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The hypomethylating agent 5-aza-2'-deoxycytidine (5-aza-CdR)
and its derivatives have been successfully used for the treatment of
myelodysplastic syndromes, and they frequently improve the ane-
mia that usually accompanies these disorders. However, the molec-
ular mechanisms underlying this action remain poorly understood.
In this study, we used two erythroid models, murine erythroid leu-
kemia cells and erythroid burst-forming unit-derived erythro-
blasts, to show that 5-aza-CdR induced erythroid differentiation
and increased the expression of transferrin receptor 1 (TfR1) and
ferrochelatase (Fech), thereby increasing iron uptake and heme
biosynthesis. We have identified new regulatory E-boxes that lie
outside of CpG islands in the TfR1 and Fech promoters, and the
methylation status of these sites can be altered by 5-aza-CdR treat-
ment. This in turn altered the binding of the transcription factor
c-Myc to these promoter elements. Furthermore, 5-aza-CdR pro-
moted the nuclear translocation of c-Myc and its binding to Max to
form functional complexes. The coordinated actions of 5-aza-CdR
on the methylation status of the target genes and in stimulating the
nuclear translocation of c-Myc provide new molecular insights into
the regulation of E-boxes and explain, at least in part, the increased
erythroid response to 5-aza-CdR treatment.

Myelodysplastic syndromes (MDS)* represent a heterogene-
ous group of hematopoietic progenitor cell disorders charac-
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terized by impaired proliferation and maturation of a range of
cell types (1-3). Anemia is the most common feature of the
initial diagnosis, and over 80% of patients have a hemoglobin
concentration below 10 g/dl and reduced reticulocytes (4).
Defects in heme synthesis appear to play an important role in
many cases of MDS, and ring sideroblasts are characteristic of
some forms of the disease (5).

Hypomethylating agents, such as the azanucleosides, includ-
ing azacytidine (5-azacytidine) and decitabine (5-aza-2'-deoxy-
cytidine (5-aza-CdR)), have recently been approved by the
United States Food and Drug Administration (FDA) for the
treatment of MDS (6). Compared with conventional care regi-
mens, azanucleosides have been shown to significantly prolong
the survival of MDS patients and reduce the risk of transforma-
tion to acute myeloid leukemia (AML) (6). However, only a
proportion (37%) of MDS patients are responsive to azanucleo-
side treatment (1), and their underlying mechanisms of action
are still largely unknown (6). One working hypothesis is that the
demethylating agents reactivate tumor suppressor genes, such
as p15, the inhibitor of cyclin-dependent kinase N2B, through
demethylation of CpG islands in the promoter regions of the
target genes (7). Bisulfite sequencing analysis indicated that the
normally hypermethylated promoter of p15 was demethylated
in a high proportion of MDS patients (65%) following 5-aza-
CdR treatment (7). Further studies in a large MDS patient pop-
ulation showed that fewer than 20% of the cytosines in CpG
islands in the pI5 promoter were methylated (8), suggesting
that the CpG islands of tumor suppressor gene promoters may
not be the only target of 5-aza-CdR. Bioinformatic analysis
showed that many genes (approximate 50%) up-regulated by
5-aza-CdR treatment did not contain CpG islands at all in their
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promoter regions (9). These observations suggest that many
genes are regulated by 5-aza-CdR through pathways that do not
involve CpG island demethylation, and we hypothesize that
there are multiple molecular targets of 5-aza-CdR.

Early studies with 5-aza-CdR reported that the compound
could induce erythroid differentiation of murine erythroid leu-
kemia (MEL) cells (10) and leukemic blasts from patients with
AML (11). However, the mechanism of differentiation induced
by 5-aza-CdR is not clear. Recent studies on the biological func-
tions of 5-aza-CdR have focused on its role in regulating tran-
scription factors involved in the cell cycle (12). Several tran-
scription factors have been shown to play important roles in
hematopoiesis, such as GATA1, EKLF, NF-E2, and c-Myc (13—
17). In particular, c-Myc has been shown to activate transferrin
receptor 1 (TfR1) (18, 19), ferritin, and iron regulatory protein 2
(IRP2) (20). These proteins are all important in cellular iron
acquisition (and therefore are critical for erythroid differentia-
tion) and may play pivotal roles in MDS and AML. Further-
more, global gene expression profiling has shown that the
expression of target genes of c-Myc differs significantly
between MDS patients and normal subjects (21, 22). These
observations suggest a potential key role for c-Myc in MDS.

To study the molecular mechanism of 5-aza-CdR-induced
erythroid differentiation, we chose MEL cells and mouse
erythroid burst-forming units (BFU-Es) as erythroid cell mod-
els. We found that several major genes involved in iron uptake
and heme biosynthesis were up-regulated in these cells follow-
ing 5-aza-CdR treatment and that the methylation status of
cytosines that are not localized in the CpG islands of these
genes is essential for their transcriptional activation by c-Myc.
Furthermore, c-Myc transnuclear localization and the forma-
tion of functional Myc-Max binding complexes were enhanced
by 5-aza-CdR treatment. This coordinated mechanism of
c-Myc translocation and target gene demethylation may
explain, at least in part, the increased erythroid response to
5-aza-CdR treatment.

EXPERIMENTAL PROCEDURES

Cell Culture—MEL cells were grown in RPMI 1640 medium
(Thermo Scientific, Beijing, China) supplemented with 10%
fetal calf serum (FCS) (Thermo Scientific, South Logan, UT).
MEL cells (5 X 10°) in logarithmic growth were treated with
either 1.8% (v/v) dimethyl sulfoxide (DMSO) or 0.01-1 um
5-aza-CdR dissolved in water (Sigma-Aldrich). After a 48-h
incubation, cells were collected by centrifugation, washed twice
with PBS, and stored at —80 °C for later analysis. For BFU-E
culture, the femurs and tibias of BALB/c mice were obtained by
surgery, and the ends of these long bones were trimmed to
expose the interior marrow shaft. A 3-ml syringe with a
21-gauge needle containing 1 ml of cold RPMI 1640 medium
with 2% FCS was used to flush the marrow. Marrow collections
were resuspended in fresh, cold RPMI 1640 medium with 2%
FCS. Cell number and viability were determined with a
Vi-Cell ™ XR cell viability analyzer (Beckman-Coulter, Fuller-
ton, CA). Bone marrow cells (1 X 10°) were separated and cul-
tured in RPMI 1640 medium with different concentrations of
5-aza-CdR for 24 h. Additional 5-aza-CdR was added at 0, 8, 16,
and 24 h to keep the concentration of 5-aza-CdR consistent.
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The cells were further cultured for 8 days in MethoCult® semi-
solid medium (Stemcell Technologies, Vancouver, Canada) in
the absence of 5-aza-CdR prior to the analysis of gene
expression.

Total RNA Isolation, RT-PCR, and Quantitative Real-time
RT-PCR—Total RNA from MEL cells and BFU-Es was isolated
with TRIzol” reagent (Invitrogen) following the manufacturer’s
instructions. RNA was treated with RQ1 RNase-free DNase to
remove contaminating genomic DNA, and 2 ug of DNase-
treated RNA was used to synthesize cDNA with oligo(dT)
primers and Moloney murine leukemia virus (M-MLV) reverse
transcriptase. No genomic DNA contamination was found in
the cDNA because the GAPDH transcripts (as a control) can-
not be amplified by PCR with the total RNA without reverse
transcription reaction as templates. Diluted cDNA (20 ng) was
amplified in a 25-ul reaction containing reaction buffer, a 50
uM concentration of each ANTP, 0.01% SYBR Green I (Invitro-
gen), 1.25 units of GoTaq DNA polymerase, and 50 pmol of
each primer. The primers used in this study are listed in Table 1.
RT-PCR and real-time PCR were performed using a Mastercy-
cler ep realplex4 thermocycler (Eppendorf, Hamburg, Ger-
many) under the following conditions: 95 °C for 5 min, 30 cycles
of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s. All results
were analyzed by the 2~ **“* method (23) and normalized with
GAPDH. RQ1 RNase-free DNase, oligo(dT), M-MLYV reverse
transcriptase, dNTPs, and GoTaq DNA polymerase were
obtained from Promega (Madison, WTI).

Western Blot Analysis—For total protein isolation, cells were
lysed with radioimmune precipitation assay buffer (50 mm Tris-
HCl, 150 mm NaCl, 1% Nonidet P-40, 0.5% sodium deoxy-
cholate, a complete protease inhibitor mixture tablet (Roche
Applied Science), and 0.1% SDS). Nuclear fractions were iso-
lated using the NE-PER nuclear and cytoplasmic extraction kit
(Thermo Scientific, Rockford, IL) according to the manufactur-
er’s instructions. Total protein (50 ug) or nuclear protein (100
pg) samples were electrophoresed on 10% SDS-polyacrylamide
gels for 120 min at 70 V. The proteins were then transferred
onto nitrocellulose membranes for 120 min at 380 mA in 10%
methanol transfer buffer. The nitrocellulose membranes were
then probed with the appropriate antibodies. Immunoreactive
proteins were visualized using SuperSignal West Pico chemilu-
minescent substrate (Thermo Scientific) and were scanned
with a Typhoon Trio™ variable mode imager (Amersham Bio-
sciences). Antibodies against ferrochelatase (Fech), erythroid
aminolevulinic acid synthase 2 (Alas2), c-Myc, Max, Gatal, and
B-actin were obtained from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA), and an antibody against TfR1 was obtained
from Cell Signaling Technology (Danvers, MA).

Iron Uptake—Human apotransferrin (apo-Tf) (Sigma-Al-
drich) was labeled with **FeCl, (PerkinElmer Life Sciences) as
described previously (24). Equal numbers of cells (1 X 107 cells)
were incubated with or without 5-aza-CdR (0.01, 0.1, or 1 um)
in RPMI 1640 medium containing 10% FCS at 37 °C for 48 h and
then incubated with 1 um ®*Fe-labeled transferrin (**Fe-Tf) at
37 °C in RPMI 1640 medium for up to 3 h. Cells were washed
three times with ice-cold PBS, and cell pellets were collected
and lysed with radioimmune precipitation assay buffer. Ultima
Gold Mixture (1 ml) (PerkinElmer Life Sciences) was added to
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TABLE 1
Primers used in real-time PCR, bisulfite sequencing, ChIP, and MS-PCR
Genes Forward Reverse
Real-time PCR

GAPDH 5" -AGGTCGGTGTGAACGGATTTG -3’ 5" -TGTAGACCATGTAGTTGAGGTCA -3’
TfRI 5" -GTGGAGTATCACTTCCTGTCGC -3" ' 5 -CCCCAGAAGATATGTCGGAAAGG-3"'
Fech 5" -CAGACAGATGAGGCTATCAAAGG -3’ 5" -CACAGCTTGTTGGACTGGATG -3’
Alas2 5" -TGGGCTAAGAGCCATTGTCCT -3’ 5" -GTAGGTGTGGTCCTGTTTCTTC -3’

Ftl 5" -CCATCTGACCAACCTCCGC -3’

5" -CGCTCAAAGAGATACTCGCC -3’

Hmox1 5" -AGCGTCCACAGCCCGACAGCAT -3’ 5" -GCCATCACCAGCTTAAAGCCTTCTC -3’
GATA-1 5" -TGGGGACCTCAGAACCCTTG -3’ 5" -GGCTGCATTTGGGGAAGTG -3’
EkIf 5" -GTACACTCACCACCCTGGGACAG -3’ 5" -CGGGAGACTCGGAACCTGGAAAG -3’
Irp2 5" -GGATTCTTGGGTGGGGAGTTGGTGG -3’ 5" -CCTACTTGCCTGAGGTGCTTTGTAA -3’
c-Myc 5" -TTTCCCTACCCGCTCAACGACAG -3’ 5" -TTCCTCATCTTCTTGCTCTTCTTCA -3’
Hbal 5" -AAGCCCTGGAAAGGATGTTTGCTAG -3’ 5" -GGCAGTGGCTCAGGAGCTTGAAGTT -3’
Hbbl 5" -CTGAGAACTTCAGGCTCCTGG -3’ 5" -GCTAGATGCCCAAAGGTCTTCA -3’
Bisulfite sequencing
Ifrl 5" -GAGTAAAGGTTGATATTTT -3’ 5" -CTAACAAAAAAATCACTCAC -3’
Fech 5" -GTAGATTTAGYGGGAATTAG -3’ 5" -CAAACACAACCCAACTTACR -3’
Irp2 5" -TCTGGAGAATAATAGAGGT -3’ 5" -CCTAAAAACTACAACCAACAAAC -3’
EKif 5" -GGAAGAGTTATATTAAGAGTTYGTATTTTAA -3’ 5" -AAATAACCTCRAAATCACTACTATCC -3’
c-Myc 5 -TTYGGAGTYGGAGTATTGGGT-3’ 5" -CCTARCTCRCAAATTATAAATTCCAATAAA-3'
ChIP
TfR1 + 285 bp 5" -CTTCCTAGTGAGTGACTCCC -3’ 5" -AATGTCCGTGACACTAGTAACC -3’
TfRI1 —6 kb 5' -CAAGCCGTTTATTCTGCTCC -3’ 5" -TGTCTCAGCTCTTCCCTACC -3’
Alas2 —300 bp 5" -GCCGAGAGTGTATTCTATGTCTG -3’ 5" -TTCTTCCTCTACTCCCTCTG -3’
Fech —3 kb 5" -TCTTCGTCTTTGTCATAGACAG -3’ 5" -AAGGAACTCACAAGTAGCTC -3’
Luciferase assay
700 bp 5" -GGCGAGCTCGCCGACAGGCCAACTCCAAAGAC-3’ 5" -CCGCTCGAGCGGGTCCGTGACACTAGTAACCGA-3’
1700 bp 5" -GGCGAGCTCGCCTGTGCTTCTCTTACAGGGAC-3’ 5" -CCGCTCGAGCGGGTCCGTGACACTAGTAACCGA-3’
—6 kb E-box 5" -CCCAAGCTTGGGTCATCACAGACAGGTCATACTACC-3" 5'-GGCGAGCTCGCCGGTCACCTCAATCAGTGTTTCTC-3'
—8 kb E-box 5" -CCCAAGCTTGGGCAAAGTTGCACTGCAAAGTC-3’ 5" -GGCGAGCTCGCCCCAGAATTCAAAGCTAGGCCA-3’

the cell lysates (25), and the amount of **Fe in the mixtures was
measured using a 1450 MicroBeta TriLux microplate scintilla-
tion and luminescence counter (PerkinElmer Life Sciences).

Measurement of Heme Concentration—Cells (5 X 10°) were
lysed with radioimmune precipitation assay buffer, and the pro-
tein concentration was measured with the BCA assay (Apply-
gen, Beijing, China). Each protein sample (10 ng) was added to
0.5 ml of 2.5 M oxalic acid followed by heating at 100 °C for 30
min to remove the iron from the heme. The autofluorescence of
protoporphyrin in each sample was quantitatively measured
with an Infinite M200 plate reader (TECAN, Grodig, Austria) at
an excitation wavelength of 400 nm and an emission wave-
length of 620 nm. Samples without heating were used to correct
for background autofluorescence of endogenous protoporphy-
rin (26).

Bisulfite Sequencing—Genomic DNA was isolated using a
QIAamp DNA minikit (Qiagen, Hilden, Germany), and 2 ug of
DNA was bisulfite-converted and cleaned with an EZ DNA
Methylation™ kit (Zymo Research, Orange, CA). Specific
sequencing primers for TfR1, Fech, Irp2, and EkIf were used to
amplify target sequences (Table 1). The fragments were ligated
into pGEM®-T Easy vector (Promega, Madison, W1I) and trans-
formed into Escherichia coli. At least 10 individual clones were
picked for sequencing.

Co-immunoprecipitation Assay—Nuclear fractions were iso-
lated using a NE-PER nuclear and cytoplasmic extraction kit
(Thermo Scientific, Inc.) according to the manufacturer’s
instructions for the co-immunoprecipitation assay. Anti-c-
Myc antibody (0.6 ng) was added to 100 ug of nuclear faction in
a volume of 50 ul and incubated for 2 h at 4 °C. Then 10 ul of
Protein A-agarose beads (10 ul) (Santa Cruz Biotechnology,
Inc.) were used to collect antigen-antibody complexes. The
expression of Max was detected following Western blotting as
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described above using an anti-Max primary antibody (Santa
Cruz Biotechnology, Inc.).

Chromatin Immunoprecipitation Assay—For chromatin
immunoprecipitation (ChIP) assays, formaldehyde solution
was added to cultured cells (1 X 107) at 1% final concentration
to cross-link DNA and proteins. After incubation at room tem-
perature for 10 min, 1.25 M glycine was added to quench free
formaldehyde. Cells were collected by centrifugation, washed
twice with PBS, and lysed with lysis buffer (1% SDS, 10 mm
EDTA, 50 mmM Tris, pH 8.1). Sonication was used to shear the
genomic DNA into 200 -1000-bp fragments, and this was ver-
ified by agarose gel electrophoresis. After incubating with anti-
c-Myc antibodies (Santa Cruz Biotechnology, Inc.) overnight,
Protein A-agarose beads were added to precipitate the DNA-
protein complexes. The beads were washed sequentially with
wash buffer (0.1% SDS, 1% Triton X-100, 2 mm EDTA, 20 mm
Tris-HCI, pH 8.1) containing first 150 mm NaCl and then 500
mM NaCl. The complexes were eluted from the beads with 1 m
NaHCO;. Five molar NaCl was added to separate protein-DNA
complexes. The DNA fragments were purified with a Zymo-
clean™ gel DNA recovery kit (Zymo Research) and used as
templates for PCR analysis of the TfR1, Fech, and Alas2 pro-
moters (Table 1).

Methylation-sensitive PCR (MS-PCR)—The restriction
enzyme Pmll specifically cleaves DNA at GACGTG sequences,
and E-boxes that are methylated are resistant to Pmll cleavage.
Thus, genomic DNA was digested with Pmll (New England
Biolabs, Beijng, China) following the manufacturer’s instruc-
tions. Digested genomic DNA (10 ng) was used as a template for
the detection of the E-boxes in the promoter regions of genes of
interest. If the E-box is unmethylated, Pmll will cleave the
E-box and prevent synthesis of the PCR product, whereas when
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the E-box is methylated, cleavage by PmlI is prevented, and a
specific PCR product can be detected (27).

Plasmid Construction and Luciferase Assay—The pGL3-ba-
sic, pGL3-promoter, and pR-TK vectors were obtained from
Promega (Madison, WI). The pGL3-700, pGL3-1700, pGL3-
6kE-box, and pGL3-8KkE-box vectors were generated by insert-
ing a 700-bp fragment (—183 to +550), 1700-bp fragment
(—1230to +550), 700-bp fragment plus —6 kb E-box (—6267 to
—6061), and 700-bp fragment plus —8 kb E-box (—8689 to
—8421) to pGL3-basic vector, respectively. c-Myc and Max
expression vectors were obtained by cloning the c-Myc or Max
coding regions into the pcDNA3.1(—) vector (Invitrogen). To
study the influence of methylation status on the promoter
activities, pGL3-700 and pGL3-1700 constructs were first
treated with DNA methyltransferase M.SssI (New England Bio-
Labs, Beijng, China) according to the manufacturer’s instruc-
tions before the report assays. All vectors were transfected into
human hepatoma cell line (HepG2) for 48 h of culture. Activi-
ties of firefly and Renilla luciferase were measured with the dual
luciferase assay kit (Promega, Madison, W1I) according to the
manufacturer’s instructions.

Statistical Analysis—All values are expressed as mean * S.E.
of at least three samples. Statistical comparisons were per-
formed using Student’s ¢ test. Results were considered statisti-
cally significant when p values were lower than 0.05.

RESULTS

5-Aza-CdR Treatment Alters Iron Homeostasis and Intracel-
lular Heme Levels in MEL Cells—The hypomethylating agent
5-aza-CdR has been reported to induce erythroid differentia-
tion and decrease global methylation status in MEL cells (6). In
this study, we investigated the effects of 5-aza-CdR on the
expression of a number of genes involved in iron and heme
metabolism because iron acquisition and heme synthesis are
intimately linked to hematopoiesis. MEL cells were incubated
with low (0.1 um) or high (1 um) doses of 5-aza-CdR. Consistent
with erythroid differentiation, the mRNA expression of Tfrl,
which mediates transferrin-dependent iron uptake, and Alas2
and Fech, which are involved in heme biosynthesis, was signif-
icantly increased after 5-aza-CdR treatment. As shown in Fig.
1A, TfR1 message levels increased ~5-fold after 0.1 um 5-aza-
CdR treatment, similar to the effects of DMSO, a known
inducer of MEL cell differentiation (28). A higher concentra-
tion of 5-aza-CdR further stimulated TfR1 mRNA expression
(~8-fold over the control). We also observed that expression of
the mRNA encoding Alas2, the first enzyme in the heme bio-
synthetic pathway, increased 4- and 32-fold after 0.1 or 1 um
5-aza-CdR treatment, respectively. The mRNA encoding the
terminal enzyme of heme biosynthesis, Fech, showed a smaller
increase than the other genes, but it is not normally rate-limit-
ing for heme synthesis (29). We also observed that the mRNA
levels of the adult a-globin (Hbal) and 3-globin (Hbb1) genes
increased significantly after 5-aza-CdR treatment. As a positive
control, DMSO treatment also significantly increased the
expression of Alas2, Fech, Hbal, and Hbb1. No changes were
found in the expression of the genes encoding the ferritin
L-subunit (Ftl) or heme oxygenase 1 (Hmox1) (Fig. 14). The
levels of TfR1, Alas2, and Fech protein were analyzed by West-
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ern blotting using specific antibodies (Fig. 1B). Densitometry
results are shown in Fig. 1C. TfR1 and Fech protein expression
increased significantly after 0.1 um 5-aza-CdR treatment, with a
smaller increase observed for Alas2. As a positive control,
DMSO treatment also significantly increased the expression of
each protein. These results indicate that 5-aza-CdR can stimu-
late the expression of components of the iron uptake and heme
biosynthesis machinery of MEL cells at both the mRNA and
protein levels.

To investigate whether the increased expression of TfR1 is
functional in terms of mediating iron uptake, we measured the
iron uptake capacity of MEL cells with or without 5-aza-CdR
treatment. After 0.5 h of incubation with *°Fe-Tf, untreated
MEL cells took up 0.2 nmol of **Fe-Tf per million viable cells,
whereas those treated with the positive control (DMSO) took
up significantly more iron (5.3 nmol of >*Fe-Tf per million via-
ble cells). The stimulation in iron uptake in response to 5-aza-
CdR treatment was not as strong (Fig. 1D, left); however, after
1.5 h of incubation, we observed significantly more *°Fe-Tf
uptake in cells treated with 0.01 and 0.1 um 5-aza-CdR com-
pared with the control cells (Fig. 1D, middle). By 3 h, there was
a significant increase in iron uptake at all 5-aza-CdR studied
(Fig. 1D, right). These observations indicate that 5-aza-CdR
treatment results in a notable increase in iron uptake via the
TfR1-mediated iron uptake pathway.

To study whether the increased expression of Alas2 and Fech
is functional in terms of heme biosynthesis, the levels of heme,
another marker of erythroid differentiation in MEL cells, were
measured. Heme levels were significantly increased at all con-
centrations of 5-aza-CdR tested (Fig. 1E). The basal level of
heme in MEL cells was 36.7 pmol/10° viable cells. After treat-
ment with various concentrations of 5-aza-CdR, increases in
intracellular heme levels of 3.5— 8.2-fold relative to the control
cells were observed (Fig. 1E). As expected, DMSO was found to
be a very strong inducer of heme synthesis (up to 500 pmol/10°
viable cells).

CpG Island Demethylation Is Not Involved in the Increased
Expression of TfR1 and Fech after 5-Aza-CdR Treatment—CpG
islands are usually close to the transcription start sites (TSS) of
specific genes and play important roles in the regulation of gene
transcription (30). Methylated cytosine residues may prevent
binding of transcription factors to TSS and consequently
inhibit transcription of these genes, especially in proto-onco-
genes or tumor suppressor genes (31). Demethylation of CpG
islands is usually responsible for reactivation of the silenced
genes (32). We analyzed 1.5 kb of DNA sequence up- and down-
stream of the TSS of TfR1, Alas2, and Fech by Methyl Primer
Express Software version 1.0 (Applied Biosystems). CpG
islands were found in both the TfRI and Fech promoters (Fig.
2A) but not in the Alas2 promoter. Similar to some known
genes with CpG islands (32), bisulfite sequencing showed
hypomethylation of cytosine residues in the CpG islands of
TfR1 and Fech in control MEL cells (Fig. 2B and supplemental
Fig. S1, A and B). Furthermore, 5-aza-CdR and DMSO treat-
ments did not change the methylation status of these CpG
islands (data not shown). Thus, the possibility of direct regula-
tion of methylation status in the CpG islands of TfRI and Fech
by 5-aza-CdR treatment was excluded.
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FIGURE 1. 5-Aza-CdR stimulated the expression of genes associated with erythroid iron acquisition and heme synthesis. MEL cells were treated with
1.8% DMSO or 5-aza-CdR (0.1 or 1 um) for 48 h. Cells were collected for total RNA and protein isolation. A, quantitative real-time RT-PCR showed increases in the
mRNA levels of TfR1, Hbal, Hbb1, Alas2, and Fech. *, p < 0.01 compared with the control MEL cells. B, a representative Western blot showing the levels of TfR1,
Alas2, and Fech protein in 5-aza-CdR-treated MEL cells. C, densitometry analysis of the expression of TfR1, Alas2, and Fech protein levels (the densitometry was
normalized to the levels of B-actin). *, p < 0.01 compared with the control MEL cells. D, cellular iron uptake in control and 5-aza-CdR-treated MEL cells. MEL cells
treated with or without 5-aza-CdR for 48 h were incubated for 0.5, 1.5, or 3 h with 1.85 um >*Fe-Tf. After washing three times with cold PBS, the radioactivity was
measured using a scintillation counter.*, p < 0.01 compared with 1.5 h control MEL cells; **, p < 0.01 compared with 3 h control MEL cells. £, heme levels in MEL
cells treated with or without 5-aza-CdR. Cellular extracts (10 ng of total protein) were analyzed by measurement of fluorescent PPIX levels after removing iron
from endogenous heme. *, p < 0.01 compared with control MEL cells. Error bars, S.E.

If methylation of CpG islands is not critical for 7fR1 and Fech
promoter activity during erythroid differentiation, one or more
of their upstream regulators could be subject to such control.
There are several candidates. Gatal and Eklf are considered key
regulators of erythroid differentiation, and genome-wide anal-
ysis with ChIP has confirmed that TfR1 and Fech are targets of
Ekif and Gatal (33, 34). The transcription factor c-Myc has also
been reported to activate TfR1 during tumorigenesis (18). In
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addition, the iron regulatory proteins (IRPs) are key factors
coordinating intracellular iron homeostasis, and 7fRI mRNA
stability is regulated by the IRPs. It is feasible that Eklf, Gatal,
c-Mygc, and the IRPs are regulated by demethylation of their
CpG islands and that the observed effects on TfR1 and Fech are
secondary to this. We therefore analyzed 1.5 kb of DNA
sequences up- and downstream of the TSS of Eklf, Gatal,
c-Myc, and Irp2 by Methyl Primer Express Software version 1.0.
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FIGURE 2. Bioinformatic analysis and bisulfite sequencing of CpG islands. A, schematic illustrations of the promoter regions of the genes of interest. CpG
islands were predicted and analyzed by Methyl Primer Express Software version 1.0 (Applied Biosystems). The TSS of each gene is shown with an arrow, and
gray lines indicate CpG islands. The positions of sequencing primers are shown with boldface arrows (numbers start from the TSS). B, genomic DNA of MEL cells
was bisulfite-converted, PCR-amplified, and cloned. Single clones were sequenced. The sequencing results for each clone are shown, with lollipops represent-
ing cytosines. Methylated cytosines are shown as black lollipops, and unmethylated cytosines are shown as open lollipops.

CpG islands were found in the EkIf, Irp2, and c-Myc promoters
(Fig. 2A), but not in the Gatal promoter. Similar to TfR1 and
Fech, EKIf, Irp2, and c-Myc promoters were hypomethylated in
their CpG islands in both control (Fig. 2B and supplemental Fig.
S1, C-E) and 5-aza-CdR-treated MEL cells (data not shown).
These results also excluded CpG island demethylation in mod-
ulating the expression of these key regulators of erythroid dif-
ferentiation and iron metabolism.

Increased c-Myc Translocation to the Nucleus and Binding to
Max after 5-Aza-CdR Treatment—Because Gatal, Eklf, and
c-Myc are key regulatory factors in erythroid differentiation, we
measured the expression of their mRNAs with quantitative
real-time RT-PCR following 5-aza-CdR treatment (Fig. 34). No
significant differences in the expression of any of these tran-
scription factors were observed at the mRNA level. Thus, 5-aza-
CdR treatment did not change the expression levels of these
transcription factors.

In Western blotting analysis, no significant changes were
observed in Gatal in 5-aza-CdR-treated cells compared with
the control cells (data not shown). However, we consistently
observed that the nuclear fraction of c-Myc was increased com-
pared with the control cells after 5-aza-CdR treatment, despite
no changes in total c-Myc levels (Fig. 3B). Furthermore, c-Myc
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translocation into the nucleus was positively correlated with
the 5-aza-CdR concentration (Fig. 3B). To further investigate
whether the accumulation of c-Myc in nuclei is functional, we
then performed co-immunoprecipitation experiments to quan-
titatively measure the levels of c-Myc-Max complexes (Fig. 3, B
and C). The Myc-Max complex is believed to be the functional
form of c-Myc for specific binding to its targets and initiating
transcription (35). Immunoprecipitation of nuclear extracts
with anti-Max antibodies followed by Western blotting for
c-Myc showed increased c-Myc in cells treated with 5-aza-CdR.
This indicates that the enhanced translocation of c-Myc is
probably functional in regulating the expression of target genes.

¢-Myc Occupies Unmethylated E-box Sites in the Promoters of
the TfR1 and Fech Genes—The activation of TfR1 by c-Myc has
been reported in tumor cells (18, 19), and the binding sequence
CACGTG (E-box) has been located +285 bp downstream of
the TSS (18). However, bioinformatic analysis of 7 kb 5’
upstream of the TfRI TSS indicated that there was one more
putative E-box at —6 kb. E-boxes far away from the TSS may
also be involved in transcriptional activation (27). DNA meth-
ylation is usually found on the cytosine of CG pairs, and thus the
CQG pairs in E-boxes (CACGTG) are candidates for methylation
regulation. To determine whether c-Myc associates with
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FIGURE 3.5-Aza-CdR treatment led to c-Myc accumulation and increased binding to Max in nuclei. A, mRNA levels of c-Myc, Gata1, and Eklf were analyzed
by quantitative real-time RT-PCR as described in Fig. 1A. B, analysis of the levels of the transcription factor c-Myc in MEL cells treated with or without 5-aza-CdR.
MEL cells were collected and separated into two populations for the isolation of nuclei and total protein. c-Myc was detected in both the nuclear and total
protein fractions. For co-immunoprecipitation of c-Myc-Max complexes, nuclear fractions were precipitated with anti-Max antibodies and c-Myc levels were
detected in the precipitates by Western blotting with anti-c-Myc antibodies. B-Actin and IgG were included as controls. C, densitometry analysis of the levels
of c-Myc (normalized to untreated cells). *, p < 0.01 compared with the control MEL cells. Error bars, S.E.

unmethylated E-box sites of TfRI and whether the E-box meth-
ylation status contributes to controlling c-Myc binding, the
specific methylation status of E-boxes in the TfR1 gene was
studied. Bisulfite sequencing results confirmed that +285
E-box was unmethylated in both normal and 5-aza-CdR-
treated MEL cells (Fig. 4A). Interestingly, —6 kb E-box was
almost fully methylated (88%) in normal MEL cells, and 5-aza-
CdR treatment completely converted this E-box into unmethy-
lated status (Fig. 4A). For comparison, these E-boxes in the
TfR1 promoter were also investigated by the MS-PCR method.
MEL cell genomic DNA was digested with PmlI and tested for
specific methylation status using the MS-PCR assay. If the
E-box is unmethylated, the endonuclease PmlI will cleave the
E-box and prevent synthesis of the PCR product, whereas when
the E-box is methylated, cleavage by Pmll is prevented, and
synthesis of a specific PCR product can be measured (27). As
shown in supplemental Fig. S6, we observed that after Pmll
digestion, there was little amplification of the region containing
the +285 bp E-box of TfR1. In contrast, DNA could not be
digested by Pmll in either control or 5-aza-CdR (0.1 um)-
treated MEL cells at the —6 kb E-box of TfRI (supplemental Fig.
$6), indicating that this E-box was methylated. However, we
found that the —6 kb E-box was partially digested by PmlI when
the concentration of 5-aza-CdR rose to 1 um. This observation
further indicates that the E-box was methylated in control MEL
cells and that this could be reversed by 5-aza-CdR treatment.
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Similar results were also observed in the E-boxes in the Alas2
(—300 bp) and Fech (—3 kb) promoters (supplemental Fig. S6).
To directly measure changes in c-Myc binding at these E-box
positions after 5-aza-CdR treatment, ChIP was used. In the
+285 bp E-box of the TfR1 promoter, constitutive occupation
by ¢-Myc was observed (Fig. 4B). Only high dose 5-aza-CdR
significantly increased the binding capacity of c-Myc at this
E-box (Fig. 4B). This observation was also supported by the
MS-PCR results (supplemental Fig. S6). The hypomethylation
of E-boxes in CpG islands may be necessary for continuous
activation of TfR1 in vivo (27). Thus, E-boxes could be occupied
by c-Myc or other transcription factors to facilitate the tran-
scription of TfR1. In contrast, the binding of c-Myc at the —6 kb
E-box was much lower than binding to the +285 E-box in con-
trol MEL cells (Fig. 4C and supplemental Fig. S2). c-Myc bind-
ing at this site was increased significantly by 5-aza-CdR treat-
ment (Fig. 4C and supplemental Fig. S2), consistent with
demethylation. Elevated occupation of c-Myc was also
observed in the promoter of Fech following 5-aza-CdR treat-
ment (Fig. 4C). However, the binding of c-Myc to the Alas2
promoter was not increased by 5-aza-CdR. Importantly, nei-
ther the —6 kb E-box of the TfRI promoter nor the —3 kb E-box
of the Fech promoter were in CpG islands (Fig. 2A4). Taken
together, these results suggest that the increased expression of
TfR1 and Fech correlates with enhanced c-Myc binding to
demethylated E-boxes after 5-aza-CdR treatment.
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To further address the direct connections between c-Myc
binding to specific regulatory elements and induction of TfR1
expression, a series of constructs containing the different E-box
sequences have been generated, followed by luciferase report
assays when co-transfected with c-Myc, Max, or both. As
shown in Fig. 4D, enforced expression c-Myc did not increase
the transcriptional activities of the constructs containing 700-,
1700-, and 700-bp plus —8 kb E-box fragments but significantly
enhanced the expression of the construct containing 700 bp
plus —6 kb E-box fragment (more than 3-fold compared with
the control). These results clearly demonstrated that increased
binding of c-Myc to the specific regulatory element (—6 kb
E-box, in demethylated status) is the primary cause of the
increased gene expression of TfR1. Moreover, luciferase assays
showed that the transcriptional activities of 700-bp, 1700-bp,
and 700-bp plus —8 kb E-box constructs were similar when
co-transfected with c-Myc and Max. Interestingly, co-transfec-
tion of c-Myc and Max further stimulated 700-bp plus —6 kb
E-box construct expression, and the relative luciferase activity
increased ~6-fold compared with the control (—6 kb E-box
only). This result indicated that the —6 kb E-box of the TfRI
promoter was a strong enhancer that could induce TfR1
expression when c-Myc and Max form functional complexes
and bind to it. The methylation status of the —6 kb E-box was
also analyzed by bisulfite sequencing (Fig. 4A4) before and after
5-aza-CdR treatment. Similar to the MS-PCR results (supple-

OCTOBER 28,2011 +VOLUME 286+-NUMBER 43

mental Fig. S6), the —6 kb E-box was totally converted to de-
methylation status after 5-aza-CdR treatment.

5-Aza-CdR Stimulates Gene Expression through Increased
Binding of c-Myc to E-boxes of TfR1, Alas2, and Fech in BFU-E-
derived Erythroblasts—Although MEL cells are a good model to
study erythroid differentiation and heme biosynthesis, they
have their limitations (36). Furthermore, our data suggest that
the mechanisms of erythroid differentiation induced by DMSO
and 5-aza-CdR are different because c-Myc-Max complexes
did not increase after DM SO treatment but did after 5-aza-CdR
(Fig. 3B). To confirm our observations, BFU-E-derived eryth-
roblasts from mouse bone marrow were used to analyze the
effects of 5-aza-CdR. We used lower concentrations of 5-aza-
CdR in this study due to the high sensitivity of the primary cells
to 5-aza-CdR treatment (37). The levels of TfRI, Alas2, and
Fech mRNA increased in 5-aza-CdR-treated BFU-Es (Fig. 54).
The effects of 5-aza-CdR onTfR1, Alas2, and Fech protein levels
were less pronounced, but all were increased, particularly at the
0.1 um concentration (Fig. 5B and Fig. S4). Direct binding of
c-Myc to E-boxes in the promoters of the target genes in
BFU-Es was measured by ChIP (Fig. 5C and Fig. S5). Binding to
the E-boxes at +285 bp and —6 kb of the TfR1 promoter was
demonstrated in both control and 5-aza-CdR-treated BFU-Es.
However, only at the —6 kb E-box was c-Myc binding signifi-
cantly increased by 5-aza-CdR treatment. These results indi-
cate that increased c-Myc binding to the E-boxes in response to
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FIGURE 5. 5-Aza-CdR stimulated the expression of specific genes associated with iron uptake and heme synthesis in mouse BFU-Es. Murine bone
marrow cells were cultured in MethoCult semisolid medium with different concentrations of 5-aza-CdR for 24 h. The cells were cultured for a further 8 days in
the absence of 5-aza-CdR. BFU-Es were collected for quantitative real-time RT-PCR (A), Western blotting analysis (B), and status of c-Myc binding to the TfR1
promoter (C) as described in the legends to Figs. 1 (A and B) and 4B, respectively. Error bars, S.E.

5-aza-CdR treatment was directed specifically to the —6 kb
E-box of the TfRI promoter in BFU-Es.

DISCUSSION

Demethylating agents, such as 5-azacytidine and 5-aza-CdR,
are FDA-approved drugs for treatment of MDS. These com-
pounds have been shown to significantly prolong the survival of
MDS patients and reduce the risk of transformation to AML
(6). Anemia is the most common early clinical feature of MDS;
however, this anemia resolves in ~40% of MDS patients in
response to 5-aza-CdR treatment. Why this occurs is not
known (1). Our current study demonstrated that 5-aza-CdR
can specifically stimulate the expression of several genes
involved in cellular iron uptake and heme biosynthesis. This
direct link between 5-aza-CdR treatment and increased heme
synthesis in both MEL cells and BEU-Es may indicate an impor-
tant action of this MDS drug on erythroid differentiation and
particularly on intracellular iron metabolism.

The current working hypothesis for the action of demethy-
lating agents in MDS treatment is that they reactivate tumor
suppressor genes, such as p15, through demethylation of the
CpG islands in the promoter regions of these genes (7). How-
ever, increasingly it is being recognized that mechanisms other
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than demethylation of CpG islands may play important roles in
the biological actions of 5-aza-CdR (38). We have found that
c-Myc can specifically bind to demethylated E-boxes in the
TfRI and Fech promoters after 5-aza-CdR treatment, followed
by increased expression of these genes. These new molecular
targets may explain the differential responses in patients of
MDS classifications (39). The binding motifs of c-Myc in the
TfR1 and Fech promoters strongly support the notion that de-
methylation sites that are not in classical CpG islands play
important roles in 5-aza-CdR therapy.

The TfR1-mediated uptake of diferric transferrin is the
major mechanism for cellular iron acquisition under normal
physiological conditions (29). TfR1 is also a well known marker
in erythroid differentiation, and several erythroid-related tran-
scription factors have been shown to regulate its expression (33,
34). Although it has been reported that 5-aza-CdR can induce
erythroid progenitors to terminal differentiation in AML or
anemia patients (11, 37), how it does so is poorly understood.
The oncogene c-Myc has been found to be involved in iron
metabolism, and the TfR1, ferritin, IRP2 (20), and Nramp1 (40)
genes have all been reported to be targets of c-Myc. The +511
bp E-box in the human TfR1 gene and the +285 bp E-box in the
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mouse TfRI gene (both relative to the TSS) have been found to
mediate the activation of TfR1 by c-Myc (18). In the current
study, we observed the occupation of this E-box by c-Myc in
both control MEL cells and BFU-Es. The binding of c-Myc to
this site did not increase after 5-aza-CdR treatment, indicating
its continuous occupation by c-Myc (Figs. 4 and 5). Further-
more, regulatory targets of c-Myc have been found both within
and outside CpG islands. In pancreatic cancer cells, down-
stream targets of N-Myc, whose binding site (CACGTG) is the
same as that of c-Myc, were found to be up-regulated by 5-aza-
CdR treatment in the absence of CpG island demethylation
(38). In addition, CpG island-independent effects of 5-aza-CdR
in AML cells support the indications that it is possible to regu-
late TfR1 at an E-box outside a CpG island (9). Interestingly, in
our current study, the —6 kb E-box of the TfRI promoter
showed increased c-Myc occupation after 5-aza-CdR treat-
ment. Bioinformatic analysis showed that its low GC content
made this E-box a potential methylation-related but CpG
island-independent regulatory element. When the cytosine in
the E-box is demethylated by 5-aza-CdR, more c-Myc would
occupy the E-box, and the expression of TfR1 would be
increased. We also found the conserved —6 kb E-box in the
human TfRI promoter (supplemental Fig. S3). Recent research
with MDS patients treated with 5-aza-CdR showed hemato-
logic improvement but no global decreases in DNA methyla-
tion (41). In addition, there is no strong correlation between the
demethylation of CpG islands and the effectiveness of MDS
therapy when hypomethylation agents are used (6). Our data
support the hypothesis that CpG island-independent effects of
5-aza-CdR are involved in mediating its therapeutic efficacy.

A second possibility for the enhanced TfRI gene expression
by 5-aza-CdR treatment is via increased c-Myc nuclear local-
ization. No doubt, c-Myc nuclear localization is a necessary
step, but it may not be a sufficient step for the enhanced gene
expression. Presumably, when c-Myc was translocated into the
nuclei, it would form a functional complex with the Max pro-
tein, followed by specific binding to the E-boxes within the TfR1
promoter. As shown previously (20, 40), ferritins, IRP2, and
Nrampl are all c-Myc targets; however, we only observed an
increase in TfR1 levels after 5-aza-CdR treatment. This may
indicate that accessibility (specific gene sequences and their
proper conformation) of the E-boxes in these genes plays key
roles in enhanced gene expression. There are three putative
¢-Myc binding E-boxes in the TfRI promoter, but enforced
c-Myc expression did not lead to enhanced reporter gene
expression in either +285 bp or —8 kb E-boxes (700-bp, 1700-
bp, and 700-bp plus —8 kb vectors in Fig. 4D). Furthermore,
when the TfR1 promoter fragments were first treated with CpG
DNA methyltransferase M.Sssl (recognizing the double-
stranded dinucleotide sequence 5’ ...CG. . .3’ specifically), no
transcriptional activities of these TfRI promoter fragments
were observed (Fig. 4D). Therefore, increased c-Myc binding is
the determining factor for enhanced gene expression. In turn,
c-Myc nuclear translocation and proper DNA methylation sta-
tus of the E-box elements collectively contribute to the
increased binding of c-Myc to the E-boxes.

In the current study, we also observed increased expression
of Alas2 and Fech in both MEL cells and BFU-Es after 5-aza-
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CdR treatment. Aminolevulinic acid synthase 1 (Alasl) has
been proposed as the rate-limiting enzyme in heme synthesis in
non-erythroid cells. In contrast, in erythroid cells, intracellular
iron supply, rather than ALAS activity, limits the rate of heme
synthesis (42). Therefore, the contribution of increased Alas2
and Fech expression to enhanced heme and hemoglobin bio-
synthesis may be less significant than the contribution of
enhanced TfR1 expression. Both Fech and Alas2 are predicted
targets of c-Myc based on earlier studies (43). Like TfRI, the
CpG island in the Fech promoter was demethylated, and the
E-box is located outside the CpG island. In the Alas2 promoter
region, there is no CpG island. Further research to examine the
similarity of TfRI and these two genes is warranted.

In conclusion, we have found new regulatory E-boxes outside
CpG islands in the TfRI, Fech, and Alas2 promoters. These
elements were methylated in MEL cells and BFU-Es and can be
demethylated by 5-aza-CdR treatment. During erythroid dif-
ferentiation induced by 5-aza-CdR, c-Myc stimulated the
expression of genes involved in intracellular iron metabolism
by occupying hypomethylated E-boxes, which are independent
of CpG islands. These results provide new molecular insights
into 5-aza-CdR therapy in MDS patients. Further investigation
of the 5-aza-CdR-induced erythroid response with primary
erythroid cells from MDS patients is likely to be informative for
5-aza-CdR therapy for MDS.
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