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Figure 4 Driver mutations in Down syndrome-

DS-AMKL TAM Non-DS-AMKL

related myeloid disorders and non-DS-AMKL.
(a) Driver mutations in 109 samples of 49
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

Epigenetic regulator Cohesin )

by confirmed somatic mutations are indicated
by red arrowheads.

Signaling

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
(n = 3; 7%) (Fig. 4a). Tyrosine kinase and
cytokine receptor mutations were also com-
mon in DS-AMKL. We found mutations in
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.
The identified mutations were largely mutu- b Yg’

Other

§ Trisomy 21

l Missense mutation ' Nonsense mutation

n Homozygous mutation = Somatic mutation

G62R

ﬁ Splice-site mutation ‘ Small indel ;73 Large deletion

fl RBM15-MKL  CBFA2T3-GLIS2 || Not determined

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

R139* Q433"
v

ally exclusive. We found JAK2 mutations in RAD21

4DS-AMKL casesand 1 non-DS-AMKL case, Gaza1h g T i~ 631aa

including mutations encoding p.Val617Phe 117F RE5" 129_133del 374_375del L611R

(n = 2), p.Leu6l1Ser (n = 1), p.Arg683Ser RE9* R146"  R370Q A387fs N863fs

(n = 1) and p.Arg867GIn (n = 1); of these, staG2 w 'lsTAG - Lo

JAK2 mutations encoding p.Arg683Ser (Xq25) — < < 1,268 aa

and p.Arg867GlIn substitutions have been Q96_splice R216* 377_378del R604" K975_splice

reported in acute lymphoblastic leukemia R213fs N314fs F379S G403ts

(ALL)**7 but not in myeloid malignan- oroF | s P

cies®46. Thus, we re-evaluated the diagnosis (16q22.1) A T ry 727 aa

of AMKL in both UPN097 (p.Arg683Ser) Tegts (G318_splice D39ON Ra4g" { zinc finger

and UPNO023 (p.Arg867Gln), in whom the E82_splice R288* R658! RE690H G743fs

initial diagnosis of AMKL was strongly sup- EZH2 % - *

ported by typical surface marker expression (79%6.1) Y ry 2 751 aa
R25Q  1109fs D516E GBE0R 710_716de}

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 mutations were found in approximately 10% of DS-AMKL cases.
Two identical somatic mutations found in the DCAF7 gene (encod-
ing p.Leu340Phe) might be interesting because the DCAF7 protein
interacts with the DYRKIa 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
DCA F7 remains to be determined.

Allelic burden of major recurrent mutations relative to
GATAT 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 GATAI 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-AMKL?2, GATA1 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 GATAI. (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 GATAI 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 GATA1
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 GATA1
(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?6:30:33:3%_ To our knowledge,

a Chromosomal abnormalities
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KANSLI 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 GATAI 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 subjects 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 Ilumina HiSeq 2000 platform in 100-bp paired-end reads. Data processing
and variant calling were performed as described previously4. 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 Notl 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?, 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 (0%) 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 RAD2I, 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,
JAK1, 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®®. 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 pig) 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 SNVs 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 browser2.
All candidate variants were validated by Sanger sequencing or independent
deep sequencing.

Calculation of copy numbers for target exons. Letting 4> 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 _ s
%-hZ%
i
where k; is determined to satisfy
o= 30)
J
for a fixed constant ky (for example, kg = 1). The correlation coefficient

(R = R5%) between two vectors Df and D} was calculated, where Df and
D! represent the depth for a given sample (sample s) and each of the 443
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samples (sample 1), analyzed for other projects, with completely normal copy
numbers in array-comparative genomic hybridization (aCGH; t = 1,2, 3,...,
443), respectively, through which a total of m, (= 12) control samples showing
the largest R values were selected (T,,; m = 1, 2, 3,..., mg) and used for copy
number calculation. The copy number of the ith target exon of sample s (Crf)
was calculated as

Cnf = Df 1D}

where Df was calculated by averaging mq samples by
mg
Df = 2 DiT ™ [my
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 (671?) was defined
for the ith exon of sample s. The distribution of Cni was calculated for all
samples, and exons showing Iaf - E(azf) | > 4 5.d. were considered to have
copy number losses or gains.

Screening for CBFA2T3-GLIS2and RBM15-MKLI fusion genes. CBFA2T3-
GLIS2 and RBM15-MKLI 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
Gene Chip Human Mapping 250K Nspl Array or Genome-Wide Human SNP
Array 6.0) as described previously!0:64.65,

RT-PCR analysis of STAG2 and CTCF transcripts. To confirm abnormal
splicing of CTCF in UPN016 and UPNO071 and that of STAG2 in UPN067,
RT-P CR 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 pg) 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 MCYV 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, SLC25438,
GLRX5, 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 Norl 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 E. 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 ALAS2 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 ovemnight. Then, cells were
resuspended with lysis buffer (20 mM Tris—HCl pHS8.5,
500 mM NaCl, 1 mM EDTA, 0.1 % Triton X-100, I 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, 1 mM
EDTA, and 0.1 % Triton X-100). Tag-free recombinant ma-
ture ALAS?2 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 4LAS2 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 {l; and 8.3 g/dl and 106.5 {l, 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.

@ Springer
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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 (£10.4) 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%/u) 383.4 (£100.0) 245.6 (£45.6) 239.4 (+£56.4) <0.01 <0.01
Hemoglobin (g/dl) 7.1 (£2.21) 8.7 (x1.7) 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%/u1) 28.5 (£12.62) 25.9 (x15.5) 23.9 (x24.1) 0.53 0.44
Reticulocyte (%o) 12.1 (£10.9) 17.7 (+10.8) 21.5 (£20.1) 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 |
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 20q— (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=13) RARS (n=47) RCMD (n=72) p-value (between p-value (between

CSA and RARS) CSA and RCMD)
Total bilirubin (mg/dl) 1.1 (£0.8) 1.3 (0.9) 1.1 (0.7) 0.47 0.78
AST (GOT) (IU/l) 33.0 (£24.3) 24.9 (x11.7) 27.9 (£20.8) 0.08 0.38
LDH (1U/) 218.3 (£98.9) 263.5 (£119.2) 246.1 (£97.7) 0.16 0.28
CRP (mg/dl) 0.13 (20.15) 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 (266.2) 0.03 0.04
UIBC (mg/dl) 80.4 (£113.6) 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
abnormalities in RARS and
RCMD. Data of chromosomal
analysis in RARS and RCMD
are shown. +8 was most
common both in RARS and
RCMD. -7 was only seen in
RCMD

RARS

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;
however, 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 (M567I), 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

Including +8
7.6%)

RCMD

idicX (q13)
(3.7%)

Others

Including +8
(26.9%)

25.9%)

27 cases

Including -7 and 5q-
(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 pM) 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
87 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 uM) 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 ALAS2 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 SF3B1  Hbatonset MCVat Incrementof Hbby  In vitro enzymatic
number diagnosis ALAS?2 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 52.5 1.7 64.1 % 72.5 %°
2 20 M R411C N/D 4.8 52.5 5.2 119 % 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 MS5671 N/D 6.5 64.4 34 38.1 % 25.2 % [21]
7 14 M V562A - 8.1 61.2 4.7 150.6 %  116.9 % [21]
8 31 M R170L - 4.1 50.8 8.1 311 % 60.8 %°
9 3 M R411C - 54 54.4 2.9 11.9 % 25.1 % [19]
10 62 M R170L N/D 8.0 73.9 No effect 311 % 60.8 %°
2% of WT

® Present study

ALAS2 mutations were not identified in cases 11, 12, 13, and
14. Therefore, mutations of SLC25438, GLRX5, ABCRB7,
PUSI, SLC1942, and SF3B1 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, SF3BI 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 %,

CIPLP() BPLP(+)

Fig. 2 Enzymatic activity of 14000
mutant ALAS2 proteins. 0o
Enzymatic activity of wild-type E 12000
and mutant ALAS2 proteins <
was measured as described in < _ 10000
Materials and Methods. Both R
of R170L and R170C ALAS2 g \5" 8000
; 7}
mutant proteins shc‘)wed. . £% 6000
decreased enzymatic activity; 25
however, the activity was g 4000
partially restored by the ‘2
addition of PLP 2 2000
0
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Table 4 Congenital sideroblastic anemia (other than XL.SA)

Case number Age at Gender Family Gene mutation Hb (g/dl) MCV (fl) Response

diag (y.0.) history to Vit.B6
ALAS2 SLC25438 GLRX5 ABCB7 SLCI942 PUS! SF3BI

11 19 M - - - - - - - - 7.8 73.9 -

12 4 M - - - - - - - - 6.6 73.6 -

13 0 M + - - - - - - - 3.9 65.0 -

14 20 M + - - - - - - - 7.6 82.0 +

s 0 M - N/D N/D N/D N/D N/D N/D N/D 6.8 88.1 N/D*

16 32 M - N/D N/D N/D N/D N/D N/D  N/D 11.2 69 +

17 36 M - ND ND N/D N/D N/D ND ND 1038 67.3

18 18 F + ND ND N/D N/D N/D ND ND 93 96.2

N/D not done

#Vit.B6 was not administered due to PMPS

+8 appeared to be more common in RCMD. In addition, —7
was identified in four patients with RCMD (14.8 %), where-
as it ‘was not identified in RARS. This difference may be
related to the poor prognosis of RCMD.

Regarding the responsiveness to pyridoxine treatment
among XLSA, 6 of 10 cases responded to Vit.B6 treatment
in this study, although the magnitude of response varied
among individuals. Thus, as the benefit of treatment of
Vit.B6 for XLSA is obvious, a precise diagnosis of XLSA
is important. As late-onset XLSA cases have been reported
and two patients over 60 years old were found in this study,
genetic analysis in sideroblastic anemia patients with micro-
cytic anemia is essential regardless of age.

Focusing on ALAS2 mutation in XLSA, two patients with
the same mutation (c.509G>T), which results in R170L,
showed distinct responses to Vit.B6. Edgar et al. [22]
reported a Vit.B6 responsive pedigree with XLSA carrying
the p.R170L mutation of ALAS2 gene. Furthermore, the
crystal structure analysis of ALAS from Rhodobacter cap-
sulatus [23] suggests that a missense mutation at Argl70
destabilizes PLP binding, which might be partially restored

with excess amounts of PLP. Together with the findings of
biochemical analysis in this study, it is strongly suggested
that R170L mutation causes pyridoxine-responsive XLSA.
However, in consistent with the data of in vitro analysis and
clinical course of other R170L patients, case 10 was unre-
sponsive to Vit.B6 treatment. Thus, onset and severity of the
disease may be defined by not only the type of mutation but
also the environmental and physiological status of the
patients. This speculation may be supported by the results
that there is a discrepancy between in vitro and in vivo
response to Vit.B6 in some cases (Table 3).

The high incidence of XLSA among CSA in the present
study was consistent with a previous report in the USA.
Bergmann et al. [24] reported genetic analysis of CSA in the
USA. In this study, mutations of 4LAS2, SLC25438, mito-
chondria DNA, and PUSI, were identified in 37, 15, 2.5,
and 2.5 % of CSA cases, respectively. The most significant
difference from our study was that mutations of the
SLC25438 gene were frequently found in the USA. Since
SLC25A438 is thought to be a transporter of glycine, which is
a substrate for ALAS?2 in the first step of heme synthesis, the

Table 5 Mutation of SF3BI

gene in MDS-RS Case number  Diagnosis  Age at diagnosis ~ Gender ~ Chromosome position of SF3BJ
(y.0.) anomaly mutation
1 RARS 82 M - E622D
2 RARS 57 M - N626S
3 RARS 60 M Complex karyotype,  K700E
including +8
4 RARS 60 M - K700E
5 RARS 73 F - No mutation
6 RARS 74 F - H662Q
7 RARS 76 M - K700E
8 RARS 67 F - K700E
9 RARS 66 M - K666E
10 RCMD 50 F - No mutation
(-) normal karyotype
@_ Springer
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pathology of CSA due to mutation of this gene is similar to
that of XLSA. Therefore, CSA patients with microcytic
anemia, in whom mutations of 4LAS2 gene were not iden-
tified, were expected to harbor SLC25438 mutation; how-
ever, it was not detectable in this study. To date, it has not
been reported in Asia, although mutation of the SLC25438
gene has been widely reported in the USA, Canada, and
Europe. Together with the results of the present study, it is
suggested that the causative genes of CSA differ among
races and regions.

Recently, mutations of genes involved in splicing ma-
chinery were reported in MDS [6]. Among them, SF3B],
which is a component of the U2-small nuclear ribonucleo-
protein (U2-snRNP) complex [25], was found to be highly
mutated in MDS with ring sideroblasts [6]. In this study,
SF3B1 mutation was examined in nine cases of CSA; how-
ever, its mutation was not detectable in CSA. These findings
suggest that the mechanism for sideroblasts formation may
be different between CSA and MDS.

In conclusion, our data showed that XLSA is the most
frequent type of CSA; however, onset and severity of the
disease may be affected by the environmental and physio-
logical status of the patients. The data, including clinical and
genetic analysis, further suggest that genetic background is
different between CSA and MDS.
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Identification of a novel erythroid-specific enhancer for the ALAS2 gene
and its loss-of-function mutation which is associated with congenital
sideroblastic anemia
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Erythroid-specific 5-aminolevulinate synthase (ALAS2) is the rate-limiting enzyme for heme biosynthesis in ery-
throid cells, and a missense mutation of the ALAS2 gene is associated with congenital sideroblastic anemia.
However, the gene responsible for this form of anemia remains unclear in about 40% of patients. Here, we identify
a novel erythroid-specific enhancer of 130 base pairs in the first intron of the ALAS2 gene. The newly identified
enharicer contains a cis-acting element that is bound by the erythroid-specific transcription factor GATA1, as con-
firmed by chromatin immunoprecipitation analysis iz vivo and by electrophoretic mobility shift assay # vitro. A
promoter activity assay in K562 human erythroleukemia cells revealed that the presence of this 130-base pair
region increased the promoter activity of the ALAS2 gene by 10-15-fold. Importantly, two mutations, each of
which disrupts the GATA-binding site in the enhancer, were identified in unrelated male patients with congenital
sidercblastic anemia, and the lower expression level of ALAS2 mRNA in bone marrow erythroblasts was con-
firmed in one of these patients. Moreover, GATAL1 failed to bind to each mutant sequence at the GATA-binding
site, and each mutation abolished the enhancer function on ALAS2 promoter activity in K562 cells. Thus, a muta-
tion at the GATA-binding site in this enhancer may cause congenital sideroblastic anemia. These results suggest
that the newly identified intronic enhancer is essential for the expression of the ALAS2 gene in erythroid cells. We
propose that the 130-base pair enhancer region located in the first intron of the ALAS2 gene should be examined

in patients with congenital sideroblastic anemia in whom the gene responsible is unknown.

Iistrogiuction

The ALAS2 gene encodes for erythroid-specitic 5-aminole-
vulinate synthase (ALAS-E, EC 2.3.1.37), which is the rate-
limitinng enzyme of the heme biosynthetic pathway in ery-
throid cells.! It has been reported that the human ALAS2 gene
is mapped on the X chromosome,” and that a loss-of-function
mutation of this gene causes X-linked sideroblastic anemia
(XLSA)* which is the most common genetic form of congen-
ital sideroblastic anemia (CSA). Moreover, a missense muta-
tion of ALAS2 was identified in a patient with non-familial
CSA (nfCSA),® in which no family history of sideroblastic
anemia was identified. In addition to ALAS2, several other
genes were recently identified as causative genes for CSA,
including SLC25A38° GLRX57 ABCB7° PUS4/ and
SLC12A2,° but the cause of sideroblastic anemia still remains
undefined in more than 40% of patients with CSA."

GATA! wanscription factor regulates the expression of sever-
al erythroid-specific genes, such as erythropoietin receptor
gene,* a- and B-globin genes,** ALAS2" and the GATA{ gene
itself,™ during erythroid differentdation.™ Abladon of the
Gatat gene in mice resulted in embryonic death because of
anemia,” suggesting that GATA1 is essental for erythroid dif-

ferentiation # vivo. It has been reported that GATA1 regulates
transcription of human ALAS2 through the proximal promoter
region® and the erythroid-specific enhancer located in the
eighth intron of ALAS2* However, Fujiwara et a/. demonstrat-
ed that the GATA1 protein binds to the ALAS2 gene only in the
middle of its first intron, where no regulatory region had so far
been identified, by genome-wide analysis of K562 human ery-
throleukemia cells using chromatin immunoprecipitation fol-
lowed by next-generation sequencing (ChIP-seq).”

In the present study, we have identified a novel erythroid-
specific enhancer region in the first intron of the ALAS2 gene.
Moreover, we describe two mutations in the newly identified
enhancer of ALAS2: a T-to-C transition, which changes GATA
to GGTA at the GATA element in the antisense strand, in a
pedigree with XLSA and one proband with nfCSA, and a 35-
base pair (bp) deletion including the above-mentioned GATA
element in a proband with nfCSA.

Methods

Polymerase chain reaction
DNA polymerases used for polymerase chain reaction (PCR) analy-
sis were purchased from TAKARA BIO Inc. (Shiga, Japan). The
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sequence of primers and probes used in this study are listed in the
Ostline Supplemenary Tables.

Polymerase clain reaction-based quantitative
chromatin immunoprecipitation

Real-time PCR-based quantitative chromatin immunoprecipita-
tion (ChIP-gPCR) analysis was conducted essentially as previously
described @

Electrophoretic mobliity shift assay

Electrophoretic mobility shift assay (EMSA) was performed
using “DIG Gel Shift Kit, 2™ Generation” (Roche Diagnostics
CmbH, Mannheim, Germany), according to the manufacturer’s
protocol. Sequences of oligonucleotides for probes are indicated
by the horizontal bar in the relevant figures. Nuclear extracts were
prepared, as described previously,™ from K562 cells or HEK293
human embryonic kidney cells that were transfected with a
GATAT-FLAG fusion protein expression vector or its backbone
Vector

Promoter/enhancer activily assays
Each target DNA fragment was prepared from genomic DNA
from normal volunteers (WT) or patients with CSA (referred to as

element causes CSA

 Disruption of a GATA bindir

“GGTA" or “delGATA” in each reporter construct) and was cloned
into pGl3basic plasmid (Promega Corporation, Madison, W1,
USA). The human ALAS2 proximal promoter region
(g.4820_5115, between -267 and +29 from the transcription start
site)'** was cloned into the muliple-cloning site of pGL3basic
[referred to as pGL3-AEpro(-267)). A single DNA fragment (5.2
kbp), carrying the ALAS2 proximal promoter, first exon, first
intron and the untranslated region of the second exon, was sub-
cloned into the multiple cloning site of pGlL3basic [referred to as
pCL3-AEpro(-267+intron1]. A DNA fragment containing the
GATAI-binding region in the first intron of the ALAS2 gene (cor-
responding to g.7488_7960), which was defined by ChlP-seq
analysis® is referred to as the ChIP-peak. The length of the WT
ChIP-peak is 473 bp. In addition, a 130-bp fragment containing
ALAS2int1GATA, the consensus sequence for the GATAl-binding
site in the ChlP-peak, is referred to as ChIPmini. Several deletion
mutants of ChIPmini were prepared using pGL3-AEpro(-
267)+ChIPmini(WT) as a template. The pGL3-TKpro plasmid was
constructed by cloning herpes simplex virus thymidine kinase pro-
moter into the multiple cloning site of pGL3basic plasmid. Each
reporter vector and pEF-RL25 were introduced into K562 cells or
HEK293 cells. Luciferase activity was determined using a dual-
luciferase reporter system (Promega).
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in the EMSA is indicated by a dashed
line. A double arrow indicates the
digleteé region of the delGATA muta-
tion.
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identification of mutations of the ALASZ gene

All exons including exon-intron boundaries, the proximal pro-
moter region, and intron 1 and intron 8 of the ALAS2 gene
(GeneBank: NG_8983.1) were directly sequenced according to
previously reported methods.”

Measurement of ALAS2 mRNA In purified erythroblasts

Total RNA was extracted from glycophorin A-positive bone
marrow mononuclear cells, and was used for cDNA synthesis.
AL AS2 expression was measured by real-time PCR, and was nor-
malized to that of GAPDH mRNA.

Statlstical analysis
Multiple comparisons berween groups were made using the
Tukey-Kramer test.

Patients
Eleven probands (eight pedigrees) with CSA of unknown cause
were selected to determine the nucleotide sequence of the first

antibody
competitor
nuclear extracts

K562

293 293(GATA1-FLAG)

1 2345678389

¢ 5

Free probe

intron of ALAS2 gene. In these patients no disease-causative
mutation was identified in the coding regions or reported regula-
tory regions in ALAS2, SLC25A38, GLRX5, ABCB7, PUS1 and
SLC1942, which have been reported to be genes causing CSA"
(see the Online Supplementary Methods for Full details of the meth-
ods).

The genetic analyses performed in this project were approved
by the ethical committee of Tohoku University School of
Medicine. Blood samples were withdrawn from the probands and
the Family members after informed consent.

Results

Polymerase chaln reaction-based quantitative
chromatin immunoprecipitation analysls of the flrst
intron of the ALAS2 gene

To identify the novel regulatory region for ALAS2 tran-

Figure 2. Functional analyses of ChiPminl
present in the first intron of the ALAS2
gene. (A)Electrophoretic mobllity shift
assay (EMSA). Wild-type (wt) probe was
Incubated with nuclear extracts prepared
from K562 cells (lanes 24) or HEK293
cells expressing GATAL-FLAG (lanes 6-9).
HEK293 cells were transfected with
mock vector (lane 5) or FLAG-fused
GATA1 expression vector before prepara-
tion of nuclear extracts. The protein-
probe complex was detected as a retard-
ed band (arrow). An excess amount of
unlabeled probe (lanes 3, 7), ant-GATAL
antibody (G1) (lanes 4, 8) or antl-FLAG
antibody (F) (lane 9) was Included In the
reaction mixture. Lane 1 shows the con-
trol without nuclear extracts. The asterisk
Indicates the super-shifted band (lane 9).
(B) Functional analysls of ChiPmini as an
enhancer for the ALAS2 gene. Detalls of

1015 ] the fragments for each plasmid, such as
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Intrond, ChiP-peak and ChilPmini, are
described in the Methods section. Each
DNA fragment was Inserted upstream of
the ALAS2 proximal promoter or down-
stream of luciferase cDNA, Indicated as
(U) or (D), respectively. Results are
expressed as a relative actlvity compared
to that of pGL3-AEpro(-267), and are pre-
sented as the mean + standard deviation
(SD) of three Independent experl t:

{C) Functional analysls of ChiPmini as an
enhancer for non-erythrold gene promot-
er. The enhancer activity of the first intron

0 K562 [ HEK293

0

was examined using the herpes simplex
virus TK promoter as a non-erythrold pro-
moter. ChiP-peak or ChiPmini was insert-
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ed downstream of the luclferase gene of
pGL3-THpro, ylelding pGL3-TKpro+ChiP-
peak(D) or pGL3-TKpro+ChiPmini(D).
Each of these reporter vectors was Intro-
duced into K862 cells or HEK293 cells to

Luctterase B ALAS2 promoter-267bp [ ALAS2 exon 1[[} ALAS2 inron 1
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EIALAS? exon 2 TK promoter

11 e enhancer activity. Results are
expressed as a relative activity compared
to that of pGL3-TKpro, and are presented
as the mean * SD of three Independent
experiments.
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scription, we first performed ChIP-gPCR analysis in K562
cells to localize the GATA1-binding region of the ALAS2
gene in vive, which was determined by genome-wide
ChIP-seq analysis” In fact, ChIP-qPCR enabled us to
examine the GATA1l-binding activity of an individual
GATA element or two adjacent GATA elements in the first
intron of the ALAS2 gene. Based on a search of NCBI
Reference Sequence (NG_8983.1) using SeqBuilder soft-
ware (DNASTAR Inc., Madison, W1, USA), we identified
17 GATA elements (16 out of 17 GATA elements are pres-
ent in the antisense orientation) in the first intron of
human ALAS2 (Figure 1A), which is compatible with the
previous report.* We also included the proximal promoter
region that contains a functional GATA-binding site
(g-4961_4966)." Overall 13 primer sets were designed to
amplify the GATA elements located in the proximal pro-
moter region and the first intron of ALAS2 (Figure 1A and
Omline Supplementary Table S1). Among the 12 primer sets
targeting the first intron, using primer set 10, we could
amplify genomic DNA that was precipitated with anti-
GATA1 antibody at a similar level to that of the positive
control, but not with other primer sets. We refer to this
region amplified with primer set 10 as ChIPmini
(g.7795_7924), the sequence of which is shown in Figure
1B. In silico analysis identified only one GATA element
(g.7860_7865, boxed in Figure 1B) in ChIPmini, termed
ALAS2int1GATA. In addition, primer set 1 which targets
the proximal promoter region yielded notable amounts of
amplified genome DNA. These results indicate that
GATA1 protein bound to the regions amplified with
primer sets 1 and 10 in K562 cells; that is, GATA1 protein
could bind to the proximal promoter region as well as to
ALAS2int1GATA in the first intron of the ALAS2 gene in
vivo. Since the GATA element located in the proximal pro-
moter has been well examined in virre,* we further deter-
mined the functional features of ALAS2int1 GATA.

GATAT proteln binds to ALAS2inti1GATA focated
in ChiPmini

We then examined whether GATA1 protein binds to
ALAS2int1 GATA present in the center of ChIPmini using
EMSA (Figure 2A). The WT probe contains
ALAS2int1GATA (Figure 1B). The incubation of labeled
WT probe with nuclear extracts of K562 cells yielded the
retarded band that represents the protein-probe complex
(lane 2), whereas this retarded band was undetectable
with an excess amount of non-labeled WT probe (lane 3).
Moreover, the addition of ant-GATA1 antibody reduced
the intensity of the retarded band (lane 4), suggesting that
GATA1 protein may bind to the WT probe. In fact, the
retarded band was not detected when the labeled probe
was incubated with nuclear extracts of mock-transtected
HEK293 cells (lane 5). In contrast, the retarded band was
observed when the labeled probe was incubated with the
nuclear extracts of HEK293 cells expressing FLAG-fused
GATA1 (lane 6). Importantly, the retarded band observed
in lane 6 was not detectable in the presence of an excess
amount of non-labeled probe (lane 7). The formation of
the retarded band was partially inhibited by anti-GATA1
antibody (lane 8). Likewise, the inclusion of anti-FLAG
antibody (lane 9) resulted in the disappearance of the
retarded band and instead generated the super-shifted
band (indicated by an asterisk). These results suggest that
GATA1 protein binds to the WT probe containing
ALAS2int1GATA.

Enhancement of ALAS2 promoter activity by the DNA
segment contalning ALAS2int1GATA

To examine the functional importance of
ALAS2int1GATA in the promoter activity of the ALAS2
gene (Figure 2B), we constructed the pGL3-AEpro(-267)
vector, in which the expression of firefly luciferase gene is
controlled under the proximal promoter of the ALAS2
gene (g.4820_5115). The presence of the first intron of
ALAS2 {pGL3-AEpro(-267)+intronl) increased luciferase
activity about 3-fold in K562 cells, whereas luciferase
activity was decreased to 10% of pGL3-AEpro(-267) in
HEK293 cells. When the ChIP-peak, the region deter-
mined by ChIP-seq analysis (g.7488_7960),* was present
downstream [+ChlP-peak(D)} or upstream [+ChIP-
peak{U)] of the ALAS2 proximal promoter, luciferase
activity was increased about 5-fold, irrespective of the
location, compared to that of pGL3-AEpro(-267) in K562
cells. Moreover, the presence of the ChlPmini fragment
downstream of the luciferase gene [+ChIPmini (D] result-
ed in a 16-fold increase of luciferase activity. However,
when the same fragment was inserted upstream of the
ALAS2 promoter [+ChIPmini(U)], luciferase activity
increased only 3-fold. Thus, the enhancer activity of the
ChIPmini fragment varies, depending on its location.
Moreover, among the constructs examined, the ChIPmini
fragment showed maximum enhancer activity down-
stream of the luciferase gene. The ChIP-peak or ChiPmini
fragment downstream of the ALASZ promoter influenced
luciferase activity marginally (0.73- or 1.25-fold, respec-
tively) in HEK293 cells (Figure 2B). These results suggest
that the enhancer activity of each fragment containing
ALAS2int1GATA is specific to erythroid cells.

To examine whether the erythroid-specific enhancer
activity depends on the ALAS2 promoter, we replaced the
ALAS2 promoter with the herpes simplex virus TK pro-
moter (Figure 2C). The ChIP-peak and ChIPmini enhanced
TK promoter activity 3.4- and 9.8-fold in K562 cells,
respectively, whereas they did not enhance TK promoter
activity in HEK293 cells. These results indicate that the ery-
throid-specific enhancer is present in the ChIP-peak and
ChIPmini fragments. In addition, the erythroid-specific
enhancer is functional in the non-erythroid gene promoter.

dentification of mutations in the first intron
of the ALAS2 gene In patlents with congenital
sideroblastic anemia

Considering the newly identified enhancer in the first
intron of the ALAS2 gene, we examined whether some CSA
patients carry the mutation in ChIP-peak or ChIPmini of
ALAS2. We determined the nucleotide sequence of the first
intron of ALAS2 in 11 probands (eight pedigrees), and found
two distnct mutations in the newly identfied enhancer
region in five Japanese patients {three pedigrees). The clinical
features and hematologic status of the probands at diagnosis
of the disease are summarized in Table 1.

Proband 1 in a pedigree with XLSA

The first male Japanese proband was referred to hospital
at the age of 3 months to investigate the cause of his pale
face. No problems were reported during the birth.
Investigations showed microcytic’hypochromic anemia,
an increased concentration of serum iron and raised serum
ferritin level. Bone marrow aspiration revealed the pres-
ence of ring sideroblasts. Two maternal relatives — male
cousins of the proband’s mother — have sideroblastic ane-
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mia (Figure 3A). The pedigree of this family suggested X
chromosome-linked inheritance of the disease. The
proband’s anemia was not improved by pyridoxine
administration (5 mg/kg/day for 3 months), and the boy
required once monthly transfusions of one unit of concen-
trated red blood cells to maintain an adequate hemoglobin
level At the age of 7 months, this proband died of sepsis
caused by alpha-streptococcus.

Proband 2 with nfCSA

The second male Japanese proband visited hospital at
the age of 4 years because of the paleness of his complex-
ion. Investigations showed microcytic/hypochromic ane-
mia, mild thrombocytosis, and a high serum iron concen-
tration with a normal serum ferritin concentration. Bone
marrow aspiration revealed the presence of ring siderob-
lasts (38% of the erythroblasts). Giant platelets were
observed in the bone marrow, although dysplasia of the
megakaryocytes was not clear. There was no family histo-
ry of sideroblastic anemia (Figure 3B).

Proband 3 with nfCSA

The third male Japanese proband was noted to have
anemia at the age of 2 years, but details are not available.
Without any treatment, serum hemoglobin level was
maintained at 70 g/L, and increased to 100 g/L at the age
of 10. Accordingly, the proband stopped visiting the hos-
pital. At the age of 19, however, the proband was admit-
ted to hospital because of general fatigue. Investigations
revealed microcytic, hypochromic anemia with systemic
iron overload. The presence of ring sideroblasts was con-
firmed in his bone marrow by Prussian blue staining (36%
of erythroblasts). Although this proband was treated with
pyridoxine (150 mg/day) for 8 months, his anemia did not
improve. There was no family history of sideroblastic ane-
mia (Figure 3C).

In proband 1 from the pedigree with XLSA (Figure 3A),
we identified a single nucleotide mutation (Figure 4, upper
panel, g.7863T>C), which alters the core sequence of
ALAS2int1GATA in the antsense strand from GATA to
GGTA (referred to as “GGTA mutation”). The same muta-
tion of the ALAS2 gene was also identified in two cousins
of the proband’s mother, both of whom were diagnosed
as having sideroblastic anemia (Figure 3A). Clinical speci-
mens for genetic analysis were not available from either
the parents or the elder brother of proband 1.

The same GGTA mutation was identified at
AT AS2int1GATA in proband 2 with CSA (Figure 4, middle
panel). There was no known consanguinity between
proband 1 and proband 2. Genomic DNA from the par-

is of the dis

Table 1. Hematologic status of each proband at diagn

ents of proband 2 was not available, because they did not
agree to provide their clinical specimens for genetic analy-
sis. Since proband 2 was also noted to have thrombocyto-
sis (Table 1), we searched for a JAK2 mutation in the
genomic DNA extracted from the peripheral biood of this
patient. However, no V617F mutation or any missense

: -
b
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o
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Proband 1

Proband 2

0
olodd &

Proband 3

Figure 3. Family trees of three unrelated probands. Family tree of: ()
proband 4 with XLSA, (B) proband 2 with nfCSA, and (C) proband 3
with nfCSA. Shaded boxes indicate affected individuals in each pedi
gree. Asterisks Indicate the individuals In whormn a mutation Iin the
first intron of the ALAS2 gene was detected.

Proband 1 4 months 4 months yes 38 65 18.7 246 63.9 399.7
[136-183] {83-101] [28-35] [140-379] [10.7-37.6]  [494-270]
Proband2 - dyears dyears . ae ; 84 734 22 810 491 670.1
o e e |126-165] |87-104] 128-35] 1138-309] {12.5-25.0]  [67.4-725]
Proband 3 2 years 19 years no 78 738 222 313 39.6 2489.7
[120-165] [80-100] [28-34] [160-420] {143-215] [404-288]

Thoe nommal value of eack dinical examination is shown in brackets. SA: sideroblastic anemia; XLSA: XHirked sideroblastic anemia; Hb: hemaoglobin; MCV: mean compuscular v
lurrie; MCH: mean corpuseular hemoglobin.
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mutation in exon 12, each of which is frequently observed
in patients with refractory anemia with ring sideroblasts
and thrombocytosis (RARS-T),” was detected (data not
shown). Thus, the GGTA mutation at ALAS2int1GATA
may be responsible for the sideroblastic anemia in
proband 2.

In proband 3 with CSA, a deletion of 35 bp was identi-
fied in the first intron of the ALAS2 gene (Figure 4A, lower
panel, g7836_7870del, referred to as “delGATA muta-
tion”). The delGATA mutation results in the loss of
ALAS2int1GATA. However, the delGATA mutation was
not identified in the ALAS2 gene of the parents of proband
3 (data not shown). Thus, the delGATA mutation may be a
de novo mutation or a somatic mutation. Accordingly, we
compared the relative ALAS2 mRINA level in the erythroid
progenitor cells isolated from proband’s bone marrow
with those of normal subjects. The ALAS2 mRNA level
was more than 7-fold lower in the proband’s erythroblasts
than in those of three independent, normal subjects
(Figure 4B), suggesting that the delGATA mutation may
lead to decreased transcription of the ALASZ gene.

Lastly, we examined the sequence of the region corre-
sponding to g.7513_8165 of the ALAS2 gene, which con-

tains ChIPmini, in 103 healthy, Japanese volunteers (44
males and 59 females, total 162 alleles) using PCR fol-
lowed by direct sequencing. No mutation was found in
this region {data not shown). In addition, no single
nucleotide polymorphism was reported in this GATA ele-
ment, based on the single nucleotide polymorphism data-
base available at the NCBI home page
{hitp:/fwvow.nchinhnnil.gov/sup, current assembly s
GRCh37.p5). Thus, the GGTA mutation and delGATA
mutation at ALAS2int1GATA may be unique to patients
with sideroblastic anemia. Taken together, we suggest
that the newly identified mutations at ALAS2int1GATA
are responsible for sideroblastic anemia.

The mutation at ALAS2Int1GATA impalirs GATAL-binding
activity and enhancer function

We examined the effect of the GGTA mutation or the
delGATA mutation on the binding of GATA1 protein to
ALAS2int1GATA using each mutant probe (Figure 5A). The
delGATA probe represents the 5'- and 3’-flanking sequences
of the deleted 35-bp segment (see Figure 4A). As shown in
Figure 5B, the incubation of labeled WT probe with nuclear
extracts from HEK293 cells expressing FLAG-fused GATA1

Figure 4. ldentification of mutations In the first

Intron of the ALAS2 gene In a patlent with
XLSA and two patients with nfCSA. (&) ALAS2
mutations In three probands. Upper, middle

and lower panels show the sequences of the
flanking reglons of ALAS2IntAGATA (boxed In

the wild-type sequence) In the ALAS2 gene of
probands 1, 2 and 3, respectively. Asterisks

Indicate the T to C transition In the sense
strand Identified in the ALAS2 gene of
proband 1 and proband 2 with CSA. The bro-

ken line between the middle and lower panels
indicates the deleted region Ildentifled In
proband 3 with CSA. The solid horizontal bar in

each panel Indicates the sequence of the
sense strand of each probe used for the EMSA

(see Figures 3A and 5B). (B) ALAS2 mRNA
expression In erythroblasts of proband 3.
ALAS2 mRNA levels were determined In purk

fied erythroblasts isolated from proband 3 and
three Independent normal indhviduals using

realtime PCR. Results are expressed as the
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