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a b s t r a c t

The HMC-1 cell line represents the phenotype of immature mast cells. The HIF1A gene product HIF-1a
plays key roles in maintaining oxygen homeostasis in eukaryotic organisms and is involved in many pro-
cesses, including immune response and hematopoiesis. In this study we investigated HIF1A expression in
HMC-1 immature hematopoietic cells and CD34+ hematopoietic progenitors. HMC-1 cells exhibited
exceptionally low levels of HIF1A expression compared to other cell lines as determined by real-time
PCR, and multipotent CD34+ hematopoietic progenitors in bone marrow exhibited significantly lower
levels of HIF1A mRNA compared to mature blood cells in peripheral blood. We searched for the mecha-
nisms responsible for suppression of HIF1A expression in HMC-1 cells and obtained evidence for a DNA
methylation-dependent process. In vitro methylation of the HIF1A promoter resulted in a decrease in its
transcriptional activity and the level of DNA methylation in the HIF1A promoter region in analyzed cell
lines was negatively correlated with HIF1A expression. Furthermore, the DNA demethylating agent
50-azacytidine increased HIF1A expression, and MeCP2 protein was preferentially associated with the
HIF1A promoter in vivo. In conclusion, we report that the HIF1A gene in HMC-1 immature hematopoietic
cells is suppressed by a process dependent on DNA methylation, and we present evidence indicating
downregulation of HIF1A expression in multipotent CD34+ hematopoietic progenitors.

� 2009 Elsevier Inc. All rights reserved.
Introduction

HIF1A encodes hypoxia-inducible factor-1a (HIF-1a), a tran-
scription factor that mediates the adaptive response to hypoxia
[1–7]. Increasing evidence also suggests a crucial role for HIF-1a
in immune responses [6,8–10].

Mast cells like other blood cells originate from bone marrow
multipotential progenitors [11–13]. The complex process of hema-
topoiesis involves changes in the pattern of gene expression regu-
lated by epigenetic mechanisms [14]. One of the critical
mechanisms of epigenetic regulation depends on the methylation
of cytosines within CG-rich regions of regulatory sequences of
genes. Cytosine methylation mediates transcriptional repression
by interaction of the methylated cytosines with specific proteins
such as MeCP2 [15], which in turn recruits histone deacetylases
capable of modifying the local chromatin structure [16]. Examples
of DNA methylation-dependent regulation of gene expression in
differentiating hematopoietic cells include, regulation of the
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expression of the hematopoietic stem cell-specific SCL/TAL-1 gene
in CD34+ cells [17], the c-globin gene in erythroid cells [18], Th1/
Th2-specific cytokine genes in T cells [19,20], and the L-histidine
decarboxylase gene in basophils and mast cells [21].

The effects of hypoxia and HIF-1a on mast cell differentiation
are largely unknown, although it has been reported that hypoxic
conditions are favorable for in vitro culture of mast cells from
CD34+, c-Kit+ peripheral blood-derived progenitors [22]. We previ-
ously reported that in human mast cells, HIF1A expression is trans-
criptionally upregulated by calcineurin- and NFAT-dependent
signaling [23]. In this report, we show that the HMC-1 immature
mast cell line, used as a prototypic immature hematopoietic cell
line, exhibits an exceptionally low level of HIF1A mRNA, which
could be explained by DNA methylation of a CG-rich region in
the HIF1A promoter. Furthermore, we show evidence for low HIF1A
expression in CD34+ hematopoietic progenitors in the bone
marrow.
Materials and methods

Cell culture. HepG2 (hepatocellular carcinoma) and A549 (alve-
olar epithelial non-small cell lung cancer) cell lines were obtained
from ATCC and maintained under standard conditions. HMC-1 [24]
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and LAD [25] mast cells were maintained as previously described
[23].

Real-time RT PCR. Total RNA was isolated from cells using TRI
Reagent

�
from Molecular Research Center and reverse-transcribed

with the RevertAid™ H Minus M-MuLV Reverse Transcriptase from
Fermentas primed with anchored oligo-dT18. cDNAs from BM
CD34+, PB CD34+, BM MNCs, PB MNCs and BM MSCs purchased
from AllCells (Emeryville, CA, USA) was obtained from a population
of positive cells (purity exceeding 95%) collected from five individ-
ual donors. The level of cognate cDNA was measured by real-time
PCR amplification performed on a LightCycler 480 (Roche) using
SYBR Green I master mix (Roche) for detection of the PCR product.
The following intron spanning primers were used for detection of
cDNA sequences: 50-GAAAGCGCAAGTCTTCAAAG-30 and 50-TGGGT
AGGAGATGGAGATGC-30 for HIF1A. We used the normalization
gene selection procedure of Vandesompele et al. [26]. HPRT1 and
HMBS were selected as the most reliable reference genes for the
cell lines included in this study. For presentation and analysis,
DCt values were transformed into relative copy number values
(number of copies of HIF1A gene mRNA per the housekeeping gene
index) as described previously [27].

Treatment with 50-azacytidine. For demethylation studies, HMC-
1 cells were maintained in the presence of 0.1, 0.25 and 0.5 lM 50-
azacytidine for 5 days and then collected for RNA extraction.

In vitro methylation of the HIF1A promoter sequence. Source of
HIF1A promoter sequence was the phHIF1A(�863/+5)Luc reporter
construct described in [23]. The whole promoter sequence excised
from this plasmid was gel purified and subsequently methylated
with the SssI DNA methyltransferase (New England Biolabs)
according to manufacturer’s instructions. The methylated pro-
moter fragment was reinserted into the pGL3-basic vector. Control
HIF1A promoter sequence was also subjected to the same manipu-
lations with mock methylation. As an additional control, in vitro
methylation was performed for a promoter sequence from the
ABCC6 gene known to be silenced by CpG methylation in particular
cell lines [28]. The resulting constructs were transfected into A549
and HepG2 cells. Luciferase activity was measured 48 h after trans-
fection and standardized as described [27].

In vivo methylation status of the human HIF1A promoter in differ-
ent cell lines. Genomic DNA from selected cell lines was isolated
using a Genomic DNA Extraction Kit from Panomics. Methylated
DNA was isolated based on MeCP2 affinity chromatography using
the Promoter Methylation PCR Kit (Panomics) according to the
manufacturer’s instructions. The methylated genomic DNA was
Fig. 1. Expression of HIF1A in different human cells. The level of HIF1A mRNA in (A) sele
from individual donors was determined by real-time RT PCR as described in Materials and
housekeeping gene index (means ± SEM, n = 4 for A; n = 5 for B). *Statistically significan
analyzed by RT PCR with primers specific to the HIF1A promoter:
50-ACAAGCCACCTGAGGAGAGG-30 (position �211) and 50-GAAGA
GAAGGAAAGGCAAGTCC-30 (position �84). Relative amount of
PCR product was calculated by transforming Ct values according
to the following formula: relative amount of PCR product = (2�Ct

)/
(input DNA concentration [lg/ml]), where input DNA concentra-
tion is concentration of DNA determined spectrophotometrically
prior to MeCP2 protein affinity chromatography. The relative
amount of PCR product is directly proportional to the amount of
methylated DNA.

Chromatin immunoprecipitation assay (ChIP). Chromatin immu-
noprecipitation with normal mouse IgG (Upstate) and anti-MeCP2
(Abcam) was performed using the EZ-ChIP kit from Upstate accord-
ing to the manufacturer’s protocol. PCR amplification was per-
formed using 2 ll of DNA sample with primers specific to the
HIF1A promoter [23] for 33 cycles. Amplification of soluble chro-
matin prior to immunoprecipitation was used as a control for equal
input of DNA.

Computational analysis and statistics. For computational analysis
of the HIF1A promoter region, CpG Island Searcher [29] was used.
Testing for statistical significance was done by one-way ANOVA
followed by the Holm–Sidak test or one-way ANOVA on Ranks
followed by the Dunn’s test as appropriate. A p value of 0.05 or
lower was considered statistically significant.

Results

Different HIF1A expression in cells with different phenotypes

Previously, we observed that the HMC-1 immature mast cell
line exhibits much lower HIF-1a protein expression under norm-
oxic and hypoxic conditions compared to other cell lines such as
HepG2 [23]. We decided to investigate whether the differences
observed in the level of HIF-1a protein were associated with differ-
ences in HIF1A expression in resting cells. To this end, we deter-
mined the level of HIF1A mRNA in the HMC-1 immature mast
cell line, LAD-2 mast cell line, HepG2 hepatocellular carcinoma cell
line and A549 lung epithelial cancer cell line and observed that the
level of HIF1A transcript was particularly low in HMC-1 cells com-
pared to LAD (134-fold higher), HepG2 (113-fold higher), and A549
(175-fold higher) (Fig. 1A). Because HMC-1 cells represent the phe-
notype of immature hematopoietic cells [30,31], we decided to
investigate HIF1A expression in bone marrow and peripheral
blood-derived hematopoietic precursor cells. Total RNA obtained
cted cell lines and (B) cells isolated from human blood and bone marrow obtained
methods. Gene expression is presented as number of copies of HIF1A mRNA per the

t difference at p < 0.05.
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from bone marrow CD34+ cells (BM CD34+), peripheral blood
CD34+ cells (PB CD34+), bone marrow mononuclear cells (BM
MNCs), peripheral blood mononuclear cells (PB MNCs) and bone
marrow mesenchymal stromal cells (BM MSCs) was analyzed for
the level of HIF1A mRNA using real-time RT PCR. The resulting data
(Fig. 1B) showed differences in the HIF1A level depending on cell
type, with the lowest HIF1A expression in BM CD34+ (6.6% of HIF1A
expression in BM MSCs) and the highest in BM MSCs (100%), sug-
gesting that undifferentiated human blood progenitor cells have a
lower level of HIF1A mRNA compared to more differentiated hema-
topoietic and non-hematopoietic cells.

The effect of in vitro methylation on HIF1A promoter activity

Analysis of a 4-kb 50-upstream region of the HIF1A gene per-
formed using CpG Island Searcher software revealed one large
CpG island (with 64% of CpG dinucleotides) stretching from
�1026 to +140 bp (counting from ATG) [32]. To show that methyl-
ation of cytosines within the identified CpG island within HIF1A
promoter can indeed lead to tangible transcriptional outcomes
(silencing), we analyzed the effect of in vitro methylation of the
promoter sequence on its activity using reporter gene assay. As
shown in Fig. 2A, methylation of the promoter led to similarly
decreased (up to 50%) transcriptional activity in both cell lines
tested (A549 and HepG2) when compared to control. A similar
methylation-mediated decrease was observed for the control
ABCC6 gene in HepG2 cells, where high transcriptional activity of
the promoter has been shown to required its unmethylated status
[28], but not in A549 cells where ABCC6 promoter activity is inher-
ently depressed by methylation and cannot be further decreased
by in vitro methylation (Fig. 2B). The basal transcriptional activity
of the HIF1A promoter in HMC-1 cells in a reporter gene assay is
low enough to preclude a similar assay with in vitro methylated
DNA (data not shown).

Methylation of the human HIF1A promoter in cells of different origin

We next decided to investigate whether the HIF1A promoter
sequences in different cell lines were differently methylated. In a
series of experiments, methylated genomic DNA was isolated from
HMC-1, LAD, A549 and HepG2 cells and analyzed for the presence
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Fig. 2. Effect of CpG methylation on HIF1A promoter activity. A549 (A) and HepG2 (B) ce
methylated or unmethylated HIF1A and ABCC6 promoter sequences. Results are given as
n = 6). *Statistically significant difference at p < 0.01. (C) Schematic representation of the
of HIF1A promoter sequences using real-time PCR. As seen in
Fig. 3A samples obtained from HMC-1 mast cells contained signif-
icantly more HIF1A promoter sequences compared to samples from
LAD, HepG2 and A549 cells (1.9, 2.1 and 7.7 times more respec-
tively), indicating a higher level of methylation of HIF1A promoter
sequences in HMC-1 mast cells as compared other cell lines. To fur-
ther verify whether HIF1A promoter sequence is preferentially
methylated in HMC-1 mast cells, a ChIP assay with anti-MeCP2
was performed. To this end, chromatin samples obtained from
HMC-1 cells and A549 cells were sonicated and immunoprecipi-
tated with anti-MeCP2 or control antibodies, and the resultant
DNA was analyzed by PCR with primers specific to the HIF1A
promoter sequence. As shown in Fig. 3B, the specific 180 bp PCR
product was detected in HMC-1 mast cells but not in A549 cells.
Thus, MeCP2 is preferentially associated with the HIF1A promoter
sequence in HMC-1 mast cells compared to A549 cells.

Effect of 50-azacytidine on the HIF1A mRNA level in HMC-1 cells

Given that analysis of the in vivo methylation of the HIF1A pro-
moter in different cells indicated that HMC-1 cells exhibited the
highest level of DNA methylation, we decided to investigate the ef-
fects of 50-azacytidine, known to be an inhibitor of DNA methyl-
transferases [33,34], on HIF1A expression in HMC-1 mast cells. In
a series of experiments, HMC-1 mast cells were cultured with
the indicated concentration of 50-azacytidine (0–0.5 lM) for
5 days. As shown in Fig. 4, the addition of 50-azacytidine resulted
in a dose-dependent increase in the amount of HIF1A transcript
(2.0- to 8.2-fold) compared to control cells, suggesting that DNA
methylation is necessary for suppression of HIF1A gene expression
in HMC-1 mast cells.

Discussion

Mast cells arise from bone marrow-derived hematopoietic pro-
genitors (CD34+, c-Kit+ and CD13+) [13]. HMC-1 cells represent the
phenotype of immature mast cells and exhibit an exceptionally
low level of HIF1A expression compared to several other human
cell lines of different origin and phenotypic characteristics, includ-
ing LAD-2 cells, which represent the phenotype of more mature
mast cells (Fig. 1A) [24,25,31,35]. These observations led us to
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lls were transiently transfected with luciferase reporter gene constructs containing
luciferase activity normalized to cotransfected SEAP reporter activity (mean ± SEM;

upstream region of HIF1A gene.
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Fig. 3. In vivo methylation of the HIF1A promoter. (A) Methylated DNA fragments were isolated from genomic DNA obtained from HMC-1, LAD, HepG2 and A549 cells and
analyzed with real-time PCR with primers specific to the promoter region (�211/�84 bp). The relative amount of PCR product reflects the methylation status of HIF1A
promoter sequences (mean ± SEM; n = 4). *Statistically significant difference at p < 0.05. **Statistically significant difference at p < 0.01. (B) Chromatin from HMC-1 and A549
cells was analyzed using ChIP assay with anti-MeCP2 (MeCP2) or control mouse IgG (IgG). Total extracted DNA (input) prior to the immunoprecipitation and the
immunoprecipitated samples (IgG and MeCP2) were amplified with PCR using primers specific to the HIF1A promoter. PCR products were separated by agarose gel
electrophoresis and visualized with ethidium bromide.

Fig. 4. The effect of 50-azacytidine on the HIF1A mRNA level in HMC-1 cells. HMC-1
cells were cultured in the absence or presence of 0.1, 0.25 and 0.5 lM 50-azacytidine
for 5 days, and the level of HIF1A expression was measured by real-time RT PCR
(mean ± SEM; n = 4). *Statistically significant difference at p < 0.05.

A. Walczak-Drzewiecka et al. / Biochemical and Biophysical Research Communications 391 (2010) 1028–1032 1031
consider a possible relationship between the phenotype and differ-
entiation stage of cells and the level of HIF1A expression. Because
HMC-1 cell line originated from blood obtained from a mast cell
leukemia patient [24], it is conceivable that the observed low
expression of HIF1A is a feature of leukemic cells. While this
hypothesis could not be ruled out, studies investigating gene
expression in tumor cells indicate that HIF1A expression is fre-
quently increased rather than downregulated compared to normal
tissue [36,37]. Alternatively low HIF1A expression in the HMC-1
cell line could be related to its immature phenotype. This hypoth-
esis is consistent with observations that CD34+ multipotential
hematopoietic progenitors in the bone marrow exhibit a signifi-
cantly lower level of HIF1A mRNA compared to the population of
mature blood cells (PB MNCs) and stromal cells (Fig. 1B). The
observed differences in HIF1A expression between hematopoietic
progenitors and mature blood cells might be of special interest to
better understand the molecular mechanisms involved in hemato-
poiesis because the local oxygen concentration has been shown to
be an important part of the microenvironment influencing this
process [38,39]. In addition, HIF-1a has recently been implicated
as a nuclear transcription factor playing role in certain in vitro
models of differentiation of hematopoietic cells [40,41].

The amount and activity of HIF-1a protein product in tissues
are predominantly regulated by posttranscriptional mechanisms
[3,42]. There are reports showing constitutive expression of HIF1A
at the mRNA level in multiple tissues in humans and mice [43,44].
Therefore, a possible role of transcriptional regulation in HIF1A
expression might be underestimated. There is increasing evidence,
however, that the level of HIF1A mRNA varies in different tissues
and different physiological and pathological situations [45]. The
mechanisms of tissue and cell maturation stage-specific transcrip-
tional regulation of gene expression depend in part on methylation
of cytosines in regulatory sequences. DNA sequences that undergo
methylation are known as CpG islands and are characterized by
high CG content, and the presence of such sequences is a prerequi-
site for methylation-dependent gene silencing [46,47]. Therefore,
the observation that the entire 50-flanking region of HIF1A is partic-
ularly CG-rich, with 64% CG nucleotides led us to the hypothesis
that the HIF1A gene could be silenced by DNA methylation. Consis-
tent with this hypothesis, the reporter gene assay revealed that
in vitro methylation of the HIF1A promoter resulted in decreased
transcriptional activity (Fig. 2A and B) showing that HIF1A pro-
moter activity could be suppressed by methylation of DNA. These
observations suggest that low expression of HIF1A in HMC-1 cells
could be mediated by methylation of the promoter sequences
in vivo. In agreement with such hypothesis the level of DNA meth-
ylation in the HIF1A promoter region in analyzed cell lines in vivo
was found to be negatively correlated with HIF1A expression and
HMC-1 cells demonstrated the highest level of DNA methylation
(Fig. 3A). Thus, the HIF1A promoter was preferentially methylated
in cells exhibiting very low gene expression. The mechanism of
methylation-mediated transcriptional repression of specific genes
depends on the interaction of methylated cytosines with specific
proteins such as MeCP2 [15]. We were able to demonstrate that
MeCP2 is preferentially associated with the HIF1A promoter in
HMC-1 cells in vivo, in contrast to control A549 cells (Fig. 3B),
which further substantiates the hypothesis of methylation-depen-
dent HIF1A silencing in HMC-1 mast cells. Significantly, we have
also found that the DNA demethylating agent 50-azacytidine
increased HIF1A expression in HMC-1 mast cells but not in other
cell lines expressing high amounts of HIF1A mRNA (Fig. 4, and data
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not shown). This indicates that the very low level of HIF1A mRNA in
HMC-1 mast cells depends on DNA methylation of the HIF1A
promoter.

In conclusion, our data show that the HIF1A promoter could be
regulated by DNA methylation and that suppression of HIF1A expres-
sion in the immature hematopoietic cell line HMC-1 is caused by
DNA methylation. Furthermore, we have shown preliminary evi-
dence indicating that downregulation of HIF1A expression might
be associated with certain phenotypes of immature blood cells such
as CD34+ multipotent hematopoietic progenitors.

Acknowledgments

This work was supported by the Grant No. NN301 164335 from
the Polish Ministry of Science and Higher Education and by the
Statutory funds of the Institute of Medical Biology, PAS.

References

[1] G.L. Wang, B.H. Jiang, E.A. Rue, G.L. Semenza, Hypoxia-inducible factor 1 is a
basic-helix-loop-helix-PAS heterodimer regulated by cellular O2 tension, Proc.
Natl. Acad. Sci. USA 92 (1995) 5510–5514.

[2] G.L. Semenza, Hypoxia-inducible factor 1: master regulator of O2 homeostasis,
Curr. Opin. Genet. Dev. 8 (1998) 588–594.

[3] M.S. Wiesener, P.M. Munchenhagen, I. Berger, N.V. Morgan, J. Roigas, A.
Schwiertz, J.S. Jurgensen, G. Gruber, P.H. Maxwell, S.A. Loning, U. Frei, E.R.
Maher, H.J. Grone, K.U. Eckardt, Constitutive activation of hypoxia-inducible
genes related to overexpression of hypoxia-inducible factor-1alpha in clear cell
renal carcinomas, Cancer Res. 61 (2001) 5215–5222.

[4] G.L. Semenza, F. Agani, N. Iyer, L. Kotch, E. Laughner, S. Leung, A. Yu, Regulation
of cardiovascular development and physiology by hypoxia-inducible factor 1,
Ann. NY Acad. Sci. 874 (1999) 262–268.

[5] D.M. Adelman, E. Maltepe, M.C. Simon, Multilineage embryonic hematopoiesis
requires hypoxic ARNT activity, Genes Dev. 13 (1999) 2478–2483.

[6] T. Cramer, Y. Yamanishi, B.E. Clausen, I. Forster, R. Pawlinski, N. Mackman, V.H.
Haase, R. Jaenisch, M. Corr, V. Nizet, G.S. Firestein, H.P. Gerber, N. Ferrara, R.S.
Johnson, HIF-1alpha is essential for myeloid cell-mediated inflammation, Cell
112 (2003) 645–657.

[7] J.A. Garcia, HIFing the brakes: therapeutic opportunities for treatment of
human malignancies, Sci. STKE 2006 (2006) pe24.

[8] B. Acosta-Iborra, A. Elorza, I.M. Olazabal, N.B. Martin-Cofreces, S. Martin-Puig,
M. Miro, M.J. Calzada, J. Aragones, F. Sanchez-Madrid, M.O. Landazuri,
Macrophage oxygen sensing modulates antigen presentation and phagocytic
functions involving IFN-gamma production through the HIF-1 alpha
transcription factor, J. Immunol. 182 (2009) 3155–3164.

[9] J. Guo, W. Lu, L.A. Shimoda, G.L. Semenza, S.N. Georas, Enhanced interferon-
gamma gene expression in T cells and reduced ovalbumin-dependent lung
eosinophilia in hypoxia-inducible factor-1-alpha-deficient mice, Int. Arch.
Allergy Immunol. 149 (2009) 98–102.

[10] T. Kong, H.K. Eltzschig, J. Karhausen, S.P. Colgan, C.S. Shelley, Leukocyte
adhesion during hypoxia is mediated by HIF-1-dependent induction of beta2
integrin gene expression, Proc. Natl. Acad. Sci. USA 101 (2004) 10440–10445.

[11] A.S. Kirshenbaum, J.P. Goff, T. Semere, B. Foster, L.M. Scott, D.D. Metcalfe,
Demonstration that human mast cells arise from a progenitor cell population
that is CD34(+), c-kit(+), and expresses aminopeptidase N (CD13), Blood 94
(1999) 2333–2342.

[12] D.M. Anderson, S.D. Lyman, A. Baird, J.M. Wignall, J. Eisenman, C. Rauch, C.J.
March, H.S. Boswell, S.D. Gimpel, D. Cosman, et al., Molecular cloning of mast
cell growth factor, a hematopoietin that is active in both membrane bound and
soluble forms, Cell 63 (1990) 235–243.

[13] D.D. Metcalfe, Mast cells and mastocytosis, Blood 112 (2008) 946–956.
[14] K.L. Rice, I. Hormaeche, J.D. Licht, Epigenetic regulation of normal and

malignant hematopoiesis, Oncogene 26 (2007) 6697–6714.
[15] O. Bogdanovic, G.J. Veenstra, DNA methylation and methyl-CpG binding

proteins: developmental requirements and function, Chromosoma 118 (2009)
549–565.

[16] X. Nan, H.H. Ng, C.A. Johnson, C.D. Laherty, B.M. Turner, R.N. Eisenman, A. Bird,
Transcriptional repression by the methyl-CpG-binding protein MeCP2 involves
a histone deacetylase complex, Nature 393 (1998) 386–389.

[17] E.O. Bockamp, F. McLaughlin, A.M. Murrell, B. Gottgens, L. Robb, C.G. Begley,
A.R. Green, Lineage-restricted regulation of the murine SCL/TAL-1 promoter,
Blood 86 (1995) 1502–1514.

[18] R. Mabaera, C.A. Richardson, K. Johnson, M. Hsu, S. Fiering, C.H. Lowrey,
Developmental- and differentiation-specific patterns of human gamma- and
beta-globin promoter DNA methylation, Blood 110 (2007) 1343–1352.

[19] D.U. Lee, S. Agarwal, A. Rao, Th2 lineage commitment and efficient IL-4
production involves extended demethylation of the IL-4 gene, Immunity 16
(2002) 649–660.

[20] C.B. Wilson, E. Rowell, M. Sekimata, Epigenetic control of T-helper-cell
differentiation, Nat. Rev. Immunol. 9 (2009) 91–105.
[21] A. Kuramasu, H. Saito, S. Suzuki, T. Watanabe, H. Ohtsu, Mast cell-/basophil-
specific transcriptional regulation of human L-histidine decarboxylase gene by
CpG methylation in the promoter region, J. Biol. Chem. 273 (1998) 31607–
31614.

[22] J. Lappalainen, K.A. Lindstedt, P.T. Kovanen, A protocol for generating high
numbers of mature and functional human mast cells from peripheral blood,
Clin. Exp. Allergy 37 (2007) 1404–1414.

[23] A. Walczak-Drzewiecka, M. Ratajewski, W. Wagner, J. Dastych, HIF-1alpha is
up-regulated in activated mast cells by a process that involves calcineurin and
NFAT, J. Immunol. 181 (2008) 1665–1672.

[24] J.H. Butterfield, D. Weiler, G. Dewald, G.J. Gleich, Establishment of an immature
mast cell line from a patient with mast cell leukemia, Leuk. Res. 12 (1988)
345–355.

[25] A.S. Kirshenbaum, C. Akin, Y. Wu, M. Rottem, J.P. Goff, M.A. Beaven, V.K. Rao,
D.D. Metcalfe, Characterization of novel stem cell factor responsive human
mast cell lines LAD 1 and 2 established from a patient with mast cell sarcoma/
leukemia; activation following aggregation of FcepsilonRI or FcgammaRI, Leuk.
Res. 27 (2003) 677–682.

[26] J. Vandesompele, K. De Preter, F. Pattyn, B. Poppe, N. Van Roy, A. De Paepe, F.
Speleman, Accurate normalization of real-time quantitative RT-PCR data by
geometric averaging of multiple internal control genes, Genome Biol. 3 (2002).
RESEARCH0034.

[27] M. Ratajewski, W.J. Van de Ven, G. Bartosz, L. Pulaski, The human
pseudoxanthoma elasticum gene ABCC6 is transcriptionally regulated by
PLAG family transcription factors, Hum. Genet. 124 (2008) 451–463.

[28] T. Aranyi, M. Ratajewski, V. Bardoczy, L. Pulaski, A. Bors, A. Tordai, A. Varadi,
Identification of a DNA methylation-dependent activator sequence in the
Pseudoxanthoma elasticum gene, ABCC6, J. Biol. Chem. 280 (2005) 18643–
18650.

[29] D. Takai, P.A. Jones, The CpG island searcher: a new WWW resource, In Silico
Biol. 3 (2003) 235–240.

[30] J.H. Butterfield, D.A. Weiler, In vitro sensitivity of immature human mast cells to
chemotherapeutic agents, Int. Arch. Allergy Appl. Immunol. 89 (1989) 297–300.

[31] H.G. Drexler, R.A. MacLeod, Malignant hematopoietic cell lines: in vitro models
for the study of mast cell leukemia, Leuk. Res. 27 (2003) 671–676.

[32] M. Gardiner-Garden, M. Frommer, CpG islands in vertebrate genomes, J. Mol.
Biol. 196 (1987) 261–282.

[33] A. Cihak, Biological effects of 5-azacytidine in eukaryotes, Oncology 30 (1974)
405–422.

[34] C. Stresemann, F. Lyko, Modes of action of the DNA methyltransferase
inhibitors azacytidine and decitabine, Int. J. Cancer 123 (2008) 8–13.

[35] G. Nilsson, T. Blom, M. Kusche-Gullberg, L. Kjellen, J.H. Butterfield, C.
Sundstrom, K. Nilsson, L. Hellman, Phenotypic characterization of the human
mast-cell line HMC-1, Scand. J. Immunol. 39 (1994) 489–498.

[36] N. Koshikawa, A. Iyozumi, M. Gassmann, K. Takenaga, Constitutive
upregulation of hypoxia-inducible factor-1alpha mRNA occurring in highly
metastatic lung carcinoma cells leads to vascular endothelial growth factor
overexpression upon hypoxic exposure, Oncogene 22 (2003) 6717–6724.

[37] P. Secades, J.P. Rodrigo, M. Hermsen, C. Alvarez, C. Suarez, M.D. Chiara, Increase
in gene dosage is a mechanism of HIF-1alpha constitutive expression in head
and neck squamous cell carcinomas, Genes Chromosomes Cancer 48 (2009)
441–454.

[38] K. Parmar, P. Mauch, J.A. Vergilio, R. Sackstein, J.D. Down, Distribution of
hematopoietic stem cells in the bone marrow according to regional hypoxia,
Proc. Natl. Acad. Sci. USA 104 (2007) 5431–5436.

[39] P. Brunet De La Grange, C. Barthe, E. Lippert, F. Hermitte, F. Belloc, F. Lacombe,
Z. Ivanovic, V. Praloran, Oxygen concentration influences mRNA processing
and expression of the cd34 gene, J. Cell. Biochem. 97 (2006) 135–144.

[40] J. Jantsch, D. Chakravortty, N. Turza, A.T. Prechtel, B. Buchholz, R.G. Gerlach, M.
Volke, J. Glasner, C. Warnecke, M.S. Wiesener, K.U. Eckardt, A. Steinkasserer, M.
Hensel, C. Willam, Hypoxia and hypoxia-inducible factor-1 alpha modulate
lipopolysaccharide-induced dendritic cell activation and function, J. Immunol.
180 (2008) 4697–4705.

[41] J. Zhang, L.P. Song, Y. Huang, Q. Zhao, K.W. Zhao, G.Q. Chen, Accumulation of
hypoxia-inducible factor-1 alpha protein and its role in the differentiation of
myeloid leukemic cells induced by all-trans retinoic acid, Haematologica 93
(2008) 1480–1487.

[42] G.L. Semenza, Expression of hypoxia-inducible factor 1: mechanisms and
consequences, Biochem. Pharmacol. 59 (2000) 47–53.

[43] E. Minet, I. Ernest, G. Michel, I. Roland, J. Remacle, M. Raes, C. Michiels, HIF1A
gene transcription is dependent on a core promoter sequence encompassing
activating and inhibiting sequences located upstream from the transcription
initiation site and cis elements located within the 50UTR, Biochem. Biophys.
Res. Commun. 261 (1999) 534–540.

[44] R.H. Wenger, A. Rolfs, H.H. Marti, J.L. Guenet, M. Gassmann, Nucleotide
sequence, chromosomal assignment and mRNA expression of mouse hypoxia-
inducible factor-1 alpha, Biochem. Biophys. Res. Commun. 223 (1996) 54–59.

[45] N. Dehne, B. Brune, HIF-1 in the inflammatory microenvironment, Exp. Cell
Res. 315 (2009) 1791–1797.

[46] F. Antequera, Structure, function and evolution of CpG island promoters, Cell.
Mol. Life Sci. 60 (2003) 1647–1658.

[47] F. Eckhardt, J. Lewin, R. Cortese, V.K. Rakyan, J. Attwood, M. Burger, J. Burton, T.V.
Cox, R. Davies, T.A. Down, C. Haefliger, R. Horton, K. Howe, D.K. Jackson, J. Kunde,
C. Koenig, J. Liddle, D. Niblett, T. Otto, R. Pettett, S. Seemann, C. Thompson, T.
West, J. Rogers, A. Olek, K. Berlin, S. Beck, DNA methylation profiling of human
chromosomes 6, 20 and 22, Nat. Genet. 38 (2006) 1378–1385.


	DNA methylation-dependent suppression of HIF1A in an immature  hematopoietic cell line HMC-1
	Introduction
	Materials and methods
	Results
	Different HIF1A expression in cells with different phenotypes
	The effect of in vitro methylation on HIF1A promoter activity
	Methylation of the human HIF1A promoter in cells of different origin
	Effect of 5'-azacytidine on the HIF1A mRNA level

	Discussion
	Acknowledgments
	References


