complex (lane 2), whereas this retarded band was undetectable with an excess amount of

non-labeled wild-type probe (lane 3). Moreover, the addition of anti-GATA1 antibody

reduced the intensity of the retarded band (lane 4), suggesting that GATA1 protein may

bind to the wild-type 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 partially

inhibited with anti-GATA1 antibody (lane 8). Likewise, the inclusion of anti-FLAG

antibody (lane 9) resulted in the disappearance of the retarded band and instead generated

the super-shifted band (indicated with asterisk). These results suggest the binding of

GATAL1 protein to the wild-type probe containing ALAS2int]l GATA.

Enhancement of ALAS2 promoter activity by the DNA segment containing

ALAS2int1 GATA.
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To examine the functional importance of ALAS2int1 GATA in the promoter
activity of ALAS2 gene (Fig. 2B), we constructed pGL3-AEpro(-267) vector, in which
the expression of firefly luciferase gene is controlled under the proximal promoter of
ALAS2 gene (g.4820_5115). The presence of the first intron of ALAS2 gene
(pGL3-AEpro(-267)+intronl) increased the luciferase activity about three-fold in K562
cells, whereas the luciferase activity was rather decreased to 10% of pGL3-AEpro(-267)
in HEK293 cells. When the ChIP-peak, the region determined by ChIP-seq analysis
(g.748 8_7960),22 is present at the downstream (+ChIP-peak(D)) or the upstream
(+ChIP-peak(U)) of ALAS2 proximal promoter, the luciferase activity was increased
about five-fold, irrespective of the location, compared to that of pGL3-AEpro(-267) in
K562 cells. Moreover, the presence of ChIPmini fragment at the downstream of
luciferase gene (+ChIPmini (D)) resulted in the 16-fold increase of the luciferase activity.
However, when it was inserted at the upstream of the ALAS2 promoter (+ChIPmini(U)),
the luciferase activity increased only three-fold. Thus, the enhancer activity of the
ChIPmini fragment may vary, depending on its location. Moreover, the ChIPmini

fragment showed maximum enhancer activity at the downstream of the luciferase gene
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among the constructs examined. On the other hand, the ChIP-peak or ChIPmini fragment

at the downstream of ALAS2 promoter marginally influenced the luciferase activity

(0.73- or 1.25-fold, respectively), in HEK293 cells (Fig. 2B). These results suggest that

the enhancer activity of each fragment containing ALAS2int1 GATA is specific to

erythroid cells.

Then, to examine whether the erythroid-specific enhancer activity depends on

ALAS?2 promoter, we replaced ALAS2 promoter with the herpes simplex virus TK

promoter (Fig. 2C). The ChIP-peak and ChIPmini enhanced TK promoter activity 3.4-

and 9.8-fold in K562 cells, respectively, whereas they could not enhance TK promoter

activity in HEK293 cells. These results indicate that the erythroid-specific enhancer is

present in the ChIP-peak and ChIPmini fragments. In addition, the erythroid-specific

enhancer is functional in the non-erythroid gene promoter.

Identification of mutations in the first intron of ALAS2 gene in patients with CSA

Considering the newly identified enhancer in the first intron of ALAS2 gene, we

examined whether some of CSA patients carry the mutation in ChIP-peak or ChIPmini of
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the ALAS2 gene. We determined the nucleotide sequence of the first intron of ALAS2

gene in eleven probands (eight pedigrees), and found two distinct mutations at newly

identified enhancer region in five Japanese probands (three pedigrees). Clinical features

of the representative proband are following, and hematologic status of each proband on

diagnosis of the disease is summarized in Table 1.

Proband 1 in a pedigree with XLSA: First male Japanese proband visited the hospital

at 3 months after his birth for checking the cause of his pale face. No trouble was reported

during the birth. Clinical examinations revealed the presence of microcytic/hypochromic

anemia, increased serum iron concentration and serum ferritin level. Bone marrow

aspiration revealed the presence of ring sideroblasts. There are two sideroblastic anemia

patients in the maternal relatives, male cousins of the proband’s mother (Figure 3A). The

pedigree tree of this family suggested the X chromosome linked inheritance of the disease.

The anemia of this proband was not improved by pyridoxine administration (5 mg/kg/day

for three months), and the transfusion of one unit of concentrated red blood cells was

required once a month to maintain the hemoglobin level. At age seven months, this

proband died of sepsis caused by alpha-streptococcus.
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Proband 2 with nfCSA: Second male Japanese proband visited the hospital at age of 4

years, because of the paleness of his complexion. Clinical examinations revealed

microcytic/hypochromic anemia with mild thrombocytosis and high serum iron

concentration with the normal serum ferritin concentration. Bone marrow aspiration

revealed the presence of ring sideroblasts (38% of the erythroblasts). Giant platelets were

observed in bone marrow, although dysplasia of the megakaryocytes was not clear. There

was no family history of sideroblastic anemia for this proband (Figure 3B).

Proband 3 with nfCSA: Third male Japanese proband was pointed out his anemia at age

of 2 years, but details were not available. Without any treatment, serum hemoglobin level

was maintained at 70 g/L, and it was increased to 100 g/L at age 10. Accordingly, the

proband stopped to visit the hospital. At age 19, however, the proband admitted to the

hospital because of general fatigue. Clinical examination revealed microcytic,

hypochromic anemia with systemic iron overload. The presence of ring sideroblasts was

confirmed in his bone marrow by Prussian blue staining (36% of erythroblasts). Although

this proband was treated with pyridoxine (150 mg/day) for eight months, his anemia was

not improved. There was no family history of sideroblastic anemia for this proband
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(Figure 3C).

In proband 1 of XLSA (Figure 3A), we identified a single nucleotide mutation (Fig. 4,

upper panel, g.7863T>C), which alters the core sequence of ALAS2int1 GATA in the

antisense strand from GATA to GGTA (referred as “GGTA mutation”). The same

mutation of ALAS2 gene was also identified in two cousins of the proband’s mother, both

of whom were diagnosed as sideroblastic anemia (Fig. 3A). However, the clinical

specimen for genetic analysis was not available from parents and elder brother of proband

Moreover, the same GGTA mutation was identified at ALAS2int1GATA in

proband 2 with CSA (Fig. 4, middle panel), while the consanguinity between proband 1

and proband 2 was not identified. The genomic DNA from parents of proband 2 was not

available, because they did not agree to provide their clinical specimens for genetic

analysis. Since the thrombocytosis was pointed out for this proband (Table 1), we also

examined the presence of JAK2 mutation in the genomic DNA extracted from the

peripheral blood of this proband. However, V617F mutation or any missense mutation in
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exon 12, each of which was frequently observed in patients with refractory anemia with
ring sideroblasts and thrombosis (RARS-T),”” was not detected (data not shown). Thus,
the GGTA mutation at ALAS2int] GATA may be responsible for sideroblastic anemia in
proband 2.

In proband 3 with CSA, a deletion of 35 bps was identified in the first intron of |
ALAS?2 gene (Fig. 4A, lower panel, g.7836_7870del; referred as “delGATA mutation™).
The delGATA mutation results in the loss of ALAS2int]1 GATA. However, the delGATA
mutation was not identified in the ALLAS2 gene of the parents of proband 3 (data not
shown). Thus, the delGATA mutation may be a de novo mutation or a somatic mutation.
Accordingly, we compared the relative ALAS2 mRNA level in the erythroid progenitor
cells isolated from proband’s bone marrow with those of normal subjects. The ALAS2
mRNA level was lower by more than seven folds in proband’s erythroblasts than those of
three independent normal subjects (Fig. 4B), suggesting that the delGATA mutation may
lead to the decreased transcription of ALAS2 gene.

Lastly, we examined the sequence of the region corresponding to g.7513 8165

of ALAS2 gene, which contains ChIPmini, in 103 Japanese healthy volunteers (44 males
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and 59 females, total 162 alleles) using PCR followed by direct sequencing. As a result,

no mutation was found in this region (data not shown). In addition, no single nucleotide

polymorphism was reported in this GATA element, based on the single nucleotide

polymorphism database available at NCBI home page (http://www.ncbi.nlm.nih.gov/snp,

current assembly is GRCh37.p5). Thus, the GGTA mutation and delGATA mutation at

ALAS2int] GATA may be unique to patients with sideroblastic anemia. Taken together,

we suggest that the newly identified mutations at ALAS2int1 GATA are responsible for

sideroblastic anemia.

The mutation at ALAS2int1 GATA impairs the GATA1-binding activity and the

enhancer function

We examined the effect of the GGTA mutation or the delGATA mutation on the

binding of GATA1 protein to ALAS2int]1 GATA using each mutant probe (Fig. SA). The

delGATA probe represents the 5°- and 3’-flanking sequences of the deleted 35-bp

segment (see Fig. 4A). As shown in Figure 5B, the incubation of labeled wild-type probe

with nuclear extracts from HEK293 cells expressing FLAG-fused GATA1 showed
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retarded band (lane 3), and such retarded band was super-shifted by the addition of
anti-FLAG antibody (lane 4), or was undetectable with non-labeled wild-type probe (lane
5), whereas non-labeled GGTA probe (lane 6) or delGATA probe (lane 7) could not
compete for the labeled wild-type probe. Furthermore, 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 exp;essing FLAG-fused GATA1. These results suggest
that either the GGTA mutation or the delGATA mutation may impair the binding of
GATA1 to ALAS2int]1 GATA.

Then, we examined the influence of the point mutation at or the deletion of
ALAS2int1 GATA on the enhancing activity of the first intron of ALAS2 gene (Fig. 6A).
The GGTA mutation also decreased the enhancing activity of the first intron, ChIP-peak
or ChIPmini in K562 cells to 17.0%, 18.5% or 12.9% of that of wild-type construct,
respectively. The delGATA mutation decreased the enhancing activity of the first intron
of ALAS2, ChIP-peak or ChIPmini in K562 cells to 10.5%, 15.7% or 12.6% of that of
wild-type construct, respectively. In contrast, the relative luciferase activity of the

construct carrying each mutation was only marginally different from that of wild-type
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intron 1, ChIP-peak or ChIPmini in HEK293 cells (Fig. 6A), thereby confirming that

ALAS2int1 GATA functions as an erythroid-specific enhancer.

There are several potential cis-elements at the flanking regions of

ALAS2int1GATA, such as EKLF and Sp1, each of which may be involved in the

erythroid-specific transcriptional regulation of ALAS2 gene.'**!

We thus analyzed the

roles of these cis-elements for the enhancer activity of ALAS2int] GATA using deletion

mutants at the 5°- or 3’-flanking region of ChIPmini, constructed in

pGL3-AEpro(-267)+ChIPmini(D). Deletion of EKLF1 element at 5’-flanking region or

both E-box and Sp1 element at the 3’-flanking region did not significantly influence the

enhancer activity of ChIPmini (Fig. 6B). It should be noted that the Sp1 site overlaps

with the 3’-portion of the AP-1 site and the 5’-portion of E-box (Fig. 6C). Moreover,

deletion at the 5’-flanking region of ChIPmini (“delEKLF2”, “delAP2” and “delOctT3”)

marginally decreased the enhancer activity (Fig. 6B), but the change was not statistically

significant. In contrast, the deletion of the AP-1 element at the 3’-flanking region

(“delAP1” in Fig. 6B) significantly decreased the enhancer activity, about 40% activity of

ChIPmini(WT). Thus, the significant decrease of enhancer activity was observed only in
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ChIPmini(GGTA), ChIPmini(delGATA) and delAP1, compared to the activity of
ChIPmini(WT) (*p < 0.05 and **p <0.01 in Fig.6B). We next constructed another
reporter vector that carries an internal deletion of the 5’ portion of the AP-1 element with
the intact Sp1 site (“lackAP1” in Fig. 6B). Internal deletion of the AP-1 element alone in
ChIPmini decreased the enhancer activity, but the degree of the decrease was not
statistically significant. Thus, the entire AP-1 element seemed to be important for the
enhancer activity of ChIPmini (WT) (Fig 6B).

Consequently, we constructed delEKLF2/delSP1 and delELKLF2/delAP1,
each of which lacks EKLF elements at the 5’-flanking region and the Sp1 element or the
AP-1 element at the 3’-flanking region, respectively (Fig. 6D). The deletion mutant,
delEKLF2/delSP1, still retained enhancer activity at about 80% of that of ChIPmini(WT),
whereas delEKLF2/delAP1 showed the decreased enhancer activity that was similar to
the activity of ChIPmini(GGTA). These data indicate that ALAS2int1 GATA and its
flanking region, especially the AP-1 element, are critically important for
erythroid-specific enhancer activity of ChIPmini.

Taken together, these results suggest that ChIPmini region acts as an
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erythroid-specific enhancer for ALAS2 promoter, and both GGTA mutation and

delGATA mutation represent a loss-of-function mutation of ALAS2intl GATA.
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Discussion

In the present study, we identified erythroid-specific enhancer region in the first
intron of human ALAS2 gene (referred as ChIPmini of 130 bp), the region of which
contains ALAS2int1 GATA, a functional GATA1-binding site. We also identified the
GGTA mutation and the delGATA mutatiqn at ALAS2int1GATA, each of which is
associated with XLSA or CSA. Moreover, we confirmed that each mutation diminished
the binding of GATA1 transcription factor to ALAS2int1 (Fig. 5B) and decreased
enhancer activity of ChIPmini (Fig. 6A). Thus, the GGTA mutation and delGATA
mutation are loss-of function mutations of ALAS2 gene. In fact, the lower expression
level of ALAS2 mRNA was observed in bone marrow erythroblasts prepared from
proband 3 (Fig. 4B), compared with normal controls. Thus, each loss-of function
mutation may lead to the decreased transcription of ALAS2 gene, thereby causing
sideroblastic anemia 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 promoter activity most

efficiently in erythroid cells when it was present at downstream of the promoter (Fig. 3B).
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ChIPmini contains potential cis-acting elements, including two EKLF-binding sites, each
of which is overlapping with the Sp1-binding site or p300-binding site, AP-2 site, OctT3
site Runx site, AP-1 binding site, Sp1 site, and E-box (Fig. 2B). Further analysis using
deletion mutants of ChIPmini revealed that the potential AP-1 binding site at the
3’-flanking region might be involved in the erythroid-specific enhancer activity of
ChIPmini (Fig. 6B). These results suggest that ALAS2int]1 GATA and its 3°-flanking
region are essential for erythroid-specific enhancer activity of ChIPmini. In fact, EKLF*®
and AP-1% are involved in the erythroid-specific gene expression. It is of interest that the
inclusion of the whole first intron of ALAS2 gene in a reporter construct resulted in the
decrease of ALAS2 promoter activity (11% of pGL3-AEpro(-267)) in non-erythroid
HEK?293 cells (Figs. 3B and 6A). Likewise, the ChIP-peak at the upstream or
downstream of the promoter also reduced the promoter activity in HEK293 cells (73% or
88% of pGL3-AEpro(-267), respectively) (Fig. 3B). These results suggest that the first
intron of ALAS2 gene may contain suppressor element(s) in addition to the
erythroid-specific enhancer, while the mechanism of the suppression and the relevant

region remain to be elusive.
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We have successfully identified novel erythroid-specific enhancer for ALAS2
expression, and have identified disease causative mutations of this enhancer in patients
with CSA. Despite that about fifty missense or non-sense mutations of ALAS2 gene have
been reported as disease causative mutations in patients with XLSA,>*® the mutation in
the regulatory region for the transcription of ALAS2 gene was rarely reported to date. For
example, Ducamp et al. reported that the 48-bp deletion of the ALAS2 gene at the
proximal promoter region (c.-91 -44del) in a patient with XLSA, and they proposed that
the identified deletion should cause XL.SA, since ALAS2 mRNA level in proband’s bone
marrow was lower than that of normal controls.’' In this context, it has been reported that
the deleted region contained functionally important element for ALAS2 transcription.'®
In addition, Bekri et al. reported the C-to-G transversion at nucleotide -206 (c.-258C>QG)
from the transcription start site in the proximal region of human ALAS2 gene in patients
with XLSA,24 however, May et al. further demonstrated that this mutation was identified
in the normal individuals from South Wales at the rate of 0.05, indicating that this
promoter mutation should be a polymorphism.*

In conclusion, we have identified the novel erythroid-specific enhancer in the
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first intron of human ALAS2 gene, the enhancer function of which may be directed by

GATA1 with other transcription factors, such as EKLF and AP-1 binding proteins.

Furthermore, we identified the loss-of-function mutation of ALAS2int1 GATA, the GATA

element within this enhancer, in five within eleven patients with congenital sideroblastic

anemia, in whom responsible gene could not be identified. Thus, the intronic region

containing ALAS2int] GATA of the ALAS2 gene should be examined in patients with

XLSA or nfCSA, in whom the responsible gene for sideroblastic anemia is unknown.

Acknowledgements

This work was supported in part by a Grant-in-Aid for Scientific Research (C)

(to K.F.) and Health and Labour Sciences Research Grants (to H.H. and K.F.). Authors

thank Prof. Norio Komatsu (Juntendo University) for the examination of JAK2 mutation.

We are also grateful to Biomedical Research Core of Tohoku University Graduate School

of Medicine for allowing us to use various facilities.

Authorship and Disclosures

28

— 271 —



K.F. and H.H. designed the study; R.K. and H.L. recruited the patients; K.K., T.F. and K.F.

performed experiments; K.K., K.F., T.F., R.K. and H.IL. prepared figures and tables; K.F.,

K.K., TF,RK., HI H.H. and S.S. wrote the paper.

There are no relevant conflicts of interest to disclose.

29

— 272 —



References

1. Anderson KE, Sassa S, Bishop DF, Desnick RJ. Disorders of heme
biosynthesis: X-linked sideroblastic anemia and the porphyrias. In: Scriver CR, Beaudet
AL, Sly WS, Valle D, eds. The Metabolic & Molecular Bases of Inherited Disease. New
York: McGraw-Hill Medical Publishing Division, 2001:2991-3062.

2. Cotter PD, Willard HF, Gorski JL, Bishop DF. Assignment of human erythroid
delta-aminolevulinate synthase (ALAS2) to a distal subregion of band Xp11.21 by PCR
analysis of somatic cell hybrids containing X; autosome translocations. Genomics.

1992;13(1):211-2.

3. Bottomley SS. Sideroblastic Anemias. In: Greer JP, Foerster J, Rogers GM,
Paraskevas F, Glader B, Arber DA, et al., eds. Wintrobe's clinical hematology. 12th ed.
Philadelphia 1 London: Wolters Kluwer Health/Lippincott Williams & Wilkins,
2009:835-56.

4, Ohba R, Furuyama K, Yoshida K, Fujiwara T, Fukuhara N, Onishi Y, et al.
Clinical and genetic characteristics of congenital sideroblastic anemia: comparison with
myelodysplastic syndrome with ring sideroblast (MDS-RS). Ann Hematol
2013;92(1):1-9.

5. Harigae H, Furuyama K, Kudo K, Hayashi N, Yamamoto M, Sassa S, et al. A
novel mutation of the erythroid-specific gamma-Aminolevulinate synthase gene in a

patient with non-inherited pyridoxine-responsive sideroblastic anemia. Am J Hematol.

1999;62(2):112-4.

30

— 273 —



6. Guernsey DL, Jiang H, Campagna DR, Evans SC, Ferguson M, Kellogg MD, et
al. Mutations in mitochondrial carrier family gene SLC25A38 cause nonsyndromic

autosomal recessive congenital sideroblastic anemia. Nat Genet. 2009;41(6):651-3.

7. Camaschella C, Campanella A, De Falco L, Boschetto L, Merlini R, Silvestri L,
et al. The human counterpart of zebrafish shiraz shows sideroblastic-like microcytic

anemia and iron overload. Blood. 2007;110(4):1353-8.

8. Allikmets R, Raskind WH, Hutchinson A, Schueck ND, Dean M, Koeller DM.
Mutation of a putative mitochondrial iron transporter gene (ABC7) in X-linked

sideroblastic anemia and ataxia (XLSA/A). Hum Mol Genet. 1999;8(5):743-9.

9. Bykhovskaya Y, Casas K, Mengesha E, Inbal A, Fischel-Ghodsian N. Missense
mutation in pseudouridine synthase 1 (PUS1) causes mitochondrial myopathy and

sideroblastic anemia (MLASA). Am J Hum Genet. 2004;74(6):1303-8.

10. Labay V, Raz T, Baron D, Mandel H, Williams H, Barrett T, et al. Mutations in
SLC19A2 cause thiamine-responsive megaloblastic anaemia associated with diabetes

mellitus and deafness. Nat Genet. 1999;22(3):300-4.

11. Bergmann AK, Campagna DR, McLoughlin EM, Agarwal S, Fleming MD,
Bottomley SS, 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.

12. Zon LI, Youssoufian H, Mather C, Lodish HF, Orkin SH. Activation of the

erythropoietin receptor promoter by transcription factor GATA-1. Proc Natl Acad SciU S

31

— 274 —



A. 1991;88(23):10638-41.

13. Chiba T, Ikawa Y, Todokoro K. GATA-1 transactivates erythropoietin receptor
gene, and erythropoietin receptor-mediated signals enhance GATA-1 gene expression.

Nucleic Acids Res. 1991;19(14):3843-8.

14. Evans T, Felsenfeld G. The erythroid-specific transcription factor eryfl: A new
finger protein. Cell. 1989;58(5):877-85.

15. Whitelaw E, Tsai SF, Hogben P, Orkin SH. Regulated expression of globin
chains and the erythroid transcription factor GATA-1 during erythropoiesis in the
developing mouse. Mol Cell Biol. 1990;10(12):6596-606.

16. Surinya KH, Cox TC, May BK. Transcriptional regulation of the human
erythroid 5-aminolevulinate synthase gene. Identification of promoter elements and role

of regulatory proteins. J Biol Chem. 1997;272(42):26585-94.

17. Kobayashi M, Nishikawa K, Yamamoto M. Hematopoietic regulatory domain
of gatal gene is positively regulated by GATA1l protein in zebrafish embryos.
Development. 2001;128(12):2341-50.

18. Ohneda K, 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.

19. Weiss MJ, Keller G, Orkin SH. Novel insights into erythroid development

revealed through in vitro differentiation of GATA-1 embryonic stem cells. Genes Dev.

32

— 275 —



