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Abstract

Erythroid-specific 5-aminolevulinate synthase (ALAS2) is the rate-limiting enzyme for

heme biosynthesis in erythroid cells, and a missense mutation of ALAS2 gene is

associated with congenital sideroblastic anemia. However, the responsible gene remains

unclear in about 40% of these patients. Here, we identify the novel erythroid-specific

enhancer of 130 base pairs (bp) in the first intron of ALAS2 gene. The newly identified

enhancer contains a cis-acting element that is bound by the erythroid-specific

transcription factor GATA1, as confirmed by chromatin immunoprecipitation analysis in

vivo and by electrophoretic mobility shift assay in vitro. The promoter activity assay in

K562 human erythroleukemia cells revealed that the presence of this 130-bp region

increased the promoter activity of ALAS2 gene by 10~15-hold. 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 confirmed 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

— 246 —



K562 cells. Thus, a mutation 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 expression of ALAS2 gene in erythroid cells. We propose that
the 130-bp enhancer region located in the first intron of ALAS2 gene should be examined
in patients with congenital sideroblastic anemia, in whom responsible gene remains

unknown.

Key words: GATA1, ALAS2 (erythroid-specific 5-aminolevulinate synthase),

erythroid-specific enhancer, congenital sideroblastic anemia
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Introduction

ALAS?2 gene encodes erythroid-specific 5-aminolevulinate synthase (ALAS-E,
EC 2.3.1.37), which is the rate-limiting enzyme of heme biosynthetic pathway in
erythroid cells." It has been reported that human ALAS2 gene is mapped on X
chromosome,” and the loss-of-function mutation of ALAS2 gene causes X-linked
sideroblastic anemia (XLSA),>* which is the most common genetic form of congenital
sideroblastic anemia (CSA). Moreover, a missense mutation of ALAS2 gene was
identified in a patient with non-familial CSA (nfCSA),” in which no family history of
sideroblastic anemia was identified. In addition to the ALAS2 gene, several genes were
recently identified as causative genes for CSA, including SLC25A38,° GLRXS5,’
ABCB7.® PUS1,? and SLC19A2," but the cause of sideroblastic anemia still remains
undefined in more than 40% of patients with CSA."

GATA1 transcription factor regulates the expression of several

12,13

erythroid—specific genes, such as erythropoietin receptor gene, o~ and P-globin

18,19

genes,'"> ALAS2 gene'® and GATAL1 gene itself,'” during erythroid differentiation.

The ablation of Gatal gene in mice resulted in embryonic lethality because of anemia,*
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suggesting that GATAL is essential for the erythroid differentiation in vivo. It has been
reported that GATA1 regulates transcription of human ALAS2 gene through the proximal
promoter region'® and the erythroid-specific enhancer located in eighth intron of ALAS2
gene.”! However, Fujiwara et al. demonstrated that GATA 1 protein bound to ALAS2 gene
only in the middle of its first intron, where no regulatory region was identified to date, by
genome-wide analysis of K562 human erythroleukemia cells using chromatin
immunoprecipitation followed by next-generation sequencing (ChIP-seq).*

In the present study, we have identified the novel erythroid-specific enhancer
region in the first intron of ALAS2 gene. Moreover, we describe two mutations in the
newly identified enhancer of ALAS2 gene: 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 of nfCSA, and a 35-bp deletion including the above-mentioned GATA element in

a proband of nfCSA.
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Methods
Polymerase Chain Reaction (PCR)

DNA polymerases used for PCR were purchased from TAKARA BIO Inc.
(Shiga, JAPAN). The sequence of primers and probes used in this study were listed in

supplemental tables.

ChIP-quantitative PCR analysis

Real-time-PCR-based quantitative chromatin immunoprecipitation

(ChIP-gPCR) analysis was conducted essentially as described.”

Electrophoretic Mobility Sift Assay (EMSA)

EMSA was performed using “DIG Gel Shift Kit, 2™ Generation” (Roche
Diagnostics GmbH, Mannheim, Germany), according to the manufacturer’s protocol.
Sequences of oligonucleotides for probes are indicated by the horizontal bar in Figure 1B
and Figure 4A. Nuclear extracts were prepared, as described previously,” from K562

cells or HEK293 human embryonic kidney cells that were transfected with
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GATA1-FLAG fusion protein expression vector or its backbone vector.

Promoter/enhancer activity assays

Each target DNA fragment was prepared from genomic DNA of normal
volunteer (WT) or patients with CSA (referred as “GGTA” or “delGATA” in each reporter
constructs) and was cloned into pGL3basic plasmid (Promega Corporation, Madison,
WI). 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 (MCS)
of pGL3basic (referred as pGL3-AEpro(-267)). A single DNA fragment (5.2 kbp),
carrying ALAS2 proximal promoter, first exon, first intron and the untranslated region of
second exon, was subcloned into MCS of pGL3basic (referred as
pGL3-AEpro(-267)+intronl). A DNA fragment containing the GATA 1-binding region in
the first intron of ALAS2 gene (corresponding to g.7488 7960), which was defined by
ChIP-seq analysis,”> was referred as ChIP-peak. The length of wild-type ChIP-peak is

473 bp. In addition, a 130-bp fragment containing ALAS2int]1 GATA, the consensus

sequence for GATA1-binding site in ChIP-peak, was referred as ChIPmini. Several
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deletion mutants of ChIPmini were also prepared using
pGL3-AEpro(-267)+ChIPmini(WT) as a template. The pGL3-TKpro plasmid was
constructed by cloning herpes simplex virus thymidine kinase promoter into MCS of
pGL3basic plasmid. Each reporter vector and pEF-RL? were introduced into K562 cells
or HEK293 cells. Luciferase activity was determined using Dual-luciferase reporter

system (Promega).

Identification of the mutations of ALLAS2 gene
All exons including exon-intron boundaries, the proximal promoter region, and
intron 1 and intron 8 of ALAS2 gene (GeneBank: NG _8983.1) were directly sequenced

according to the methods previously reported.26

Measurement of ALAS2 mRNA in purified erythroblasts

Total RNA was extracted from glycophorine A-positive bone marrow
mononuclear cells, and was used for cDNA synthesis. ALAS2 expression was measured

by real-time PCR, and was normalized with GAPDH mRNA.
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Statistical analysis
Multiple comparisons between groups were made by Tukey-Kramer test.

Patients

Genetic analyses performed in this project had been 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. Eleven probands (eight
pedigrees) of CSA were selected to determine the nucleotide sequence of the first intron
of ALAS2 gene, because no disease causative mutation was identified in the coding
region or reported regulatory region in ALAS2, SLC25A38, GLRXS5, ABCB7, PUSI and
SLC19A2 genes, which were reported as disease causative genes for CSA'' (see

supplemental methods for details of the method).

10
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Results

ChIP-qPCR analysis of the first intron of ALAS2 gene

To identify the novel regulatory region for ALAS2 transcription, we first performed
ChIP-gqPCR analysis in K562 cells to localize the GATA1-binding region of ALAS2 gene
in vivo, which was determined by genome-wide ChIP-seq analysis.” In fact, ChIP-gPCR
enabled us to examine the GATA 1-binding activity of an individual GATA element or two
adjacent GATA elements in the first intron of ALAS2 gene. Based on the search of NCBI
Reference Sequence (NG_8983.1) using SeqBuilder software (DNASTAR Inc., Madison,
WI), we identified 17 GATA elements (16 out of 17 GATA elements are present in the
antisense orientation) in the first intron of human ALAS2 gene (Fig. 1A), which is
compatible with the previous report.”! We also included the proximal promoter region
that contains a functional GATA-binding site (2.4961 4966).'° Overall 13 primer sets
were designed to amplify the GATA elements located in the proximal promoter region
and the first intron of ALAS2 gene (Fig. 1A and supplemental table 1). 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 the similar level to that of positive

11
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control (PC), but not with other primer sets. We referred this region amplified with primer
set 10 as ChIPmini (g.7795_7924), the sequence of which is shown in Fig. 1B. In silico
analysis identified only one GATA element (g.7860 7865, boxed in Fig. 1B) in ChIPmini,
termed ALAS2int]1 GATA. In addition, primer set 1 that targets the proximal promoter
region yielded the noticeable 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; namely, GATA1 protein could bind to the proximal promoter region as well as
ALAS2int1GATA in the first intron of ALAS2 gene in vivo. Since the GATA element
located in the proximal promoter has been well examined in vitro,'® we further

determined the functional features of ALAS2int1 GATA.

GATALI1 protein binds to ALAS2int1 GATA located in ChIPmini

Then, we examined whether GATA1 protein binds to ALAS2int1 GATA present
in the center of ChIPmini using EMSA (Fig. 2A). The wild-type probe contains
ALAS2int1GATA (Fig. 1B). The incubation of labeled wild-type probe with nuclear

extracts of K562 cells yielded the retarded band that represents the protein-probe

12
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