without previous

With previous

Clinical and genetic

Totalcohort  genetictests ~— genetictests diagnoses
Categories Patients Patients Patients
of clinical with genetic with genetic with genetic
diagnosis N diaghosis  n1 diagnosis n diagnosis Matched ~ Unmatched Identified gene mutations (n}
FA 73 35 (48%) 16 10(63%) 57 25 (44 %) 35 o FANCG(17), FANCA(14), FANCB(1),
FANCF (1), SLX4 (1), BRCA2 (1)
OBA 61 11 (18%) 0 0 a1 11(18%) 11 o RPS26 (3), RPS7 (2), RPS19(2),
RPLS(2), RPLI5A (1), RPLTT (1)
HA 44 7{16%) 44 7(16%) 0 0 & 1 SPTAT (2), SPTB (2), ANKT {2),
CDANT (1)
DC 29 7 (24%) 2 7 (50%) 27 6(22%) 7 0 TERT (3), TINF2 (2), DKC1 (2)
DA 12 3(25%) 0 0 12 3{25%) 1 2 CDANT (1), SPTAT (1), ANKT (1)
C5A 9 0 0 0 9 0 0 V]
CAMT 7 1{14%) 0 0 7 1{14%) 0 1 TINF2 (1)
HLH 6 3(50%;) 0 0 6 3(50%) 2 1 UNCT3D 1), XIAP(1}, MVK (1)
SCN 3 0 0 0 3 o] 0 0
SDS 0 0 0 0 a 0 0 0 -
OtherBMF 6 1(17%) 6 107%) 0 0 0 RUNX1 (1)
Jotal 250 68(27%) 68 19(8%) 182 49(27%) .83 5

BMF, bone marrow failure; CAMT, congenital amegaryocytic thrombocytopenia; CDA, congenital dyserythropeietic anemia; CSA, congenital sideroblastic anemia; DBA,
Diamond-Blackfan anemia; BC, dyskeratosis congenita; FA, Fanconi anemia; HA, hemolytic anemia; HLH, hereditary hemophagocytic lymphohistiocytosis; SCN, severe

congenita! neutropenia; SDS, Shwachman-Diamond syndrome.

nondiagnostic in this study. For the specific pathogenicity of
each variant, we used the Human Genome Mutation Database
(http://www.hgmd.cfac.uk/, as of March 2014} and performed
an extensive search of the literature in PubMed (http://www.
ncbinlm.nih.gov/pubmed). The resuits of the literature search
were discussed with physicians who were experts in that par-
ticular disease area and genetic diagnoses were made based on
the mode of inheritance of each disease. Finally, causative vari-
ants were validated by Sanger sequencing,
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Using targeted sequencing data, we performed copy-number
analysis as described previously.!' In brief, the coverage of each
exon normalized by the mean coverage of the entire sampie was
compared with that of 12 unrelated reference samples. Exons
exhibiting normalized coverage greater than 3 standard devia-
tions from the coverage of reference samples were determined
to be candidates for copy-number alterations. All candidate
exons were visually inspected using the Integrative Genomics
Viewer.
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RESULTS

Genetic diagnosis by targeted sequencing

Capture-based targeted sequencing covered 99.4% of the tar-
get region in 184 genes with more than 20 independent reads.
With this coverage, our in-house pipeline detected 227 (201~
267) coding variants per patient, of which common SNPs with
>19% minor allele frequency accounted for 97% of all detected
variants. In total, we identified 69 variants that were consid-
ered to be in category 1 (i.e., previously reported alleles) or
category 2 (i.e., previously unknown but highly probable vari-
ants within known causative genes for each disease subtype).
In addition, we were able to identify pathognomonic copy-
number aberrations in 11 patients (FANCA (1 = 5; UPN-1028,
-1082, -1084, -1372, and -1373), RPS17 (n = 3; UPN-1174,

a UPN-1028
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-1186, and -1304), RUNX1 (n = 1, UPN-1222), SBDS (n = 1,
UPN-1212), and SPTB (n = 1, UPN-1350) (Figure 1).

We calculated genetic diagnostic rates by our targeted
sequencing pipeline based on the estimated mode of inheri-
tance. For instance, we genetically diagnosed patients har-
boring homozygous or compound heterozygous mutations of
known causative genes for autosomal recessive diseases such as
FA. Patients with a clinical diagnosis of FA (15/22, 68%) and
SDS (4/6, 67%) achieved relatively high genetic diagnostic rates.
The genetic diagnosis was achieved in approximately half of the
patients with DBA (12/26, 46%) and DC (5/13, 38%). Genetic
diagnostic rates of other categories were as follows: SCN (2/7,
29%), other anemia (9/21, 43%), other neutropenia (0/3, 0%),
other thrombocytopenia (4/13, 33%), and other BMF (3/10,
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Figure 1 Copy-number analysis. The estimated copy number of each exon was based on the nurnber of reads obtained from the targeted sequence.
Analysis revealed pathogenic heterozygous gene deletion in eight patients. Each bar represents an exon and the y-axis represents the estimated copy numbers.
Gray lines indicate estimated copy numbers obtained from 12 unrelated samples. Red bars indicate estimated deleted regions.
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30%). In total, our targeted sequencing pipeline genetically
diagnosed 53 of 121 patients (44%) (Table 1, Supplementary
Table §1 oniine). No patient had two or more genetic diagnoses.

Genetic diagnosis by whole-exome sequencing

WES covered more than 80% (56%-91% with SureSelect 50M)
to 90% (79-98% with SureSelect V4 or V5) of the coding
region with more than 20 independent reads (Supplementary
Figure 82 online). At this coverage level, our in-house pipeline
detected 19,574 (13,811-21,945) coding variants per patient.
Common SNPs with >1% minor allele frequency accounted for
97% of all detected variants.

We identified 64 category 1 variants (previously reported
alleles} and 23 category 2 variants (previously unknown but
highly probable variants within known causative genes for each
disease subtype) {(Supplementary Table 83 online). These 87
variants established genetic diagnoses for 68 (27%) patients
(Table 2}. Diagnostic efficacy was comparable between patients
with or without prior genetic testing (26 and 27%, respectively).
No patient received more than one genetic diagnosis.

The highest diagnostic efficacy was achieved in patients with
FA; in these patients, one or more highly putative causative
variants were detected by WES in 35 of 73 patients (48%), fol-
lowed by DBA (11/61, 18%), FLA (7/44, 16%), DC {7/29, 24%),
CDA (3/12, 25%), and HLH (3/6, 50%). In contrast, candidate
variants were detected or otherwise not identified in only a
small fraction of patients with CSA (0/9), CAMT (1/7), and
SCN (0/3).

Table 3 Genetic diagnoses unmatched with clinical diagnoses

MURAMATSU et af | NGS for IBMFS

Discordance between clinical diagnosis and genetic
variants by targeted sequencing and whole-exome
sequenting
In the majority of cases (target sequencing: 45/53, 85%; WES:
63/68, 93%), the detected variants were concordant with, and
therefore supported, the clinical diagnoses. However, for the
remaining 13 cases (8 patients by target sequencing and 3
patients by WES), the clinical diagnoses were incompatible with
the detected variants {Table 3, Supplementary Data online),
UPN-1350, one of the discordant patients clinically diag-
nosed with DBA, harbored a known pathognomonic SPTB
gene deletion and was genetically diagnosed as hereditary
spherocytosis. Two patients with thrombocytopenia (con-
genital amegakaryocytic thrombocytopenia (UPN-1222) and
idiopathic thrombocytopenic purpura (ITP); UPN-1277)
were reallocated as familial platelet disorder with propensity
to myeloid malignancy (FPD/AML) with RUNXI gene altera-
tions"” {microdeletion (UPN-1222, Figure 1) and p.P330fs
(UPN-1277)). Three patients had IBMFES but not otherwise
specified obtained genetic diagnoses as a result of our analy-
sis (UPN-1324, DBA; UPN-1348, SDS; and UPN-1355, FA).
Similarly, genetic sequencing analysis corrected the diagnoses
of two other patients (UPN-1289 (from DC to SDS) and UPN-
1098 {from chronic ITP to von Willebrand disease (VWD)
2B}). In UPN-355, the initial clinical diagnosis was HA, but the
detected variants {CDANI p.N599S and p.P146fs) supported
the diagnosis of CDA. Conversely, in UPN-216 and UPN-
485, the suspected clinical diagnosis of CDA was revised to

UPN Sequencing Cinical Dx  Genetic Dx Gene mutation {1) Zygosity - Gene mutation (2) Zygosity
UPN1350 T Targﬂ DBA Hereditary o i e Hetero e e o .
spherocytasis

UPN-1289 Target oC SDS SBDS p.K33E Hetero SBDS p.244_245del Hetero

UPN-1098 Target ChronicITP VWD 2B VIAF p.A1461D Hetero

UPN-1222 Target CAMT FPO/AML RUNXT Deletion Hetero

UPN-1277 Target ITP FPD/AML RUNX1 p.P330fs Hetero

UPN-1324 Target 1BMFS, NOS DBA RPLS p.Y219X Hetero

UPN-1348 Target IBMFS, NOS SDS SBDS p.K6ZX Hetero SBDS Splice site Hetero
(c.258+2T>C)

UPN-1355 Target IBMFS, NOS FA FANCG p.G356X Hetero FANCG Splice site Hetero
(c.307+1G>Q)

UPN-355 WES HA DA CDANT p.N5995 Hetero CDANT p.P146RfsX9 Hetero

UPN-216 WES CDA HA SPTAY p.R28H Hetero

UPN-485 WES CDA HaA ANKT 0.R935X Heterc

UPN-83 WES CAMT DC TiNF2 p.R276X Hetere

UPN-312 WES HLH Hyper kgD MVK Splice site Hetero

syndrome (€227-16A)

CAMT, congenitat amegakaryocytic thrombocytopenia; DBA, Diamend-Blackfan anemia;, DC, dyskeratosis congenita; Dx, diagnosis; FA, Fanconi anemia; FPD/AML, familial
platelet disorder with propensity to myeloid malignancy; Hetero, heterozygous; ITP, idiopathic thrombocytopenic purpura; IBMFS, inherited bone marrow failure syndrome;
NOS, not otherwise specified; $05, Shwachman-Diamond syndreme; UPN, unigue patient number; VWO, von Willebrand disease; WES, whole-exome seguending.
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HA as a result of identification of mutations (SPTAI p.R28H
in UPN-216 and ANK1 p.R935X in UPN-485) that are typi-
cally associated with HA. In these cases, the inconsistency was
most likely due to an overlap of clinical phenotypes between
HA and CDA; both of which are characterized by hemolysis.
In UPN-83, a patient clinically diagnosed with possible CAMT,
the genetic diagnosis of DC was reached with causative vari-
ants in TINF2 (p.R276X). In UPN-312, the clinical diagnosis
of HLH was revised to hyperimmunoglobulin D syndrome, a
type of hyperinflammatory syndrome, based on the causative
variants in MVK (p.A147T and ¢.227-1G>A).

DISCUSSION

Recent advances in genetic research identified a large number
of causative genes of IBMFS and reinforced the need for a com-
prehensive genetic diagnostic system in both clinical practice
and research.® Here, we developed a molecular diagnostic sys-
tem using WES and a targeted sequencing pipeline covering
184 associated genes for IBMES. We were successful in provid-
ing genetic diagnoses for 53 of 121 patients {44%) by targeted
sequencing {Table 1) and for 68 of 250 patients (27%) by WES
(Table 2). Although the possibility of concomitant diagnoses
remains, 13 patients with discordant clinical and genetic diag-
noses clearly demonstrated the clinical value of next-generation
sequencing (Table 3).

The diagnostic rate of our targeted sequencing platform
was significantly higher than those demonstrated in a previ-
ous study by Zhang ef al® (53/121 {44%) vs. 17/85 (20%); P <
0.001), thus reflecting the difference between patient charac-
teristics and genetic regions covered. Although we used a non-
biased approach analyzing 121 consecutive patients who were
clinically suspected to have IBMFS without preceding genetic
screening, Zhang et al. resequenced patients who remained
unclassified after a conventional genetic workup using a
sequencing platform with a smaller gene number (85 genes)
and a lower coverage rate (>10x coverage in 98.2% of bases).®
Nine patients in our study had diagnostic variants in four genes
that were not included in the gene panel of Zhang et al. (PIEZO1
(rn=2), RPSI7{n=13),SPTRB (n=3},and VWF (n=1)). Ghemla
et al. reported similar diagnostic rates (59/158, 37%) using a
multiplex polymerase chain reaction (PCR) platform covering
72 genes’; however, the detection rate of copy-number variants
was significantly lower than that of our study (2/158 (2%) vs.
11/121 (9%); P = 0.003}, thus reflecting the superiority of the
capture-based platform over multiplex PCR in copy-number
analysis. In addition, 10 patients in our study had diagnostic
variants in 7 genes that were not included in the gene panel
utilized by Ghemla et al. (ALAS2 (n = 1}, CDANI! (n = 1),
KLF1 (n=1), PIEZO1 (n =2}, SLC25A38 (n = 1}, SPTB {n =3),
and VWF (n=1}).

Unsuspected genetic diagnosis has a positive effect on the
clinical management of patients, particularly for gene muta-
tions conferring cancer predisposition. Patients with most
categories of IBMFS, including DBA,” DC," FA,"” SDS,'® and
SCN.' have a significantly higher probability of hematological
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malignancies than the general population. In addition, we
identified three RUNXI gene alterations (mutation/deletion)
among four patients with thrombocytopenia in the targeted
sequencing cohort who were diagnosed with FPD/AML. All
three patients developed thrombocytopenia during infancy,
suggesting that FPD/AML should be included in the difteren-
tial diagnosis of infantile thrombocytopenia. In total, we genet-
ically diagnosed 43 patients with cancer predisposition in the
targeted sequencing cohort (DBA, n =12, DC, n=4; FA, n = 16;
SDS, 11 = 6; SCN, n = 2; FPD/AML, n = 3) and 55 patients in the
WES cohort (DBA, n=11; DC, n = 8; FA, n = 35, FPD/AML, n
= 1}, These patients need to be continually and regularly evalu-
ated by complete blood counts and physical examination to
screen for the development of hematological malignancies. In
addition, appropriate genetic counseling and familial genetic
screening are mandatory.

The diagnostic rate of WES was inferior to that of target
sequencing (53/121 (44%) vs. 68/250 (27%); P = 0.002}, mainly
due to the conventional genetic testing conducted before
enrollment in the WES cohort. For example, the highest diag-
nostic rate was demonstrated for FA (15/22, 68%) in the target
sequencing cohort, reflecting the ability of the chromosomal
breakage test to achieve a precise clinical diagnosis. In contrast,
the diagnostic efficacy of WES in patients with FA and prior
genetic testing tended to be lower (43%, 25/57), whereas WES
in patients with FA without prior genetic testing showed diag-
nostic rates (62%, 10/16) comparable to that of target sequenc-
ing. In addition, our target sequencing platform was able to
identify copy-number variants in 11 of 121 patients (9%); how-
ever, we could not perform a reliable copy-number analysis in
the WES cohort due to relatively low coverage,

Compared to WES, targeted sequencing can achieve similar
results at a lower cost for sequencing and computing resources.
Although we did not identify any incidental, medically action-
able genetic discovery that was not associated with the targeted
hematological disease categories in our WES cohort, targeted
sequencing could decrease the risk of incidental genetic dis-
covery, which may cause serious ethical problems in a clinical
setting.’

Future accumulation of data regarding genotype-phenotype
correlation and functional studies of variants with unknown
significance will promote the accuracy of genetic testing for
IBMFS. The diagnostic yield of our WES analysis {27%) sug-
gested the insufficiency of current knowledge about missense
mutations. A combination of WES and array comparative
genomic hybridization, RNA sequencing, and capture sequenc-
ing of intron lesions may complement efforts to find small defe-
tion and splicing defects caused by missense, synonymous, and
deep-in-intron variants in known causative genes.' In addition,
WES/WGS applications will certainly identify novel IBMES
causative genes, which should continue to increase the genetic
diagnostic rate of next-generation sequencing.**?' In this con-
text, periodic reanalysis of the results is desirable. Furthermore,
a meticulous combination of clinical judgment and analysis
with genetic information is required.
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In summary, we analyzed 371 IBMFS patients with two next-
generation sequencing platforms and successfully diagnosed 53
of 121 (44%) and 68 of 250 (27%) patients using target sequenc-
ing and WES, respectively, Our results dernonstrate the efficacy
of massive paraltel sequencing as a diagnostic tool for IBMFS in
clinical practice.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the cnline version of the paper
at hitp:/Awww.nature.com/gim
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