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ABSTRACT: Hypoxia-inducible factor 1 (HIF1) is a heterodimeric basic helix—loop—helix transcription factor
that regulates many key genes. 0-Aminolevulinate synthase (ALAS) catalyzes the first and rate-limiting reaction in
the heme biosynthetic pathway. In this study, we show that hypoxia-induced expression of erythroid-specific
ALAS?2 is mediated by HIF1 in erythroid cells. Under hypoxic conditions, significantly increased 41.AS2 mRNA
and protein levels were detected in K562 cells and erythroid induction cultures of CD34+ hematopoietic stem/
progenitor cells. Enforced HIF 1o expression increased the level of ALAS2 expression, while HIF1a knockdown
by RNA interference decreased the level of 41.AS2 expression. In silico analysis revealed three potential hypoxia-
response elements (HREs) that are located 611, 621, and 741 bp downstream of the 4L A4S2 gene. The results from
reporter gene and mutation analysis suggested that these elements are necessary for a maximal hypoxic response.
Chromatin immunoprecipitation and polymerase chain reaction showed that the HREs could be recognized and
bound by HIF1a in vivo. These results demonstrate that the upregulation of ALAS2 during hypoxia is directly
mediated by HIF1. We hypothesize that HIF1-mediated 41452 upregulation promotes erythropoiesis to satisfy
the needs of an organism under hypoxic conditions. This may be accomplished via increased heme levels and an

interaction between ALAS2 and erythropoietin.

Oxygen supply contributes significantly to many physiologic
and pathophysiologic responses, including erythropoiesis, angio-
genesis, glucose uptake, glycolysis, iron transport, and apoptosis.
Mountain sickness and other diseases related to high altitude are
normally caused by the insufficient availability of oxygen and have
been considered to be public health problems. Hypoxia can be a
severe hazard for people traveling to high-altitude areas. However,
native people are able to adapt to high altitudes and develop the
ability to tolerate environmental hypoxia. The detailed mecha-
nisms related to these processes are not yet clear. Previous studies
have shown that hypoxia-inducible factor (HIF)' plays a vital role
in sensing and responding to hypoxia.

HIF, originally identified as a nuclear factor capable of binding
a DNA sequence within the human erythropoietin (EPO) gene (1),
is a heterodimeric transcription factor. It is composed of two basic
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helix—loop—helix subunits: HIFa, which is constitutively ex-
pressed but rapidly degraded under normoxic conditions, and
HIFf, which is a constitutively expressed, stable protein (2). Under
normoxic conditions, HIFla is hydroxylated by prolyl hydro-
xylase (PHD), bound by the von Hippel—Lindau tumor suppres-
sor protein (VHL), and targeted for degradation by the 28S
proteasomal system (3—5). Moreover, the carboxy-terminal acti-
vation domain of HIFla can be hydroxylated by asparaginyl
hydroxylase, a factor inhibiting HIF (FIH). This blocks recruit-
ment of the transcriptional coactivators p300 and CREB binding
protein (p300/CBP) (6, 7). The combination of these processes
leads to a decreased level of transcription of HIF target genes.
Under hypoxic conditions, as the activities of these hydroxylases
become impaired because of the lack of oxygen, hydroxylation of
HIF1a is inhibited. When HIF 1o accumulates, it dimerizes with
HIF1p, binds to hypoxia-response elements (HREs) in target
genes, and recruits coactivator proteins, which leads to an
increased level of gene transcription (8, 9). HREs are associated
with a broad range of transcriptional target genes, and the core
DNA motif is RCGTG (R = G or A) (10).

Hypoxia induces erythropoiesis by stimulating erythropoietin
production, mainly in the adult kidneys, and the cell—cell contacts
of erythroblasts and endothelial cells in the bone marrow (/7).
However, it has also been suggested that hypoxia directly promotes
hemoglobin production in erythroid cells (/2). The prosthetic
group of hemoglobin, heme, consists of a complex organic ring
structure, protoporphyrin, and a single iron atom in the ferrous
oxidation state (/3). Iron in the ferrous state binds oxygen revers-
ibly; in the ferric state, it does not bind oxygen (/4). Ferrochelatase
(FECH) catalyzes the insertion of the ferrous form of iron into
protoporphyrin, and heme oxygenase 1 (HMOXI1, also known as
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HO-1) cleaves heme to yield biliverdin, carbon monoxide (CO),
and iron. 0-Aminolevulinate synthase (ALAS) catalyzes the con-
densation of glycine with succinyl-CoA to form d-aminolevulinic
acid, which is the first and rate-limiting reaction in the mammalian
heme biosynthetic pathway. ALASI is a housekeeping enzyme,
whereas ALAS2 is an erythroid-specific mitochondrial enzyme.
Here, we show that induction of human 4LAS?2 gene expression is
mediated by HIF1 under hypoxic conditions.

MATERIALS AND METHODS

Cell Lines and Cell Culture. The K562 (human myeloge-
nous leukemia) and MCF-7 (human breast adenocarcinoma) cell
lines were used in this study. The cells were grown in RMPI 1640
medium or Dulbecco’s modified Eagle’s medium (Gibco, Grand
Island, NY), supplemented with 10% fetal bovine serum (FBS)
and a penicillin/streptomycin mixture, at 37 °C in an incubator
with a controlled humidified atmosphere containing 5% CO.,.
For hypoxic stimulation, cells were placed in an incubator
chamber that was tightly sealed and thoroughly flushed with a
gas mixture containing 5% CO», 1% O,, and 94% nitrogen and
incubated at 37 °C for various periods of time. Where indicated,
cobalt chloride (Sigma-Aldrich, Deisenhofen, Germany) was
added to the medium at a final concentration of 100 uM.

Isolation and Erythroid Induction Cultures of CD34+
Hematopoietic Stem/Progenitor Cells (HPCs). Human
umbilical cord blood (UCB) was obtained from normal full-term
deliveries after informed consent as approved by the Research
Ethics Committee of the Military General Hospital of Beijing
(Beijing, China). Mononuclear cell (MNC) fractions were isolated
from UCBs by Percoll density gradient (¢ = 1.077; Amersham
Biotech). CD34+ HPCs were enriched from MNCs through
positive immunomagnetic selection (CD34 MultiSort kit, Miltenyi
Biotec, Bergisch-Glad-bach, Germany). The CD34+ cells were
cultured in IMDM supplemented with 30% fetal bovine serum,
1% BSA, 100 uM 2-ME, 2 ng/mL recombinant human IL-3,
100 ng/mL recombinant human SCF (Stem Cell Technologies,
Vancouver, BC), 2 units/mL recombinant human EPO (R&D
Systems), 60 mg/mL penicillin, and 100 mg/mL streptomycin. Five
days later, the cells were cultured in normoxia or hypoxia for the
indicated time before being harvested.

Plasmid Constructs. The cDNA encoding HIF1a was ob-
tained by polymerase chain reaction (PCR) amplification using
the HA-HIF 1o plasmid (15) (a gift from Y. Jung, Pusan National
University, Busan, Korea) as a template. The primers HIF-1a-F
(5-ACCGGTACCATGGAGGGCGCCGGCGGC-3) and
HIF-1o-R (5-ACGGGCCCGCGTTAACTTGATCCAAAGC-
TC-3') were used for PCR amplification. The amplified fragment
(2480 bp) was inserted, in-frame, into the Kpnl/Apal sites of
FLAG-tagged pcDNAG6/V5-His B (Invitrogen, Carlsbad, CA),
yieding the pcDNA6 VS5HisB/HIFla construct (pHIF1a).

To specifically silence the gene encoding HIF ., we constructed
plasmid pSilencer 2.1U6-HIFla. Plasmid pSilencer 2.1-U6 neo
(Ambion, Austin, TX) was linearized using both BamHI and
HindIII to facilitate directional cloning. The target sequences of
HIF1o RNAI were consistent with that described by Berchner-
Pfannschmidt et al. (76). To create the target sequences, we syn-
thesized two oligonucleotides, 5-AGCTTTTCCAAAAAAC-
TAACTGGACACAGTGTGTTCTCTTGAAACACACTGT-
GTCCAGTTAGCG-3' (sense) and 5-GATCCGCTAACTG-
GACACAGTGTGTTTCAAGAGAACACACTGTGTCCAG-
TTAGTTTTTTGGAAA-3' (antisense). The two oligonucleotides
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were annealed and inserted into the pSilencer 2.1-U6 vector to
create plasmid pSilencer 2.1U6-HIF 1a-RNAi (pSiHIF 1cv).

To construct recombination plasmid pGL3-ALAS2, we dou-
bly digested an 877 bp fragment amplified from human genomic
DNA using Sall and BamHI (MBI Fermentas) and inserted the
fragment into the BamHI/Sall sites of the pGL3-Promoter Vector
(Promega, Madison, WI). Mutations of the putative HRE se-
quence in the pGL3-ALAS?2 plasmid were introduced by polymerase
chain reaction-based site-directed mutagenesis. The CTTTC motif
replaced the CACGC motif at position 611 to construct pALAS2-
MI; the CTTTC motif replaced the CACGC motif at position 621
to construct pALAS2-M2, and the GAAAG motif replaced the
GCGTG motif at position 741 to construct pALAS2-M3. We also
constructed pALAS2-M12 and pALAS2-M13, which carry dual
mutations, and pALAS2-M123, which carries the triple mutations.
The following primers were used for amplification and mutation:
pALAS2F, 5-ATGGGATCCGACGCTTCACTGGTAATC-3;
pALAS2R, 5-AAGGTCGACGTTCTCTGCTCAGTTGTAG-
3'; MIF, 5-CTTGGATTACAGGCTTTCGCCACCACG-3;
MIR, 5-TGGGCGTGGTGGCGAAAGCCTGTAATC-3;
M2F, 5-AGGCACGCGCCACCTTTCCCAGTTAAT-3;
M2R, 5-AAAAATTAACTGGGAAAGGTGGCGCGT-3;
M3F, 5-GCTGGGATTACAGGAAAGCACCACTGT-3;
M3R, 5-AGGCACAGTGGTGCTTTCCTGTAATCC-3;
MI12F, 5-AGGCTTTCGCCACCTTTCCCAGTTAAT-3;
MI2R, Y-AAAAATTAACTGGGAAAGGTGGCGAAA-3.
All construct sequences were verified by sequencing.

Cell Transfection with Plasmids or siRNAs. For cell
transfection with plasmids, K562 cells were plated in 3.5 cm dishes
at 70—80% confluency on the day of transfection with 4 ug of
plasmid. Lipofectamine 2000 (Invitrogen) was used as a transfec-
tion reagent according to the manufacturer’s instructions.

For cell transfection with siRNA, K562 cells were plated in 3.5
cm dishes at 70—80% confluency on the day of transfection. The
siRNAs (Dharmacon, Lafayette, CO) were resuspended, and
DharmaFECT transfection reagents were used according to the
manufacturer’s instructions.

RNA Extraction, Reverse Transcription, and Real-Time
PCR. Total RNA was extracted from cell samples using TRIzol
Reagent (Invitrogen) and quantified using the NanoDrop 2000
spectrophotometer (Thermo Scientific Inc., Bremen, Germany).
The first strand of cDNA was synthesized using M-MLYV reverse
transcriptase (Invitrogen) according to the manufacturer’s instruc-
tion. The expression of targeted mRNAs in cultured K562 cells
and CD34+ HPCs was quantified by real-time PCR using the iQ5
Real-Time PCR Detection System (Bio-Rad) with TransScript
First-Strand ¢cDNA Synthesis SuperMix (TransGen Biotech).
Each PCR was performed in triplex tubes and used S-actin mRNA
as an endogenous control to standardize the amount of sample
mRNA. The quantification data were analyzed with the 1Q5 soft-
ware (Bio-Rad). The following primers were used for real-time
PCR: p-actin-F, -CTGGCACCACACCTTCTACA-3; -actin-
R, ¥-AGCACAGCCTGGATAGCAAC-3'; ALAS2-F, 5'-AAT-
GACCCTGACCACCTAAAG-3; ALAS2-R, Y-GGACACAT-
CACACAACTCCTC-3; HIF-1o-F, -AGGTGGATATGTC-
TGGGTTG-¥; HIF-10-R, 5Y-AAGGACACATTCTGTTTG-
TTG-3.

Western Blot Analysis. The cell samples were lysed in SDS
lysis buffer [SO mM Tris-HCI (pH 6.8), 2% sodium dodecyl sulfate
(SDS), and 10% glycerol]. Total cell extracts were quantified with
Synergy 4 (BioTek, Tucson, AZ) using the BCA Protein Assay Kit
(VIGOROUS, Beijing, China) and fractionated by electrophoresis
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on 10% SDS—polyacrylamide gels. Proteins were transferred to
polyvinylidene difluoride membranes (Millipore, Billerica, MA).
Membranes were blocked with a 5% nonfat dry milk solution
and incubated with either anti-HIF1a antibody (Abcam plc,
Cambridge, U.K.), anti-ALAS2 antibody (Abnova, Taipei,
Taiwan), or anti-ACTB antibody (ProteinTech Group Inc.,
Chicago, IL) followed by peroxidase-conjugated affinipure goat
anti-mouse 1gG (H+L) (Zhongshan Goldenbridge, Beijing,
China). After being washed with TBS-T buffer, the membrane
was treated with Immobilon Western Chemiluminescent HRP
Substrate (Millipore) and exposed to Kodak X-omat BT Film.
Flow Cytometric Analysis. Cells were cultured in normoxia
or hypoxia for 36 h and then collected and resuspended in PBS.
Cells were then fixed with formaldehyde and permeated with
methanol. After being rinsed with incubation buffer (PBS with
BSA), cells were incubated with unconjugated primary antibody for
1 h at room temperature. After being rinsed with incubation buffer
by centrifugation, cells were incubated with fluorochrome-conju-
gated secondary antibody for 30 min at room temperature. Cells
were rinsed, resuspended in PBS, and analyzed using the Accuri C6
flow cytometer system (Accuri Cytometers, Ann Arbor, MI).
Chromatin Immunoprecipitation and PCR (ChIP— PCR).
K562 cells in four 100 mm culture dishes containing 10 mL of
growth medium were cultured under normoxia (21% O,) or
hypoxia (1% O,) for 24 h and then fixed in 1% formaldehyde
(Sigma-Aldrich) at room temperature for 10 min and quenched
for 5 min with glycine. Cells were lysed and sonicated to yield
200—1000 bp DNA fragments. Chromatin immunoprecipitation
was performed using the EZ-ChIP chromatin immunoprecipita-
tion kit (Millipore) according to the manufacturer’s instructions
with minor modifications. A ChIP-grade rabbit polyclonal anti-
body to HIFla (Abcam plc) was used as the immunoprecipitat-
ing antibody, and rabbit IgG (Santa Cruz Biotechnology, Santa
Cruz, CA) was used as the control. After reverse cross-linking
and DNA purification, the input and immunoprecipitated DNA
samples were amplified by PCR, and the products were assayed by
agarose gel electrophoresis. The following primers were used for
ChIP—PCR with a 386 bp product covering the putative HREs of
ALAS2: forward (5-CAGGATTTACCAGTCCCATTC-3) and
reverse (5-CAGGATTTACCAGTCCCATTC-3). We also de-
signed the primers for the positive control [forward (5'-CAGT-
GACCTGCGATGGTG-3') and reverse (5-GCGACAGACCC-
ACTTACG-3)] with a 371 bp product covering the HRE of
FECH and the negative control [forward (5-CTGATAAGAC-
TACACTGGACG-3') and reverse (5-CCCAAGATACTACAC-
TACCATC-3)] with a 486 bp product including no HREs.
Dual-Luciferase Reporter Assay. For the transient transfec-
tion of plasmids, MCF-7 cells were plated in each well of 24-well
plates at 50—60% confluency the day before cotransfection using
the PEI [poly(ethyleneimine)] method as described previously
(17, 18) with a mixture of 1 ug of pGL3 reporter plasmid and
20 ng of pRL-TK reporter vector encoding Renilla Iuciferase,
which was used to normalize for transfection efficiency. Six hours
after transfection, cells were transferred to complete medium and
incubated under the specified condition. Cells were lysed using
passive lysis buffer, and the dual-luciferase activities were mea-
sured with a Modulus Microplate Luminometer (Turner Biosys-
tems, Sunnyvale, CA) using the dual-luciferase reporter assay
system (Promega, Milan, Italy) according to the manufacturer’s
instructions.
Induction of K562 Erythroid Differentiation and Benzi-
dine Staining. To induce K562 erythroid differentiation, we

Zhang et al.

added hemin (Sigma-Aldrich) to the medium at a final concen-
tration of 40 uM. To detect hemoglobin-positive cells, benzidine
staining was conducted according to the standard protocol.

Measurement of Cellular Heme Content. The heme level
in K562 cells was measured using a modified QuantiChrom
Heme Assay (BioAssay Systems). Cells were pelleted and washed
with PBS, resuspended in distilled water, and transferred into
sample wells. After reagent had been added to the sample wells
and the mixture incubated for 5 min at room temperature, the
absorbance at 400 nm was measured using a Synergy 4 instru-
ment (BioTek).

Statistics. A Student’s ¢ test (two-tailed) was performed to
analyze our data. p values of <0.05 were considered significant.

RESULTS

Hypoxia-Induced Expression of ALAS2. To examine
whether 41.4S?2 gene expression is induced under hypoxic condi-
tions, K562 cells and CD34" HPCs were cultured at normoxia
(21% O,) or hypoxia (1% O,) for 8—36 h before being harvested.
ALAS2 mRNA levels were determined by real-time PCR. A sig-
nificantly increased level of 42452 mRNA expression was ob-
served in K562 cells under cobalt chloride-simulated hypoxia or
hypoxic conditions (Figure 1A). In K562 and CD34+ erythroid
cultures exposed to hypoxic conditions, the level of ALAS?2
mRNA expression gradually increased over time (Figure 1B,C).
A Western blot assay was performed to examine ALAS2 protein
expression. As expected, obvious increases in HIF1oo and ALAS2
protein levels were detected in K562 cells exposed to cobalt
chloride-simulated hypoxia or hypoxia (Figure 1D). Increased
and sustained ALAS? protein levels were observed in K562 and
CD34+ erythroid cultures exposed to hypoxic conditions
(Figure 1E,F). Furthermore, flow cytometric analysis also re-
vealed a notable increase in the level of ALAS2 protein in K562
cells during hypoxia (Figure 1G). These results establish that
hypoxia induces expression of ALAS2.

Hypoxia-Induced Expression of ALAS2 Is Regulated by
HIFI. To examine whether the hypoxia-induced expression of
ALAS?2 is regulated by HIF1, we constructed an HIF1a expres-
sion plasmid, pcDNA6 V5HisB/HIF1a (pHIF1av), and a plasmid
that expresses an HIFlo-specific interference RNA sequence,
pSilencer 2.1/U6-HIF1o-RNAi (pSiHIF1a). These plasmids or
their corresponding empty vectors were transfected into K562
cells. The mRNA levels of the HIF1a gene (HIF1A4) and ALAS2
were determined by real-time PCR. As expected, there was a
dramatic increase in the level of HIFIA mRNA expression in
K562 cells transfected with pHIFla, and this HIFla over-
expression induced expression of ALAS2 mRNA (Figure 2A).
In contrast, there was a sharp decrease in HIF/A mRNA levels
when K562 cells were transfected with pSiHIF1a, and this was
accompanied by a significant decrease in ALAS2 mRNA levels
(Figure 2B). K562 cells were also transfected with siRNA that
specifically targeted the HIFla gene (si HIF1a). Compared to
the cells transfected with control siRNA (siCON), RNA inter-
ference-mediated knockdown of HIF1 resulted in a decreased
level of expression of ALAS2 mRNA (Figure 2C). Additionally,
ALAS2 protein levels were determined by Western blotting. The
level of ALAS2 protein expression increased in K562 cells
transfected with pHIF1a and decreased in K562 cells transfected
with pSiHIF1a, relative to the protein levels observed in cells
transfected with the corresponding empty vectors (Figure 2D,E).
Significant declines in HIFla and ALAS2 protein levels were
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FIGURE 1: Induction of ALAS2 gene expression during hypoxia. (A) Real-time PCR analysis of 42452 mRNA expression [mean =+ standard
error of the mean (SEM)] in K562 cells that were cultured with 100 uM CoCl,, or under normoxia (21% O,) or hypoxia (1% O,) for 24 h. (B) Real-time
PCR analysis of 41.4S2 mRNA expression (mean + SEM) in K562 cells that were cultured under normoxia (21% O,) or hypoxia (1% O,) for the
indicated hours. (C) Real-time PCR analysis of ALAS2 mRNA expression (mean == SEM) in CD34+ erythroid cultures. The asterisk indicates a p
value of <0.01. (D) Western blot assay of HIF1a, ALAS2, and $-actin protein expression in K562 cells cultured in 100 uM CoCl,, or under normoxia
(21% O,) or hypoxia (1% O,) for 36 h. (E) Western blot assay of ALAS2 protein expression in K562 cells that were cultured under normoxia (21% O,)
or hypoxia (1% O5) for the indicated number of hours. (F) Western blot assay of ALAS?2 and $-actin protein expression in CD34+- erythroid cultures.
The UCB-derived CD34+ cells were cultured in erythroid induction culture medium for 4 days and exposed to 21% O, (normoxia) for 16 h or 1% O,
(hypoxia) for the indicated number of hours. (G) Flow cytometry analysis of ALAS2 protein expression in K562 cells that were cultured under
normoxia (21% O,) or hypoxia (1% O,) for 36 h. After being fixed and permeated, the cells were incubated with unconjugated primary antibody and

then with fluorochrome-conjugated secondary antibody. As a negative control, cells were incubated only with secondary antibody.

also observed in the cells transfected with siHIF 1ot in comparison
to those transfected with control siRNA (Figure 2F). These
results establish that ALAS2 gene expression is regulated by
HIF1.

Identification of Putative and Functional HREs in the
Human ALAS2 Gene. We searched the DNA sequence of
the human ALAS2 gene on NCBI and identified three putative
HRE:s in the 3'-flanking sequence of the gene (Figure 3A). The
characteristics of these HREs were extremely similar to those of
the consensus HRE described previously (10, 19, 20). The three
HRE core motifs are located within a < 150 bp region, where the
CACGC motif is a reverse complementary motif (Figure 3B).

The presence of such motifs is necessary but not sufficient for
HIF1 recognition and HRE function.

To determine whether each of the three HREs within the 3'-
flanking region is actually involved in hypoxia-mediated ALAS?2
gene induction, the DNA fragment containing this region was
inserted into the 3'-clone site of a luciferase reporter gene vector
(pGL3-promoter), producing pGL3-ALAS?2. Specific mutations
were individually introduced into the core motif sequences within
this construct to generate different constructs. The constructs
were transfected into MCF-7 cells, and the cells were cultured
under normoxia or hypoxia. The wild-type pGL3-ALAS2 con-
struct showed the hypoxic induction of luciferase activity, and
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FiGURE 2: Regulation of ALAS2 gene expression by HIF1. (A) Real-time PCR assay of HIFIA and ALAS2 mRNA levels in K562 cells
transfected with the HIF1a expression plasmid (pHIF1a) or empty plasmid (pcDNA) and subsequently incubated under hypoxia for 24 h.
(B) Real-time PCR assay of HIF1 4 and ALAS2mRNA levelsin K562 cells that were transfected with the HIF 1a interference vector (pSiHIF1av)
or pSilencer control (pSiCON) and subsequently incubated under hypoxia for 24 h. (C) Real-time PCR assay of HIF14 and ALAS2mRNA levels
in K562 cells transfected with siRNA targeted to HIFIA (siHIF1a) or siRNA control (siCON). After transfection for 24 h, the transfection
medium was replaced with complete medium and the cells were cultured under hypoxia for an additional 24 h. The asterisk indicates a p value of
<0.01. (D) Western blotting assay of HIFla and ALAS2 protein levels in K562 cells transfected with the HIF1a expression plasmid or
corresponding empty vector and subsequently incubated under hypoxia for 48 h. (E) Western blotting assay of HIF1a. and ALAS?2 protein levels in
K562 cells transfected with the HIF 1a interference plasmid or the corresponding empty vector and subsequently incubated under hypoxia for 48 h.
(F) Western blotting assay of ALAS2 protein levels in K562 cells transfected with siRNA targeting HIFIA mRNA or an siRNA control. After
transfection for 24 h, the transfection medium was replaced with complete medium and the cells were cultured under hypoxia for an additional 24 h.

this level of activation decreased when the consensus RCGTG previously identified target of HIF1, were used. However, no
sequence was replaced with the RAAAG sequence in the single obvious PCR product was detected when DNA fragments from
mutant constructs pALAS2-M1, pALAS2-M2, and pALAS2-M3. cells cultured under nomoxia were subjected to ChIP and PCR.
Furthermore, dual mutation resulted in a greater loss of hypoxia- The negative control (NC) primers, which flank a region lacking
induced activity in MCF-7 cells. The triple mutation construct a HRE motif, were amplified from input DNA, but not from
showed the largest decrease in activity (Figure 3C). These results DNA subjected to ChIP, demonstrating that the positive ChIP
demonstrate that all the three of the putative HREs, found 611, 621, results were not due to nonspecific binding of HIF 1o to a random
and 741 bp downstream from the human 4LA4S2, gene are respon- sequence. The results from the IgG control excluded nonspecific
sible for the hypoxic induction of ALAS2 gene expression. binding of the HIF1a antibody to other proteins. These results
Validation of HIF1 Binding to the ALAS?2 Region Contain- indicate that the 4LA4S2 fragment containing the putative HREs
ing the Putative HREs in Vivo. We performed a ChIP assay to can be recognized and bound by HIF1 under hypoxic conditions
examine whether the region of ALAS2 containing the three in K562 cells.
HREs was recognized and bound by HIF1 in vivo. DNA was Induction of Intracellular Heme and Hemoglobin in Hypoxia.
isolated from K562 cells cultured under hypoxic conditions, As heme biosynthesis is regulated by ALAS2, an increased level
fragmented, and immunoprecipitated using an anti-HIF 1o anti- of ALAS2 expression under hypoxic conditions should lead to an
body. When these fragments were amplified by PCR using a increase in the level of heme production. We determined the
primer pair located within the 3'-flanking region of the ALAS2 intracellular heme concentration in K562 cells cultured under
gene, an obvious amplification fragment was detected (Figure normoxia or hypoxia and detected an increase in the level of
4A,B). An obvious PCR product was also observed when the intracellular heme under hypoxic conditions (Figure 5A). More-

positive control (PC) primers, which amplify a region of FECH, a over, an increased level of hemoglobin synthesis under hypoxic



Article

>

NG_008983(5001..27010)

621

:

pALAS2-M123
pALAS2-M13
pALAS2-M12
pALAS2-M3
pALAS2-M2
pALAS2-M1
pGL3-ALAS2
pGL3-promoter

Biochemistry, Vol. 50, No. 7, 2011 1199

« ) |
t1 1

1

741

H 1%0;
O 21%0,

0.0 0.5 1.0 1.5 20 25
Relative Luciferase Activity

FiGURE 3: Identification of the putative and functional HREs in the human 4LA4S2 gene. (A) Location and orientation of the putative HRE core
motif 5’-RCGTG-3' sites within the 3'-flanking region of the human A LA4S?2 gene. The coding region of the gene is shaded, and the putative HRE
core motifs are indicated by the arrows. (B) Nucleotide sequences matching the consensus HRE core motif are present in the 3’'-flanking region
within the 1 kb DNA fragment of the human A4 LA4S2 gene. The nucleotide sequences are numbered in relation to the transcription termination site.
The putative HRE motif sequences are shown in bold italics. (C) Identification of the functional HREs. MCF-7 cells were cotransfected
with a construct carrying the wild-type 3'-4LA4S2 sequence or a sequence in which one or more of the HREs were mutated, and pRL-TK, which
provided an internal control. After transfection, the cells were cultured at 21% or 1% O, for 24 h. The mean relative luciferase activity ratio is shown
(£SEM; n = 3) relative to the activity in cells incubated at 21% O,. The asterisk indicates a p value of <0.01.
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FiGURE 4: ChIP—PCR analysis of binding of HIFla to the DNA
region containing the three HREs. (A) Region of PCR amplification.
The three vertical arrows indicate the positions of the three HREs in
the 3'-flanking region of the 4L AS2 gene. The two horizontal arrows
indicate the locations of the two PCR primers. (B) PCR amplification
of immunoprecipitated DNA fragments. K562 cells were cultured
under normoxia or hypoxia conditions for 24 h and subjected to a
ChIP assay as described in Materials and Methods. Rabbit poly-
clonal antibody to HIF-1a or IgG was used to precipitate sonicated
chromatin. Sonicated cell lysate was used as an input control. NC,
negative control; PC, positive control; FECH, ferrochelatase gene,
which has been identified as a target gene of HIF la.
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conditions was detected by benzidine staining (Figure 5B). The
increase in the level of hemoglobin is likely related to the increased
level of heme during hypoxia.

DISCUSSION

In this study, we have demonstrated that under hypoxic condi-
tions the expression of human erythroid-specific ALAS2 is

regulated by HIF1. The upregulation of ALAS2 expression
contributes significantly to an increased level of heme biosynthesis.
We hypothesize that an increased level of ALAS2 expression may
contribute to the hemoglobinization of erythroid cells and erythro-
poiesis under hypoxic conditions, and that ALAS2 may cooperate
with EPO to enhance erythropoiesis during hypoxia.

Our data indicate that the HIFI-mediated upregulation of
ALAS2 represents an adaptive response that optimizes heme
biosynthesis under hypoxic conditions. The expression of ALAS2
is induced by hypoxia, which is consistent with previous find-
ings (12, 21, 22) that indicated a physiological response to hypoxia.
The previous studies indicated that the ALAS2 protein was stabi-
lized by a low level of oxygen and proteasomal inhibition (22) and
that hypoxia induced ALAS2 expression by transforming growth
factor-f signaling (12). Previous investigations also examined the
possibility that HIF1 regulates ALAS2 by binding to the promoter
region of murine ALAS?2, but the putative HREs were determined
to be nonfunctional (27). This may reflect the fact that the core
motif is necessary but not sufficient for functional HREs. Our
study identified functional HREs located downstream of the
human ALAS2 gene in K562 cells, which links the physiological
response to hypoxia to the HIF1-mediated regulation network.

On the basis of our results and the previous findings that ferro-
chelatase and heme oxygenase 1 are regulated directly by HIF1
during hypoxia (23, 24), we hypothesize a new HIFl-mediated
heme regulatory pathway under hypoxic conditions (Figure 5C).
In this pathway, ALAS2 promotes protoporphyrin IX synthesis
in erythroid cells, and ferrochelatase controls the incorporation
of iron into protoporphyrin IX to form heme. However, heme
oxygenase 1 facilitates the degradation of heme to reduce redun-
dant heme toxicity and achieve the recycling of iron. This “easy
come, easy go” pathway would balance the physiological demand
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FIGURE 5: Regulation of heme and hemoglobin biosynthesis under
hypoxia. (A) Quantification of intracellular heme concentration.
K562 cells were cultured under normoxia or hypoxia, and the heme
concentration was determined with the QuantiChrom Heme Assay.
The amount of heme in each sample is expressed as the nanomoles of
heme per milligram of total protein. (B) Benzidine staining of K562
cells. K562 cells were induced with 40 M hemin. After 12 h, the cells
were cultured under normoxia or hypoxia for the indicated number of
hours. (C) Hypothetical scheme of heme biosynthesis induced by
hypoxia. ALA, d-aminolevulinate; PROTO IX, protoporphyrin IX;
HMOXI1, heme oxygenase 1.

for heme under hypoxia with the toxicity of redundant heme.
ALAS?2 plays a critical role in the cycling of heme.

The expression of ALA4S2is regulated at the trancriptional and
translational levels. Transcriptional regulation is mediated by
erthroid-specific factors interacting with promoter and intronic
enhancer sites (25—27). Translational regulation is controlled by
iron levels through a 5'-iron regulatory element (IRE), which
interacts with an IRE binding protein (IRP), maintaining a

Zhang et al.

balance between protoporphyrin synthesis and iron avail-
ability (28, 29). Iron depletion inhibits 4LAS?2 translation (30).
However, the addition of an iron—sulfer cluster (Fe/S), which is
generated and exported by the mitochondria, prevents IRP from
binding to the IRE and permits translation (3/—33).

Meanwhile, HIF also regulates key genes involved in iron
metabolism, such as TF, TFRI, ceruloplasmin, DMTI, DCYTB,
and HMOX1 (34—36). These genes cooperate with FECH and
ALAS?2 to contribute to the maintainance of iron and heme
homeostasis under hypoxia. Iron depletion is one of the functions
of the HIF pathway (2, 37, 38), but the cellular uptake of iron
occurs as a consequence. In response to this dilemma, as our data
indicate, ALAS2 attempts to keep pace with the consequences
instead of aggravating the causes. In other words, it is precisely
because iron depletion inhibits ALAS2 mRNA translation and
activates the HIF pathway that more 41.4S2 mRNA is required to
meet the physiological need and to maintain heme homeostasis.

HIF takes part in the coordinated regulation of erythropoietin
and ALAS2. EPO functions through its receptor on the surface of
erythroid progenitor cells and stimulates proliferation, differentia-
tion, and cell survival (39). EPO is essential for normal erythropoi-
esis, and hypoxia is the primary physiological stimulus for its
production. EPO is induced by HIF, and serum EPO Ilevels are
increased up to several hundred-fold depending on the severity of the
hypoxic condition, promoting erythropoiesis. During the latter
stages of erythropoiesis, large quantities of globin chains and heme
molecules are synthesized for assembly into hemoglobin tetramers.
The regulation of heme synthesis in erythroid cells is mediated by
erythroid-specific transcription factors and the availability of iron as
Fe/S and in nonerythroid cells by heme-mediated feedback inhibi-
tion (13, 40). In animal cells, heme production is controlled by the
first and rate-limiting mitochondrial enzyme oJ-aminolevulinate
synthase (ALAS) (4/—43). HIF1-mediated upregulation of ALAS2
expression in human erythroid cells could participate in the hemo-
globinization of erythroid cells and erythropoiesis under hypoxia. In
fact, erythroid-specific ALAS? is expressed during erythroid cell
differentiation to accommodate the unique requirement of heme
synthesis to support hemoglobin production (40, 44). Furthermore,
heme itself is required for globin expression and the suvival of
erythroid precursors (45—48). Deficient heme and globin synthesis
were observed in embryonic stem cells that lack an intact erythroid-
specific d-aminolevulinate synthase gene (47). Heme deficiency in
the erythroid lineage causes an arrest in differentiation and cyto-
plasmic iron overload (49). The biological role of heme in hemato-
poiesis has been reviewed (50). Moreover, because ALAS?2 defi-
ciency causes X-linked sideroblastic anemia (44, 51—53), it is evident
that erythropoiesis is dependent on the level of ALAS2 activity.
HIF-mediated induction of ALAS2 and EPO could coordinate to
jointly contribute to erythropoiesis under hypoxic conditions.

In summary, we have demonstrated that hypoxic induction of
the human erythroid-specific 4LA4S2 gene is directly mediated by
HIF-1. This discovery points toward a possible mechanism for
enhanced erythropoisis under hypoxic conditions.
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