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A Case of Congenital Dyserythropoietic Anemia Type 1 in a
Japanese Adult with a CDANI Gene Mutation and an
Inappropriately Low Serum Hepcidin-25 Level
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Abstract

We describe the first case of genetically diagnosed congenital dyserythropoietic anemia (CDA) type 1 in a
Japanese man. The patient had hemolytic anemia since he was a child, and he developed diabetes, hypogo-
nadism, and liver dysfunction in his thirties, presumably from systemic iron overload. When he was 48 years
old a diagnosis was finally made by genetic analysis that revealed a homozygous mutation of CDAN] gene
(Pro1129Leu). His serum hepcidin-25 level was inappropriately low. We conclude that physicians should be
aware of the possibility of CDA in a patient with anemia and systemic iron overload at any age.

Key words: congenital dyserythropoietic anemia, iron metabolism, hemochromatosis, hepcidin, growth differ-

entiation factor-15
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Introduction

Congenital dyserythropoietic anemia (CDA) is a rare con-
genital erythropoietic disorder with characteristic morpho-
logical abnormalities of the bone marrow cells, ineffective
erythropoiesis and systemic iron overload (1). Three types
of CDA are known: types 1, 2 and 3. The genes responsible
for types 1 and 2 have recently been identified as CDANI
and SEC23B, respectively (2, 3). Both CDA types 1 and 2
are inherited recessively. The incidence of CDA is very rare,
and in a recent pan-European survey, only 124 CDA type 1
cases were recorded (4). To date, several Japanese CDA
type 1 cases have also been reported (5-7), but none of them
has been genetically proven. Here, we describe in a Japa-

nese adult a case of CDA type 1 with systemic iron over-
load that was genetically diagnosed in his late forties.

Case Report

A Japanese man was referred to the Kyoto University
Hospital for hyperglycemia when he was 38 years old. He
had had hemolytic anemia since he was a child, but its etiol-
ogy had not been determined. He had undergone splenec-
tomy when he was 36 years old, which ameliorated his ane-
mia to some extent. At his first visit to our hospital, his
white blood cell count was 6,400/uL; red blood cell count,
1.93x10%uL; hemoglobin (Hb) level, 7.5 g/dL; hematocrit
level, 21.0%; mean corpuscular volume, 108.8 fL; platelet
count, 365x10°/pL; and reticulocyte count, 53x10%uL (Ta-
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Table 1. Laboratory Data

Features Laboratory data Laboratory data
at the first visit at the time of diagnosis
(38 years old) (48 years old)
White blood cells (per pL) 6.4x 10° 53x10°
Red blood cells (per pL) 193 x 10° 2.41 x 10°
Hemoglobin (g/dL) 7.5 8.5
Hematocrit (%) 21.0 24.1
Reticulocytes (per pL) 53 % 10° —_
Platelet counts (per pL) 365 x 10° 312 % 10°
Total bilirubin (mg/dL) 1.5 1.6
Direct bilirubin {mg/dL) 0.7 0.1
Haptoglobin (mg/dL) <79 —
AST (IU/L) 49 26
ALT (IU/L) 68 16
LDH (IU/L) 302 277
Ferritin (ng/mL) 4058 186

— indicates that the tests were not performed. Abbreviations; AST, aspartate
aminotransferase (reference range, 13-29 IU/L); ALT, alanine aminotransferase
(reference range, 8-28 TU/L); LDH, lactate dehydrogenase (reference range, 129-241

TU/L).

ble 1). He had hepatic dysfunction, with a slightly elevated
serum alanine aminotransferase level (68 TU/L), hyperglyce-
mia (blood sugar level of 146 mg/dL and HbAlc level of
6.9%) with very low insulin secretion (serum c-peptide
level, <0.1 ng/mL), and hypogonadism with a serum testos-
terone level lower than 0.2 ng/mL, i.e., very low (reference
range, 2.7-10.7 ng/mL). His blood test results also suggested
iron overload (transferrin saturation of 95.3% and serum fer-
ritin level of 4,058 ng/mL), and the liver biopsy results re-
vealed marked accumulation of iron in the parenchymal
cells. Thus, hemochromatosis, along with liver dysfunction,
diabetes and hypogonadism, was diagnosed. Insulin therapy
was then started. Occasional phlebotomy was also started to
remove excess iron and to gradually decrease his serum fer-
ritin and alanine aminotransferase levels to within the refer-
ence ranges (Table 1). When he was 46 years old, a series
of intensive diagnostic examinations were started. The find-
ings of the biochemical analyses for erythrocyte membrane
disorders or unstable hemoglobinopathies were all negative.
The bone marrow examination revealed marked erythroid
hyperplasia (the myeloid to erythroid ratio of 0.34) and re-
markable dysplastic features in the erythroid cells, with
megaloblastoid changes and multinuclear cells (Fig. 1A-E).
However, no significant dysplasia was observed in the
granulocytic or megakaryocytic series (Fig. 1A, B), and no
ring sideroblasts were observed in the iron staining. When
he was 48 years old, we obtained his written informed con-
sent and approval by the ethics committee of Kyoto Univer-
sity to perform a genetic analysis for indicators of hereditary
iron disorders in his peripheral blood cells. The results of
the genetic analyses for pyruvate kinase deficiency and tha-
lassemia syndromes were all negative. There were no muta-
tions in the exons and the exon-intron borders of hereditary
hemochromatosis genes including HFE, TFR2, HJV, HAMP,
and SLC40A1. However, a homozygous mutation in CDANI

ex26 ¢.3503 C>T (Prol1129Leu) was detected, consistent
with CDA type 1 (Fig. 2). When we reviewed his bone mar-
row specimen, internuclear bridges that connected two sepa-
rate erythroblasts were occasionally observed (7 bridges in
500 erythroblasts, Fig. 1F-J). His serum hepcidin-25 level
was 0.8 ng/mL [reference range, 2.3-37 ng/mL; analyzed
with a quantitative liquid chromatography coupled with tan-
dem mass spectrometry method (8)]. The growth differentia-
tion factor-15 (GDF15) level was 8,469 pg/mL (reference
range, 215-835 pg/mL; analyzed with a commercial ELISA
kit from R&D, Minneapolis, MN). The patient had two sib-
lings, a brother and a sister; both were in good health. There
was no significant family history except that his mother had
anemia of undetermined etiology, and his paternal grandfa-
ther had diabetes. He declined genetic analysis of his family
for the CDANI gene.

Discussion

We encountered an adult patient with hemolytic anemia
with various symptoms caused by systemic iron overload,
who turned out to have a genetic mutation consistent with
CDA type 1. To our knowledge, this is the first documented
case of CDA type 1 in a Japanese with CDANI gene muta-
tion. Dgany et al. identified the same CDAN]J gene mutation
as the current case in a French Polynesian family (2).
CDAN] is located on chromosome 15q15.1-15q15.3, and it
codes for a nuclear protein, codanin-1, the human homolog
of discs lost (dlt) which is required for cell survival and cell
cycle progression in Drosophila (9). The diagnosis of CDA
type 1 has usually been made from clinical features together
with characteristic morphological features of the bone mar-
row cells such as binucleated erythroblasts, and internuclear
bridges between the erythroid cells. As codanin-1 is essen-
tial for proper cellular trafficking of the heterochromatin
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Figure 1. Bone marrow cell morphology (May-Griinwald-Giemsa staining, original magnification
x1,000; C-J, images were further magnified by photographic enlargement). A and B: Erythroid hy-
perplasia. No significant dysplasia was observed in the granulocytic or megakaryocytic series. C and
D: Binucleated erythroblasts. These cells were found in approximately 12% of the erythroblasts. E:
A few tetranucleated erythroblasts were found. F-J: Internuclear bridges between the erythroblasts

were found after careful inspection.

CONTROL PATIENT

GTTCTG

GTTCCG
¥

CDAN1T, ¢.3503

Figure 2. The homozygous mutation in CDANI (ex26 ¢.3503
C>T, Prol129Leu) detected in the patient.

protein  HP1-o (10), defects of this protein may result in
such morphological abnormalities. In the current case, the
bone marrow examination results showed numerous binucle-
ated erythroblasts, but the internuclear bridges, which are
much more specific features of this disorder, were observed
in less than 3% of the erythroblasts and were overlooked in
the first inspection (Fig. 1). Therefore, making a definitive
diagnosis of CDA from bone marrow cell morphology alone

can sometimes be difficult.

CDA types 1 and 2 are known to be accompanied by iron
overload. Similar to hereditary hemochromatosis, inappropri-
ately low production of hepcidin, the central regulator of
systemic iron homeostasis, has been proposed as the etiol-
ogy of iron overload in CDA (11). As the main function of
hepcidin is to downregulate the expression of ferroportin,
the only known cellular iron exporter of mammals, down-
regulation of hepcidin results in an increase in ferroportin
expression, thereby increasing iron absorption from the in-
testine and causing systemic iron overload. A previous re-
port demonstrated marked increases of GDF15 in the serum
of CDA type 1 patients (12). GDF15, a humoral factor be-
longing to the transforming growth factor-B superfamily, has
been shown to suppress hepatic production of hepcidin (13).
Consistent with the previous reports, systemic iron overload
was induced in the current case without repeated red cell
transfusions, the serum GDF15 level was remarkably ele-
vated, and the serum hepcidin-25 level was inappropriately
low. Thus, we postulate that serum hepcidin-25 and GDF15
are useful markers for CDA.

CDA is generally regarded as a pediatric disease because
the initial symptoms, such as anemia, jaundice, and
splenomegaly, usually appear in the first decade. However,
the current case was diagnosed when the patient was in his
late forties, and in the pan-European survey, CDA was diag-
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nosed in a substantial proportion of patients who were
middle-aged or older (4). Early diagnosis of CDA is impor-
tant because iron chelation therapy (or phlebotomy if ane-
mia is mild) should be started as early as possible to avoid
iron overload, which can cause irreversible tissue damage.
In addition, interferon-o is known to be effective for ame- 7.
liorating anemia and iron accumulation in patients with
CDA type 1, although the precise mechanism is still un-
known (14). The survey data and our findings of the current
case suggest that we should be aware of the possibility of
CDA in patients with anemia and systemic iron overload at 9.
any age.
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The landscape of somatic mutations in Down
syndrome-related myeloid disorders

Kenichi Yoshidal?17, Tsutomu Toki*!7, Yusuke Okuno!-17, Rika Kanezaki3, Yuichi Shiraishi4,
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Transient abnormal myelopoiesis (TAM) is a myeloid proliferation resembling acute megakaryoblastic leukemia (AMKL), mostly
affecting perinatal infants with Down syndrome. Although self-limiting in a majority of cases, TAM may evolve as non-self-limiting
AMKL after spontaneous remission (DS-AMKL). Pathogenesis of these Down syndrome-related myeloid disorders is poorly
understood, except for GATAT mutations found in most cases. Here we report genomic profiling of 41 TAM, 49 DS-AMKL and

19 non-DS-AMKL samples, including whole-genome and/or whole-exome sequencing of 15 TAM and 14 DS-AMKL samples.

TAM appears to be caused by a single GATAT mutation and constitutive trisomy 21. Subsequent AMKL evolves from a pre-existing
TAM clone through the acquisition of additional mutations, with major mutational targets including multiple cohesin components
(53%), CTCF (20%), and EZH2, KANSLT and other epigenetic regulators (45%), as well as common signaling pathways, such as
the JAK family kinases, MPL, SH2B3 (LNK) and multiple RAS pathway genes (47 %).

TAM represents a transient proliferation of immature megakary-
oblasts that occurs in 5-10% of perinatal infants with Down syn-
drome 2. Although morphologically indistinguishable from AMKL,
TAM is self-limiting in the majority of cases and usually terminates
spontaneously within 3-4 months of birth!. Hepatic infiltration of
myeloid cells is a common finding and can be severe enough to be
fatal, owing to hepatic failure, with liver fibrosis occurring in 5-16%
of cases”™*. Moreover, even when spontaneous remission is achieved,
approximately 20-30% of surviving infants develop DS-AMKL years
after remission, although some DS-AMKL cases have no documented
history of TAM*. In contrast to non~Down syndrome-related AMKL
(non-IDS-AMKL), which generally shows poor prognosis, individuals
with IDS-AMKL typically have a favorable prognosis. In molecular
pathogenesis of these Down syndrome-related myeloid disorders,
GATA 1 mutations are detected in virtually all affected infants,
suggesting their central role in Down syndrome-related myeloid
proliferation®S. However, it is still open to question whether a GATAI

mutation is sufficient for the development of TAM in individuals with
Down syndrome, what is the cellular origin of the subsequent AMKL,
whether additional gene mutations are required for progression to
AMKL, and, if so, what are their gene targets, although several genes
have been reported to be mutated in occasional cases with DS-AMKL,
including JAK1, JAK2 and JAK3 (refs. 7-10), TP53 (refs. 10,11), FLT3
(ref. 8) and MPL!2, We reasoned that identifying a comprehensive
registry of gene mutations and tracking them at a clonal level using
massively parallel sequencing would provide vital information for
addressing these questions.

RESULTS

Genomic landscape of Down syndrome-related myeloid
neoplasms

We performed whole-genome sequencing of 4 trios consisting
of samples from TAM, AMKL and complete remission phases
(Supplementary Figs. 1 and 2 and Supplementary Table 1). In total,
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Figure 1 Representative Circos plots of paired TAM and DS-AMKL cases.
Locations of somatic mutations, including of missense, frameshift,
nonsense and silent mutations (colored circles), are indicated. Total
(black) and allele-specific (red and green for alleles showing relatively
larger and smaller copy numbers, respectively) genomic copy numbers,
as well as somatic structural variants (colored bars), are indicated in the
inner circle. Sample IDs are shown within each plot; plots were created
with Circus53.

we confirmed 411 single-nucleotide variants (SNVs) and 17 small
nucleotide insertions and deletions (indels) by Sanger sequencing
and/or deep resequencing (Supplementary Fig. 1 and Supplementary
Table 2). We detected only a few structural variants, including
deletion, amplification and uniparental disomy, in the TAM and
DS-AMKL genomes (Fig. 1 and Supplementary Fig. 3). The mean
number of validated somatic mutations in DS-AMKL samples (71 or
0.023 mutations/Mb) was twice the number observed in TAM sam-
ples (36 or 0.012 mutations/Mb) (Supplementary Fig. 1a). Mutation
numbers in samples from both phases were substantially lower than
in most other cancers (Supplementary Fig. 4), although differences
in mutation rates could partly be affected by different definitions
and algorithms for mutation calling. The spectrum of mutations was
over-represented by C-to-T and G-to-A transitions in both TAM and
DS-AMKL samples, resembling the mutational spectra in gastric and
colorectal cancers!? and in other blood cancers (Supplementary
Fig. 1b)1415. We unmasked the details of clonal evolution and expan-
sionleading to AMKL through the use of deep sequencing of individual
mutations detected by combined whole-genome and whole-exome
sequencing (Fig. 2 and Supplementary Table 2). Intratumoral hetero-
geneity was evident at initial diagnosis with TAM and in the AMKL
phase in all cases (Supplementary Fig. 5). In UPN001, UPN002 and
UPN004, AMKL evolved from one of the major subclones in the
TAM phase with a shared GATAI mutation, as reported previously
in relapsed acute myeloid leukemia (AML) in adults (Fig. 2a,b,d)!5.
In contrast, UPN003 showed a unique pattern of clonal evolution, in
which AMKL originated from a minor subclone in the TAM phase
that was totally unrelated to the predominant clone in terms of somatic
mutations, with no mutation shared by both phases, and carried an
independent GATAI mutation (Fig. 2c). In both scenarios, progression
to AMKL seemed to be accompanied by many additional mutations,
including common driver mutations that were absent in the original
TAM population, indicating a multistep process of leukemogenesis.

Exome sequencing

We further investigated non-silent mutations by whole-exome sequenc-
ing of additional samples to generate a full registry of driver mutations
that are relevant to the development of TAM and subsequent progres-
sion to AMKL (Supplementary Fig. 6 and Supplementary Table 1). We
detected GATAI mutations in all TAM and DS-AMKL cases, indicating
sufficient sensitivity in our whole-exome analysis. In total, we confirmed
26 and 81 non-silent somatic mutations identified in the exome analy-
sis of 15 TAM and 14 DS-AMKL samples, respectively, with 3 GATAI
mutations common to both phases (Supplementary Table 3). The mean
number of non-silent mutations was significantly higher in DS-AMKL
samples (5.8; range of 1-11) than in TAM samples (1.7; range of 1-5)
(P =0.0002) (Fig. 3a). Of the 107 mutations, 84 were single-nucleotide
substitutions that were mostly within coding sequences, except for 4
splice-site mutations. We also observed predominantly C-to-T and G-
to-A transitions for non-silent substitutions (Supplementary Fig. 7).
The remaining mutations were frameshift (n = 21) or non-frameshift
(n=2) indels, most frequently involving GATA1 (n = 13). One individual
with DS-AMKL (UPN004) had no SNVs or indels (Fig. 3a), but copy

UPN002 TAM

o G 18 7>

UPNOO3 TAM

W st 16 75

8NVs and indels

% Missense mutation

& Indet

@ Nonsense mutation
Silent mutation

Structural variants

3% Amplification
 Deletion

# Uniparental disomy

number analysis identified a large deletion at 16q involving the CTCF
locus (Supplementary Fig. 3), suggesting that the alteration of CTCF
could be a driver event in this case. Therefore, at least one additional
genetic lesion other than GATAI mutation was detected in our whole-
exome sequencing, despite the low frequency of leukemic cells appearing
to show the morphology of immature megakaryoblasts (blast percentage)
in many cases, which is a known characteristic of DS-AMKL samples'617.
Whole-exome sequencing results suggested the presence of intratumoral
heterogeneity in the majority of DS-AMKL cases (Fig. 3b).

Spectrum of recurrent mutations in DS-AMKL

Recurrently affected genes are of primary interest in identifying
driver mutations. Whereas GATAI was the only recurrent mutational
target in TAM samples, an additional eight genes were recurrently
mutated in the DS-AMKL samples, including RAD21, STAGZ, NRAS,
CTCF, DCAF7, EZH2, KANSL1 and TP53 (Table 1). These genes are
expressed in a wide variety of hematopoietic compartments, including
in both myeloid and lymphoid cells, except for EZH2, whose expres-
sion is largely confined to CD34* cells!8 (Supplementary Fig. 8).
We also found that these genes were expressed in DS-AMKL cells at
similar levels to common hematopoietic genes!?, although we did not
observe significant difference in their expression levels in DS-AMKL
and non-DS-AMKL cells (Supplementary Fig. 9).

We then performed targeted deep sequencing of these 8 genes in
an extended set of 109 samples (including 29 samples in 25 discovery
cases) consisting of 41 TAM, 49 DS-AMKL and 19 non-DS-AMKL
samples (Supplementary Tables 1 and 4). We also included additional
genes in targeted sequencing that were either functionally related
to the above eight genes or were mutated only in single cases but
had been previously reported to be mutated in DS-AMKL (JAK3) or
other myeloid neoplasms (SH2B3, SUZ12, SRSF2 and WT1), together
with other common mutational targets in adult myeloid malignancies
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Figure 2 Clonal evolution of Down syndrome-related myeloid disorders.
(a-d) Observed VAFs of validated mutations listed in Supplementary
Table 2 in both TAM and AMKL phases are shown in diagonal plots (top)
for UPNOOL (a), UPNOO2 (b), UPNQOO3 (c) and UPNQQ4 (d), where
VAFs of genes on the X chromosome in male cases or in regions of
uniparental disomy were halved. Half the value of the blast percentage,
which corresponds to the allele frequency of a heterozygous mutation
distributed in all tumor cells, is also shown by a red arrowhead, except
for UPNOO3 AMKL, for which clinical data were not available. Driver
mutations including in GATAI, STAGZ, RAD21 and NRAS are indicated
by black arrows. Predicted chronological behaviors of different leukemia
subclones are depicted below each diagonal plot. Distinct mutation
clusters are indicated by color. In UPNOOL, UPNOO2 and UPNOO4,
founding clones of TAM shown in blue became dominant in the AMKL
samples, in which some subsequent subclones evolved through the serial
acquisition of SNVs. In contrast, in UPNQO3, a subclone in the TAM
phase (blue) and not the founding clone of TAM (aqua) became dominant
in the AMKL sample. VAFs of some mutations were higher than for
GATA1 but seem to be actually equivalent to it given the error range

of PCR-based deep sequencing.

(Supplementary Fig. 10 and Supplementary Tables 5 and 6).
We also analyzed by RT-PCR two recurrent fusion genes previously
reported in non-DS-AMKL cases, RBMI5-MKL1 (OTT-MAL)?%21
and CBFA2T3-GLIS2 (refs. 22,23).

Mutations of cohesin and associated molecules

Major components of the cohesin complex, including RAD21 and STAG2,
were frequent targets of gene mutations in DS-AMKL (Table 1). Including
an additional mutation in NIPBL, 8 of the 14 discovery DS-AMKL cases
(57%) had a mutated cohesin or associated component (Supplementary
Table 3). Cohesin is a multiprotein complex consisting of 4 core compo-
nents, including the SMC1, SMC3, RAD21 and STAG proteins?#2°. In
concert with several functionally associated proteins, such as the NIPBL
and ESCO proteins, cohesin is engaged in the cohesion of newly repli-
cated sister chromatids by forming a ring-like structure??, preventing
their premature separation before late anaphase. Cohesin has also been
implicated in post-replicative DNA repair and long-range regulation of
gene expression®6-3, Targeted deep sequencing confirmed recurrent
mutations and deletions in all core cohesin components (STAG2, RAD21,
SMC3 and SMCIA) and in NIPBL in 26 of 49 DS- AMKL cases (53%) but
in none of the 41 TAM cases, although 2 non-DS-AMKL cases (11%)
had STAG2 mutations (Fig. 4a,b and Supplementary Tables 7 and 8).
Strikingly, all mutations and deletions in different cohesin components
were completely mutually exclusive, suggesting that cohesin function
was the common target of these mutations. All but one STAG2 mutation
(encoding a p.Arg370Gln substitution) was either a nonsense, frameshift
or splice-site change (Fig. 4a,b, Supplementary Figs. 11 and 12a, and
Supplementary Table 7). Similarly, 6 of 9 RAD21 mutations were hetero-
zygous nonsense or frameshift alterations. Four of the five mutations in
NIPBL, SMCI1A and SMC3 were also nonsense or splice-site changes
causing abnormal exon skipping (Fig. 4a and Supplementary Table 7).
Thus, mostof these mutations were thought to result in premature trun-
cation, leading to loss of cohesin function. The leukemogenic mechanism
of mutated cohesin components is still elusive; some studies have impli-
cated aneuploidy caused by cohesin dysfunction in oncogenic actions’!.
Howewer, DS-AMKL cases have been characterized by a largely normal
karyotype®2. We found no significant difference in the frequency of aneu-
ploidy between cases with mutated and wild-type cohesin in the current
DS-AMKL cohort. Many cases with mutated cohesin had completely
normal karyotypes, except for constitutive trisomy 21, arguing against
the hypothesis that aneuploidy has a major role in the pathogenesis of
cohesin-mutated DS-AMKL (Fig. 5a).
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CTCF mutations

Given the high frequency of cohesin mutations, new recurrent CTCF
mutations were of particular interest because the functional interac-
tion of cohesin and CTCF proteins has been of emerging interest in
the long-range regulation of gene expression?3:3334 CTCF is a zinc-
finger protein implicated in diverse regulatory functions, including
transcriptional activation and/or repression, insulation, formation
of chromatin barrier, imprinting and X-chromosome inactivation3s.
CTCF binds to target sequence elements and blocks the interaction
of enhancers and promoters through DNA loop formation (insulator
activity)®, and several lines of evidence suggest that cohesin occupies
CTCF-binding sites to contribute to the long-range regulation of gene
expression by participating in the formation and stabilization of a
repressive loop?®37. CTCF was mutated or deleted in ten DS-AMKL
cases (20%), one TAM case (2%) and four non-DS-AMKL cases (21%),
with seven mutations representing nonsense, frameshift or splice-site
changes and an additional six alterations representing deletions result-
ing in the loss of protein function (Fig. 4a,b, Supplementary Figs. 11
and 12b, and Supplementary Tables 7 and 8). To our knowledge, this
is the first report of frequent recurrent CTCF mutations in cancer,
although rare mutations (occurring in approximately 2% of cases)
have recently been reported in breast cancer sequencing38.

Mutations in epigenetic regulators

EZH2, which encodes a catalytic subunit of the Polycomb repres-
sive complex 2 (PRC2) that is responsible for di- and trimethylation
of histone H3 lysine 27 (H3K27)%, is another recurrent mutational
target in DS-AMKL (Table 1). Inactivating mutations in EZH2 have
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Figure 3 Somatic mutations detected by whole-exome sequencing of
Down syndrome-related myeloid disorders. (a) Number of validated
somatic mutations in 25 individuals with TAM and DS-AMKL identified
by whole-exome sequencing. Paired samples are indicated by asterisks.
The mutation rates per phase are given. (b) VAFs of individual mutations
determined by deep sequencing, with VAFs adjusted for genomic

copy numbers. Long indels of >3 bp were excluded from the analysis
because their VAFs were difficult to accurately estimate. The VAF for
each sample estimated on the basis of blast percentage is indicated

by a purple horizontal bar.

been reported in up to 13% of myelodysplastic syndromes and related
chronic myeloid neoplasms#0. Although rarely mutated in adult
AML#!, EZH2 represents one of the most frequently mutated and
deleted genes in childhood AMKL, as we identified mutations or dele-
tions in 16 of 49 DS-AMKUL cases (33%) and in 3 of 19 non-DS-AMKL
cases (16%) (Fig. 4a,b, Supplementary Fig. 12c and Supplementary
Tables 7 and 8). No other PRC2 components were mutated, except
for SUZ12, which was mutated in a single DS-AMKL case (Fig. 4a
and Supplementary Table 7). Although frequent mutations in other
epigenetic regulators, including in TET2, IDHI or IDH2, DNMT3A
and ASXLI, are cardinal features of myeloid neoplasms in adults,
we rarely found these mutations in DS-AMKL and non-DS-AMKL
cases, only identifying occasional DNMT3A (n = 1), ASXLI (n=1)
and BCOR (n = 2) mutations in DS-AMKL (Fig. 4a).

KANSLI (encoding KAT8 regulatory NSL complex subunit 1; also
known as MSL1V1 or NSL1) represents a new recurrent mutational
target in human cancer (Table 1), although haploinsufficiency of
KANSLI through germline deletions or mutations has been implicated
in a congenital disease known as 17q21.31 microdeletion syndrome
(MIM 610443)4243, We found heterozygous mutations in KANSLI in
three DS-AMKL and three non-DS-AMKL cases, and most of these
mutations were nonsense or frameshifts, leading to loss of protein
function (Fig. 4a and Supplementary Table 7). KANSLI1 protein is

Table 1 Recurrently mutated genes other than GATAI in DS-AMKL samples in

whole-exome sequencing
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necessary and sufficient for the activity of the KAT8 (MOF) histone
acetyltransferase complex, which is engaged in the acetylation of
histone H4 lysine 16 (H4K16), leading to transcriptional activa-
tion. Loss of acetylation of H4K16 has been reported to be a com-
mon hallmark of human cancer, and other
histone acetyltransferases for H4K16 have
been reported to form recurrent fusion

partners in leukemia, including MOZ and

Amino acid Sample (UPN)
Gene Mutation type RefSeq change Nucleotide change number MORF#, suggesting a role for compromised
CTCF  Splice site NM_006565 p.Gly318_ €.953-2A>G 016 H4K16 acetylation by KANSLI mutations
splice in leukemogenesis. Of interest, KANSLI is
CTCF Frameshift NM_006565 p.Asn314fs €.940_941insAC 020 also responsible for the acetylation of the
DCAF7  Missense NM_005828 p.Leu340Phe €.1018C>T 001 TP53 tumor SUppressor that is important
DCAF7  Missense NM_005828 p.Leu340Phe  ¢.1018C>T 003 for TP53-dependent transcriptional activa-
EZHZ  Frameshift — NM_004456 p.710_716del c.2129_2148delATCACAGGA 001 tionS. KATS also interacts with a histone
) TAGGTATTTTT H3 lysine 4 (H3K4) methyltransferase, MLL,
EZH2 MtssenseT NM_004456 p.Arg25Gin c.74G>A ‘ 002 and the interaction of MLL and KATS com-
KANSLI1 Frameshift NM_001193466 p.Arg720fs ¢.2159_2160insCG 020 i facilitates th tive it
KANSLI Nonsense NM_001193466  p.Argd62* ¢.1384C>T 024 piexes lacilitates the cooperallve recrul
NRAS  Missense NM_002524 pGlyl2Ser  ¢.34G>A 001 ment of both complexes to gene promoters
NRAS  Missense NM_002524 pTyr64Cys  ¢.191A>G 001 and enhaﬂces transcription initiation at tar-
NRAS ~ Missense NM_002524 pGlyl12Ala  ¢.35G>C 003 get genes*. Thus, impaired TP53 function
RAD2I  Nonsense NM_006265  pAgl39*  cA415AST 001 and/or deregulated expression of MLL gene
RAD2] Frameshift  NM_006265 p.374_375del  ¢.1120_1124deTCTTT 002 targets could also contribute to leukemnogen-
RAD21  Missense NM_006265 p.leullArg  ¢.1832T>G 018 esis by KANSLI mutations.
RAD21  Nonsense NM_006265 p.Arg65* ¢.193C>T 024
STAGZ2  Nonsense NM_001042750 p.Arg604* ¢.1810C>T 003 Other mutations in DS-AMKL
STAGZ  Nonsense NM_001042750 p.Arg216* c.646C>T 019 RAS pathway mutations are common in
STAG2  Frameshift NM_001042750 p.Asn863fs ¢.2588_2589insT 020 hematopoietic malignancies and other
TP53  Nonsense NM_000546 p.Glu68* €.202G>T 002 human cancers but have not to our knowl-
TP53 Non-frameshift NM_000546 p.157_162del ¢.469_486delGTCCGCGCCA 002 edge been described in DS-AMKL. In the
TGGCCATC current cohort, we identified RAS pathway
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Figure 4 ODriver mutations in Down syndrome— a
related myeloid disorders and non-DS-AMKL. <
(a) Driver mutations in 109 samples of 49 é
DS-AMKL, 41 TAM and 19 non-DS-AMKL cases. ©
Types of mutations are distinguished by color. £
Each sample is also described in Supplementary &
Table 12. (b) Distribution of RAD21, STAG2, %
CTCF and EZH2 alterations. Alterations encoded 5
by confirmed somatic mutations are indicated .
by red arrowheads.
>
%
mutations in the NRAS, KRAS, PTPN11, NF1 @
and CBL genes in 8 DS-AMKL cases (16%)
and 6 non-DS-AMKL cases (32%), but these
mutations were rarely found in TAM cases 3
(n = 35 7%) (Fig. 4a). Tyrosine kinase and S
cytokine receptor mutations were also com- Otner mutations’
mon in DS-AMKL. We found mutations in Fuat

JAK1, JAK2, JAK3, MPL or SH2B3 (LNK) in
17 DS- AMKL cases (35%) but rarely in TAM
(n = 1) and non-DS-AMKL (n = 2) cases.
We found no FLT3 mutations in our cohort.

B Trisomy 21

B Missense mutation § Nonsense mutation

!] Homozygous mutation u Somatic mutation

* Large deletion

g Splice-site mutation a Small indel

B rBMIS-MKL & CBFA2T3-GLIS2 | Not determined

*Identified in whole-genome and/or whole-exome sequencing

The identified mutations were largely mutu- b 3" Ge2R  Rige” Qazs"
ally exclusive. We found JAK2 mutations in RAD21
4 DS-AMKL cases and 1 non-DS-AMKL case, (824.11) yam— = s
including mutations encoding p.Val617Phe 17F R6S" 129_t33del 874_375del
(n = 2), p.Leu6l1Ser (n = 1), p.Arg683Ser R69* R146"  R370Q A387fs N863fs
(n = 1) and p.Arg867GIn (n = 1); of these, sTAG2 4 '[STAG‘] v A Lo
JAK2 mutations encoding p.Arg683Ser (Xq25) Bre— < = 1,268 aa
and p.Arg867Gln substitutions have been Qo6_splice R216" 377_378del R604* K975_splice
reported in acute lymphoblastic leukemia R213fs N314fs F379S G403fs
(ALL)#647 but not in myeloid malignan- oToF | < T
(16q22.1)

cies®46. Thus, we re-evaluated the diagnosis

* A A A A

of AMKL in both UPN097 (p.Arg683Ser) Tegis 5a18_splce. D3SON Rade” fzine finger

and UPNO023 (p.Arg867Gln), in whom the £82_splice R288* R658] RE90H G743fs

initial diagnosis of AMKL was strongly sup- EZH2 _! = * o

ported by typical surface marker expression (7936.1) < S 2 Y 751 aa
R25Q  1109fs D516E GB6OR 710_716del

of CD41, CD41b, CD117, CD13, CD33,
CD34 and CD36 in UPN097 and of CD7,
CD13, CD34,CD4laand CD42b in UPN023,
together with characteristic cytomorphology. Similarly, the mutation
encoding p.Leu611Ser was reported in both ALL#® and polycythemia
vera®®. Thus, it seems that some JAK2 mutations are involved in both
myeloid and lymphoid leukemogenesis. As reported previously!%!1,
TP53 rmutations were found in approximately 10% of DS-AMKL cases.
Two identical somatic mutations found in the DCAFY gene (encod-
ing p.Leu340Phe) might be interesting because the DCAF7 protein
interacts with the DYRKla kinase encoded within the Down syn-
drome critical region on chromosome 21 (ref. 50). DCAF7 has been
shown to interact with DYRK1a through its N-terminal or C-terminal
region, and the p.Leu340Phe substitution identified in our study was
also located in the C-terminal domain. However, no additional muta-
tion was detected in the extended cohort; therefore, the relevance of
DCAF?7 remains to be determined.

Allelic burden of major recurrent mutations relative to

GATA 1 mutations

We assessed intratumoral heterogeneity and the clonal origin of muta-
tions by calculating the variant allele frequency (VAF) of each muta-
tion relative to that of the GATA mutation using deep sequencing.
Mutations in cohesin components, CTCF and EZH2 showed compa-
rable VAFs to GATAI mutations (Fig. 5b), suggesting their role in

the early stage of DS-AMKL development. In contrast, RAS pathway
and other tyrosine kinases and cytokine receptor mutations showed
significantly lower VAFs than corresponding GATAI mutations
(P =0.0001) (Fig. 5b), indicating that they are more likely to repre-
sent subclonal mutations, which were typically preceded by mutations
in cohesin components, CTCF and EZH2 and were involved in the
evolution of multiple DS-AMKL subclones. Although RAS and JAK
pathways activated by gene mutations represent potentially druggable
targets and several promising compounds are currently available, this
observation may largely preclude the efficient use of such compounds
in eradicating founding DS-AMKL clones.

Distinct genetic features of Down syndrome- and non-Down
syndrome-related AMKL

Despite their morphological similarities, both forms of AMKL in
childhood are characterized by distinctive genetic features. According
to the current study and a recent report of integrated analysis of non-
DS-AMKIL??, GATAI mutations and trisomy 21 are less common in
non-DS-AMKL than in DS-AMKL cases (Fig. 4a and Supplementary
Table 9). In our series, DS-AMKL was characterized by high fre-
quencies of mutations in the cohesin complex, EZH2 and other epi-
genetic regulators, as well as in JAK family kinases, which were less
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Figure 5 Relationship of cohesin mutations with karyotypes and
comparison of mutation loads between major gene targets in DS-AMKL
and GATAL. (a) The number of chromosomal abnormalities is compared
between cases with and without cohesin mutations or deletions for DS-
AMKL cases. Zero signifies chromosomal abnormalities without change
in chromosome count, such as partial amplification or deletion of the
chromosomal region or balanced translocation. (b) Diagonal plots of copy
number-adjusted VAFs comparing coexisting GATAI and other pathway
mutations, including cohesin, CTCF, EZHZ2, tyrosine kinase and the RAS
pathway mutations, as indicated by color.

common mutational targets in non-DS-AMKL. Previous studies iden-
tified recurrent CBFA2T3-GLIS2 and RBM15-MKL gene fusions in
non-DS-AMKL, which were found in 27% and 15.2% of non-DS-
AMKL cases, respectively?>>!, whereas these fusions were not detected
in DS-AMKL cases in another report (n = 10 cases)?3. Similarly, in
the current cohort, RT-PCR analysis identified 2 CBFA2T3-GLIS2
and 3 RBM15-MKL fusion genes in 19 non-DS-AMKL cases but not
in TAM and DS-AMKL cases (Fig. 4a and Supplementary Table 10),
illustrating the genetic differences between DS-AMKL and non-
DS-AMKL. In addition, our RNA sequencing of the current cases
(n =17) (Supplementary Table 11) also showed no CBFA2T3-GLIS2
and RBM15-MKL fusions.

DISCUSSION

Whole-genome and/or whole-exome analyses and follow-up targeted
sequencing identified several new aspects of the pathogenesis of
Down syndrome-related myeloid proliferation. First, the initial TAM
phase was characterized by a paucity of somatic mutations. The mean
number of non-silent mutations per sample (1.7; range of 1-5) was sur-
prisingly small compared with that reported in other human cancers
(Supplementary Fig. 13), in line with a recent report that identified
1.2 (range of 1-2) mutations per sample by whole-exome sequencing in
5 TAM samples®2, Excluding common GATA I mutations, we identified
no other recurrent mutations, with only 0.7 non-silent mutations per
case, indicating that TAM could be caused by a single acquired GATAI
mutation in addition to constitutive trisomy 21.

Intratumoral heterogeneity was evident not only in the DS-AMKL
phase but also at the initial diagnosis of TAM, and subsequent DS-
AMKL originated from one of the multiple subclones present in the
TAM phase, usually representing the progeny of the largest subpopu-
lation. In most cases, the DS-AMKL clone was accompanied by newly
acquired driver mutations not shared by the original TAM popula-
tion, generating a unique landscape of gene mutations in DS-AMKL,
which was characterized by high mutational frequencies in cohesin or
CTCF (65%), other epigenetic regulators (45%), and RAS or signal-
transducing molecules (47%) (Fig. 4a). Tumor recurrence or evolu-
tion has not to our knowledge been characterized by the distinct gene
mutations in greater detail than in the present study. In total, 44 of the
49 DS-AMKL cases had additional mutations beyond those in GATAI
(Fig. 4a), even though there was a clear limitation on capturing muta-
tions using the targeted sequencing approach.

The very high frequency of cohesin (53%) and EZH2 (33%)
mutations and deletions in DS-AMKL but not in TAM or non-
DS-AMKL cases was noteworthy because the reported mutation rates
of cohesin and EZH2 in adult AML and other human cancers remain
approximately 10% (refs. 14,40,41), underscoring a major role for
these mutations in the pathogenesis of DS-AMKL. The leukemogenic
mechanism of mutated cohesin remains elusive, and frequent CTCF
mutations also need further evaluation to characterize their possible
cooperative role with cohesin mutations?630:3334 To our knowledge,
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KANSL] mutations have not been reported previously and repre-
sent a new recurrent mutational target in human cancer, although
their functional impact on AMKL development remains unknown.
Evaluation of the allelic burden of these mutations by deep sequenc-
ing disclosed a clonal hierarchy among different driver mutations in
which clonal mutations in cohesin, CTCF and epigenetic regulators
frequently preceded subclonal mutations in RAS and signal transduc-
tion molecules.

In conclusion, Down syndrome-related myeloid proliferation is
shaped by multiple rounds of acquisition of new mutations and clonal
selection, which are initiated by a GATA I mutation in the TAM phase
and further driven by mutation in cohesin or CTCF, EZH2 or other
epigenetic regulators, and RAS or signal-transducing molecules,
leading to AMKL. DS-AMKL and non-DS-AMKL showed similar
phenotypes but had distinct genetic features, which may underlie
their different clinical characteristics.

URLs. European Genome-phenome Archive (EGA), https://www.ebi.
ac.uk/ega/; EBCall, https://github.com/friend1ws/EBCall; Catalogue
of Somatic Mutations in Cancer (COSMIC), http://cancer.sanger.
ac.uk/cancergenome/projects/cosmic/; PubMed, http://www.ncbi.nlm.
nih.gov/pubmed/; UCSC Genome Browser, http://genome.ucsc.edu/;
Integrative Genomics Viewer, http://www.broadinstitute.org/igv/;
DNACopy, http://biostatistics.oxfordjournals.org/content/5/4/557 full.
pdf; Genomon-fusion (in Japanese), http://genomon.hgc.jp/rna/.

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession codes. Sequencing data have been deposited in the
European Genome-phenome Archive (EGA) under accession
EGAS00001000546.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Subjects and samples. Genomic DNA from 84 individuals with Down
syndrome-related myeloid disorders (41 samples from the TAM phase and
49 from the AMKL phase) and 19 with non-DS-AMKL were analyzed by
whole-genome and/or whole-exome and/or targeted deep sequencing. In six
cases with Down syndrome-related myeloid disorders, samples were collected
from both the TAM and AMKL phases. RNA sequencing was also performed
for 12 of the 49 DS-AMKL cases and for 5 additional DS-AMKL cases. RNA
samples were also available for RT-PCR analysis from 30 cases with TAM,
32 cases with DS-AMKL and 15 cases with non-DS-AMKL. Written informed
consent was obtained from each subject’s parents before sample collection
(Supplementary Note). This study was approved by the Ethics Committees of
the University of Tokyo according to the Helsinki convention. GATAI muta-
tions were detected by Sanger sequencing of all TAM and DS-AMKL samples
according to the previously described procedure®. Detailed information on
subjects and samples is provided in Supplementary Tables 1, 4, 11 and 12.
Tumor DNA was extracted from bone marrow- or peripheral blood-derived
mononuclear cells at diagnosis. Genomic DNA samples from peripheral blood
from subjects in remission or from nail tissues at diagnosis were used as germ-
line controls. Genomic DNA was extracted using a QlAamp DNA Blood Mini
kit and a QIAamp DNA Investigator kit (Qiagen). Total RNA was extracted
using the RNeasy kit (Qiagen) with RNase-free DNase (Qiagen).

Whole-genome sequencing. DNA samples were processed for whole-exome
sequencing using NEBNext DNA sample Prep Reagent (New England Biolabs)
according to the modified Illumina protocol. Sequence data were generated on
the Illumina HiSeq 2000 platform in 100-bp paired-end reads. Data processing
and variant calling were performed as described previously®4. All candidate
variants were validated by deep sequencing.

Validation and quantitative measurements of the frequencies of mutant
alleles by deep sequencing. Individual mutation sites were amplified by
genomic PCR using primers tagged with NotI cleavage sites and subjected to
high-throughput sequencing as described previously®>, except that target DNA
was not pooled. Deep sequencing was performed using the MiSeq or HiSeq
2000 platform. Data processing was performed according to the previously
described method with minor modifications®>. Briefly, each read was aligned
to a set of PCR-amplified target sequences using BLAT>S, and dichotomic vari-
ant alleles were differentially enumerated. For indels, individual reads were
first aligned to each of the wild-type and indel sequences and then assigned
to the one to which better alignment was obtained in terms of the number
of matched bases. Each SNV and indel whose VAF in the tumor sample was
equal to or greater than 2.0% and significantly higher than the frequency in
the germline sample was adopted as a somatic mutation. The error size for
estimated VAFs was evaluated by assuming binomial distributions in deep
sequencing, which were confirmed by observed allele frequencies at hetero-
zygous SNPs in normal DNA samples (Supplementary Fig. 14a), in which the
variance (02) ranged from 4.0-11.0 x 10~* (Supplementary Fig. 14b).

Clustering analysis of mutations. To identify the chronological behavior of
the structure of the tumor subpopulation for the TAM and AMKL phases,
somatic mutations detected in both phases by whole-genome sequencing were
clustered according to their VAFs as measured by deep sequencing. Copy
number-adjusted deep sequencing data, in which the VAFs of genes on the
X chromosome in male cases or in regions of uniparental disomy were halved,
were subjected to unsupervised clustering. Six mutations located in amplified
or deleted genomic regions were excluded from the analysis. Long indels of
>3 bp, except for those affecting key genes such as GATAI and RAD21, and
mutations in repetitive regions were excluded from the analysis because their
VAFs could tend to be underestimated.

All validated mutations were grouped into three categories according to the
following criteria: (i) mutations found only in TAM (VAF in AMKL < 0.02),
(ii) mutations found only in AMKL (VAF in TAM < 0.02) and (iii) mutations
found in both TAM and AMKL (VAF in TAM > 0.02 and VAF in AMKL >
0.02). Clustering of mutations in each category was performed using Mclust,
provided as an R package, on the basis of the VAFs of the mutations in the
TAM and AMKL phases, where one-dimensional clustering of mutations in

categories (i) and (ii) was performed on the basis of the homoscedastic model
and two-dimensional clustering was performed for mutations in category
(iii) on the basis of the ellipsoidal model. The most appropriate number of
clusters was determined by using the Bayesian information criterion (BIC)
score. Singleton points identified by this algorithm were regarded as outliers.
Clonal subpopulations within tumors were also evaluated by kernel density
analysis (Supplementary Fig. 5), where we drew kernel density estimate plots
for the VAFs of validated variants using the density function in R.

‘Whole-exome sequencing and detection of somatic mutations. Exome
capture was performed using SureSelect Human All Exon V3 or V4 (Agilent
Technologies) or the TruSeq Exome Enrichment kit (Illumina). Enriched
exome fragments were then subjected to massively parallel sequencing using
the Genome Analyzer IIx or HiSeq 2000 platform (Illumina). Candidate
somatic mutations were detected using our in-house pipeline EBCall
(Empirical Bayesian mutation Calling; see URLs)¥. All candidates were
validated by Sanger sequencing or independent deep sequencing.

PCR-based targeted deep sequencing. Deep sequencing of DCAF7, EED,
JAKI, JAK3, KANSL1, SH2B3, and SUZ12 was performed using the primers
tagged with Notl cleavage sites whose sequences are listed in Supplementary
Table 6. Data processing and variant calling were performed as described
previously®8. All candidate variants were validated by Sanger sequencing or
independent deep sequencing using non-amplified DNA.

Targeted deep sequencing. In total, 39 gene targets were exhaustively exam-
ined for mutations in all 109 cases using deep sequencing (Supplementary
Table 5). Genomic DNA (1-1.5 fig) from bone marrow-derived mononuclear
cells or peripheral blood was enriched for target exons using a SureSelect
custom kit (Agilent Technologies) designed to capture all of the coding exons
from the 39 target genes, and high-throughput sequencing was performed on
the enriched targets using the HiSeq 2000 platform with a standard 100-bp
paired-end read protocol. Sequencing reads were aligned to hgl9 using
Burrows-Wheeler Aligner (BWA) version 0.5.8 with default parameters. The
allele frequencies of SN'Vs and indels were calculated at each genomic posi-
tion by enumerating the relevant reads with SAMtools®. Initially, all variants
showing VAF > 0.02 were extracted and annotated using ANNOVAR® for
further consideration if they were found in >6 reads out of >10 total reads
and appeared in both plus- and minus-strand reads. For the cases for which
no germline DNA was available, relevant somatic mutations were called by
eliminating the following entries, unless they were registered in the Catalogue
of Somatic Mutations in Cancer (COSMIC) v60 (ref. 61) or reported as somatic
mutations in PubMed: (i) synonymous variants and those having ambiguous
(unknown) annotations, (ii) known SNPs in public and private databases,
including dbSNP131, the 1000 Genomes Project as of 23 November 2010 and
our in-house database, (iii) sequencing or mapping errors, (iv) all missense
SNVs with allele frequencies of 0.45-0.55 and (v) variants localized to dupli-
cated regions found in SegDups of the UCSC Genome Browser. To eliminate
sequencing errors in category (iii), we excluded all variants found in 31 normal
Japanese samples at, on average, allele frequency > 0.25. Mapping errors were
removed by visual inspection with the Integrative Genomics Viewer browser®2
All candidate variants were validated by Sanger sequencing or independent
deep sequencing.

Calculation of copy numbers for target exons. Letting d 5% bethe sequencing
depth at the ith nucleotide of the jth exon in sample s, the standardized depth
of the jth exon is calculated as

s _ Jrs
Dj =k Z d]
1
where k; is determined to satisfy

o= 305
7

for a fixed constant ky (for example, kg = 1). The correlation coefficient
(R = R5") between two vectors D and D was calculated, where D} and
D{ represent the depth for a given sample (sample s) and each of the 443
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samples (sample ¢), analyzed for other projects, with completely normal copy
numbers in array-comparative genomic hybridization (aCGH; t = 1, 2, 3,...,
443), re spectively, through which a total of mg (= 12) control samples showing
the largest R values were selected (T,,;; m = 1, 2, 3,..., m) and used for copy
number calculation. The copy number of the ith target exon of sample s (Cr)
was calculated as

Cnf =D /Df

where Df was calculated by averaging mg samples by
mq
D= 3, D" img
m=1

Copy numbers were calculated for exons with mean depth of >500. Circular
binary segmentation was also used to identify discrete copy number segments
using DNACopy (see URLs); segmented copy number (Crii) was defined
for the ith exon of sample s. The distribution of Cnj was calculated for all
samples, and exons showing |Cn — E(Cni)| > 4 5.d. were considered to have
copy number losses or gains.

Screening for CBFA2T3-GLIS2and RBM15-MKLI fusion genes. CBFA2T3-
GLIS2 and RBM15-MKL] fusion genes were screened by RT-PCR?263, Primer
sequences are given in Supplementary Table 13. PCR amplification was
performed by 40 cycles at 94 °C for 2 min, 60 °C for 30 s and 68 °C for
1 min, followed by denaturation at 94 °C for 2 min and extension at 68 °C
for 7 min.

SNP array analyses. All tumor samples subjected to whole-exome sequencing
were also analyzed for copy number alterations using SNP arrays (Affymetrix
GeneChip Human Mapping 250K NspI Array or Genome-Wide Human SNP
Array 6.0) as described previously!0:6465,

RT-PCR analysis of STAG2 and CTCF transcripts. To confirm abnormal
splicing of CTCF in UPNO016 and UPNO071 and that of STAG2 in UPN067,
RT-PCR were performed using cDNA derived from each subject, with cDNA
from CMK11-5 (DS-AMKL-derived cell line with no known mutations in
both genes) used as a control (Supplementary Fig. 11). Primer sequences are
given in Supplementary Table 14. Total RNA (1 pig) was subjected to reverse
transcription using M-MLV reverse transcriptase (Invitrogen) according to
the manufacturer’s instructions. Electrophoresis was performed using
Experion (Bio-Rad).

RNA sequencing. Detailed information on samples is provided in
Supplementary Table 11. Library preparation and sequencing were

performed as described previously®*. Fusion transcripts were detected using
Genomon-fusion.

Gene expression analysis of recurrently mutated genes. Expression data
for the recurrently mutated genes in whole-exome sequencing were retrieved
from the BioGPS database! for normal hematopoietic cells, including whole
bone marrow, CD33* myeloid cells, CD34* cells, CD19* B cells and CD4*
T cells, and from published data!® and our RNA sequencing data for
DS-AMKL samples.

Statistical analysis. The number of non-silent mutations identified by whole-
exome sequencing in TAM and DS-AMKL samples (Fig. 2a) and the number
of chromosome abnormalities in DS-AMKL cases with and without cohesin
mutations or deletions (Fig. 5a) were compared using the Mann-Whitney U
test. The difference in VAF between two mutations (Fig. 5b) was tested by
Wilcoxon signed-rank test.
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Abstract Sideroblastic anemia is characterized by anemia
with the emergence of ring sideroblasts in the bone marrow.
There are two forms of sideroblastic anemia, i.e., congenital
sideroblastic anemia (CSA) and acquired sideroblastic ane-
mia. In order to clarify the pathophysiology of sideroblastic
anemia, a nationwide survey consisting of clinical and mo-
lecular genetic analysis was performed in Japan. As of
January 31, 2012, data-of 137 cases of sideroblastic anemia,
including 72 cases of myelodysplastic syndrome (MDS)-
refractory cytopenia with multilineage dysplasia (RCMD),
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47 cases of MDS-refractory anemia with ring sideroblasts
(RARS), and 18 cases of CSA, have been collected. Hemo-
globin and MCV level in CSA are significantly lower than
those of MDS, whereas serum iron level in CSA is signif-
icantly higher than those of MDS. Of 14 CSA for which
DNA was available for genetic analysis, 10 cases were
diagnosed as X-linked sideroblastic anemia due to ALAS2
gene mutation. The mutation of SF3B/ gene, which was
frequently mutated in MDS-RS, was not detected in CSA
patients. Together with the difference of clinical data, it is
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suggested that genetic background, which is responsible for
the development of CSA, is different from that of MDS-RS.

Keywords Congenital sideroblastic anemia -
Myelodysplastic syndrome - ALAS2

Introduction

Sideroblastic anemia is characterized by anemia with the
emergence of ring sideroblasts in the bone marrow. Ring
sideroblasts are formed by the irregular accumulation of
iron in mitochondria. There are two forms of sideroblas-
tic anemia i.e., congenital sideroblastic anemia (CSA)
and acquired sideroblastic anemia. Most of acquired
sideroblastic anemia cases were included in myelodys-
plastic syndrome (MDS). To date, mutations of genes
involved in heme biosynthesis, Fe—S cluster biogenesis,
or the biology of mitochondria have been reported in
CSA [1-5]. Impaired function of these genes is specu-
lated to result in disutilization of iron, leading to accu-
mulation of iron in mitochondria. Acquired sideroblastic
anemia in MDS is categorized either as refractory cyto-
penia with multilineage dysplasia (RCMD) or refractory
anemia with ring sideroblasts (RARS) depending on the
level of dysplasia. In contrast CSA, mechanism of form-
ing ring sideroblasts in MDS is not clarified, although it
was recently suggested that the mutations of splicing
pathway are involved in the pathogenesis of MDS [6].
It is possible that there is a common mechanism between
CSA and MDS; however, mutations in genes, which are
responsible for development of the CSA, have not been
identified in MDS.

The most common form of CSA is X-linked sideroblastic
anemia (XLSA), which is caused by mutation of erythroid-
specific 5-aminolevulinate synthase (4LAS2), the first en-
zyme of heme synthesis in erythroid cells [7-10]. More than
half of the patients with XLSA respond to the administration
of pyridoxine [vitamin B6 (Vit.B6)], or pyridoxal 5-
phosphate (PLP), which is the coenzyme of ALA4S2 [11].
In XLSA, adult onset cases have been reported [12, 13];
therefore, it is possible that some cases of CSA may be
misdiagnosed as MDS, especially RARS. However, the
clinical and pathological features of congenital and acquired
sideroblastic anemia have not been fully clarified because
there have been no comprehensive studies, including clini-
cal and genetic analyses, focusing on sideroblastic anemia.

Here, we performed a nationwide survey of sideroblastic
anemia in Japan to investigate the epidemiology and patho-
genesis of this disease. The difference of clinical data and
results of genetic analysis suggest that genetic background,
which is responsible for the development of CSA, is distinct
from that of MDS-RS.

@ Springer

Materials and methods
Data acquisition

This study consisted of three investigations. First, patients
with sideroblastic anemia were searched by questionnaire
sent to hospitals with hematology department (493 hospi-
tals) and pediatric hematology department (593 hospitals)
asking for information about patients diagnosed as sidero-
blastic anemia (first investigation) over the past 10 years.
Next, detailed clinical data of sideroblastic anemia patients
were collected from the hospital based on responses to the
first investigation (second investigation). Survey items were
age of onset, gender, family history, hematological and
biochemical findings, treatment, and cause of death. Then,
genetic analysis of patients, who were diagnosed as CSA
and MDS without chromosomal anomaly, was performed in
cases for which genome sample was available (third
investigation).

This study was approved by the ethics committee of
Tohoku University Graduate School of Medicine, the center
responsible for clinical and genetic analysis. Informed con-
sent for the genetic analysis was obtained in all cases.

Diagnostic procedure

Ring sideroblasts were defined following the 2001 World
Health Organization (WHO) classification. Sideroblastic
anemia patients were diagnosed in the respective institu-
tions. In all cases, bone marrow smears were investigated,
and at least 15 % ring sideroblasts were confirmed by iron
staining. Furthermore, diagnosis for RARS was made when
dysplasia restricted to erythroid lineage in bone marrow was
recognized. Diagnosis for RCMD was made when there is
multilineage dysplasia. Thereafter, in the present study,
RCMD correspond to refractory cytopenia with multiline-
age dysplasia and ringed sideroblasts (RCMD-RS) of the
2001 WHO classification. Diagnosis for CSA was made
when the patient had a family history or the disease onset
during infancy, or fulfilled the characteristic features of
XLSA, such as onset at a young age, microcytic anemia,
and responsiveness to Vit.B6.

Genetic analysis of patients with sideroblastic anemia

In the genetic analysis, mutations in ALAS2, SLC25A438,
GLRXS, ABCB7, PUSI, and SLC1942, which are known
to be responsible for CSA, were examined in 14 cases of
CSA and 10 cases of MDS. In addition, SF3B1, which was
very recently reported to be mutated in sideroblastic anemia
in MDS at a high incidence, were analyzed as well. Muta-
tion analysis for the ALAS2 gene was performed first in all
candidates, and then the analysis proceeded to the other
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genes if no mutations in ALAS2 were detected. For mutation
analysis of ALAS2, genomic DNA was extracted from the
proband’s peripheral blood using QIAamp DNA blood midi
kit (QIAGEN, Valencia, CA, USA). The proximal promoter
region [14], erythroid enhancer in intron 8 [15], and all
exons and exon—intron boundaries of the ALAS2 gene were
amplified using ExTaq DNA polymerase (Takara Bio,
Shiga, Japan) [16]. Amplified products were purified using
a QIAquick gel extraction kit (QIAGEN) after agarose gel
electrophoresis. They were then subjected to direct sequenc-
ing analysis using BigDye Terminator Cycle sequencing kit
v1.1 with an ABI3100 genetic analyzer (Life Technologies
Corp., Carlsbad, CA, USA). Mutation of the gene was
confirmed by repeated polymerase chain reaction (PCR)
followed by direct sequencing analysis. Genes other than
ALAS2 were sequenced by Hiseq2000® [6]. Briefly, ge-
nomic DNA was amplified using REPLI-g mini kit® (QIA-
GEN Science). After adjusting the concentration of
amplified DNA, DNA from consecutive 12 samples was
combined into one DNA pool, and the entire coding sequen-
ces were amplified by primers to which Notl linker was
attached. The products were digested with Notl, and ligated
with T4 ligase. Then, DNA was sonicated into ~200-bp
fragments, and sequencing libraries were generated. Librar-
ies were subjected to deep sequencing on Hiseq2000®,
Sequencing data was analyzes as described previously.
Detected mutations were validated by direct sequence.

Analysis of enzymatic activity of recombinant ALAS2
protein

For preparing recombinant ALAS2 proteins, complementary
DNA (cDNA) encoding mature human ALAS2 protein was
amplified using a following primer set (5-GGTGGTCATAT-
GATCCACCTTAAGGCAACAAAGG-3'and 5'-GGCA-
TAGGTGGTGACATACTG-3’). The amplified cDNA was
then treated with Ndel restriction enzyme and was cloned
between Ndel and blunt-ended Sapl site of pTXB1 plasmid
(New England Biolabs, Ipswich, MA, USA), resulting in
pTXB-AEm. From this plasmid, mature ALAS2 protein was
expressed as an inducible fusion protein with Intein and
chitin-binding domain in £. coli. To obtain the mutant protein,
the identified mutation was introduced into pTXB-AEm using
PrimeStar Max site-directed mutagenesis kit (Takara Bio,
Shiga, Japan). For expression and purification of wild-type
and mutant ALAS? proteins, £. coli BL21 (DE3) was trans-
formed with each plasmid. The induction and purification of
the recombinant proteins were performed using Impact system
(New England Biolabs) according to manufacturer’s instruc-
tion. Briefly, each recombinant protein was induced in E. coli
with 0.1 mM IPTG at 25 °C for overnight. Then, cells were
resuspended with lysis buffer (20 mM Tris—=HC] pH8&.5,
500 mM NaCl, 1 mM EDTA, 0.1 % Triton X-100, 1 mM

PMSF, 1 pg/ml of antipain, pepstatin, and leupeptin). After
the sonication and centrifugation, cleared cell lysates were
incubated with chitin beads for 1 h at 4 °C, then washed with
wash buffer (20 mM Tris—HCI pH8.5, 500 mM NaCl, | mM
EDTA, and 0.1 % Triton X-100). Tag-free recombinant ma-
ture ALAS2 protein was obtained by on-column cleavage
with 50 mM DTT in wash buffer at room temperature for
16 h. After the elution from the column, protein concentration
was determined using Bio-Rad Protein assay reagent (Bio-
Rad Laboratories, Inc., Hercules, CA, USA). The ALAS
activity of each recombinant protein was measured in vitro,
as described previously [8].

Statistical analysis

Results are presented as means+SD with the exception
of the age of onset, which is expressed as the median.
Statistical analysis was performed using Student’s ¢ test,
and P<0.05 was taken to indicate statistical significance.

Results
Epidemiology of sideroblastic anemia

As of 31 January 2012, detailed data for 148 sideroblastic
anemia, including MDS and secondary sideroblastic anemia,
patients have been collected. Excluding 10 cases of refractory
anemia with excess blasts (RAEB) and one case of sidero-
blastic anemia due to alcohol, the remaining 137 cases were
classified as 18 cases of CSA, 47 cases of RARS, and 72
cases of RCMD. Of 18 CSA cases, 7 were already confirmed
to be XLSA due to mutation of ALAS2 before registration in
this study, and the others were diagnosed as CSA based on
family history or clinical findings, including responsiveness to
Vit.B6 treatment. Clinical findings and family history, which
suggest the porphyria, were not observed in any CSA patients.

Analysis of the pathology of congenital sideroblastic anemia

Laboratory data of CSA, RARS, and RCMD are shown in
Tables 1 and 2. Median age at onset of CSA was younger
than those of RARS and RCMD (19, 72.5, and 71 years old,
respectively). Hemoglobin and mean corpuscular volume
(MCV) values of CSA were significantly lower than those
of RARS and RCMD cases (7.1 g/dl and 69.0 fl, 8.7 g/dl
and 106.8 fl; and 8.3 g/dl and 106.5 fl, respectively). Serum
iron level in CSA was significantly higher than that in
RARS or RCMD (210.7, 162.8, and 171.1 pg/dl, respec-
tively). These data have possibilities of reflecting the states
of the iron over-loaded of CSA; however, as serum iron
concentration is very instable and depends from different
factors, this finding should be carefully evaluated.
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Table 1 Clinical data of CSA, RARS, and RCMD (1)

CSA (n=18) RARS (n=47) RCMD (n=172) p-value (between p-value (between
CSA and RARS) CSA and RCMD)
Gender
Male 17 33 44
Female 1 14 28
Median age at onset (year) 19.0 (20.2) 72.5 (£104) 71.0 (£13.0) <0.01 <0.01
White blood cells (/ul) 5547 (£2022) 4741 (£2561) 4105 (+1847) 0.24 <0.01
Red blood cells (x10%/ul) 383.4 (x100.0) 245.6 (¥45.6) 239.4 (£56.4) <0.01 <0.01
Hemoglobin (g/dl) 7.1 (£2.21) 8.7 (£1.7) 8.3 (£1.8) <0.01 0.02
Mean corpuscular volume (fl) 69.0 (£11.6) 106.8 (£9.0) 106.5 (£9.2) <0.01 <0.01
Platelet (x10%/ul) 28.5 (£12.62) 25.9 (£15.5) 23.9 (£24.1) 0.53 0.44
Reticulocyte (%) 12.1 (+10.9) 17.7 (£10.8) 21.5 (220.1) 0.07 0.05

When iron-related laboratory data were examined in
transfusion independent cases (CSA, 13; RARS, 26;
RCMD, 34), Serum iron level in CSA was tended to be
higher than that in RARS or RCMD (210.6, 180.3, and
166.6 pg/dl, respectively), although the difference was not
significant (p=0.07, data not shown). Serum ferritin level in
CSA, RARS and RCMD were elevated in these transfusion
independent cases (1,087.9, 898.1, and 732.2 ng/ml, respec-
tively), suggesting that most of sideroblastic anemia patients
were iron-overloaded before transfusion. There were no

“significant differences in other biochemical data among the
three groups.

Chromosomal abnormalities of MDS

Data regarding cytogenetic abnormalities were available for
all RARS patients and for 68 of 72 RCMD patients. Figure 1
shows the cytogenetic findings of RARS and RCMD. In
RARS cases, chromosomal abnormalities were found in 17
patients (36.2 %). Abnormalities consisted of abnormality
including +8 (3 cases), complex abnormality with deletion 5
(2 cases), and complex abnormality with 20g— (3 cases).
Chromosomal abnormalities in RCMD were found in bone
marrow samples from 27 RCMD patients (39.7 %).

Table 2 Clinical data of CSA, RARS, and RCMD (2)

Abnormality including +8 was detected in nine cases
(33.3 %) and abnormality of idic (X) (q13), associated with
the ABCB7 gene [17], was found in one case. In addition,
-7, which was not identified in RARS, was identified in
four RCMD patients (14.8 %).

Treatment and outcome

Analysis of the available data regarding treatment indicated
that 17 of 47 RARS cases and 26 of 72 RCMD cases were
administered Vit.B6 (data not shown). The effectiveness
was judged according to the criteria of IWG [18], and one
RARS patient obtained a major response, and three RARS
patients and one RCMD patient obtained minor responses.
Thus, 4 of 17 RARS patients and 1 of 26 RCMD patients
responded to Vit.B6 treatment. However, improvement of
Hb was not sustained in two RARS patients; Hb level
gradually returned to or dropped below the pretreatment
level. Therefore, Vit.B6 treatment may not be effective for
MDS, or the effect if any may be very limited. The clinical
outcomes of patients are shown in Supplemental Table 1.
The median follow-up from the time of diagnosis in CSA
patients was 30.5 months, and two patients died due to
sepsis (one case) and cardiac failure (one case). One patient

CSA (n=18) RARS (n=47) RCMD (n=72) p-value (between p-value (between

CSA and RARS) CSA and RCMD)
Total bilirubin (mg/dl) 1.1 (x0.8) 1.3 (£0.9) 1.1 (0.7) 0.47 0.78
AST (GOT) (Iu/) 33.0 (£24.3) 24.9 (+11.7) 27.9 (£20.8) 0.08 0.38
LDH (IU/l) 218.3 (£98.9) 263.5 (£119.2) 246.1 (£97.7) 0.16 0.28
CRP (mg/dl) 0.13 (£0.15) 0.40 (£1.16) 1.17 (£3.81) 0.37 0.30
Serum iron (mg/dl) 210.7 (£77.6) 162.8 (£73.6) 171.1 (£66.2) 0.03 0.04
UIBC (mg/dl) 80.4 (x113.6) 102.4 (£82.7) 79.9 (£60.7) 0.48 0.93
Ferritin (ng/ml) 1239.8 (£1306.8) 743.4 (£815.3) 804.3 (+990.2) 0.08 0.13
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Fig. 1 Chromosomal RARS RCMD

abnormalities in RARS and idicX (q13)

RCMD. Data of chromosomal Including +8 (3.7%)

analysis in RARS and RCMD Others 17.6%) Others including +8
are shown. +8 was most (52.9%)

common both in RARS and
RCMD. -7 was only seen in
RCMD

17 cases

who died due to cardiac failure was heavily iron overloaded
as defined by serum ferritin level, suggesting that cardiac
complications may be caused by hemochromatosis. The
median follow-up from the time of diagnosis in RARS
patients was 23 months, and 6 patients (12.8 %) died due
to pneumonia (two cases), evolution to leukemia (one case),
and others (three cases). The median follow-up from the
time of diagnosis in RCMD patients was 19.5 months, and
20 patients (27.8 %) died due to pneumonia (7 cases),
cardiac failure (3 cases), evolution to leukemia (2 cases),
sepsis (1 case), and others (7 cases). These results suggest
that the prognosis of RCMD is worse than that of RARS.

Gene analysis of congenital sideroblastic anemia

Eighteen CSA patients were candidates for gene analysis;
howewver, mutation analysis for genes responsible for CSA
was not performed in four patients. One patient was diag-
nosed as having PMPS based on clinical findings, and DNA
samples were not available for the remaining three patients.
Therefore, gene analysis was performed in 14 of 18 CSA
patients. Ten of these 14 patients were diagnosed as XLSA
due to ALAS2 mutation. Table 3 summarizes the results of
gene analysis in XLSA. Case 2 (R411C), case 4 (D190V),
case 6 (M5671), and case 7 (V562A) were reported previ-
ously [19-21]. Since amino acid substitution at Argl70,
411, and 452 were observed in plural patients, there are
hot spots of mutation of ALAS2 gene.

Patient with D190V (case 4), R170L (Case 10) and two
patients with R452C (cases 3 and 5) did not respond to Vit.B6
treatrment, whereas six patients responded to Vit.B6 treatment,
although the increment of hemoglobin varied from 1.7 to
8.1 g. Interestingly, case 8 responded to Vit.B6 treatment,
whereas case 10 did not, although both of them harbor the
same mutation, R170L. Therefore, the activity of R170L

(26.9%) (25.9%)

27 cases

Including -7 and 5g-
(3.7%)

Including 20g- and -7
(3.7%)

-7 (7.4%)
mutant proteins was examined to determine the property,
especially the Vit.B6 responsiveness. The enzymatic activities
of wild type and R170L mutant protein were 7,193+138 nmol
ALA/mg protein/h and 2,240+145 nmol ALA/mg protein/h,
respectively, in the absence of PLP (Fig. 2). With an excess
amount of PLP (100 uM) in the assay mixture, higher enzy-
matic activities were obtained with wild-type and mutant
proteins (12,662+311 nmol ALA/mg protein/h and 7,700+
49 nmol ALA/mg protein/h, respectively) (Fig. 2). In addition,
the enzymatic activity of R170C, which is another substitution
at Arg170 found in this study, was also examined. As shown
in Fig. 2, The enzymatic activity of mutant protein was sig-
nificantly lower than wild-type protein without PLP (4,612+
&7 nmol ALA/mg protein/h vs 7,193£138 nmol ALA/mg
protein/h), and the activity was restored by addition of excess
amount of PLP (100 pM) in the assay mixture. These in vitro
data suggest that amino acid substitution at Arg 170, at least
R170L and R170C, results in the decrease in enzymatic ac-
tivity, but the decrease can be recovered by excess amount of
PLP. The enzymatic activity of mutant proteins, which were
identified in this study, is summarized in Table 3. The enzy-
matic activities of R411C, D190V, M5671, and V562A were
referred from previous reports [19-21]. The levels of activity
and PLP responsiveness in vitro were not correlated with
clinical responsiveness to PLP in some cases. It is possible
that the variety of mechanisms, such as the decrease in enzy-
matic activity of mutant ALAS2 protein, the changes of
amount of ALAS?2 transcript, and physiological and environ-
mental status of the patients, are responsible for the develop-
ment of the disease.

Data for CSA patients other than XLSA are summarized
in Table 4. Case 15 was diagnosed as PMPS. Gene analysis
was not performed for cases 16 and 17; however, XLSA was
strongly suspected because these patients were male and had
microcytic anemia that was responsive to Vit.B6 treatment.
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Table 3 Congenital sideroblastic anemia (XLSA)

Case Age at Gender Position of SF3BI  Hbatonset MCVat Incrementof Hbby  In vitro enzymatic
number diagnosis ALAS2 mutation (g/dl) onset (fl) Vit.B6 treatment (g/dl) activity of mutant
(v.0.) mutation ) protein®

Without PLP  With PLP
1 0 M R170C N/D 4.8 525 1.7 64.1 % 72.5 %°
2 20 M R411C N/D 4.8 52.5 5.2 11.9 % 25.1 % [19]
3 68 M R452C - 6.0 67.3 No effect 99.9 % 94.0 % [21]
4 17 M D190V N/D 8.9 66.9 No effect 98.6 % 98.5 % [20]
5 36 M R452C - 7.4 70.0 No effect 99.9 % 94.0 % [21]
6 36 M M5671 N/D 6.5 64.4 34 38.1 % 25.2 % [21]
7 14 M V562A - 3.1 61.2 4.7 150.6 %  116.9 % [21]
8 31 M R170L - 4.1 50.8 8.1 31.1%  60.8 %"
9 3 M R411C - 5.4 544 2.9 119 % 25.1 % [19]
10 62 M R170L N/D 8.0 73.9 No effect 31.1 % 60.8 %°
2% of WT

® Present study

ALAS2 mutations were not identified in cases 11, 12, 13, and
14. Therefore, mutations of SLC25438, GLRXS5, ABCRB?7,
PUSI, SLCI19A42, and SF3BI were examined in these cases;
however, no mutations were identified in these cases. In
contrast to other cases, case 18 was female and showed
normocytic anemia. She was diagnosed with CSA due to
family history; however, gene mutation analysis was not
performed because DNA samples were not available.
SF3B1 gene mutation was examined in nine cases including
five XLSA, however, no mutation was identified (Tables 3
and 4). On the other hand, SF3B] gene mutation was fre-
quently detected in MDS-RS (Table 5).

Discussion
Because of its rarity, there have been few clinical and patho-

logical investigations focusing on sideroblastic anemia. This
study was performed to investigate the epidemiological and

pathological characteristics of sideroblastic anemia. Based on
the data of 137 patients, it was revealed that hemoglobin level
in CSA was significantly lower than those seen in MDS, and
serum iron level was higher in CSA compared to MDS. These
results revealed that anemia in CSA is more severe than that in
MDS at onset, although significant cases improved by Vit.B6
treatment. Reflecting the high incidence of XLSA in CSA,
MCYV level was significantly lower in CSA than MDS. These
findings suggest that CSA should be strongly suspected rather
than MDS, at least in Japan, in male patients exhibiting
microcytic anemia and an elevated serum iron level.
MDS-RCMD is the most common form of acquired side-
roblastic anemia. Chromosomal abnormalities were ob-
served in 39.7 % of RCMD cases and 36.2 % of RARS
cases. The types of chromosomal abnormality frequently
observed in RCMD and RARS did not differ from those
reported previously, such as +8, =7, 20q— and —5. Among
them, +8 was observed in nine cases of RCMD (33.3 %). As
the frequency of +8 in MDS was reported to be 6.5-16.7 %,
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