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Congenital sideroblastic anemia (CSA) is a hereditary disorder characterized by microcytic anemia and
bone marrow sideroblasts. The most common form of CSA is attributed to mutations in the X-linked gene
5-aminolevulinic acid synthase 2 (ALAS2). ALAS2 is a mitochondrial enzyme, which utilizes glycine and
succinyl-CoA to form 5-aminolevulinic acid (ALA), a crucial precursor in heme synthesis. Therefore,
ALA supplementation could be an effective therapeutic strategy to restore heme synthesis in CSA caused
by ALAS2 defects. In a preclinical study, we examined the effects of ALA in human erythroid cells, includ-
ing K562 cells and human induced pluripotent stem cell-derived erythroid progenitor (HiDEP) cells. ALA
treatment resulted in significant dose-dependent accumulation of heme in the K562 cell line. Concomi-
tantly, the treatment substantially induced erythroid differentiation as assessed using benzidine staining.
Quantitative reverse transcription polymerase chain reaction (RT-PCR) analysis confirmed significant
upregulation of heme-regulated genes, such as the globin genes [hemoglobin alpha (HBA) and hemoglo-
bin gamma (HBG)] and the heme oxygenase 1 (HMOX1) gene, in K562 cells. Next, to investigate the mech-
anism by which ALA is transported into erythroid cells, quantitative RT-PCR analysis was performed on
previously identified ALA transporters, including solute carrier family 15 (oligopeptide transporter), member
(SLC15A) 1, SLC15A2, solute carrier family 36 (proton/amino acid symporter), member (SLC36A1), and solute
carrier family 6 (neurotransmitter transporter), member 13 (SLC6A13). Our analysis revealed that SLC36A1
was abundantly expressed in erythroid cells. Thus, gamma-aminobutyric acid (GABA) was added to
K562 cells to competitively inhibit SLC36A1-mediated transport. GABA treatment significantly impeded
the ALA-mediated increase in the number of hemoglobinized cells as well as the induction of HBG, HBA,
and HMOX1. Finally, small-interfering RNA-mediated knockdown of ALAS2 in HiDEP cells considerably
decreased the expression of HBA, HBG, and HMOX1, and these expression levels were rescued with ALA
treatment. In summary, ALA appears to be transported into erythroid cells mainly by SLC36A1 and is uti-
lized to generate heme. ALA may represent a novel therapeutic option for CSA treatment, particularly for
cases harboring ALAS2 mutations.

� 2014 Elsevier Inc. All rights reserved.
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1. Introduction

5-Aminolevulinic acid (ALA), an important precursor of heme, is
a natural amino acid biosynthesized in the mitochondria of both
animals and plants [1]. The compound is synthesized from glycine
and succinyl-CoA in mitochondria, which is catalyzed by two dif-
ferent ALA synthases (ALAS): one expressed ubiquitously (ALAS1)
and the other expressed only by erythroid precursors (ALAS2)
[2]. During synthesis, ALA is exported to the cytosol where it is
converted to coproporphyrinogen III. All the remaining steps of
heme biosynthesis take place inside the mitochondria. Copropor-
phyrinogen III is imported into the mitochondria, and is finally cat-
alyzed into protoporphyrin IX. Subsequently, heme is generated by
the insertion of ferrous iron into protoporphyrin IX, which is cata-
lyzed by ferrochelatase (FECH). Heme synthesis mostly occurs in
developing erythroblasts located in the bone marrow to produce
hemoglobin, whereas approximately 15% of the daily synthesis
occurs in the liver to form heme-containing enzymes, such as cyto-
chrome P450 [3]. Consequently, mutations in the genes involved in
the heme biosynthetic pathway can cause impairment of oxygen
delivery, mitochondrial respiratory chain activity, and drug metab-
olism, leading to the onset of porphyria and congenital sideroblas-
tic anemia (CSA) [3,4].

CSA is a hereditary microcytic anemia characterized by bone
marrow sideroblasts with excess iron deposition in the mitochon-
dria. The most common type of CSA is X-linked sideroblastic ane-
mia (XLSA), which is caused by defects in the X-linked gene
ALAS2 [5–7]. Most of the XLSA-associated mutations in ALAS2 are
missense substitutions resulting in loss of functionality, whereas
mutations in the ALAS2 regulatory region, such as the promoter
[8] and intron 1 [9], lead to decreased ALAS2 expression. ALAS2
missense mutations commonly decrease the binding of pyridoxal
50-phosphate (PLP; vitamin B6), which is a cofactor for ALAS2 enzy-
matic activity, thus accounting for the PLP responsiveness in XLSA
patients carrying such mutations [7]. However, nearly half of XLSA
cases are unresponsive to PLP [5,6,9]. Therefore, ALA supplementa-
tion could be a useful alternative therapeutic strategy for restoring
heme synthesis in CSA disorders caused by defects in ALAS2.

As a preclinical study, we examined the effects of ALA in human
erythroid cells. Furthermore, we investigated the molecular mech-
anism by which ALA is transported into erythroid cells.

2. Materials and methods

2.1. Cell culture and reagents

All cells were grown in a humidified incubator at 37 �C with 5%
carbon dioxide. Human K562 erythroleukemia cell lines were
maintained in RPMI-1640 medium containing 10% fetal bovine
serum (Biowest, Miami, FL) and 1% penicillin–streptomycin
(Sigma, St. Louis, MO, USA). Human induced pluripotent stem
(iPS) cell-derived erythroid progenitor (HiDEP) cell lines were cul-
tured in StemSpan Serum-Free Expansion Medium (STEMCELL
Technologies, Vancouver, BC, Canada) containing 3-U/mL erythro-
poietin, 1-lg/mL doxycycline (Sigma), and 1-lM dexamethasone
(Sigma), as described previously [10]. ALA hydrochloride (SBI Phar-
maceuticals Co., Ltd., Tokyo, Japan) and gamma-aminobutyric acid
(GABA) (Sigma) were prepared with distilled water. Erythropoietin
was a kind gift of Kyowa Hakko Kirin Co. Ltd. (Tokyo, Japan).

2.2. Extraction of mouse tissue RNA

Mouse heart, lung, liver, spleen, kidney, intestine, and muscle
were frozen in liquid nitrogen immediately after isolation. Frozen
tissues were homogenized and total RNA was isolated using
TRIzol (Invitrogen, Carlsbad, CA, USA). A magnetic activated cell
sorter system (Miltenyi Biotec, Auburn, CA, USA) was used to
separate mouse Ter119-positive erythroblasts from the bone
marrow.

2.3. Real-time quantitative reverse transcription polymerase chain
reaction (RT-PCR)

Total RNA was purified using TRIzol (Invitrogen), and 1 lg of
purified total RNA was used to synthesize complementary DNA
(cDNA) with ReverTra Ace qPCR RT Master Mix (TOYOBO). Reaction
mixtures (20 lL) for real-time quantitative RT-PCR consisted of
2 lL of cDNA, 10 lL of Quantitect SYBR Green PCR Master Mix
(QIAGEN), and appropriate primers. Product accumulation was
monitored by measuring SYBR Green fluorescence and normalized
relative to GAPDH messenger RNA (mRNA).

To evaluate expression levels of human and murine ALA trans-
porters [i.e., solute carrier family 36 (proton/amino acid sym-
porter), member (SLC36A1), solute carrier family 15 (oligopeptide
transporter), member (SLC15A) 1, SLC15A2, and solute carrier fam-
ily 6 (neurotransmitter transporter), member 13 (SLC6A13)], an
amplified cDNA fragment of each gene was cloned into the
pGEM™-T Easy Vector (Promega, Madison, WI), and was used as
an internal standard in quantitative RT-PCR. The plasmid copy
number was calculated as follows: copy number (copy/
lL) = 6.02 � 1023 � [plasmid DNA concentration (lg/lL)] � 10�6/
[total plasmid size (base pair)] � 660. Primer sequences are
available upon request.

2.4. Heme content

Heme content was determined fluorometrically as described
previously [11]. In brief, cell pellets were suspended in 2-M oxalic
acid and boiled (100 �C) for 30 min to dissociate protoporphyrin IX
and iron from heme. Subsequently, fluorescence for protoporphy-
rin IX was measured at 400 nm (excitation) and 662 nm
(emission). To exclude endogenous levels of protoporphyrin IX,
the fluorescence based on unboiled samples were subtracted.

2.5. Assay of erythroid differentiation of K562 cells

Erythroid differentiation of K562 cells was scored by benzidine
staining as described previously [12]. Benzidine (o-dianisidine)
was obtained from Sigma. Benzidine-positive cells were quantified
by light microscopy (n = 600). Viable cells were counted by trypan
blue dye (Invitrogen) exclusion.

2.6. Microarray analysis

SurePrint G3 Human GE 8 � 60 K Microarrays (G4851B)
(Agilent, Palo Alto, CA, USA) and Human Oligo chip 25 k (Toray,
Tokyo, Japan) were used, respectively, for expression profiling of
ALA-treated K562 cells and ALAS2-knockdowned HiDEP cells, as
described previously [13]. Gene Ontology analysis was performed
as previously described [13].

2.7. Silencing of ALAS2 gene expression by small interfering RNA
(siRNA)

We used siGENOME SMARTpool (Thermo Scientific Dharmacon,
Lafayette, CO) to perform siRNA-mediated transient knockdown in
HiDEP cells. The antisense sequences of the siRNA for human ALAS2
were CUAGCUGAAUUGAGCCUAA, GAUCCAAGGUAUCCGUAAC, CG
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Fig. 1. ALA treatment induced erythroid differentiation of K562 cells. (A) Quantitative RT-PCR analysis of human ALAS2 in K562 and HiDEP cells. The data are expressed as
means ± standard deviation. The expression of ALAS2 in K562 cells was set to 1. (B) Heme level, (C) cell pellet and percentage of benzidine-positive cells, and (D) quantitative
RT-PCR of HBG and HBA in K562 cells treated with ALA (0.01, 0.1, and 0.5 mM) for 72 h. The data are expressed as means ± standard error (SE). n = 4; ⁄p < 0.05. (E) The heat
map depicts the fold change resulting from ALA treatment (0.5 mM, 72 h) in K562 cells. Genes displaying >2-fold changes are shown. Asterisk indicates globin genes, HMOX1,
and KIT.
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UCUGGUGUAGUAAUGAU, and GCUGAUGCAUAUCCCUUUG. siGE-
NOME Non-Targeting siRNA Pool #1 (Thermo Scientific Dharma-
con) was used as a negative control. Each siRNA was transfected
into 2.5 � 106 HiDEP cells using the Amaxa Cell Line Nucleofector
Kit V with the T-016 program (Amaxa Biosystems, Cologne,
Germany), and the cells were harvested at 48 h.
2.8. Western blotting

Western blotting was conducted as described previously
[13,24]. Antibodies for ALAS2 (ab184964) and Actin (I-19) were
purchased from Abcam (Cambridge, UK) and Santa Curz Biotech-
nology (Santa Cruz, CA, USA), respectively.



A

B

m
R

N
A

 E
xp

re
ss

io
n

(R
el

at
iv

e 
U

n
it

s)

Slc36a1

0

0.01

0.02

0.03
Slc15a1

0

0.02

0.06

0.1

Hea
rt

Lung
Live

r

Splee
n

Kid
ney

In
te

st
in

e

Musc
le

Ery
th

ro

0.04

0.08

m
R

N
A

 E
xp

re
ss

io
n

(R
el

at
iv

e 
U

n
it

s)

Slc15a2

0

0.01

0.02

0.03
Slc6a13

0

0.02

0.06

0.1

0.04

0.08

Hea
rt

Lung
Live

r

Splee
n

Kid
ney

In
te

st
in

e

Musc
le

Ery
th

ro

Hea
rt

Lung
Live

r

Splee
n

Kid
ney

In
te

st
in

e

Musc
le

Ery
th

ro
Hea

rt
Lung

Live
r

Splee
n

Kid
ney

In
te

st
in

e

Musc
le

Ery
th

ro

m
R

N
A

 E
xp

re
ss

io
n

(R
el

at
iv

e 
U

n
it

s)

Alas2

0

10

20

40

Hea
rt

Lung
Live

r

Splee
n

Kid
ney

In
te

st
in

e

Musc
le

Ery
th

ro

30

SLC36A1 SLC15A1 SLC15A2 SLC6A13 SLC36A1 SLC15A1 SLC15A2 SLC6A13

m
R

N
A

 E
xp

re
ss

io
n

(R
el

at
iv

e 
U

n
it

s)

0.012

0

0.004

0.008

K562 cells
0.06

0

0.02

0.04

HiDEP cells

Fig. 2. SLC36A1 mRNA is abundantly expressed in erythroid cells. (A) Quantitative RT-PCR analysis of human SLC36A1, SLC15A1, SLC15A2, and SLC6A13 in K562 and HiDEP
cells. The copy number of each gene relative to that of GAPDH was calculated (n = 3, mean ± SE). (B) Quantitative RT-PCR analysis of murine Slc36a1, Slc15a1, Slc15a2, Slc6a13,
and Alas2 in various mouse tissues. The copy number of each gene relative to that of GAPDH was calculated (n = 3, mean ± SE).

T. Fujiwara et al. / Biochemical and Biophysical Research Communications 454 (2014) 102–108 105
2.9. Statistics

Statistical significance was assessed by two-sided Student’s t
test. In all analyses, a p value <0.05 was considered to indicate
statistical significance.
3. Results and discussion

3.1. ALA treatment induces erythroid differentiation in K562 cells

First, we assessed the effects of ALA in the K562 erythroid cell
line. The expression of ALAS2 in K562 cells was remarkably lower
than those in HiDEP cells (76-fold, Fig. 1A). Thus, K562 cells appear
to exhibit reduced hemoglobinization due to insufficient heme
supply, as suggested previously based on human erythroid cell line
(YN-1) [14]. As expected, ALA treatment stimulates a significant
augmentation in intracellular heme level in K562 cells, in a dose-
dependent manner (Fig. 1B). Concomitantly, ALA substantially
induces erythroid differentiation as evidenced by a reddish pellet
(Fig. 1C, upper) and increased the percentage of benzidine-positive
cells (Fig. 1C, lower), which reflects the peroxidase activity of
hemoglobin [11]. Besides its role as a prosthetic group of hemopro-
teins, as represented by hemoglobin production in erythroid cells,
heme is also involved in the transcriptional regulation of heme
oxygenase 1 (HMOX1) [15] and globin genes [16,17] through
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transcriptional corepressor BTB and CNC homology 1 (BACH1).
Quantitative RT-PCR demonstrated significant upregulation of
HBA, HBG, and HMOX1 with ALA treatment (Figs. 1D and 3B). In
addition, expression profiles of K562 cells treated with 0.5-mM
ALA confirmed the upregulation of various globin genes (hemoglo-
bin mu (HBM), hemoglobin zeta (HBZ), HBG, HBA, and hemoglobin
delta (HBD)) as well as HMOX1, whereas other erythroid-related
genes were not observed (Fig. 1E and Supplementary Table 1).
On the other hand, we found the downregulation of KIT, presum-
ably reflecting erythroid differentiation [18].

K562 cells have been widely used as a model of erythroid differ-
entiation induced by hemin [19]; however, the effects of ALA on
K562 differentiation have not been examined in detail. A previous
report by Berkovitch-Luria et al. suggested that a multifunctional
ALA derivate (1-(butyryloxy)ethyl-5-amino-4-oxopentanoate (Ala-
AcBu)), which undergoes metabolic hydrolysis to yield ALA and
butyric acid (a histone deacetylase inhibitor), induced erythroid
differentiation of K562 cells [20]. In addition to promoting heme
synthesis and globin gene induction, AlaAcBu also activated key
enzymes in the heme biosynthesis pathway, such as porphobilino-
gen deaminase (PBGD) and FECH [20]. Conversely, we did not
observe significant upregulation of heme biosynthetic enzymes
with ALA treatment (Supplementary Table 1). Therefore, our find-
ings provide insight into the multiple effects of AlaAcBu, and we
propose that increases in PBGD and FECH expression are mainly
mediated through the inhibition of histone deacetylase activity
by butyric acid.

3.2. SLC36A1 is abundantly expressed in erythroid cells

The molecular mechanisms underlying the ALA transportation
into erythroid cells remain unknown. Thus, we performed quanti-
tative RT-PCR analysis of previously identified ALA transporters.
We focused on two proton-coupled oligopeptide transporters
(SLC15A1: peptide transporter (PepT) 1 and SLC15A2: PepT2)
[21,22], the human proton-coupled amid acid transporter
(SLC36A1), [23] and a beta transporter (SLC6A13: GABA trans-
porter 2) [24]. Fig. 2A shows that SLC36A1 was abundantly
expressed in both K562 and HiDEP cells, whereas the expression
levels of SLC15A1 and SLC6A13 were low to almost undetectable
in erythroid cells. To further confirm the data, we also performed
quantitative RT-PCR analysis in various mouse tissues, including
Ter119-positive erythroblasts, which was validated by analyzing
Alas2 expression (Fig. 2B, bottom). Mouse Slc36a1 was abundantly
expressed in erythroblasts, although it also detected in other tis-
sues, including the intestine, spleen, lung, kidney, and liver
(Fig. 2B). Similar to the analyses performed in K562 and HiDEP cells
(Fig. 2A), murine Slc15a2 was also weakly expressed, but Slc15a1
and Slc6a13 were almost undetectable in erythroid cells (Fig. 2B).
We also confirmed that Slc15a1 was almost exclusively expressed
in intestine, as suggested previously [22]. Low expression of
SLC15A1 and SLC15A2 in K562 cells is also consistent with an earlier
study by Ahlin et al. [21]. In addition, the online gene annotation
database BioGPS (BioGPS: http://biogps.org/#goto=welcome)
reports that SLC36A1 is abundantly expressed in CD71-positive
erythroblasts (Supplementary Fig. 1). To date, there has been no
reports focusing on the transcriptional regulation of SLC36A1 in
erythroid cells. Transcription factor GATA-1 has been reported to
regulate the expression of key erythroid-related genes [25]. Inter-
estingly, recent genome-wide analysis of GATA-1 chromatin occu-
pancy based on the coupling of next-generation DNA sequencing
technology with chromatin immunoprecipitation sequencing
showed a GATA-1 peak in the SLC36A1 locus [25]. Thus, GATA-1
might be involved in the transcriptional activation of SLC36A1 in
erythroblasts.

3.3. GABA treatment significantly impedes the effects of ALA in K562
cells

ALA and GABA are structurally similar; therefore, both com-
pounds could serve as substrates for SLC36A1 and SLC15A1
[23,26]. On the basis of this logic, we used GABA as a competitive
inhibitor of ALA transportation into K562 cells, as reported previ-
ously [23]. Fig. 3 shows that ALA-mediated increase in the number
of hemoglobinized cells as well as the induction of HBA, HBG, and
HMOX1 were significantly obstructed with GABA treatment.
Because the expression of SLC15A1 was negligible in comparison
with SLC36A1 (Fig. 2A), we hypothesized that the transport of
ALA into K562 cells is primarily mediated by SLC36A1. Therefore,
we performed siRNA-mediated knockdown of SLC36A1, SLC15A2,
or both (SLC36A1 and SLC15A2) in the K562 cell line. However,
knockdown of the genes did not significantly inhibit ALA-mediated
increase of hemoglobinized cells and induction of HBA, HBG, and
HMOX1 (data not shown). We speculate that the knockdown effi-
ciency might be too low and; therefore, failed to exhibit statistical
significance. Alternatively, we cannot exclude the possibility that
other transporters, or even passive diffusion, might contribute to
the transportation of ALA into K562 cells. Further analyses are
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required to clarify the mechanism by which ALA is transported into
erythroid cells.

3.4. ALA restores defects in ALAS2 deficiency in human iPS cell-derived
erythroblasts

To recapitulate the phenotype of XLSA, we performed siRNA-
mediated knockdown of ALAS2 in HiDEP cells, which were subse-
quently treated with ALA (Fig. 4A). We first performed expression
profiling based in ALAS2-knockdown HiDEP cells, which was con-
firmed by Western blotting (Fig. 4B). The analysis revealed >2-fold
upregulation and downregulation of 38 and 68 genes caused by
ALAS2 knockdown, respectively (Fig. 4C and Supplementary
Table 2). The downregulated gene ensemble included ALAS2, glo-
bins (HBZ, HBG, HBE, HBD, and HBM) in addition to genes involved
in iron metabolism (ferritin heavy chain 1 and transferrin receptor
(TFRC)). Gene ontology analysis revealed significant enrichment of
cellular iron ion homeostasis (p = 0.000076), cell division
(p = 0.00062), DNA repair (p = 0.0006), and translation (p = 0.018),
implying that heme was involved in various biological processes
in erythroid cells. The downregulation of TFRC may imply iron
overload due to decreased porphyrin synthesis, which diminishes
TFRC mRNA stability through the inactivation of iron regulatory
proteins [27]. However, ringed sideroblasts were not observed in
HiDEP cells with ALAS2 knockdown (data not shown). Noticeably,
ALA treatment significantly improved the effects of ALAS2
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knockdown-mediated downregulation of HBA, HBG, and HMOX1
(Fig. 4D), suggesting that ALA could restore defects of ALAS2 deple-
tion in human erythroblasts.

Ideally, it would have been desirable to test the effects of ALA in
a mice model of XLSA. Unfortunately, the mice are not available for
further testing, because Alas2-knockout mice die by day 11.5 in
utero [28]. In addition, although ringed sideroblast formation is
observed after transgenic rescue of ALAS2 in Alas2-knockout mice,
the mice die soon after birth [29]. Thus, there is a need for the
development of a CSA mouse model. Nevertheless, ALA is an
endogenous amino acid that has been shown to be safe in clinical
settings [1]; therefore, it could be administered in patients with
XLSA who are refractory to PLP supplementation. In conclusion,
our data suggests that ALA could serve as a novel therapeutic
option for CSA with ALAS2 mutations.
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