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Abstract. Hypoxia is involved in the epigenetic modification 
of leukemia. As an important DNA hydroxymethylase and 
a tumor suppressor gene, the expression regulating mecha‑
nism of Tet methylcytosine dioxygenase 2 (TET2) remains 
unclear. The aim of the present study was to explore whether 
hypoxia and hypoxia‑inducible factor 1α (HIF‑1α) regulate 
TET2 gene expression and its demethylation function in 
acute myeloid leukemia (AML). The human AML cell line 
KG‑1 was used in the present study. The results demonstrated 
that hypoxia could increase proliferation, enhance metabo‑
lism and inhibit apoptosis in KG‑1 cells, as detected by the 
cell counting kit‑8 assay, lactate dehydrogenase assay and 
Annexin V‑FITC/propidium iodide staining, respectively. 
Hypoxia reduced the genome methylation status in KG‑1 
cells detected using 5‑methylcytosine and 5‑hydroxymeth‑
ylcytosine detection kits. In addition, HIF‑1α overexpression 
increased TET2 expression, 5‑hmC level and cyclin‑depen‑
dent kinase inhibitor 2B [p15(INK4B)] gene demethylation 
compared with the HIF‑1α non‑overexpression group in KG‑1 
cells detected by reverse transcription‑quantitative PCR, 
western blotting, 5‑hydroxymethylcytosine detection kits 
and methylation‑specific PCR, respectively. The inhibition 
of HIF‑1α by inhibitor YC‑1 reduced demethylation in KG‑1 
cells by decreasing TET2 expression. It was also revealed 
that HIF‑1α could enhance TET2 transcriptional activity by 
binding to the hypoxia response element of the TET2 gene 
promoter region using chromatin immunoprecipitation and 

luciferase reporter gene assays. TET2 may be a potential 
target gene regulated by HIF‑1α. Hypoxia was demonstrated 
to regulate the expression of TET2 by HIF‑1α, which in turn 
affected the methylation and expression of downstream target 
genes and served a role in the occurrence and progression 
of leukemia. In the present study, the association between 
hypoxia metabolism and epigenetic regulation in AML was 
investigated and the findings provided a new idea and experi‑
mental basis for the diagnosis and treatment of hematologic 
malignancies.

Introduction

Acute myeloid leukemia (AML) results from accumulation of 
abnormal myeloblasts, most commonly in the bone marrow, 
leading to bone marrow failure and death (1). Cellular hypoxia 
in solid tumors, such as kidney cancer and colon cancer (2) is 
also present in hematologic malignancies, such as AML and 
lymphoma (3). Although, normal mammalian bone marrow 
is relatively hypoxic compared with other tissues, such as 
liver and kidney, hematopoietic stem cells can be found in 
the lowest‑oxygen microenvironment of the bone marrow (4). 
Leukemic stem cells reside in the most hypoxic areas within 
the hematopoietic stem/progenitor cells niche (5,6). Under 
hypoxic conditions, hypoxia‑inducible factor 1α (HIF‑1α) is 
transferred into the nucleus, via the hypoxia response element 
(HRE)‑specific binding regulating gene expression (7).

HIF‑1α regulates target genes, such as vascular endothelial 
growth factor, E‑cadherin and Bcl‑2 involved in several physi‑
ological processes, such as erythropoiesis and angiogenesis, 
and in certain pathological processes, including cancer cell 
metastasis and cancer stem cell self‑renewal (8). It was found 
that HIF‑1α was upregulated in childhood acute lymphoblastic 
leukemia bone marrow blasts (9). HIF‑1α expression has been 
found to be associated with poor survival prognosis in adult 
acute myeloid leukemia (AML) with normal karyotype (10). 
However, it has also been demonstrated that HIF‑1α can 
induce AML cell differentiation and inhibit the progression of 
AML (11). The role of hypoxia and HIF remains controversial 
depending on the study and model, and hence requires further 
research.
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Abnormal regulation of epigenetic modification in hema‑
tological malignancy can lead to transcriptional silencing 
of tumor suppressor genes, such as cyclin‑dependent kinase 
inhibitor 2B [p15(INK4B)] and hypermethylated in cancer 1 
(HIC‑1) and increase in abnormal clones (12). Previous studies 
have found that epigenetic modification serves an important 
role in hypoxia response  (13,14). It has been reported that 
hypoxia causes demethylation of the CpG island and expres‑
sion of Wilms' tumor gene (WT1) mRNA in myeloid leukemia 
cells (15). Whether hypoxia and HIF‑1 are involved in other 
epigenetic modifications requires further research.

As an α‑ketoglutarate and Fe (II)‑dependent oxygenase, Tet 
methylcytosine dioxygenase 2 (TET2) catalyzes the conver‑
sion of 5‑methylcytosine (5‑mC) to 5‑hydroxymethylcytosine 
(5‑hmC), and 5‑hmC leads to the demethylation of cytosine (16). 
The TET2 gene is expressed in various human tissues, such as 
heart and placenta (17), but the highest expression has been iden‑
tified in hematopoietic cells (18). Since Delhommeau et al (19) 
reported the expression of TET2 in myeloid malignancies in 
2009, extensive attention has been paid to the significance of 
this gene in hematologic malignancies. Recently, it was reported 
that TET2 also participated in the regulation of the immune 
system, TET activity is a biomarker for predicting the efficiency 
of anti‑programmed cell death protein 1/programmed cell death 
ligand 1 therapy in solid tumors (20).

The effect of hypoxia on the methylation of AML cells 
was observed on 2 levels: Methylation at the genome level and 
methylation of specific genes (21). The p15 (INK4B) gene was 
chosen as the specific gene for investigation of methylation in 
the present study. As a tumor suppressor gene (22), p15(INK4B) 
can affect the cell proliferation cycle by inhibiting the expres‑
sion of cyclin‑dependent kinase (CDK) 4 and CDK6 (23). 
In the occurrence and development of various hematologic 
malignancies, such as myelodysplastic syndrome and AML, 
p15(INK4B) gene inactivation has been demonstrated to be 
caused by the abnormal methylation of CpG islands  (24). 
The mechanism of p15(INK4B) gene methylation remains 
unclear (25) and p15(INK4B) gene methylation under hypoxia 
has not been reported.

As an important DNA hydroxymethylase and a tumor 
suppressor gene, the mechanism of TET2 gene regulation 
remains unclear (26). Bioinformatics analysis revealed two 
HREs (5'‑caCGTG‑3') at ‑1078‑1075 and ‑12‑9 bp of the TET2 
gene promoter. Therefore, we hypothesized that HIF‑1α may 
regulate TET2 gene expression by binding to its promoter 
region, hence serving an important role in the epigenetic 
regulation.

Based on the above hypothesis, the aim of the present study 
is to observe the changes in genome methylation status under 
hypoxia in an AML cell line KG‑1 and study the effect of 
hypoxia and HIF‑1α on TET2 gene expression and its func‑
tion. In addition, the relevant regulatory mechanism will be 
explored. The association between hypoxic metabolism and 
epigenetic modification in leukemic cells was revealed by the 
present study.

Materials and methods

Cell culture and hypoxia. KG‑1, a human AML cell line was 
provided by Procell Life Science & Technology Co., Ltd. The 

cells were cultured in Iscove's modified Dulbecco's medium 
(Thermo Fisher Scientific, Inc.) supplemented with 20% FBS 
(Thermo Fisher Scientific, Inc.) and 1% penicillin‑strepto‑
mycin at 37˚C. Normoxic cells were incubated at 21% O2 and 
5% CO2. Physical hypoxic cells were incubated in the hypoxic 
incubator (Thermo Fisher Scientific, Inc.), and in an atmo‑
sphere of 1/3% O2, 92/94% N2 and 5% CO2 for 24, 48 and 72 h.

Cell Counting Kit (CCK)‑8 assay. Proliferation of KG‑1 cells 
was detected using the CCK‑8 assay (Dojindo Molecular 
Technologies, Inc.) according to the manufacturer's instruc‑
tions. Briefly, the cells were seeded (5x104  cells/ml) and 
incubated at 37˚C in 96‑well plates for 24, 48 and 72 h. A total 
of 10 µl CCK‑8 solution was added to the cells and incubated 
for 2 h in the dark. Absorbance [optical density (OD) values] 
was measured at 450 nm using a microplate reader (Bio‑Rad 
Laboratories, Inc.).

Lactate dehydrogenase (LDH) assay. Cell cultures were 
collected (5x104 cells/ml) and added to a 96‑well plate using 
an LDH kit (Nanjing Jiancheng Bioengineering Institute), 
according to the manufacturer's instructions. After the sample 
was added and incubated, The absorbance was read at 450 nm 
on a microplate reader (Bio‑Rad Laboratories Inc.).

Annexin V/propidium iodide (PI) apoptosis detection assay. 
Both early and late stages of apoptosis were detected using 
a FITC Annexin V Apoptosis Detection kit (cat. no. 556547; 
BD Biosciences). Cells were harvested, resuspended in 100 µl 
binding buffer, labeled with 5 µl Annexin V‑FITC, followed by 
5 µl PI and incubated for 15 min at room temperature (25˚C) 
in the dark. Next, 400 µl binding buffer was added and cells 
were then analyzed by flow cytometry within 1 h. Data were 
analyzed using FlowJo v.7.6.1; FlowJo, LLC following flow 
cytometry on a FACSCalibur flow cytometer (BD Biosciences).

Global DNA methylation assessment. Genomic DNA 
was extracted from KG‑1 cells using a Genomic DNA kit 
(cat. no. DP304; Tiangen Biotech Co., Ltd.). The global DNA 
methylation level was quantified in 100 ng genomic DNA 
using the MethylFlashTM Methylated DNA Quantification 
kit (cat. no. P‑1034; EpiGentek Group, Inc.), following manu‑
facturer's instructions. Briefly, the methylated DNA was 
detected using capture and detection antibodies according to 
the manufacturer's instructions for 5‑mC and then quantified 
calorimetrically by measuring absorbance at 450 nm using 
the PowerWave HT Microplate Spectrophotometer (BioTek 
Instruments, Inc.). The amount of methylated DNA was 
proportional to the OD intensity measured. Relative quanti‑
fication was used to calculate the percentage of 5‑mC in total 
DNA as described by the manufacturer's instructions. Each 
sample was run in duplicate.

5‑hmC level assay. 5‑hmC levels of genomic DNA were 
quantified using the MethylFlash™ Hydroxymethylated DNA 
Quantification kit (cat. no. P‑1036; EpiGentek Group, Inc.). 
According to the manufacturer's instructions, the hydroxy‑
methylated fraction of DNA was detected through the capture 
and detection of antibodies, followed by colorimetric quantifi‑
cation. To quantify the absolute amount of hydroxymethylated 
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DNA, first, a standard curve was generated between OD values 
and the amount of positive control at each concentration point, 
the slope of the standard curve was determined using linear 
regression, and then the amount of 5‑hmC in the total DNA 
was calculated using the following formula: 5‑hmC%=(Sample 
OD‑Negative control OD)/(SlopexInput DNA amount) x100%. 
Each sample was run in duplicate.

Reverse transcription‑quantitative (RT‑q) PCR. Total 
RNA was extracted using TRIzol® reagent (Thermo Fisher 
Scientific, Inc.). An equal amount (3  µg) of total RNA 
was used for cDNA synthesis with the MMLV Reverse 
Transcription kit (Thermo Fisher Scientific, Inc.), according 
to the manufacturer's instructions. The cDNA was amplified 
and quantified using a SYBR Green qPCR kit (cat. no. 330521; 
Thermo Fisher Scientific, Inc.). The thermocycling conditions 
used for RT‑qPCR were as follows: Thermal denaturation 
for 5 min at 95˚C; amplification for 30 sec at 95˚C, 60˚C for 
30 sec for 40 cycles; and final extension at 72˚C for 10 min. 
After all PCR reactions are completed, the temperature was 
maintained at 4˚C. The following primer sequences were used 
for RT‑qPCR: HIF‑1α forward, 5'‑TCT​CAG​AAT​GAA​GTG​
TAC​CCT​AA‑3' and reverse, 5'‑TCA​CAA​ATC​AGC​ACC​AAG​
C‑3'; TET2 forward, 5'‑CCC​ACA​GAG​ACT​TGC​ACA​ACA​
T‑3' and reverse, 5'‑CTG​GCT​CTG​CTA​ACA​TCC​TGA​C‑3'; 
and β‑actin forward, 5'‑TTC​CAG​CCT​TCC​TTC​CTG​GG‑3' 
and reverse, 5'‑TTG​CGC​TCA​GGA​GGA​GCA​AT‑3'. To test 
the specificity of the PCR reaction, products were subjected 
to melting curve analysis and conventional 2% agarose gel 
electrophoresis to rule out the synthesis of unspecific products. 
All quantitative assays were performed in duplicate. Values 
obtained for the target gene expression were normalized to 
β‑actin and calculated using the 2‑ΔΔCq method (27).

Western blotting. KG‑1 cells were collected and lysed 
using RIPA lysis buffer (Thermo Fisher Scientific, Inc.) 
containing protease and phosphatase inhibitors (Roche 
Applied Science). The supernatants were collected via 
centrifugation at 12,000 x g for 15 min at 4˚C. Total protein 
was quantified using the bicinchoninic acid (BCA) protein 
assay kit (Beyotime Institute of Biotechnology). Proteins 
were resolved using 10% SDS PAGE, transferred onto PVDF 
membranes (mass of protein loaded was 20  µg/lane) and 
blocked with 5% skimmed milk for 1.5 h at room tempera‑
ture. The membranes were incubated with primary antibodies 
(all 1:1,000), mouse‑anti‑HIF‑1α monoclonal antibody 
(cat.  no. H1alpha67; Abcam), rabbit‑anti‑TET2 polyclonal 
antibody (cat.  no.  ab94580; Abcam) or rabbit‑anti‑β‑actin 
monoclonal antibody (cat. no. 4967; Cell Signaling Technology, 
Inc.) respectively, overnight at 4˚C. Following the primary 
incubation, membranes were incubated with secondary anti‑
bodies (1:20,000; cat. no. 926‑32211; LI‑COR Biosciences) 
for 1 h at room temperature. The membranes were visualized 
using an enhanced chemiluminescence kit (EMD Millipore). 
Semi‑quantitative analysis was performed using ImageJv.1.8.0 
software (National Institutes of Health).

Transfection with lentivirus‑HIF‑1α‑overexpression. 
Lentiviral vectors encoding HIF‑1α overexpression were 
generated using the GV358 vector (Shanghai GeneChem 

Co.,  Ltd.) and designated as GV358‑HIF‑1α. The empty 
vector (GV358) was used as a negative control. Lentiviral 
infection was conducted following the manufacturer's 
instructions (2nd generation system). Briefly, Lentiviral 
vectors (GV358) encoding containing HIF‑1α overexpres‑
sion (Shanghai GeneChem Co., Ltd.) and empty control 
were transduced into KG‑1 cells (Procell Life Science & 
Technology Co., Ltd.). A total of 5x104 cells/ml cell suspen‑
sion with complete medium (80% IMDM media +20% FBS) 
was prepared and 2 ml cell suspension/well was inoculated 
into 6 well plates. Cells were incubated at 37˚C for 24 h until 
they reached 20% confluence. During transduction, 1 ml of 
medium was discarded, and 40 µl of HiTransG infection 
solution (Shanghai GeneChem Co., Ltd.) and 40 µl of lenti‑
virus solution (MOI was 20 according to the pre infection 
experiment and the virus titer was 1x108 TU/ml) were added 
and cells were cultured at 37˚C. After 16 h, the medium was 
replaced with fresh medium. Transduction efficiency was 
observed via light and fluorescence microscopy (magnifi‑
cation, x100) after 48 h. The successfully transduced cells 
had green fluorescence as there were GFP labelled in the 
lentivirus particles. Subsequent experiments were performed 
48 h after lentivirus infection. There were 4 groups in the 
study: GV358  +  normoxia, GV358‑HIF‑1α  +  normoxia, 
GV358 + hypoxia and GV358‑HIF‑1α + hypoxia.

Suppression of HIF‑1α expression by 3‑(5'‑hydroxy‑
methyl‑2'‑furyl)‑1‑benzylindazole (YC‑1). YC‑1 is a potential 
anticancer agent that suppresses HIF‑1α expression in cancer 
cells  (28). YC‑1 (Merck KGaA) was dissolved in dimethyl 
sulfoxide (DMSO; Merck KGaA). Cells were incubated with 
YC‑1 at a final concentration of 10 µmol/l for 24 h before 
the induction of both normoxia and hypoxia. There were 4 
groups in the study: DMSO + normoxia, YC‑1 + normoxia, 
DMSO + hypoxia and YC‑1 + hypoxia.

Methylation‑specific PCR (MSP). Genomic DNA was 
extracted from cells using a Genomic DNA kit (Tiangen 
Biotech Co., Ltd.). MSP was performed to evaluate the meth‑
ylation status of gene promoters as previously described (29). 
Bisulfite conversion of DNA was performed using the EZ DNA 
Methylation‑Gold kit (cat. no. D5005; Zymo Research Corp.) 
according to the manufacturer's instructions. The primers 
used for the p15(INK4B) gene methylation assay were previ‑
ously described (29). Methylated‑specific primers forward, 
5'‑GCG​TTC​GTA​TTT​TGC​GGT​T‑3' and reverse, 5'‑CGT​
ACA​ATA​ACC​GAA​CGA​CCG​A‑3'; unmethylated‑specific 
primers forward, 5'‑TGT​GAT​GTG​TTT​GTA​TTT​TGT​GGT​
T‑3' and reverse, 5'‑CCA​TAC​AAT​AAC​CAA​ACA​ACC​
AA‑3'. Reactions were carried out in a total volume of 20 µl, 
containing 1 µl bisulfite‑modified DNA, 2 µl 10X PCR buffer, 
1.6 µl dNTP mixture (2.5 mM each), 0.5 µl forward primer 
(20 µM), 0.5 µl reverse primer (20 µM), 0.1 µl Taq Hot Start 
Polymerase (5 U/µl; Tiangen Biotech Co., Ltd.) and 14.3 µl 
distilled (d)H2O. Reaction mixtures were denatured at 95˚C for 
2 min. Amplification was then performed for 35 cycles (95˚C 
for 30 sec, 60˚C for 30 sec and 72˚C for 40 sec), followed by a 
final extension at 72˚C for 5 min. DNA from control subjects 
was used as a negative control. Results from duplicate experi‑
ments were used to determine methylation status.
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Chromatin immunoprecipitation (ChIP)‑qPCR assays. 
ChIP‑qPCR assays were performed as previously described (30) 
and using an EZ‑Magna ChIP A/G kit (EMD  Millipore) 
according to the manufacturer's instructions. Briefly, KG‑1 
cells were cross‑linked with 1% paraformaldehyde at 37˚C for 
10 min and sonicated at 0˚C for 60 sec. The genomic DNA 
was digested to an average size of 100‑1,000 bp. Solubilized 
chromatin was immunoprecipitated with antibodies against 
HIF‑1α (5 µg; cat. no. H1alpha67; Abcam) or negative control 
IgG antibody (2 µl; cat. no. 2729S; Cell Signaling Technology, 
Inc.) at 4˚C overnight. Following proteinase K treatment and 
crosslink reversal (62˚C for 2 h followed by 95˚C for 10 min), 
immunoprecipitated DNA underwent phenol‑chloroform 
extraction with ethanol precipitation. Immunoprecipitated 
DNA was analyzed using RT‑qPCR. PCR amplification was 
conducted using the precipitated DNA fragment as a template 
and the relevant primers. The primers used were as follows: 
Normoxia and hypoxia groups were analyzed by PCR using a 
HRE primer (forward, 5'‑GCC​TGG​CCA​ATA​TGG​TGA​AAC​
C‑3' and reverse, 5'‑CGA​TTC​TTC​TGC​CTC​AGC​CTC‑3'; 
111 bp). The positive and negative control groups were analyzed 
by PCR using the GAPDH promoter primer [forward, 5'‑TAC​
TAG​CGG​TTT​TAC​GGG​CG‑3' and reverse, 5'‑TCG​AAC​AGG​
AGG​AGC​AGA​GAG​CGA‑3' (166 bp)]. The experiments were 
performed in triplicate.

Luciferase reporter assays. GV354‑TET2 promoter luciferase 
reporter and GV219‑HIF‑1α overexpression vectors were 
constructed by GeneChem, Inc. The GV354‑TET2 promoter 
luciferase reporter vector contained 2 kb 5'‑flanking region 
and 550  bp 5'‑untranslated region of the TET2 gene and 
authenticity was verified by sequencing (data not shown). 
For the luciferase reporter assay, KG‑1 cells were seeded 
(5x104 cells/ml) in a 24‑well plate. Transfections were performed 
using X‑tremeGENE HP DNA Transfection Reagent (Roche 
Diagnostics). Each transfection experiment contained 500 ng 
GV354‑TET2 promoter luciferase reporter vector/empty vector, 
a different dose of GV219‑HIF‑1α overexpression vector (0, 1, 
2 and 4 µg)/empty vector and 20 ng Renilla expression vector 
(Thermo Fisher Scientific, Inc.). After 48 h of transfection, cells 
were harvested and lysed. Then the firefly and Renilla lucif‑
erase activities were measured using the Dual‑Glo® Luciferase 
Assay System Protocol (Promega Corporation). The Renilla 
luciferase activity was set as the internal control.

Statistical analysis. All experiments were repeated 3 times 
and the data were presented as the mean ± standard deviation. 
Statistical analyses were performed using GraphPad Prism 8 
(GraphPad Software, Inc.) and SPSS 20.0 statistical software 
package (IBM Corp.). Comparisons between 2 groups were 
conducted using the unpaired Student's t‑test and compari‑
sons among multiple groups were performed using two‑way 
ANOVA followed by the post hoc Tukey's test. The correlation 
analysis was performed using Pearson correlation. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Hypoxia increases proliferation, enhances metabolism and 
inhibits apoptosis in KG‑1 cells. The acute myeloid cell line 

KG‑1 cells were treated with different oxygen concentrations 
(21, 3 and 1%) for 24, 48 and 72 h at 37˚C. The proliferation, 
destruction and apoptosis of KG‑1 cells were detected by CCK‑8 
assay, lactate dehydrogenase assay and Annexin V‑FITC/PI 
staining, respectively. As shown in Fig. 1A, proliferation was 
significantly increased in KG‑1 cells under hypoxic compared 
with normoxia. With the decrease of oxygen concentration 
and prolongation of hypoxia, the proliferation activity of KG‑1 
cells was gradually enhanced (Fig. 1A). The LDH content in 
the hypoxia cell culture medium was increased compared with 
the normoxia medium (Fig. 1B). LDH content was increased 
with the prolonged hypoxia time and the oxygen concentration 
decreased, suggesting that hypoxia increased the destruction 
and metabolism of KG‑1 cells. The apoptotic rate of KG‑1 
cells was decreased with the decrease in oxygen concentration, 
while the duration of hypoxia had little effect on the rate of 
cell apoptosis (Fig. 1C). In combination, these data suggested 
that hypoxia could increase the proliferation, enhance the 
metabolism and inhibit the apoptosis of KG‑1 cells.

Hypoxia increases global 5‑hmC levels in KG‑1 cells. KG‑1 
cells were treated with different oxygen concentrations (21, 3 
and 1%) for 24, 48 and 72 h and then the genomic demethyl‑
ation and methylation status were detected using 5‑hmC and 
5‑mC detection kits, respectively. The 5‑hmC content in the 
hypoxia group was higher than that in the normoxia group and 
the 5‑mC content in the hypoxia group was lower than that in 
the normoxia group, suggesting that hypoxia could reduce the 
methylated status of the genome in KG‑1 cells, while hypoxia 
time under the same oxygen concentration had little effect on 
the methylated status of the genome (Fig. 2A and B).

Hypoxia increases HIF‑1α and TET2 expression in KG‑1 
cells. KG‑1 cells were treated with different oxygen concen‑
trations (21, 3 and 1%) for 24, 48  and 72 h, and then the 
mRNA and protein levels of HIF‑1α and TET2 were inves‑
tigated by RT‑qPCR and western blotting, respectively. It 
was demonstrated that hypoxia promoted the expression 
of HIF‑1α and TET2 mRNA in KG‑1 cells and the mRNA 
levels of HIF‑1α and TET2 were the highest in the 1% O2 
48 h group (Fig. 3A and B). Simultaneously, under the same 
hypoxia concentration, with the extension of hypoxia time, 
the mRNA expression of HIF‑1α and TET2 were increased 
(Fig. 3A and B). A positive correlation was identified between 
the HIF‑1α and TET2 mRNA expression levels (Fig. 3C). In 
concert, hypoxia promoted the protein expression of HIF‑1α 
and TET2 in KG‑1 cells compared with normoxia (Fig. 4A) 
and the HIF‑1α protein level was positively correlated with the 
TET2 protein level (Fig. 4B). Overall, the 1% O2 for 48 h was 
selected as the hypoxic condition to be used for subsequent 
experiments.

HIF‑1α overexpression increases TET2 expression, 5‑hmC 
level and p15(INK4B) gene demethylation in KG‑1 cells. 
Lentiviral transfection of HIF‑1α eukaryotic expression 
plasmid was used to induce HIF‑1α overexpression in 
cells. The 1% O2 for 48  h was selected for the hypoxic 
conditions (1% O2, 94% N2 and 5% CO2). There were 4 
groups: GV358  +  normoxia, GV358‑HIF‑1α  + normoxia, 
GV358  +  hypoxia and GV358‑HIF‑1α + hypoxia. Cell 
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proliferation were increased in the GV358‑HIF‑1α + normoxia 
group compared with the GV358 + normoxia group (Fig. 5A). 
The proliferation were increased in HIF‑1α‑overexpressing 
cells under both normoxia and hypoxic conditions compared 
with non‑HIF‑1α‑overexpressing cells (Fig. 5A). The apoptotic 
rate of KG‑1 cells was decreased in HIF‑1α‑overexpressing 
cel ls  and /or hypoxic condit ions compared with 
non‑HIF‑1α‑overexpressing cells (Fig. 5B and C).

TET2 mRNA and protein levels were increased in 
the GV358‑HIF‑1α  +  normoxia group compared with the 
GV358 + normoxia group (Fig. 6A and B). TET2 expression in 
the GV358‑HIF‑1α + hypoxia group was significantly higher 
compared with in the GV358‑HIF‑1α  +  normoxia group 
(Fig. 6A and B). Compared with the GV358 + hypoxia group, 
TET2 expression in KG‑1 cells was also increased in the 
GV358‑HIF‑1α + hypoxia group (Fig. 6A and B). Meanwhile, 
the HIF‑1α mRNA and protein levels were upregulated 
in HIF‑1α‑overexpressing cells under both normoxia and 
hypoxic conditions (Fig.  6A  and  B). This indicated that 
the TET2 mRNA and protein levels were upregulated in 
HIF‑1α‑overexpressing cells under both normoxia and hypoxic 
conditions (Fig. 6A and B).

Compared with the GV358 + normoxia group, the content 
of 5‑hmC in the genome of KG‑1 cells was increased in the 
GV358‑HIF‑1α + normoxia group (Fig. 6C). The content of 

Figure 2. Effects of hypoxia on (A) 5‑hmC and (B) 5‑mC contents in KG‑1 
cell genome. *P<0.05 vs. 21% O2 24 h; #P<0.05 vs. 21% O2 48 h; ※P<0.05 
vs. 21% O2 72 h. 5‑hmC, 5‑hydroxymethylcytosine; 5‑mC, 5‑methylcytosine.

Figure 1. Effects of hypoxia on the proliferative activity of KG‑1 cells as detected by (A) Cell Counting Kit‑8 assay. (B) Metabolic activity as detected using a 
LDH kit. (C) Apoptosis detected using an Annexin V‑FITC/PI assay. *P<0.05 vs. 21% O2 24 h; #P<0.05 vs. 21% O2 48 h; ※P<0.05 vs. 21% O2 72 h. LDH, lactate 
dehydrogenase; PI, propidium iodide.
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5‑hmC in the GV358‑HIF‑1α + hypoxia group was signifi‑
cantly higher compared with the GV358‑HIF‑1α + normoxia 

group (Fig. 6C). Compared with the GV358 + hypoxia group, 
the 5‑hmC content in the GV358‑HIF‑1α + hypoxia group was 

Figure 3. Effects of hypoxia on the expression of (A) HIF‑1α and (B) TET2 mRNA in KG‑1 cells and (C) the association between the expression of HIF‑1α 
and TET2. *P<0.05 vs. 21% O2 24 h; #P<0.05 vs. 21% O2 48 h; ※P<0.05 vs. 21% O2 72 h. HIF‑1α, hypoxia‑inducible factor 1α; TET2, Tet methylcytosine 
dioxygenase 2.

Figure 4. Effects of hypoxia on the expression (A) of HIF‑1α and TET2 protein in KG‑1 cells and (B) the association between the expression of HIF‑1α and TET2. 
*P<0.05 vs. 21% O2 24 h; #P<0.05 vs. 21% O2 48 h; ※P<0.05 vs. 21% O2 72 h. HIF‑1α, hypoxia‑inducible factor 1α; TET2, Tet methylcytosine dioxygenase 2.
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also increased (Fig. 6C). This indicated that the overexpression 
of HIF‑1α promoted the demethylation of KG‑1 cells under 
both normoxic and hypoxic conditions (Fig. 6C).

Compared with the GV358 + normoxia group, the 5‑mC 
content was decreased in the GV358‑HIF‑1α + normoxia group 
(Fig. 6C). The 5‑mC content in the GV358‑HIF‑1α + hypoxia 

Figure 5. Effects of HIF‑1α overexpression on the proliferative activity detected by (A) Cell Counting Kit‑8 assay and (B and C) apoptosis by Annexin V‑FITC/PI 
assay in KG‑1 cells. *P<0.05 vs. GV358 + normoxia group. HIF‑1α, hypoxia‑inducible factor 1α; PI, propidium iodide.

Figure 6. Effects of HIF‑1α overexpression on gene methylation status in KG‑1 cells. (A) mRNA, (B) protein and (C) genome level of 5‑hmC and 5‑mC. 
*P<0.05 vs. GV358 + normoxia group; #P<0.05 vs. GV358‑HIF‑1α + hypoxia group. (D) Methylation of the p15(INK4B) gene promoter region by MSP assay. 
M, PCR product amplified by methylated‑specific primers; U, PCR product amplified by unmethylated‑specific primers. HIF‑1α, hypoxia‑inducible factor 
1α; 5‑hmC, 5‑hydroxymethylcytosine; 5‑mC, 5‑methylcytosine; MSP, methylation‑specific PCR; TET2, Tet methylcytosine dioxygenase 2; p15(INK4B), 
cyclin‑dependent kinase inhibitor 2B.
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group was lower compared with that of the GV358‑HIF‑1α+ 
normoxia g roup (Fig.   6C).  Compared with the 
GV358 + hypoxia group, 5‑mC content was also decreased in 
the GV358‑HIF‑1α + hypoxia group (Fig. 6C).

The p15(INK4B) promoter region of KG‑1 cells demon‑
strated partial methylation under normoxia and it was 
demethylated after hypoxia or/and HIF‑1α overexpres‑
sion (Fig. 6D). In summary, the overexpression of HIF‑1α 
promoted the demethylation of KG‑1 cells by increasing TET2 
expression.

HIF‑1α suppression decreases TET2 expression, 5‑hmC 
level and p15(INK4B) gene demethylation in KG‑1 cells. 
HIF‑1α inhibitor YC‑1 (final concentration, 10 µmol/l; 24 h) 
was added to the cells to inhibit the expression of HIF‑1α. 
The cells were divided into 4 groups: DMSO + normoxia, 
YC‑1 + normoxia, DMSO + hypoxia and YC‑1 + hypoxia. 
Compared with the DMSO+ normoxia group, the prolifera‑
tion of YC‑1 + normoxia group cells was decreased (Fig. 7A). 
Compared with the DMSO + hypoxia group, the cell prolif‑
eration in the YC‑1+ hypoxia group was also decreased 
(Fig. 7A). The apoptotic rate of KG‑1 cells was increased in 
HIF‑1α inhibited expressing cells and/or normoxic condi‑
tions compared with non‑HIF‑1α‑inhibited expressing cells 
(Fig. 7B and C).

Compared with the DMSO + normoxia group, TET2 expres‑
sion was decreased in KG‑1 cells from the YC‑1 + normoxia 
group (Fig. 8A and B). Compared with the DMSO + hypoxia 
group, TET2 expression in the YC‑1 + hypoxia group was 
decreased (Fig. 8A and B). Meanwhile, the HIF‑1α mRNA 
and protein levels were downregulated in HIF‑1α expression 
inhibited cells under both normoxia and hypoxic conditions 

(Fig. 8A and B). This indicated that the inhibition of HIF‑1α 
expression inhibited the expression of the TET2 mRNA 
and protein in KG‑1 cells under both normoxic and hypoxic 
conditions (Fig. 8A and B).

Compared with the DMSO + hypoxia group, the 5‑hmC 
content of the KG‑1 cell genome in the YC‑1+ hypoxia group 
was decreased (Fig. 8C). This indicated that the inhibition 
of HIF‑1α expression could reduce the demethylation of 
KG‑1 cells under hypoxic conditions. Compared with the 
DMSO+ normoxia group, the 5‑mC content of the genome 
of YC‑1 + normoxia group cells was increased (Fig. 8C). 
Compared with the DMSO + hypoxia group, the 5‑mC content 
of the genome was increased in YC‑1 + hypoxia group KG‑1 
cells (Fig. 8C).

KG‑1 cells showed partial methylation of the promoter 
region of the p15(INK4B) gene under normoxic conditions, 
which was demethylated under hypoxic conditions (Fig. 8D). 
p15(INK4B) gene promoter methylation was enhanced when 
HIF‑1α was inhibited by YC‑1 (Fig. 8D). Overall, the inhibi‑
tion of HIF‑1α reduced the demethylation of KG‑1 cells by 
decreasing TET2 expression.

HIF‑1α promotes the transcriptional activity of the TET2 
gene by binding to its promoter region. It was shown by ChIP 
that HIF‑1α bound to the ‑1,133‑1,022 bp HRE site of the 
TET2 gene promoter in KG‑1 cells under normoxic or hypoxic 
conditions (Fig. 9). The transcriptional activity of the promoter 
region of the TET2 gene in HIF‑1α overexpressing cells was 
significantly higher compared with that in all other groups 
(Fig.  10A), suggesting that the overexpression of HIF‑1α 
significantly enhanced the transcriptional activity of the TET2 
promoter region in KG‑1 cells.

Figure 7. Effects of HIF‑1α suppression by YC‑1 on the proliferative activity detected by (A) Cell Counting Kit‑8 assay and (B and C) apoptosis by 
Annexin V‑FITC/PI assay in KG‑1 cells. *P<0.05 vs. DMSO + normoxia group; #P<0.05 vs. DMSO + hypoxia. HIF‑1α, hypoxia‑inducible factor 1α; PI, 
propidium iodide; YC‑1, 3‑(5'‑hydroxymethyl‑2'‑furyl)‑1‑benzylindazole.
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In addition, different doses of GV219‑HIF‑1α eukaryotic 
expression (0, 1, 2 and 4 µg) and TET2 promoter luciferase 
reporter vectors were co‑transfected into KG‑1 cells and the 
relative luciferase activity was detected. It was shown that 
the higher the amount of the co‑transfected GV219‑HIF‑1α 
eukaryotic expression vector, the higher the transcriptional 
activity of the TET2 gene promoter (Fig. 10B), with a positive 
correlation identified (Fig. 10C). These results indicated that 
the overexpression of HIF‑1α promoted the transcriptional 
activity of the TET2 gene in a dose‑dependent manner.

Discussion

A hypoxic environment has become an essential condition 
for maintaining hematopoietic stem cell homeostasis  (31). 

However, the effects and mechanism of hypoxia on hematologic 
malignancy cells are not fully understood (32). The hypoxic 
model can be induced by physical and chemical hypoxia (33). 
Chemical hypoxia agents, such as cobalt chloride and defer‑
oxamine, can inhibit the prolyl hydroxylase domain(PHD) 
activity by PHD ligand Fe2+ substitution or chelation and then 
stablize the HIF‑1α protein (33,34). However, due to the fact 
that the TET2 protease activity is also Fe2+‑dependent, phys‑
ical hypoxia was selected for the hypoxia model in the present 
study. The present study demonstrated that hypoxia promoted 
the proliferation and destruction, and inhibited the apoptosis of 
the KG‑1 AML cell line. The increase of LDH activity in the 
cell culture medium in the present study suggested that cells 
underwent increased destruction under hypoxic conditions, 
which was not inconsistent with the increased proliferation 
activity of KG‑1 cells in a hypoxic environment. Fu et al (35) 
found that because of the improvement of the high lactic 
acid environment at a later stage of cell culture, CHO cells 
with human LDH‑C gene overexpression exhibited faster cell 
proliferation and stronger antiapoptotic ability compared with 
LDH‑C gene non‑overexpressed cells. In the present study, 
the effects of different levels and duration of hypoxia on cell 
proliferation were firstly observed. According to the prolif‑
eration and apoptosis results, the optimal hypoxic condition 
was selected, as ‘1% O2 for 48 h’. This hypoxic condition was 
chosen in the present study for subsequent experimentation 
of effects of HIF‑1α overexpression and expression inhibition 
on TET2 expression and function. The findings of the present 
study suggested that cell metabolism was accelerated under 
hypoxic conditions and that hypoxia may serve certain roles, 
such as promoting proliferation and inducing apoptosis in the 
pathogenesis of AML.

Figure 8. Effects of HIF‑1α suppression by YC‑1 on gene methylation status in KG‑1 cells. (A) mRNA, (B) protein and (C) genome level of 5‑hmC and 5‑mC. 
*P<0.05 vs. DMSO + normoxia group; #P<0.05 vs. YC‑1 + hypoxia. (D) Methylation of the p15(INK4B) gene promoter region by MSP assay. M, PCR product 
amplified by methylated‑specific primers; U, PCR product amplified by unmethylated‑specific primers. HIF‑1α, hypoxia‑inducible factor 1α; 5‑mC, 5‑methyl‑
cytosine; 5‑hmC, 5‑hydroxymethylcytosine; YC‑1, 3‑(5'‑hydroxymethyl‑2'‑furyl)‑1‑benzylindazole; MSP, methylation‑specific PCR; TET2, Tet methylcytosine 
dioxygenase 2.

Figure 9. HIF‑1α bound to the ‑1,133‑1,022 bp of the TET2 gene promoter. 
Target band of each lane in the box. M, molecular marker; input, sample 
contains the total DNA after shearing with sonication; IgG, negative 
control using non‑specific IgG as the antibody; GAPDH promoter, posi‑
tive control expanded using primers designed of GAPDH core promoter 
region. HIF‑1α, hypoxia‑inducible factor 1α; TET2, Tet methylcytosine 
dioxygenase 2; bp, base pair.
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As an important tumor suppressor gene related to epigen‑
etic modification, the mechanism of TET2 gene regulation 
remains unclear (36). At the pre‑mRNA level, multiple studies 
have confirmed that microRNAs [miR‑22, miR‑29, miR‑101 
and miR‑125] negatively regulate TET2 expression (37,38). 
At the transcriptional level, the transcription factor Oct4 posi‑
tively regulates the expression of TET2 in mouse embryonic 
stem cells by binding to the conserved domains of TET2 (39). 
At the posttranslational level, the inhibition of the dvl and 
axin complex (IDAX) protein binds directly to the unmeth‑
ylated CpG dinucleotide of the promoter region/CpG island 
of TET2, but then IDAX activates the caspase leading to the 
TET2 protein degradation (40). Other studies have found that 
vitamin C can restore and enhance TET2 enzymatic activity 
to suppress leukemia (41,42). The present study found that 
hypoxia promoted the transcriptional expression of the TET2 
gene through the transcription factor HIF‑1α, which binds 
to the HRE of the promoter region of the TET2 gene, thus 
affecting the methylation status and expression of downstream 
target genes.

In recent years, the link between cellular hypoxia metabo‑
lism and epigenetic regulation has become a new signaling 
pathway  (43). Certain products in the process of cellular 
hypoxia metabolism can affect the opening or closing of 
specific cell‑cycle arrest, DNA repair and apoptosis genes, such 
as p15(INK4B) and Bcl‑2 through epigenetic effects (44,45). 
Normal and cancer cells have different metabolites which are 
used for epigenetic modification (46). Therefore, it is important 

to understand which metabolites can regulate gene function and 
whether they regulate gene function through epigenetic means 
or a combination with transcription factors or other processes, 
such as autophagy (47). Methionine metabolism is essential for 
Sirtuin 1 (SIRT1)‑regulated mouse embryonic stem cell main‑
tenance and embryonic development, when SIRT1 is knocked 
out in mouse embryonic stem cells, the methionine content 
is increased and numerous histone methylation markers, 
such as (MAT2a) are lost (48). By constructing a T cell line 
deficient in LDHA (a key enzyme for aerobic glycolysis) (49), 
Brand et al (49) found that the histone acetylation and gene 
expression patterns in wild‑type and LDHA‑knockout cells 
are different. Galligan et al (50) described the existence of Lys 
and Arg modifications on histones derived from a glycolytic 
by‑product, methylglyoxal. These histone posttranslational 
modifications were shown to be present during the modulation 
of chromatin function and lead to altered gene transcription, 
which provided a link between cellular metabolism and the 
histone code (50).

The abnormal methylation of the p15(INK4B) gene is 
more common in the occurrence and development of hema‑
tologic malignancies (51). Hence, the tumor suppressor gene 
p15(INK4B) was selected in the present study to analyze its 
methylation status. In the present study, methylation of the 
promoter region of the p15(INK4B) gene in KG‑1 cells was 
detected by the MSP method. Among numerous methylation 
detection methods, Methylation‑Specific PCR (MSP) is likely 
the most widely used technique to study DNA methylation of 

Figure 10. Effects of HIF‑1α on TET2 transcriptional activity, as detected by dual luciferase reporter gene assays. (A) TET2 gene transcriptional activity 
(Promoter‑NC, GV354 luciferase reporter empty vector; TFs‑NC, GV219 overexpression empty vector; promoter‑TET2, GV354‑TET2 promoter luciferase reporter 
vector; HIF‑1α, GV219‑HIF‑1α overexpression vector; NC, negative control). *P<0.05 vs. Promoter‑NC + TFs‑NC group; #P<0.05 vs. Promoter‑NC+HIF‑1α 
group; ※P<0.05 vs. Promoter‑TET2 + TFs‑NC group. (B) Effects of different doses of HIF‑1α eukaryotic expression plasmid on the transcriptional activity of 
TET2 promoter (Control, GV219 empty vector). *P<0.05 vs. empty vector group. (C) Correlation analysis of HIF‑1α eukaryotic expression plasmid doses and 
TET2 gene transcriptional activity. HIF‑1α, hypoxia‑inducible factor 1α; TET2, Tet methylcytosine dioxygenase 2.
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a locus of interest (52). However, as the degree of methyla‑
tion cannot be quantified, its application is limited (53). In the 
present study it was found that under normoxia, the promoter 
region of the p15(INK4B) gene was partially methylated and 
following hypoxia or HIF‑1α overexpression, the promoter 
region of the p15(INK4B) gene was demethylated, indicating 
that the demethylation of this gene was regulated by HIF‑1α. In 
the present study, the increased methylation of the p15(INK4B) 
gene following HIF‑1α inhibition further confirmed this. 
p15(INK4B) is considered a target gene of HIF‑1α (54), but 
the specific mechanism through which HIF‑1α regulates 
p15(INK4B) gene methylation is not clear. Kroeze et al (55) 
found that most of the 206 patients with AML with low 5‑hmC 
exhibited an increased methylation status of the p15(INK4B) 
promoter, which was consistent with the results of the present 
study. Shimamoto et al (56) found that the methylation rate 
of the p15(INK4B) gene in AML reached 51%, which was 
contrary to the results of the present study. This difference 
may be associated with AML subtypes, detection methods 
and examined sites. Methylation is a dynamic and reversible 
process  (57). In the present study, HIF‑1α overexpression 
caused genome and p15(INK4B) gene demethylation in KG‑1 
cells, resulting in the loss of p15(INK4B) gene function and 
the malignant proliferation of leukemic cells. However, the 
association between the abnormal methylation mechanism of 
the p15(INK4B) gene and leukemia requires further study.

The present study investigated the genomic methylation 
and change of methylation status in the representative gene 
p15(INK4B) during AML cell hypoxia metabolism, as well 
as the effect of hypoxia metabolism on the expression of 
demethylase TET2. The results of the present study, revealed 
that hypoxia regulated the transcriptional expression of TET2 
through HIF‑1α which, in turn, affected the methylation status 
and expression of genes, such as p15(INK4B) in leukemic cells.

The human acute myeloid leukemia KG‑1 cell line was 
chosen as the main research object representatively in this 
study and other cell lines such as K562, HL‑60 and U937 will 
been chosen in the follow‑up experiments. Different types 
of leukemia cells have different tolerance to hypoxia and 
the mechanism needs to be further studied. Although much 
work is still required to fully understand the role of hypoxia 
metabolism in leukemia, the present study shed light on a link 
between hypoxia metabolism and DNA demethylation. The 
development of HIF‑1α‑specific targeted drugs should be the 
focus of further studies.

In conclusion, molecular targeted therapy is currently used 
for the treatment of acute leukemia, with an increasing number 
of drugs, such as hypomethylating agents, isocitrate dehy‑
drogenase and Bcl‑2 inhibitors being used in the clinic. The 
results of the present study indicated that TET2 is an attractive 
target gene of HIF‑1α transcriptional regulation in AML cells.
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