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Abstract
Global acetylation of histone H4 is a mark of gene transcriptional activation. The c-Myc transcription
factor binds to specific DNA sites in cellular chromatin and induces the acetylation of histone H4.
In this study, hypoxia (1% Oxygen) induced a decrease in both global acetylated histone H4 (AcH4)
and c-Myc in human lung carcinoma A549 cells and in human bronchial epithelial Beas-2B cells,
The decline was more stiking in A549 cells compared to Beas2-B cells, when cells were exposed to
hypoxic stress for 24 hr. Further studies showed that these alterations of global AcH4 can be attributed
to the decrease in c-Myc protein levels. While hypoxia-induced gene activation is known to be
mediated by Hypoxia Response Elements (HRE), the mechanism for down-regulation of genes by
hypoxia is not known. The decrease in c-Myc protein levels induced by hypoxia may contribute to
hypoxia-induced gene repression.
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INTRODUCTION
Histones, are small, basic proteins consisting of a globular domain, an N-terminal tail, and a
C-terminal tail, and are the major protein components of chromatin. One of the keys to the
dynamic nature of chromatin is post-translational modification of these NH2-terminal flexible
tails. Such modifications include acetylation, and methylation of lysines (K) and arginines (R),
citrullination of arginines, phosphorylation of serines (S) and threonines (T), sumoylation and
ubiquitination of lysines, and ADP-ribosylation [1–3]. These modifications play critical roles
in chromatin organization and gene transcription. In general, an increased acetylation level of
histone H3 or H4 contributes to the formation of an ‘open’ chromatin state and gene
transcription, whereas decreased histone acetylation contributes to a ‘closed’ chromatin and
transcriptional repression [4,5].

c-Myc belongs to the Myc family of transcription factors, which also includes N-Myc, L-Myc,
S-Myc, and B-Myc. Studies have already shown that the transcription factor c-Myc binds to
specific DNA sites in cellular chromatin, induces the acetylation of histone H3 and H4, and
recruits other co-factors to activate gene expression [6,7]. Recent studies demonstrated that c-
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Myc inactivation induced global changes in chromatin structure associated with a marked
reduction of histone H4 acetylation and increased histone H3 K9 methylation [8]; this indicated
that c-Myc is required for maintenance of normal histone acetylation and gene activated
chromatin [9].

Hypoxia often occurs in a solid tumor, resulting from inadequate and disordered neo-
vasculature [10]. Hypoxia-activated gene expression, which is often mediated through
hypoxia-inducible factor (HIF), has been well characterized [11]. However, the mechanism
for gene repression or aberrant gene silencing during hypoxia has not been delineated. In this
study, we report that exposure to hypoxia (1% O2) is able to decrease global acetylated histone
H4 (AcH4) levels in both tumorigenic A549 and non-tumorigenic Beas-2B cells. Further study
showed that these alterations of global AcH4 can be attributed to a decreased c-Myc protein
level. These results indicate that the repression of some genes, such as c-Myc target genes,
may due to the reduction and subsequent loss of activity of c-Myc during hypoxia.

MATERIALS and METHODS
Cell lines and culture conditions

Human lung carcinoma A549 cells were cultured in Ham’s F-12 K medium (Invitrogen,
Frederick, MD). Human bronchial epithelial Beas-2B cells, Rat-1 cell lines (wild-type Rat-1
cells [c-Myc+/+] and c-Myc knockout Rat-1 cells [c-Myc−/−] [12]) were cultured in Dulbecco’s
Modified Eagle Medium (DMEM, Invitrogen). All media were supplemented with 10% fetal
bovine serum (FBS, ATLAS Biological, Fort Collins, CO), and 1% penicillin/streptomycin
(Grand Island, NY). Cells were maintained at 37°C as monolayers in a humidified atmosphere
containing 5% CO2. When cell density reached approximately 70–80% confluence, they were
cultured under hypoxic (1% O2) condition.

Whole Cell Lysates and Histone Extraction
Cells were washed with ice-cold 1 × PBS (Phosphate Buffered Saline: 0.13 M NaCl, 7 mM
Na2HPO4, 3 mM NaH2PO4, and 0.27 mM KCl, [pH 7.4]) twice and lysed with ice-cold
radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl, [pH 7.4], 1% NP-40, 0.25%
Na-deoxycholate, 150 mM NaCl, and 1 mM EDTA) supplemented with a protease inhibitor
mixture (Roche Applied Sciences, Indianapolis, IN) for 10 min on ice. The cell lysates were
then transferred to an Eppendorf tube and kept on ice for another 30 min followed by
centrifugation at 10000 × g for 10 min. The resultant supernatants were collected as whole-
cell lysates (WCL). The pellet was washed once in 10 mM Tris/13 mM EDTA buffer (pH 7.4)
and spun down at maximum speed for 5 min. The pellet was then resuspended in 100 μl 0.4 N
H2SO4. After at least 1.5 hr of incubation on ice, the sample was centrifuged at ≥ 14,000 × g
for 15 min. The resulting supernatant was recovered, then mixed with 1 ml of cold acetone,
and kept at −20°C overnight. The histones were then collected by centrifugation at ≥ 14,000
× g for 15 min. After one wash with acetone, the histones were air-dried and re-dissolved in 4
M urea.

Western blot
The protein concentration was determined using Bio-Rad DC protein assay (Bio-Rad,
Hercules, CA). Five μg of purified histones or 50 μg whole cell lysates (WCL) were separated
by SDS-PAGE gel and transferred to polyvinylidene difluoride (PVDF) membranes (Bio-Rad).
Antibodies against acetylated histone H4 (AcH4) were purchased from Upstate (Lake Placid,
NY). c-Myc antibody (N-262) was from Santa Cruz Biotechnology (Santa Cruz, CA), and α-
tubulin antibodies were from Sigma (St. Louis, MO). HRP-conjugated anti-rabbit or mouse
secondary antibody was from Santa Cruz Biotechnology (Santa Cruz, CA). The detection was
accomplished by chemical fluorescence following an ECL Western blotting protocol
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(Amersham, Piscataway, NJ). After transfer to PVDF membranes, the gels were stained with
Bio-safe Coomassie stain (Bio-Rad) to assess the loading of histones.

RESULTS
Hypoxia decreases global acetylated histone H4 (AcH4) levels

Previous studies in our laboratory have shown that hypoxia induced trimethylation of H3K9
(H3K9m3) and decreased the acetylation of histone H3 (AcH3) in A549 cells [13–17]. Here,
we show that exposure to hypoxia for 24 hr decreased the levels of acetylated histone H4
(AcH4) in both A549 and Beas-2B cells (Figure 1). theeffect was more evident in tumorigenic
A549 cells than in non-tumorigenic Beas-2B cells.

Hypoxic stress decreases c-Myc protein levels
Studies have been shown that c-Myc up-regulates global acetylation of histone H4. To
determine whether c-Myc plays a role in hypoxia-induced alterations in AcH4, c-Myc protein
levels were measured after A549 and Beas-2B cells were exposed to hypoxic (1% O2) stress
for 6, 12 or 24 hr. The results showed that hypoxia decreased c-Myc protein levels in both
A549 and Beas-2B cells (Figure 2), especially after 24. However, the decreased c-Myc was
more striking in tumorigenic A549 cells than in non-tumorigenic Beas-2B cells, which was
consistent with the effect of hypoxia on global AcH4 (Figure 1).

c-Myc contributes to a decrease of acetylated histone H4 (AcH4) during hypoxic stress
To further assess whether hypoxia-induced alterations in global AcH4 levels were dependent
upon c-Myc inactivation, the Rat-1 cell lines (wild-type Rat-1 cells [c-Myc+/+] and c-Myc
knockout Rat-1 cells [c-Myc−/−]) were exposed to hypoxic stresss for 24 hr. These studies
showed that hypoxia decreased AcH4 levels in the wild-type Rat-1 cells, but this decline was
attenuated in the c-Myc−/− cells (Figure 3). These results indicated that the reduction of c-Myc
levels due to hypoxia was the factor that most likely resulted in the decrease of global AcH4
levels.

DISCUSSION
Rapidly growing tumors generally develop hypoxic regions. Tumor cells adapt to their hypoxic
microenvironment through angiogenesis, enhanced glucose metabolism and decreased
mitochondrial respiration. These adaptive metabolic alterations are carried out by up- or down-
regulating gene expression. The up-regulation of gene expression during hypoxia are often
mediated through hypoxia-inducible factor (HIF) [11]. Hypoxia also decreases the expression
of several genes, such as cellular adhesion proteins and DNA repair proteins, and leads to
genetic instability and metastasis of tumor cells [18–20]. However, the mechanism by which
hypoxic stress represses gene expression remains unclear. Here, hypoxia was found to induce
a reduction in global AcH4 levels, an important active epigenetic mark. This reduction is likely
linked to the repression of several genes during hypoxic stress.

c-Myc is a very strong proto-oncogene and it is very often found to be overexpressed in many
human tumours [21]. However, c-Myc mRNA and protein are generally expressed at low levels
in normal proliferating cells [22]. In agreement with these reports, c-Myc protein levels were
found much higher in tumorigenic A549 cells than in non-tumorigenic Beas-2B cells. In this
study, we found that hypoxic stress also decreased c-Myc protein levels in both tumorigenic
A549 and non-tumorigenic Beas-2B cells. The decreased c-Myc induced by hypoxic stress
was also reported in other cell lines, such as RCC4 and HCT116 cells [23–25]. In addition the
decrease in both AcH4 and c-Myc protein levels were more evident in A549 than in Beas-2B
cells. Since c-Myc protein level is different in tumorigenic and non-tumorigenic cells, we
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surmise that c-Myc is regulated by different mechanism in A549 and Beas-2B cells. In non-
tumorigenic cells, c-Myc protein level is tightly controlled at a low level and hypoxia-induced
reduction in c-Myc protein level protects hypoxic cells from c-Myc-mediated apoptosis. In
fact, we observed that Beas-2B cells have lower apoptotic rate under hypoxia than normoxia
(data not shown), which reinforced this hypothesis. However, in cancer cells, c-Myc is
frequently overexpressed and stabilized by an unknown mechanism for promoting cell
proliferation and mitochondrial respiration through increasing mitochondrial biogenesis [26].
In contrast, HIF have already been shown to inhibit mitochondrial biogenesis [23]. The
opposite effects of HIF and c-Myc on mitochondrial biogenesis may adjust c-Myc expression
and degradation to ensure efficient mitochondrial biogenesis, which may result in a larger
decrease in c-Myc protein levels in tumorigenic A549 cells.

It has been shown that c-Myc itself can directly induce acetylation of histone H4 (AcH4); this
has been proposed to play an essential permissive role allowing c-Myc target gene activation
by additional signals normally triggered by mitogens [6]. Further studies showed that the
decrease in AcH4 levels due to hypoxia was dependent on c-Myc. These results indicate that
the repression of some genes, such as c-Myc target genes, is due to the decrease and subsequent
loss of activity of c-Myc protein during hypoxia. Since c-Myc can control up to 15% of all of
our genes resulting in both increased and decreased expression, the results shown here may
help explain how hypoxia up-regulates gene expression independent of HIF-1α DNA-binding
and transactivation domains (such as CDKN1A) [27], as well as how hypoxia down-regulates
gene expression.
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Figure 1.
Hypoxia (Hy) decreased the global levels of acetylated histone H4 (AcH4) in both non-
tumorigenic Beas-2B and tumorigenic A549 cell lines. Cells were cultured under normoxic
(N) or hypoxic (Hy: 1% O2) conditions for 24 hr. Total histones (5 μg per lane) were separated
on 15% SDS-PAGE gels and then subjected to Western blotting with antibodies against AcH4.
The lower panels show the gels stained with Coomassie Blue (after being transferred) in order
to monitor for the loading of the histones.
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Figure 2.
Hypoxia (Hy) decreased c-Myc protein levels in both non-tumorigenic Beas-2B and
tumorigenic A549 cell lines in a time-dependent manner. Beas-2B and A549 cells were cultured
under normoxic (N) or hypoxic (Hy: 1% O2) conditions for 6, 12 and 24 hr. After treatment,
cells were lysed and 50 μg of total protein was separated on 7.5% SDS-PAGE gels, followed
by Western blotting using antibodies against c-Myc or α-tubulin (to control for loading).
Similar data were obtained in at least two other independent experiments; a representative
Western blot is shown.
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Figure 3.
The effect of c-Myc on the hypoxia (Hy) mediated decrease in the global levels of acetylated
histone H4 (AcH4) Wild-type (c-Myc+/+) and c-Myc knockout (c-Myc−/−) Rat-1 cells were
cultured under normoxic (N) or hypoxic (Hy: 1% O2) conditions for 24 hr. Total histones (5
μg per lane) were separated on 15% SDS-PAGE gels and then subjected to Western blotting
with antibodies against AcH4. The lower panels show the gels stained with Coomassie Blue
(after being transferred) in order to monitor for loading of the histones.
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