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Table 4 Congenital sideroblastic anemia (other than XLSA)

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 PUSI 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 +
15 0 M - ND ND N/D N/D N/D ND ND 68 88.1 N/D?
16 32 M - N/D N/D N/D ND N/D ND ND 112 69 +
17 36 M - N/D ND N/D N/D N/D ND ND 108 67.3 +
18 18 F + N/D N/D N/D N/D N/D ND ND 93 96.2 +

N/D not done
2Vit.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 4ALAS2, 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 ALAS2 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 SF3B]
(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 ALAS2 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, SF3B1,
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
enhancer contains a cis-acting element that is bound by the erythroid-specific transcription factor GATA1, as con-
firmed by chromatin immunoprecipitation analysis i vive and by electrophoretic mobility shift assay #r 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
sideroblastic anemia, and the lower expression level of ALAS2 mRNA in bone marrow erythroblasts was con-
firmed in one of these patients. Moreover, GATA1 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.

introduction

The ALAS2 gene encodes for erythroid-specific 5-aminole-
vulinate synthase (ALAS-E, EC 2.8.1.37), which is the rate-
limiting 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,° GLRX3] ABCB7® PUS4’ and
SLC1942," but the cause of sideroblastic anemia still remains
undefined in more than 40% of patients with CSA."

GATA1 transcription factor regulates the expression of sever-
al erythroid-specific genes, such as erythropoietin receptor
gene, ™ a- and fi-globin genes, " ALAS2" and the GATA gene
itself,” during erythroid differendation.®” Ablation of the
Gatat gene in mice resulted in embryonic death because of
anemia,™ suggesting that GATA1 is essential 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 4/ 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 identfied 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 chaln reaction
DNA polymerases used for polymerase chain reaction (PCR) analy-
sis were purchased from TAKARA BIO Inc. (Shiga, Japan). The

©2013 Ferrata Storti Foundation. This is an open-access paper. doi:10.3324/haematol. 2013.085449
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sequence of primers and probes used in this study are listed in the
Ontline Supplementary Tables.

Polymerase chain reaction-based guantitative
chrematin immunoprecipitation

Real-time PCR-based quantitative chromatin immunoprecipita-
tion (ChIP-qPCR) analysis was conducted essentially as previously
described.®

Electrophoretic mobility shift assay

Electrophoretic mobility shift assay (EMSA) was performed
using “DIG Gel Shift Kit, 2 Generation” (Roche Diagnostics
CmbH, Mannheim, Cermany), 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 thar were transfected with a
GATALFLAG 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

“GGTA" or “delGATA” in each reporter construct) and was cloned
into pCl3basic plasmid (Promega Corporation, Madison, WI,

USA). The human ALAS2 proximal promoter region
(g.4820_5115, between -267 and +29 from the transcription start
site)®* was cloned into the multiple-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 pGL3basic [referred to as
pGL3-AEpro{-267)+intronl]. A DNA fragment containing the
GATA1-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 ChlPmini. Several deletion
mutants of ChIPmini were prepared using pGL3-AEpro(-
2671+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 pEE-RL25 were introduced into K562 cells or
HEK293 cells. Luciferase activity was determined using a dual-
luciferase reporter system (Promega).

control

Figure 1. ldentification of a functional

GATAL elernent in the first intron of
the ALAS2 gene. (A) Chromatin

immunoprecipitation assay.

Fragmented genomic DNA segments
were immunoprecipitated with anti-
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GATAL antibody or control IgG, and
then precipitated fragments were

quantified using realtime PCR as
described in the Ontine

Supplementary Methods. PC or NC
indicates positive control or negative

GATA1 occu
{retati
<
g

control, respectively, for the ChIP
assay using anti-GATAL in K562

cells.® One GATA element is present
in the proximal promoter region and
17 GATA elements in the first intron
(black symbols). The shaded double
arrow indicates the region correspon-
ding to ChiP-peak. (B} Nucleotide

sequence of ChiPmini. The GATA bind-
ing site, ALAS2int1GATA, is located in
the center of ChiPmini (boxed). A box
also indicates the consensus for Ebox

ALAB2 gene
exon 1 ChiP-pesk
{
1
intron 1 (4.9 kbp)
B Yi-consensus EKLF Ap-2 QT3
g.7795  TCTCCCACGE CCTGGTCTCA GCTTGGGGAG TCGTCAGACE CCAATGGCEGA TAAACTCTEG
BRE £300 Hox-TF
EKLF I
Spl EE
2.7855  CAAC TGGTCTGC AGGCTCAGCC (ﬁMGTGbH TAGCTTTCAC AAGCAGGLAG
GATAL AP-1 E-box
e S st e S S i S S s ol S o o APAJE1247
Probe {wild-type)
g.7915 GGGBAAGGGAA

that is bound by Scl/TALL* The
sequence of ChiPmini was further
analyzed for putative transcription
factor binding sites using GeneQuest
software (DNASTAR Inc., Madison, WI,
USA), and the results are indicated by
the horizontal bar. Yi-consensus, Yi
transcription factor consensus site®
BRE, transcription factor 1B binding
site;** EKLF, erythroid/Kruppellike
factor consensus site;® Spd, stimula-
tory protein 1 binding site;* P300,
P300 transcriptional coactivator con-
sensus site?” AP-2, AP-2 beta consen-
sus site;® Hox-TF, C1 element binding
factor binding site?® 0ctT3, OctT3
binding site;® Runx, Runx proteins
binding site;* AP-1, activator protein 1
binding site;* and AP4/E1247,
AP4/E1247 binding site.® The
sequence for the wild-type probe used
in the EMSA is indicated by a dashed
line. A double arrow indicates the
deleted region of the delGATA muta-
tion.
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identification of mutations of the ALAS2 gene

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

Measurement of ALAS2 mRNA In purlfied erythroblasis

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

Statistical analysls
Multiple comparisons between groups were made using the
Tukey-Kramer test.

Patlents
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)

2 34567 839

¢ 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, SLC235A38, GLRX5, ABCB7, PUS1 and
SLC19A2, which have been reported to be genes causing CSA"
(see the Onifne 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 reactlon-based quantitative
chromatin Immunopreclpitation analysis of the first
intron of the ALAS2 gene

To identify the novel regulatory region for ALAS2 tran-

Figure 2. Functional analyses of ChiPmini
present in the first intron of the ALAS2
gene. (A)Electrophoretic mobility shift
assay (EMSA). Wild-type (wt) probe was
Incubated with nuclear extracts prepared
from K562 cells (lanes 2-4) or HEK293
cells expressing GATAL-FLAG (lanes 6-9).
HEK293 cells were transfected with
mock vector (lane 5) or FLAG-fused
GATAL 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
reactlon mixture. Lane 1 shows the con-
trol without nuclear extracts. The asterisk
indicates the super-shifted band {lane 9).
(B) Functional analysis of ChiPmini as an
enhancer for the ALAS2 gene. Detalls of

1(0 20 25 the fragments for each plasmid, such as

pGL3basic
pGL3-AEpro(-267) 5
+ Intron 1 (B

% + ChiP-peak (9);;3 ...... «
+ ChiP-peak {U) gr =

+ ChiPmint (U) B

+ ChiPmini (D)W-—»—«

Intrond, ChiP-peak and ChilPmini, are
described in the Methods sectlon. 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 experiments.
(C) Functlonal analysls of ChiPmin! as an
enhancer for non-erythrold gene promot-
er. The enhancer activity of the first Intron

O Ks62 O HEK293

was examined using the herpes simplex
virus TK promoter as a non-erythrold pro-
moter. ChiP-peak or ChiPminl was insert-

ed downstream of the luciferase gene of
pGL3-THpro, ylelding pGL3-TKpro+ChiP-
peak(D) or pGL3-TKpro+ChiPmini(D).
Each of these reporter vectors was intro-
duced into K562 cells or HEK293 cells to

Ef tuctierase B ALAS2 promoter-267bp B ALAS2 exon 1 [} ALAS2inron 1 [ALAS2 exon 2 EJ TK promater

> ALAS? ChiP-peak B ALAS? ChiPmini
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measure 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.




scription, we first performed ChIP-qPCR analysis in K562
cells to localize the GATA1-binding region of the ALAS2
gene i vivo, which was determined by genome-wide
ChlIP-seq analysis.® In fact, ChIP-qPCR enabled us to
examine the GATAl-binding activity of an individual
GATA element or two adjacent GATA elements in the first
intron of the ALASZ gene. Based on a search of NCBI
Reference Sequence (NG_8983.1) using SeqBuilder soft-
ware (DNASTAR Inc., Madison, WI, 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 ALAS? (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 ALASZ (Figure 1A and
Online 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-
GATAT1 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 i
vivo. Since the GATA element located in the proximal pro-
moter has been well examined i vitro,* we further deter-
mined the functional features of ALAS2int1GATA.

GATA1 protein binds o ALAS2Int1GATA 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 8).
Moreover, the addition of antd-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-transfected
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 partally inhibited by anti-GATA1
antibody (lane 8). Likewise, the inclusion of ant-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
ALAS2int1 GATA.

Enhancement of ALAS2 promoter activily by the DNA
segment containing 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 ChlP-seq analysis (g.7488_7960),” was present
downstream [+ChIP-peak(D)] or upstream [+ChIP-
peak{U)] of the ALASZ 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 locaton.
Moreover, among the constructs examined, the ChIPmini
fragment showed maximum enhancer activity down-
streamn of the luciferase gene. The ChIP-peak or ChIPmini
fragment downstream of the ALAS2 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 ChlP-peak and
ChlPmini fragments. In addition, the erythroid-specific
enhancer is functional in the non-erythroid gene promoter.

Identification of mutations in the first intron
of the ALASZ gene In patients with congenital
sideroblastic anemla

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 ALAS?2 in 11 probands {(eight pedigrees), and found
two distinct mutations in the newly identified 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 SA). 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 (88% 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, g7863T>C), which alters the core sequence of
ALAS2int1GATA in the antisense 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
ALAS2int1GATA 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-

b
|
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Tabxie 1. Hematologic status of each proband at diagnosis of the disease.

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 blood of this
patient. However, no V617F mutation or any missense

Proband 2

R o L O
ol ono é%mg
é)

Proband 3

Figure 3, Family trees of three unrelated probands. Family tree of: ()
proband 1 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 whom & mutation In the
first intron of the ALAS2 gene was detected.

Proband 1 4 months 4 months yes 30 65 187 246 63.9 3087
[136-183] [83-101} [28-35] [140-379] [10.7-37.6]  [40.4-270]
Proband2 =~ dyears 4years ©ono : 84 734 22 §10 o481 670
SRS bt B o [126-165] [87-104] 128-35] 1138-309] {12.5-25.0]  {674-725]
Proband 3 2 years 19 years no 78 739 222 313 39.6 2489.7
[120-185] [80-100] 128-34] [160-420] [143-21.5]  {404-288]

The normal value of each dinical examination is shoawn in brackets. SA: sideroblastic anemia; XLSA: XHinked sideroblastic anemia; Hb: hemoglobin: MUV mean corpuscalar v
furne; MCH: mzan corpuscular 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 (dawm 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, g.7836_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 shows). Thus, the delGATA mutation may be a
de novo mutation or a somatic mutation. Accordingly, we
compared the relative ALAS2 mRNA 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 nor 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
(hntp:/fwww.ncbinhn.nih.gov/snp, current assembly is
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 identfied mutations at ALAS2int1GATA
are responsible for sideroblastic anemia.

The mutatlon at ALAS2int1GATA impalrs GATAL-binding
activily and enhancer function

‘We examined the effect of the GGTA mutation or the
delGATA mutation on the binding of GATA!1 protein to
ALAS2int1GATA using each mutant probe (Figure SA). 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

A wild type

5 GTESTCAGALCCCARTAGOGHT AR C T T CECAM T TR TG T EGTCTCCAGGCTCAGCCCOMAG TGO TT TAGCTT

Proband 1

e e bt e e e e
3 cac:asf:cmc;c;cr:rhmwamm@ccermslwgﬂcaccmacmcw&smmmcm&»a&mmm

“GGTA” mutation

Proband 2

Proband 3

“delGATA”
mutation

18

Figure 4. Identification of mutations in the first

16

intron of the ALAS2 gene In a patlent with
XLSA and two patients with nfCSA. (3) ALAS2

14

rutations In three probands. Upper, middie
and lower panels show the sequences of the
flanking regions of ALAS2ImtAGATA (boxed in

12

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

10

strand identifled In the ALAS2 gene of
proband 1 and proband 2 with CSA. The bro-

[

ken line between the middle and lower panels
indlcates the deleted region ldentified In
proband 3 with CSA. The solld horizontal bar in

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

Relative expression level (ALAS2/GAPDH)

(see Flgures 3A and 5B). (8) ALAS2 mRNA
expression In erythroblasts of proband 3.
ALAS2 mRNA levels were determined in purk

I

fied erythroblasts isolated from proband 3 and
three independent normal Individuals using
realtime PCR. Results are expressed as the

Proband 3 Normal 1 Normal 2

mean * SD of three independent experl i

Normal 3

— 258 —




showed a retarded band (fane 3): this band was super-shift-
ed by the addition of anti-FLAG antibody (lane 4), or unde-
tectable with non-labeled WT probe (lane 5), whereas the
non-labeled GGTA probe (lane 6) or delGATA probe {lane
7y could not compete for the labeled WT probe.
Furthermore, the retarded band was not detectable when
labeled GGTA probe (lane 8) or delGATA probe (lane 9) was
incubated with the nuclear extracts of HEK293 cells
expressing FLAG-fused GATAL. These results suggest that
either the GGTA mutation or the delGATA mutation may
impair the binding of GATA1 to ALAS2int1GATA.

Vife then examined the influence of the point mutation
or deletion of ALAS2int1GATA on the enhancing activity
of the first intron of the ALAS2 gene (Figure 6A). The
GGTA mutation decreased the enhancing activity of the
first intron, ChIP-peak or ChIPmini in K562 cells to 17.0%,
18.5% or 12.9%, respectively, of that of the WT construct.
The delGATA mutation decreased the enhancing activity
of the first intron of ALAS2, ChlP-peak or ChiPmini in
K562 cells to 10.5%, 15.7 % or 12.6%, respectively, of that
of the WT construct. In contrast, the relative luciferase
activity of the construct carrying each mutation was only
marginally different from that of WT intron 1, ChIP-peak
or ChlPmini in HEK293 cells (Figure 6A), thereby confirm-
ing that ALAS2intl GATA functions as an erythroid-specif-
ic enhancer.

There are several potential ds-elements at the flanking
regions of ALAS2int1 GATA, such as EKLF and Sp1, each

of which may be involved in the erythroid-specific tran-
scriptional regulation of the ALAS2 gene.'*” We thus ana-
lyzed the roles of these dis-elements in the enhancer activ-
ity of ALAS2int1 GATA using deletion mutants at the §'- or
8'-flanking region of ChiPmini, constructed in pGL3-
AFpro(-267)+ChIPmini(D). Deletion of the EKLF1 element
at the 5’-flanking region or both E-box and Sp1 elements
at the 3'-flanking region did not significantly influence the
enhancer activity of ChIPmini (Figure 6B). It should be
noted that the Sp1 site overlaps with the 3'-portion of the
AP-1 site and the 5-portion of the E-box (Figure 6C).
Moreover, deletion at the 5’-flanking region of ChlIPmini
(“delEKLE2”, “delAP2” and “delOctT3”) marginally
decreased the enhancer activity (Figure 6B), but the change
was not statistically significant. In contrast, deletion of the
AP-1 element at the 3'-flanking region (“delAP1” in Figure
6B) significantly decreased the enhancer activity, by about
40% of the activity of ChIPmini(WT). The significant
decrease of enhancer activity was observed only in
ChIPmini{(GGTA), ChiPmini{delGATA) and delAP1, com-
pared to the activity of ChPmini(WT) (*P<0.05 and
**P<0.01 in Figure 6B). We next constructed another
reporter vector that carries an internal deletion of the 5’
portion of the AP-1 element with an intact Spl site
(*lackAP1” in Figure 6B). Internal deletion of the AP-1 ele-
ment alone in ChIPmini decreased the enhancer activity,
although not to a statistically significant degree. Thus, the
entire AP-1 element seems to be important for the

A ALASZInt1GATA
wt probe: GAGCCTGCAGACCACAGATAAAGTTGCCAGAGTTTA
GGTA probe: GAGCCTGCAGACCACAGGTAAAGTTGCCAGAGTTTA
delGATA probe: TTGGGGCTGAGCCTGCAGGGGTCTGACCACTCCCCA
B anibody - - - F - - - - - A T e oy
competitor = - - - wt G & - - EMSA. The. mucleotia scquncas. o
probe wt ng%b Shown. The ostion of sach probe 1o

293

293(GATA1-FLAG)

nuclear extracts -

also indicated in Figure 1B as the solid
horizontal bar. ALAS2Int1GATA is

1 2 3 4 5 6 7 8

boxed in the sequence of the wt probe,
and the single nucleotide transition
{GGTA mutation) is underlined in the
sequence of the GGTA probe. The
delGATA probe represents the 8- and
3'flanking sequences of the deleted
35-bp segment (see Figure 3B). (B)
Effect of each mutation of
ALAS2int1GATA on GATAl-binding
activity. Wildtype probe (lanes 3-7) or
each mutant probe (lanes 8, 9} was
incubated with the nuclear extracts
prepared from HEK293 cells transfect-
ed with the GATA1-FLAG expression
vector. An excess amount of unlabeled
wild-type probe (lane 5), each of the
uniabeled mutant probes {lanes 6, 7),
or anti-FLAG antibody (lane 4) was
included in the reaction mixture. Lane
2 shows the negative control with
nuclear extracts from HEK293 cells
8] transfected with mock vector.

Free probe

— 259 —



Lucerase HALAS2 promoter-267bp

2 ALAS2 ChiP-peak BB ALAS2 ChiPmini{WT#ID ALAS2 ChiPmini(delGATA) B ALAS2 ChIPmIni(GGTA)

N 57 N = V75

pGL3basle

pGL3-AEpro(-267)

+ Intron 1 (WT)
+Intron 1 (delGATA}
+Intron 1 {GGTA}

+ ChiP-peak {WT)

it SuaRenive
iR o

+ ChiP-peak {GGTA)
+ ChiPmin (WT)

+ ChiPmInt {delGATA)
+ ChiPmini (GGTA)

+ ChiP-peak {deIGATA) £

BALAS2 exon 1

0 5 10 15 20 25
) £3K862

;}} TIHEK293
e R

3
h

1
oF

L3
i

Wi

{JALAS2 Intron 1 3 ALASZ exon 2

PGL3-AEpIO(-267)
+ ChIPmIn! (D) 6., 5.1 15 =20
pGL3tasic 3
e a 4Eprol-267) ]
;
e T o T I —
fd _— muig*mgmuu DhIPmini{GGTA)
e e ChIPmini{delGATAY 3
N = 1T e e GelEKLA
ml_..fpxmfgmw{ | delEKLR2
e STV, o e BelAP2 |
HDCAT
Favwnes W o) s T oo | .
pom— LAY S delEbox
E o T ) 4
f— [ A B dalSPi |
G 3o W oo -t <
bt L—TEAT delaP1
et — rmwk]—.-ﬂﬁmxgm"uz..’.: lackaP1
2
CAACT?}:I{}I MquGTG GTCTGCAGGCTCAGCCCCAAGTG
GATA1 i AP-1 | E-box
;1 3
o 5 10 15
PGL3-AEpIO(-267)
+ ChiPminl (D) pGLabasls |

|

AEpro(-267)

CAIPTININT) oo

1

ChIPMINIGETA) ot

o oo W
] A 5557 o
1 [y o
F BN (N QR W I W
J

delEKLF2

delAPT L LERTT

dRIEKLF2geISPt T

dolEKLF2/deIAPY _oF »*

Figure £ ldentification of cis-ele-
ments essential for the ery-
throid-specific enhancer activity
of ChiPmini. (&) Effect of each
mutation of ALAS2int1GATA on
the enhancer activity of ALAS2
ChIPmini. The region correspon-
ding to +intronl, ChiP-peak or
ChiPmini, derived from proband
4 or proband 3, was subcloned
into pGL3-AEpro(-287) to con-
struct the reporter vector con-
taining the GGTA mutation or the
deletion of ALAS2int1GATA,
respectively. (B) Effect of the
deletion at the 5% or 3%flanking
region of ALAS2intAGATA on the
enhancer activity of ChiPmini.
The &'~ and 3-flanking regions of
ALAS2int1GATA contain poten-
tial transcription factor-binding
sites {cis-elements), and a por
tion of gach flanking region was
deleted, as schematically shown.
The enhancer activity of each
deletion mutant was determined
in K862 erythroleukemia cells,
{C) The nucleotide sequence of
the 3'-flanking region of
ALAS2int1GATA. Note that the
Spd site overlaps the AP-1 site
and E-box. Each number, *1, ¥2
or ¥3, indicates the nucleotide at
the 3" end of the deletion
mutant, delAP1, delSP1 or delE-
box, respectively. Thus, delSP1
also lacks the 3° portion of the
AP-L site. {[3) Effect of deletion of
the 5°- and 3-flanking regions of
ALASZint1GATA on the enhancer
activity of ChiPmini. The con-
struct, delEKLF2/delSP1, lacks
two EKLF sites in the 5-flanking
region and both the Spl element
and E-box in the 3-flanking
region. The AP-1 element at the
3tflanking region was deleted
from delEKLF2/delSP1, yielding
delEKLF2/delAPL. Results are
expressed as relative activity
compared to that of pGL3-
AEpro{-267), and are presented
as the mean 1 SD of at least
three independent experiments.
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enhancer activity of ChlPmini (WT) (Figure 6B).

Consequently, we constructed delEKLF2/delSPL and
delELKLE2/delAP1, each of which lacks EKLF elements at
the 5'-flanking region and the Sp1 element or the AP-1 ele-
ment at the 3'-flanking region, respectively (Figure 6D).
The deletion mutant, delEKLF2/delSF1, still retained

. enhancer activity at about 80% of that of ChIPmini(WT),
whereas delEKLF2/delAP1 showed decreased enhancer
activity similar to the activity of ChIPmini(GGTA). These
data indicate that ALAS2int1GATA and its flanking
region, especially the AP-1 elemenr, are critically impor-
tant for the erythroid-specific enhancer activity of
ChIPmini.

Taken together, these results suggest that the ChIPmini
region acts as an erythroid-specific enhancer for the
ALAS2 promoter, and that both the GGTA mutation and
the delGATA mutation represent loss-of-function muta-
tions of ALAS2int1 GATA.

Discussion

Ira the present study, we identified an erythroid-specific
enhancer region in the first intron of the human ALAS2
gene (a 180 bp region referred o as ChIPmini), a region
which contains ALAS2int1GATA, a functional GATAL-
binding site. We alsoidentified the GGTA mutation and the
delGATA mutation at ALAS2intl GATA, each of which is
associated with XLSA or CSA. Moreover, we confirmed
that each rutation diminished the binding of GATA1 tran-
scription factor to ALAS2intl (Figure 5B) and decreased
enhancer activity of ChlPmini (Figure 6A). Thus, the GGTA
mutation and delGATA mutation are Joss-of function muta-
tions of the ALAS2 gene. In fact, the expression of ALAS2
mRINA in bone marrow erythroblasts was lower in
proband 8 {Figure 4B} than in normal controls. Thus; each
loss-of function mutation may lead to decreased transcrip-
tion of the ALASZ gene, thereby causing sideroblastic ane-
mia in male patients. Such a molecular basis is consistent in
part with the lack of pyridoxine responsiveness in these
patients (see “Patients” section).

The intronic enhancer, ChIPmini, increased ALAS2 pro-
moter activity most efficiently in erythroid cells when it
was present downstream of the promoter (Figure 2B).
ChIPrmini contains potential cs-acting elements, including
two EKLF-binding sites, each of which overlaps with the
Spl-binding site or p300-binding site, AP-2 site, OctT3 site
Rurx site, AP-1 binding site, Sp1 site, and E-box (Figure 1B).
Further analysis using deletion mutants of ChiPmini
revealed that the potential AP-1 binding site at the 3"-Hank-
ing region might be involved in the erythroid-specific
entiancer activity of ChlPmini (Figure 6B). These results
suggest that ALAS2int1GATA and its 3’-flanking region are
essential for the erythroid-specific enhancer activity of
ChiPmini. In fact, EKLF*® and AP-1% are involved in ery-
throid-specific gene expression. It is interesting that the
inclusion of the whole first intron of the ALAS2 gene ina
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reporter construct resulted in a decrease of ALAS2 promoter
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We have successfully identified a novel exrythroid-specific
enhancer for ALAS2 expression, and have identified dis-
ease-causative mutations of this enhancer in patients with
CSA. Despite the fact that about 50 missense or non-sense
mutations of the ALAS2 gene have been reported as dis-
ease-causative mutations in patients with XL.SA* a muta-
tion in the regulatory region for the transcription of ALAS2
has rarely been reported to date. Ducamp et af. reported a
48-bp deletion of the ALAS2 gene at the proximal promoter
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258C>G) from the transcription start site in the proximal
region of the human ALASZ gene in patients with XLSA
however, May et al identified this transversion in normal
individuals from South Wales at the rate of .05, suggesting
that this promoter mutation is a polymorphism.®

In conclusion, we have identified a novel erythroid-spe-

cific enhancer in the first intron of the human ALAS2 gene,

the enhancer function of which may be directed by GATAL
with other transcription factors, such as EKLF and AP-1
binding proteins. Furthermore, we identified the loss-of-
function mutation of ALAS2int1GATA, the GATA element
within this enhancer, in five of 11 patients with CSA in
whom the gene responsible could not be identfied. Thus,
the intronic region containing ALAS2int1GATA of the
ALAS2 gene should be exarined in patients with XLSA or
nfCSA in whom the genetic mutation causing the sidercb-
lastic anemia is unknown.

Acknowledgments

This work was supported in part by a Grant-in-Aid for
Scientific Research (C) (to KF) and Health and Labour Sciences
Research Grants (to HH and KF). The authors thank Prof. Notio
Komarsu (Jumendo University) for examination for the JAK2
wutation. We are also grateful 1o the Biomedical Research Core
of Tohoku University Graduate School of Medicine for allowing
us to use various facilities.

Authorship and Disclosures

Infornation on authorship, contributions, and financial &2 other
disclosures was provided by the authors and is available with the
outline version of this article at www.haematologica.org.

Assignment of human erythroid delta-
aminolevulinate synthase (ALAS2) to a dis-
tal submegion of band Xp11.21 by PCR
analysis of somatic cell hybrids containing
X; autosorne translocations. Genomics.
1992;15(1%211-2.

— 261 —



10.

11

14.

15.

16,

. Bottomley SS. Sideroblastic Anemias. In:

Greer B, Foerster ], Rogers GM, Paraskevas
E Glader B, Arber DA, et al., eds. Wintrobe's
clinical hematology. 12th ed. Philadelphia |
London: Wolters Kluwer Health/Lippincott
Williams & Wilkins, 2009:835-56.

. Ohba B, Furuyama K, Yoshida K, Fujiwara

T, Fukuhara N, Onishi ¥, et al. Clinical and
genetic characterdstics of congenital siderob-
lastic anemia: comparison with myelodys-
plastic syndrome with ring sideroblast
(MDS-RS). Ann Hematol. 2013;92(1):1-9.

. Harigae H, Furuyama K, Kudo K, Hayashi N,

Yamamoto M, Sassa S, et al. A novel muta-
tion of the erythroid-specific gamma-
arninolevulinate synthase gene in a patient
with non-inherited pyridoxine-responsive
sideroblastic anemia. Am ] Hematol
1999;62(2):1124.

Guemsey DL, Jiang H, Campagna DR,
Evans SC, Ferguson M, Kellogg MD, et al.
Mutations in mitochonddal cartier family
gene SLC25A38 cause nonsyndromic auto-
somal recessive congenital sideroblastic ane-
rnia. Nat Genet. 2009,41(6:651-3.

. Camaschella C, Campanella A, De Falco L,

Boscheto L, Medini R, Silvestri L, et al. The
human counterpart of zebrafish shiraz
shows sideroblastic-like microcytic anemia
and iron overload. Blood. 2007,11({4):1353-
8

3 f‘;llikmets R, Raskind WH, Hutchinson A,

Schueck ND, Dean M, Koeller DM.
Mutation of a putative mitochondrial iran
transporter gene (ABC7) in X-linked siderob-
lastic anemia and ataxia (XLSA/A). Hum
Mol Genet. 1999;8(5):743-9.

. Bykhowskaya Y, Casas K, Mengesha E, Inbal

A, HFischel-Ghodsian N. Missense mutation
in pseudouridine synthase 1 (PUS1) causes
mitochondrial myopathy and sideroblastic
anemia (MLASAY. Am | Hum Genet. 2004;
74(6):1303-8.

Labay V, Raz T, Baron D, Mandel H,
Williams H, Barrett T, et al. Mutations in
SLC12A2 cause thiamine-responsive mega-
loblastic anaemia associated with diabetes
mellitus and deafness. Nav Genet. 199922
(3):300-4,

Bergmann &K, Campagna DR, McLaughlin
EM, Agarwal S, Fleming MD, Bottomiey 58,
et al. Systematic molecular genetic analysis
of congenital sideroblastic anemia: evidence
for genetic heterogeneity and identification
of novel mutations. Pediatr Blood Cancer.
2010;54(2):273-8.

. Zon 11, Youssoufian H, Mather C, Lodish

HE Orkin SH. Activation of the erythropoi-
etin receptor promoter by transeription fac-
tor GATA-1, Proc Natl Acad Sci USA. 1991;
88(23%10638-41.

. Chiba T, Tkawa Y, Todckoro K. GATA-1

transactivates erythropoietin receptor gene,
and erythropoietin receptor-mediated sig-
nals enhance GATA-1 gene expression.
Nucleic Acids Res. 1991;19{14)3:5845-8.
Evans T, Felsenfeld G. The erythroid-specific
transcription factor eryfl: a new finger pro-
tein. Cell. 1989;58(5).877-85.

Whitelaw E, Tsai SE Hogben P, Orkin SH.
Regulated expression of globin chains and
the erythroid transcrption factor GATA-1
duting erythropoiesis in the developing
mouse. Mol Cell Biol. 1990;10{12):6596-606.
Surinya KH, Cox TC, May BK.
Transcriptional regulation of the human ery-
throid B5-aminclevulinate synthase gene.
Idemification of promoter elements and role

17.

—
¥

19.

21.

22.

24,

26,

28.

29,

of regulatory proteins. ] Biol Chem.
1997;272(42):26565-94.

Kobayashi M, Nishikawa K, Yamamoto M.
Hematopoietic regularory domain of gatal
gene is positively regulated by GATAL pro-
tein in zebrmfish embryos. Development.
2001;128(12):2341-50.

. Ohrieda X, Yamamoto M. Roles of

hematopoietic transcription factors GATA-1
and GATA-2 in the development of red
blood cell lineage. Acta Haematol. 2002;
108(4):237-45.

Weiss MJ, Keller G, Orkin SH. Novwel
insights into erythroid development
revealed through in vitro differentiation of
GATA-1 embryonic stem cells. Genes Dev.
1994;8(10%:1184-97.

. Fujiwara Y, Browne CE, Cunniff K, Gof 5C,

Orkin SH. Arested development of embry-
oric red rell precursors in mouse embryos
lacking transcription factor GATA-1. Proc
Natl Acad Sci USA. 1996,93(22):12355-8.
Sutinya  KH, Cex TC, May BK.
Identification and characterization of a con-
served egythroid-specific enhancer located in
intron § of the human S-aminolevulinate
synthase 2 gene. ] Biol Chem. 1998273
(27):167983-809.

Fujiwara T, O'Geen H, Keles 8, Blahnik K,
Linnemann AK, Kang YA, et al. Discovering
hematopoietic  mechanisms  through
genome-wide analysis of GATA factor chro-
matin cccupancy. Mol Cell. 2009;36(4):667-
81,

. Vargas PD, Furuyama K, Sassa S, Shibahara

S. Hypoxia decreases the expression of the
twa enzymes responsible For producng lin-
ear and cyclic tetrapymoles in the heme
biesynthetic pathway. FEBS J. 2008;,275(23):
5947-59.

Bekd S, May A, Cotter PD, Al-Sabah Al
Gun X, Masters GS, et al. A promoter muta-
tion in the erythroid-specific 5-aminolevuli-
nate syrichase (ALAS2) gene causes X-linked
sideroblastic anemia. Blood, 2003;102(2):
698-704,

. Muto A, Hoshino H, Madisen L, Yanai N,

Obinata M, Karasuyama H, er al
Identification of Bach2 as a B-cell-specific
partnier for small maf proteins that negative-
ly regulate the immunoglobulin heavy chain
gene 3" enhancer. EMBO ] 1998;17(19)
5734-43,

Kaditrvel 8, Furuyama K, Harigae H, Kaneko
K, Tamai Y, Ishida Y, et al. The carboxyl-ter-
minal region of erythroid-specific 5-
aminolevulinate synthase acts as an intrin-
sic moditier for its catalytic activity and
protein stabilicy. Exp Hematol. 2012;40(6):
477-86 ¢l

. Szpurka H, Tiu R, Murugesan G, Aboudola

S, Hsi ED, Theil KS, et al. Refractory anemia
with tinged sideroblasts associated with
marked thrombacytosis (RARS-T), another
myeloproliferative condition characrerized
by JAK2 V617F mutation. Blood. 2006;108
{7):2178-81.

Miller 1], Bieker JI. & novel, erythroid cell-
specific murine transcription factor that
binds to the CACCC element and is related
to the Kruppel family of nuclear proteins.
ol Cell Biol. 1993:13(5):2776-36.

Ney PA, Sorrentino BF, McDonagh KT,
Nierthuis AW, Tandem AP-1-binding sites
within the human bera-globin dominane
control region furwrion as an inducible
enhancer in erythroid cells. Genes Dew
1990:4(6):993-1006.

— 262 —

30.

31

35,

36,

37.

38

39,

40.

41.

42.

43.

Harigae H, Furuyama K. Hereditary sidercb-
lastic anemia: pathophysiclogy and gene
mutations. Int | Hematol. 2010;92(3):425-31.
Ducamp S, Kannengiesser C, Touati M,
Garcon L, Guersi-Bresler A, Guichard JE, et
al. Siderablastic anemia: molecular analysis
of the ALAS2 gene ina series of 29 probands
and funcrional studies of 10 missense muta-
tions. Hum Mutat, 201 1,32(6):590-7.

. May A, Barton C, Masters G, Kingston J,

Lawless S, Jenner M. Severe sideroblastic
anaemia in an ALAS2 compound heterozy-
gote for -206G, a common polymotphism,
and a novel mutation in exon 11 (Lys535del)
linked to lack of haemoglobinisation in vitro
and ineffective erythropoiesis in vivo. Blood
(ASH Annual Meeting Abstracts). 2005,106
(11):3541.

. Dou QF, Fridovich-Keil JL, Pardee AB.

Inducible preteins binding to the mutine
thymidine kinase promotzr in late G1/8
phase. Proc Natl Acad Sci USA. 1991;88(4)
1157-61.

. Lagrange T, Kapanidis AN, Tang H, Reinberg

D, Ebright RH. New care promoter element
in RMA polymerase U-dependent transcrip-
tion: sequence-specific DMA binding by
transciption factor IIB. Genes Dev
1998;12(1):34-44.

Gallagher PG, Sabatino DE, Romana M,
Cline AP, Garrett L], Bodine DM, et al. A
human beta-spectsin gene promoter directs
high level expression in erythroid but not
muscle or neural cells. J Biol Chem.
1999,374(103:6062-73.

Faisst 8, Meyer S. Compilation of verte-
brate-encoded ranscription factors, Nucleic
Acids Res. 1992;20{1):3-26.

Rikitake ¥, Moran E. DNA-binding proper-
ties of the ElA-associated 200-kilodalton
proteirs. Mol Cell Bicl. 1992;12(61:2826-36.
Moser M, Imhof A, Pscherer A, Bauer R,
Amselgruber W, Sinowatz E et al. Cloning
and characterization of a second AP-2 tran-
scription factor: AP-2 beta. Development.
1995,121{9):2779-88.

Giltharpe ], Vandromme M, Brend T,
Gutman A, Summerbell D, Totty N, et al.
Spadally specific expression of Hoxb4 is
dependent on the ubiquitous transcription
factor NFY. Development. 2002;129(16)
3887-99.

Nallur GN, Prakash K, Weisstman SM.
Multiplex selection technique (MuST) an
approach to ¢lone transcription factor bind-
ing sites. Proc Natl Acad Sci USA. 1996;
S3(3):1184-9.

Sorensen KD, Quintanilla-Martinez L,
Kunder S, Schmidt J, Pedersen FS. Mutation
of all Runx (AML1/rore) sites in the
enhancer of Tdymphomagenic SL3-3
murine leukermia virus unmasks a significars
potential for myeloid leukemia induction
and favors enhancer evolution toward
induction of other disease pattems. ] Virol.
2004;78(23)3:13216-31.

Spandidos DA, Yiagnisis M, Pintzas A.
Human immunodeficiency virus long termi-
nal repeat responds to transformation by the
mutarit T24 H-ras1 oncogene and it contains
multiple AP-1 binding TPA-inducible con-
sensus sequence elements. Anticancer Res.
1989;9(2):383-6.

Mullhaupt B, Feren A, Jones A, Fodor E.
DNA sequence and functional characteriza-
tion of the human and rat epidermal growth
factor promoter: regulation by cell growth.
Gene, 2000;250(1-2):191-200.




PEDIATRICS |
INTERNATIONAL #éiatfsocery - 4"

Official Journal of ;'

g

Pediatrics International (2013) 55, 675679

doi: 10.1111/ped.12217

Review Article

Pathophysiology and genetic mutations in congenital
sideroblastic anemia

Tohru Fujiwara'? and Hideo Harigae'?
'Department of Hematology and Rheumatology and *Molecular Hematology/Oncology, Tohoku University Graduate School
of Medicine, Sendai, Japan

Abstract

Sideroblastic anemias are heterogeneous congenital and acquired disorders characterized by anemia and the presence of
ringed sideroblasts in the bone marrow. Congenital sideroblastic anemia (CSA) is a rare disease caused by mutations of
genes involved in heme biosynthesis, iron—sulfur [Fe-S] cluster biosynthesis, and mitochondrial protein synthesis. The
most common form is X-linked sideroblastic anemia, due to mutations in the erythroid-specific 8-aminolevulinate
synthase (ALAS2), which is the first enzyme of the heme biosynthesis pathway in erythroid cells. Other known eticlogies
include mutations in the erythroid specific mitochondrial transporter (SLC25438), adenosine triphosphate (ATP) binding
cassette B7 (ABCB7), glutaredoxin 5 (GLRXY5), thiamine transporter SLCI9A2, the RNA-modifying enzyme
pseudouridine synthase (PUSI), and mitochondrial tyrosyl-tRNA synthase (YARS2), as well as mitochondrial DNA
deletions. Due to its rarity, however, there have been few systematic pathophysiological and genetic investigations
focusing on sideroblastic anemia. Therefore, a nationwide survey of sideroblastic anemia was conducted in Japan to
investigate the epidemiology and pathogenesis of this disease. This review will cover the findings of this recent survey
and summarize the current understanding of the pathophysiology and genetic mutations involved in CSA.

Key words ALAS2, congenital sideroblastic anemia, heme, iron, mitochondria.

Sideroblastic anemias are a group of disorders that have
common features of mitochondrial iron accumulation in bone
marrow erythroid precursors (ringed sideroblasts), ineffective
erythropoiesis, increased levels of tissue iron, and varying pro-
portions of hypochromic erythrocytes in the peripheral blood.'?
In adults, these syndromes are commonly found in association
with myelodysplastic syndrome, in which their pathogenesis is
obscure. Sideroblastic anemia also occurs after exposure to
certain drugs or alcohol and in association with copper defi-
ciency.'® In contrast, congenital forms of sideroblastic anemia
have been reported, which involve mutations in genes associated
with mitochondrial iron-heme metabolism. '+

Given that congenital sideroblastic anemias (CSA) are very
uncommon genetic disorders, and their genetic and patholo-
gical features have not yet been fully elucidated, we recently
conducted a nationwide survey of congenital and acquired
sideroblastic anemia in Japan.® Here, we present a review of the
findings of that recent survey and also the current understanding
of the pathophysiology and genetic mutations involved in CSA.

Genetic features and pathophysiology of CSA

The pathogenesis of most sideroblastic anemias is not well
understood."*” Because abnormal accumulation of intra-
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mitochondrial iron is one of the peculiar characteristics of this
disease, a great deal of attention has been focused on alterations
in genes related to intra-mitochondrial heme-iron metabolism,
including (i) heme biosynthesis; (ii) iron—sulfur [Fe-S] cluster
biosynthesis; and (iii) mitochondrial protein synthesis (Fig. 1).
Several genes responsible for CSA have been identified
(Table 1).">%5% Here, we describe the suggested roles of these
genes in the pathophysiology of sideroblastic anemia.

Defects of heme biosynthesis

In the most frequent form of X-linked sideroblastic anemia
(XLSA), the defect involves the &-aminolevulinate synthase
(5-aminolevulinate synthase 2; ALAS2), which is located at
Xpl1l1.21 and encodes the first enzyme of the heme biosynthetic
pathway in erythroid cells.*'® The reaction involves condensation
of glycine with succinyl-coenzyme A to yield 5-aminolevulic
acid (ALA), which requires pyridoxal 5’-phosphate (PLP;
vitamin B6) as a cofactor to stimulate the enzymatic activity of
ALAS2." Tt was reported that ALAS? activity is decreased in the
bone marrow of CSA patients, suggesting that impaired heme
biosynthesis may induce the onset of sideroblastic anemia. With
the exception of several nonsense mutations in clinically affected
female carriers, the patients are male and present at a wide variety
of ages,'” but typically before the age of 40.° Mutations of
ALAS2 in XLSA are heterogeneous, and are usually missense
mutations of conserved amino acids that lead to loss of func-
tion.**>7® To date, more than 60 different mutations in ALAS2
have been reported in patients with XLSA.>*'® Missense
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Fig.1 Genes mutated in various types of congenital sideroblastic
anemia. The pathogenic genes can be classified as those involved in (i)
heme biosynthesis; (i) iron-sulfur [Fe-S] cluster biosynthesis; and
(iii) mitochondrial protein synthesis. ABCB7, adenosine triphosphate
(ATP) binding cassette B7; ALA, 5-aminolevulinic acid; ALAS2,
erythroid-specific 8-aminolevulinate synthase (5-aminolevulinate
synthase 2); FECH, ferrochelatase; GLRXS5, glutaredoxin 5; mtDNA,
mitochondrial DNA; PLP, pyridoxal 5’-phosphate (vitamin B6);
PMPS, Pearson marrow—pancreas syndrome; PUS1, pseudouridine
synthase 1; SLC19A2, high-affinity thiamine transporter SLC19A2;
SLC25A38, mitochondrial carrier protein SLC25A38; YARS?2,
tyrosyl-tRNA synthase, mitochondrial 2.

mutations of ALAS2 are commonly observed from exon 5
through 11, encompassing exon 9, which contains the lysine
responsible for PLP binding.!* In contrast, mutations of ALAS2
regulatory region, such as the promoter's and intron 1,'6"7
have also been reported, which lead to decreased ALAS2
expression.'>™"" Taken together, the decrease in ALAS2 expres-
sion level, as well as the defects in catalysis, substrate or cofactor
affinity, and protein processing of ALAS2 have been implicated
in the pathogenesis of XLSA, and supplementation with PLP
may contribute to mitigation of these impairments.

Recently, it has become evident that there is a subset of patients
with severe hypochromic anemia resembling XLSA but lacking

Table1 Genetic features of congenital sideroblastic anemia

ALAS2 mutations and who are unresponsive to PLP. Guernsey
et al. carried out genome-wide scans in subjects with familial or
sporadic CSA, and identified several mutations of the SLC25A38
gene,' which was confirmed in a subsequent study.'” The patterns
of mutation vary, including nonsense, frameshift, splice acceptor
site, and missense mutations, and the mode of inheritance is
autosomal recessive. SLC25A38 encodes an erythroid-specific
protein of the inner mitochondrial membrane, and has been pre-
dicted to be involved in mitochondrial import of glycine, which is
essential for ALA synthesis,'® suggesting that dietary supplemen-
tation with glycine may ameliorate SLC25A38 anemia. More
importantly, because ALAS2 catalyzes glycine and succinyl-CoA
to ALA, supplementation with ALA may lead to improvement of
CSA involving ALAS2 and SLC25A38 mutations.

Defects of [Fe-S] cluster biosynthesis

Identification of the genetic basis of XLSA pointed to impaired
heme synthesis as the key pathogenetic mechanism of
sideroblastic anemia. In contrast, two subsequently recognized
forms, X-linked sideroblastic anemia with ataxia (XLSA/A) and
glutaredoxin 5 (GLRXS5) deficiencies, are due to mutations of
proteins involved in the [Fe-S] pathway, an important pathway of
mitochondrial iron utilization (Fig. 1).%°

X-linked sideroblastic anemia with ataxia is a rare type of
sideroblastic anemia inherited in an X-linked manner similar to
XLSA. XLSA/A patients present with mild anemia and elevated
red blood cell protoporphyrin IX (PPIX), with motor delay and
evidence of spinocerebellar dysfunction, including early onset
ataxia associated with severe cerebellar hypoplasia.?’* Systemic
iron overload has not been reported in this disease. From the
results of molecular analysis, XLSA/A is due to mutations in the
adenosine triphosphate (ATP) binding cassette B7 (ABCB7)
gene, which is located at Xp13.3 and encodes an essential com-
ponent of the [Fe-S] cluster machinery. Mutations are missense
and loss of function,” whereas nonsense mutations have not been
reported, perhaps because a complete loss of ABCB7 would be
incompatible with life, as occurs in Abcb7-deficient mice.” The
ABCB7 protein is localized to the inner mitochondrial mem-
brane, and it has been suggested to be involved in transport of the
[Fe-S] cluster to the cytosol based on analysis of the yeast
ortholog ATM1.* When ABCB7 activity is impaired, iron

Inheritance Chromosome Gene Mutation type Treatment
XLSA X-linked Xpll.21 ALAS2 M, N Pyridoxine
XLSA/A X-linked Xp13.3 ABCRB7 M -
SA/GLRXS AR 14g32.13 GLRX5 M, S ?
SA/SLC25A38 AR 3p22.1 SLC25A38 M, N, S ?
PMPS Maternal’ Mitochondria Mitochondrial D -
TRMA AR 1g24.2 SLCI19A2 M, N Thiamine
MLASA/PUSI1 AR 12g24.33 PUS1 M, N -
MLASA/YARS2 AR 12p11.21 YARS2 M -

*Sporadic cases are also reported. D, deletion; M, missense; MLASA, mitochondrial myopathy and sideroblastic anemia; N, nonsense; PMPS,
Pearson marrow—pancreas syndrome; S, splicing; TRMA, thiamine-responsive megaloblastic anemia; XLSA, X-linked sideroblastic anemia;

XLSA/A, X-linked sideroblastic anemia with ataxia.

© 2013 The Authors
Pediatrics International © 2013 Japan Pediatric Society
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remains trapped in mitochondria and the level of [Fe-S] cluster-
dependent enzyme activities is decreased in the affected cells.
Furthermore, it was shown that the interaction of ABCB7 with
ferrochelatase (FECH) increases the activity of FECH, which is
the final enzyme in the heme biosynthetic pathway. Therefore,
similar to ALAS2- and SLC25A38-associated sideroblastic
anemia, a decreased level of heme likely contributes to the patho-
genesis of ring sideroblast formation.

Another type of sideroblastic anemia is due to mutations of
GLRXS5, a gene that encodes a mitochondrial protein involved in
[Fe-S] cluster biogenesis.”> The single patient described had a
homozygous GLRXS splicing mutation that strongly reduced
mRNA and protein levels,** and presented mild anemia until the
fifth decade, when anemia worsened, with a relatively low
number of ring sideroblasts in the bone marrow, and other iron-
related complications were diagnosed. Wingert et al. previously
showed GLRXS5 to be mutated in the zebrafish hypochromic
microcytic anemia mutant shiraz.”® The study demonstrated that
loss of the Fe-S cluster in the iron-regulatory protein 1 (IRP1)
blocked ALAS2 translation by binding to the iron-responsive
element (IRE) located in the 5’-untranslated region of ALAS2
mRNA.. These findings were substantially confirmed in fibro-
blasts derived from patients or in erythroblasts in which GLRX5
expression had been reduced by siRNAs.?’

Therefore, the pathological link between [Fe-S] biosynthe-
sis defect, caused by ABCB7 and GLRXS mutations, and
sideroblastic anemia may be attributable to a secondary defect of
heme biosynthesis in erythroblasts.

Abnormal mitochondrial protein synthesis

Pearson marrow—pancreas syndrome (PMPS) is a rare syndromic
disorder, presenting with sideroblastic anemia, accompanied by
metabolic acidosis, ataxia, and endocrine pancreas dysfunction.?®
The disease is usually fatal, and patients die during infancy.
Erythropoiesis in PMPS is macrocytic and non-megaloblastic. In
addition to ringed sideroblasts, bone marrow aspiration speci-
mens characteristically show vacuolization of early erythroid and
myeloid progenitors. PMPS is usually sporadic, but individuals
with PMPS may be born to mothers with milder mitochondrial
phenotypes. The mechanism of ring sideroblast formation in
PMPS remains unclear. Nearly half of all patients with PMPS can
be shown to have heteroplasmy for a 4977 bp deletion in the
mitochondrial genome,” and the canonical deletion may result in
deficiency of mitochondrially encoded subunits of respiratory
complex I (NADH dehydrogenase), complex IV (cytochrome ¢
oxidase), and complex V (ATP synthase), as well as mt-tRNA
genes. Iron should be in the reduced state (Fe?*) when incorpo-
rated into PPIX by FECH in the final step of heme synthesis.’ It
is speculated that cytochrome ¢ oxidase functions to keep iron in
the reduced state, and therefore the defect of cytochrome ¢ enzy-
matic activity may resultin defects of heme biosynthesis, leading
to the appearance of ringed sideroblasts.' As indicated in toxic
sideroblastic anemia associated with the antibiotic chlorampheni-
col, an inhibitor of bacterial ribosomal translation, which is
closely structurally related to mammalian mitochondrial ribo-
somes, mutations of mt-tRNAs may also lead to global
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mitochondrial impairment by suppressing translation of multiple
mitochondrial DNA-encoded proteins.'”*°

The association of CSA with defective mitochondrial protein
expression can be seen most directly in the mitochondrial myo-
pathy with lactic acidosis and ringed sideroblasts (MLASA) phe-
notype, which results from mutations in genes encoding either of
two proteins, pseudouridine synthase (PUSI) or mitochondrial
tyrosyl-tRNA synthase (YARS2). Patients with MLASA due to
PUSI mutation typically present with lactic acidosis and
mitochondrial myopathy associated with decreases in respiratory
complexes I and IV.3"*2 PUS1 functions in pseudouridine modi-
fication of tRNAs.*! Pseudouridine is known to affect the struc-
ture of tRNA and to strengthen base pairing. Thus, failure of
pseudouridine modification may lead to aberrant translation. In
contrast, MLASA due to YARS? has been identified in patients of
Lebanese origin.**** Although the mechanisms by which ringed
sideroblasts occur in these cases have not been elucidated mainly
due to the limited number of patients, it is speculated that the
reduced aminoacylation activity of mutant YARS2 enzyme may
lead to decreased mitochondrial protein synthesis, resulting in
mitochondrial respiratory chain dysfunction.® In both PUS1 and
YARS2 mutations, there may be defects in the mitochondrial
respiratory chain, likely generating an environment that retards
iron access to FECH in the reduced form, similar to PMPS.

Thiamine-responsive megaloblastic anemia (TRMA) repre-
sents sideroblastic anemia with systemic symptoms, including
diabetes and deafness. Mutations in the high-affinity thiamine
transporter SLC19A2 are the basis of the disorder, which is
responsive to thiamine sup plementation.*** Although it is not
clear how mutations of SLCI9A2 are involved in sideroblast
formation, it is speculated that the impairment of thiamine-
dependent generation of succinyl-CoA, which is required for
heme synthesis, is the cause of the ringed sideroblast abnormal-
ity, but thiamine is also an essential cofactor in the de novo
synthesis of ribose, which is essential for protein synthesis. The
link between TRMA and mitochondrial protein synthesis must be
experimentally validated in future studies.

Epidemiological characteristics of causative genes
for CSA

We recently conducted a nationwide survey of sideroblastic
anemia in Japan to investigate the epidemiology and pathogen-
esis of the disease.® As of 31 January 2012, detailed data were
available for 148 sideroblastic anemia patients, including 18
cases of CSA, as well as secondary cases such as myelodysplastic
syndrome.® With the extension of the study, we further identified
one additional case of CSA. Among 19 cases of CSA, 11 cases
were diagnosed as XLSA due to ALAS2 missense mutation (n =
10) and presumably due to a partial duplication of the coding
region in the ALAS2 exon 11 (n = 1). Whereas the causative gene
mutations were not identified for the remaining eight cases based
on the standard detection strategies, novel mutations in the
intronic enhancer region of the ALAS2 gene have recently been
identified in four of the eight cases.”” Thus, in total, 15 of 19
cases (78.9%) were considered to be attributable to mutations
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involving the ALAS2 gene in the Japanese population. In contrast,
Bergmann et al. recently reported genetic analysis of a relatively
large cohort (n = 83) of CSA cases in the USA.? In that study,
mutations of ALAS2, SLC25A38, mitochondria DNA, and PUS!
were identified in 37%, 15%, 2.5%, and 2.5%, respectively,® and
the remaining cases (43%) remained genetically undefined.® The
observation that XLSA due to ALAS2 mutation represents the
most common form of CSA is consistent with our observations.
The most significant difference, however, was that whereas muta-
tions of the SLC25A38 gene were frequently found in their study,?
it was not detectable in our study.® To our knowledge, mutations
of the SLC25A38 gene have not been reported in Asia, although
they have been widely reported in the USA, Canada, and
Europe.®'®'° Taken together, it is suggested that the causative
genes for CSA differ among races and regions.

Conclusion

Several recent advances have been made with regard to applying
molecular genetics to the study of CSA, represented by next-
generation sequencing techniques. Although CSA is a rare
hematological disorder, it is important to identify the gene muta-
tions that are responsible for genetically unclassified CSA cases.
Analyzing their function, based on model organisms ranging
from yeast to zebrafish to mice, will improve our knowledge of
mitochondrial iron metabolism.
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Fanconi anemia (FA) is a severe hereditary disorder with defective DNA damage response
and repair. It is characterized by phenotypes including progressive bone marrow failure
(BMF), developmental abnormalities, and increased occurrence of leukemia and cancer.
Recent studies in mice have suggested that the FA proteins might counteract aldehyde-
induced genotoxicity in hematopoietic stem cells. Nearly half of the Japanese population
carries a dominant-negative aliele (rs671) of the aldehyde-catalyzing enzyme ALDH2
(acetaldehyde dehydrogenase 2), providing an opportunity to test this hypothesis in
humans. We examined 64 Japanese FA patients, and found that the ALDH2 variant is
associated with accelerated progression of BMF, while birth weight or the number of
physical abnormalities was not affected. Moreover, malformations at some specific
anatomic locations were observed more frequently in ALDH2-deficient patients. Our
current data indicate that the level of ALDH2 activity impacts pathogenesis in FA,
suggesting the possibility of a novel therapeutic approach. (Blood. 2013;122(18):3206-3209)

Introduction

Fanconi anemia (FA) is a genomic instability disorder with phe-
notypes including progressive bone marrow failure (BMF), devel-
opmental abnormalities, and increased occurrence of leukemia and
cancer.” To date, 16 genes have been implicated in FA, and their
products form a common DNA repair network (“FA pathway™).*”
Because FA cells are hypersensitive to DNA interstrand cross-
links (ICLs), the FA pathway has been considered to be involved
in the repair of ICLs.>® However, it remains unclear what type
of endogenous DNA damage is repaired through the FA pathway.
Recent studies have suggested that FA cells are also sensitive
to aldehydes,* which may create DNA adducts including ICLs
or DNA-protein crosslinks. Furthermore, double knockout mice
deficient in Fancd2 and Aldh2, but neither of the single mutant
mice, display an accelerated development of leukemia and BME.>®
On the other hand, Fanc-deficient mice in general do not fully
recapitulate the human FA phenotype, including overt BME.’
Thus, the role of aldehydes in the pathogenesis of human FA is
still uncertain.

ALDH? deficiency resulting from a Glu504Lys substitution
(rs671, hereinafter referred to as the A allele) is highly prevalent in

East Asian populations. The A allele (Lys504) acts as a dom-
inant negative, since the variant form can suppress the activity
of the Glu504 form (G allele) in GA heterozygotes by the for-
mation of heterotetramers.® Individuals with the A variant ex-
perience flushing when drinking alcohol, and have an elevated
risk of esophageal cancer with habitual drinking.” Because the
frequency of the A allele is close to 50% in the Japanese pop-
ulation at large, some Japanese FA patients are expected to be
deficient in ALDH2. We thus set out to determine the ALDH2
status in a collection of Japanese FA patients.

Study design

The onset of BMF was defined according to the criteria used in the Inter-
national Fanconi Anemia Registry (IFAR) study.'® Criteria for diagnosis of
aplastic anemia and other conditions are described in supplemental Methods
(available on the Blood Web site). We observed physical abnormalities char-
acteristic of FA, including skin abnormalities (hyperpigmentation and café
au lait spots), low birth weight, growth defects, and malformations affecting
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Table 1. Summary of genotypes and clinical characteristics of the
patients studied

ALDH2 genotype

Total GG GA
No. of cases 64 36 s
Mutated FA gene*
FANCA = - ) 39 26t P b S 20
FANCG 15 7 8 —
FANCI 2 —— 2 -
FANCM 1 — 1 —
EANCP 2 - i
Unknown 5 3 2 —
Disease : :
Aplastic anemia 2 2 —_
Severe aplastic anemia. 40 2t (bR s S e
MDS/AML 22 13 6 3t
Tongue cancer 2 1 it =
Median months of
onset (range)
BME 52 (0-297) 72 (27-297) 28 (7-87)  O07)
MDS/AML 118 (4-384) 156 (61-384) 85 (41-192) 4 (4-12)
No. of cases with s8(91) . 33(92) 23(92)  2(67)

Median months at 118 (12-448) 130 (52-448) 86 (28-248) 25 (13-36)

SCT (range)

—, no case was found.

*Mutations found in the patients were listed in supplemental Table 1. Some of
them were presumptive because their functional significance has not been determined.

tSomatic mosaicism due to reversion was confirmed in 2 cases and suspected
in 1 case.

1in these cases, onset of severe aplastic anemia and MDS was essentially
simultaneous.

skeletal systems and deep organs. Extensive malformation was defined
as the involvement of at least 3 sites including at least 1 deep organ.'!
Mutation analysis of FANCA/FANCC/FANCG genes,'> ALDH?2 genotyping,'?
multiplex ligation-mediated probe amplification (MLPA) test for FANCA
(Falco), and whole-exome sequencing (WES)14 were done as previously
described. Details are provided as supplemental Methods. Development of
BMF or acute myeloid leukemia (AML)/myelodysplasia (MDS) was analyzed
by the Kaplan-Meier method or the cumulative incidence method,'>'® respec-
tively, since competing events (eg, death and stem cell transplantation [SCT])
existed in AML/MDS but not in BMF. This study was approved by the
Research Ethics Committee of the Tokai University Hospital and Kyoto
University. We obtained family informed consent from all subjects involved
in this work in accordance with the Declaration of Helsinki.

Results and discussion

All of the patients in this study (n = 64; supplemental Table 1)
were referred to the Tokai University Hospital because of pancy-
topenia, in some cases with MDS or leukemia. The clinical
diagnosis of FA was made based on clinical presentation and
diepoxybutane (DEB)-induced chromosome fragility tests in periph-
eral blood lymphocytes,'” except for 3 cases in which the DEB test
was negative due to FANCA reversion mosaicism (supplemental
Tables 1-2). Most of the patients underwent allogeneic SCT,
indicating that our patients probably represent an FA population with
relatively severe hematologic symptoms.

To determine which FA gene was mutated in each of these
patients, we applied combinations of polymerase chain reaction—
based methods (n = 26), the MLPA test for FANCA mutations

ALDH2 VARIANT IMPACTS BONE MARROW FAILURE IN FA 3207

(n = 44), and WES (n = 29). In our WES analysis, >90% of the
50-Mb target sequences were analyzed by >10 independent
reads (data not shown). Fifty-nine patients were found to have
a mutation in FA genes in at least 1 allele, but 5 of them were
mutation-free in the known 16 FA genes, even after WES
(Table 1; supplemental Table 1). These unclassified cases might
be caused by large deletions or intronic mutations that are dif-
ficult to detect with these methods,'® or possibly mutations in a
novel FA gene.

‘We determined the ALDH?2 genotype in our series of 64 patients
(Table 1; supplemental Table 1). The distribution of the ALDH?2
variant alleles appeared not significantly different from the
reported allele frequencies in the healthy Japanese population.'?
The occurrence of leukemia and/or MDS was also not signif-
icantly different between patients with GA and GG genotypes.
Strikingly, however, we found that progression of BMF was ac-
celerated in heterozygous carriers of the variant A allele compared
with homozygous GG patients (Figure 1A-B). Moreover, the 3
individuals carrying AA alleles developed MDS with BMF at a
very young age (Figure 1A-B). None of these 3 patients belonged
to FA-DI1 or FA-N, the FA subgroups with severe symptoms.'*?°
Patient number 3 had biallelic frameshift mutations (S115AfsX11)
in FANCP/SLX4. By contrast, of the FA-P patients that have pre-
viously been reported, none have displayed particularly severe
symptoms.>' >

FA is a heterogeneous disorder, and our cohort of patients is
quite heterogeneous in terms of complementation groups and types
of mutations (Table 1). To reduce some of the variability, we selected
only the FANCA patients having nonsense, frameshift, or large
deletion mutations identified at both alleles, (n = 12; supplemental
Table 1), and repeated the analysis. A patient with probable FANCA
reversion (patient number 55) was excluded. In this subset of patients,
a highly significant statistical difference was reproduced in BMF
progression (Figure 1C) but not in AML/MDS development (data
not shown).

We could not detect any significant difference in terms of the
percentage of birth weight (Figure 1D) or number of physical abnor-
malities (Figure 1E) that correlated with the ALDH2 genotypes.
However, a significant difference was observed in the incidence of
each class of malformations in the case of radial, cardiovascular,
skeletal, or kidney anomalies, and in the incidence of extensive
malformation (Figure 1F).

In conclusion, our current data indicate that endogenous aldehydes
are an important source of genotoxicity in the human hematopoi-
etic system, and the FA pathway counteracts them. If the FA pathway
is compromised, hematopoietic stem cells (HSCs) likely accumu-
late aldehyde-induced DNA damage, resulting in BMF due to p53/
p21-mediated cell death or senescence.®** Consistent with this
model, a recent study showed that the HSCs in aldh2/fancd2 double
knockout mice accumulate more DNA damage than HSCs in either
of the single knockout mice.® Because some ALDH2-proficient FA
patients developed BMF early, other modifier genes or environ-
mental factors might affect levels of aldehydes or other genotoxic
substances. Interestingly, our data predict that Japanese FA patients
in general develop BMF at an earlier age compared with patients
of other ethnic origins. We need to establish a Japanese FA registry
similar to IFAR to test whether this is true or not. Finally, it seems
worth considering ALDH?2 agonists such as Alda-1 as protective drugs
against BMF in FA patients. Alda-1 can stimulate the enzymatic
activity of both the normal and variant ALDH2,> suggesting that
Alda-1 or a similar drug could be beneficial even for ALDH2-
proficient FA cases.
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