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Abstract. Human leukocyte antigen-G (HLA-G) is highly 
expressed in numerous solid tumor cell types and has important 
roles in protecting tumor cells from host immune recognition 
and destruction. DNA methylation modification, which may 
regulate gene expression, is aberrant in numerous tumor cell 
types. However, whether the high expression of HLA‑G in tumor 
cells is induced by aberrant DNA methylation has remained 
elusive. In the present study, HLA‑G, DNA methyltransferase 
(DNMT) and ten‑eleven translocation (TET) expression, as 
well as the DNA methylation level of HLA‑G, were assessed 
in the HBL-100 breast cell line and the MCF-7 breast cancer 
cell line. The influence of TET on the expression and DNA 
methylation levels of HLA‑G in MCF‑7 was assessed through 
treatment with the TET inhibitor dimethyloxallyl glycine 
(DMOG). The results indicated that HLA‑G expression was 
significantly greater in MCF‑7 than that in HBL‑100 cells; 
however, the DNA methylation level of HLA‑G was lower in 
MCF-7 than that in HBL-100 cells. Furthermore, in MCF-7 
cells, DNMT1 and DNMT3a were expressed at lower levels 
and TET2 was expressed at higher levels than in HBL‑100 
cells. Treatment with DMOG significantly decreased HLA‑G 
expression, while increasing the DNA methylation level of 
HLA-G in MCF-7. In conclusion, the results indicated that 
overexpression of HLA‑G in MCF‑7 cells was induced by DNA 
methylation modification. The lower DNMT1 and DNMT3a 
and higher TET2 expression levels may be responsible for the 
abnormal DNA methylation of HLA-G in MCF-7. Treatment 
with TET inhibitor prevented aberrant HLA‑G expression and 
DNA methylation in MCF‑7. The present study may provide 
potential targets for novel anti‑cancer drugs.

Introduction

Human leukocyte antigen‑G (HLA‑G) is a molecule with 
immunomodulatory activity that belongs to the non‑classical 
HLA class I family and its encoding gene is located at chromo-
some 6p21 (1,2). HLA-G may lead to immune tolerance by 
interacting with receptors that are expressed in immune regu-
latory cells, including immunoglobulin (Ig)-like transcript 
(ILT)2, ILT4, killer cell Ig‑like receptor, two Ig domains and 
long cytoplasmic tail 4 and CD160 (3-5). Overexpression of 
HLA‑G has been identified in numerous types of human solid 
tumor and hematological cancer (6), and high expression of 
HLA‑G was reported to be associated with primary carcino-
genesis and the metastatic capacity of breast invasive ductal 
carcinoma (7,8). Overexpression of HLA‑G may be a means 
of tumor cells to avoid regulation by the immune system, by 
inhibiting natural killer and T cell-mediated lysis (3).

Aberrant DNA methylation is one of the characteristics of 
cancer cells (9,10). DNA methylation is a covalent modifica-
tion of DNA and is performed by the DNA methyltransferase 
(DNMT) family, which mainly consists of three members, 
DNMT1, DNMT3a and DNMT3b (11). The removal of 
methyl groups from DNA is termed DNA demethylation. 
The ten‑eleven translocation (TET) family, which includes 
TET1, TET2 and TET3, has been indicated to have impor-
tant roles in DNA demethylation (12). DNA methylation 
has important roles in a number of key genomic functions, 
including gene imprinting, X chromosome inactivation, 
genome stability, retrotransposon silencing and gene inactiva-
tion in cancer (13-15). Dimethyloxallyl glycine (DMOG) is a 
small-molecule inhibitor of the TET protein. In mice, treat-
ment of embryos with 1 mM DMOG from the germinal vesicle 
to the blastocyst stage effectively blocks the activity of TET 
enzymes in vitro (16).

In general, the evasion of immune surveillance is consid-
ered one of the emerging characteristics of cancer (17). High 
expression of HLA‑G is essential for tumor cells to avoid 
immune recognition and destruction (18). DNA methylation 
modification has important roles in regulating gene expres-
sion, and DNMTs and TETs are responsible for the dynamic 
changes in DNA methylation (19,20). However, whether 
the high expression of HLA-G in tumor cells is induced by 
aberrant DNA methylation has remained elusive. Therefore, 
in the present study, the expression of HLA-G, DNMTs and 
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TETs, as well as the DNA methylation levels of HLA‑G, were 
assessed in the HBL-100 breast cell line and the MCF-7 breast 
cancer cell line. The effects of TET activity on the expression 
and DNA methylation levels of HLA‑G in the MCF‑7 cell line 
were also assessed by treating the cells with DMOG.

Materials and methods

Cell culture. The HBL‑100 and MCF‑7 cell lines were purchased 
from the Cell Bank of the Institute of Basic Medical Sciences, 
Chinese Academy of Medical Sciences. The HBL-100 and 
MCF‑7 cell lines were cultured in Dulbecco's modified Eagle's 
medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented 
with 10% fetal calf serum (Bioind; Biological Industries), 
100 IU/ml penicillin and 100 µg/ml streptomycin (HyClone; 
GE Healthcare). The cells were cultured in a humidified atmo-
sphere with 5% CO2 at 37˚C.

RNA isolation and reverse transcription quantitative (RT‑q) 
PCR. Cells were treated with 100, 200 or 400 µM DMOG for 
48 h and untreated cells were used as controls. Trypsin/EDTA 
was used to harvest the cultured cells, and RNA was isolated 
with TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.) 
according to the manufacturer's protocol. cDNA was synthe-
sized using TransScript One‑Step gDNA Removal and cDNA 
Synthesis SuperMix (TransGen Biotech Co., Ltd.). In brief, 
first‑strand cDNA was synthesized in 20‑µl reactions from 
2 µl total RNA using SuperMix and gDNA Remover, and 
RT reaction steps consisted of 42˚C for 15 min and 85˚C for 
5 sec. qPCR was performed using SYBR Premix Ex Taq 
(Takara Bio, Inc.) on a LightCycler 96 real-time PCR system 
(Roche). The 20‑µl reaction mixtures consisted of 8 µl water, 
1 µl cDNA, 1 µl (10 µM) primers (HLA‑G, TET1, TET2, TET3, 
DNMT1, DNMT3a, DNMT3b and GAPDH) and 10 µl SYBR 
Premix Ex Taq. GAPDH was used as an internal control. 
The thermocycling program consisted of 95˚C for 180 sec, 
followed by 50 cycles at 95˚C for 10 sec, 60˚C for 30 sec, then 
95˚C for 30 sec, 65˚C for 60 sec and 97˚C for 1 sec, and a final 
step at 37˚C for 30 sec. Relative gene expression was quanti-
fied by using the 2-ΔΔCq method (21). The primer sequences 
for HLA‑G, DNMT1, DNMT3a (22), DNMT3b (22), TET1, 
TET2 (23), TET3 (23) and GAPDH are listed in Table I.

Bisulfite genomic sequencing. DNA was isolated using a 
TIANamp Genomic DNA kit [Tiangen Biotech (Beijing) 
Co., Ltd.] after the cells had been treated with DMOG or 
left untreated (control) for 48 h, followed by analysis using 
bisulfite sequencing. In brief, DNA was extracted from breast 
cancer cells treated as mentioned above and boiled in a water 
bath for 5 min, followed by chilling on ice. Subsequently, 
4 µl of 2 M NaOH (final concentration, 0.3 M NaOH) was 
added to the DNA, and the mixture was incubated for 15 min 
at 50˚C. Next, the solution was mixed with two volumes of 
2% low‑melting‑point agarose (Sigma‑Aldrich, Merck KGaA) 
and seven 10 µl‑aliquotes of the DNA‑agarose mixture were 
pipetted into ice-cold mineral oil to form beads. Then, at 
least seven beads were immersed in the fresh bisulfite solu-
tion (2.5 M sodium metabisulfite and 125 mM hydroquinone, 
pH 5) (24). These beads were incubated for 3‑5 h in the dark 
and covered with mineral oil at 50˚C. Next, the supernatant 

was discarded and the seven beads were washed four times 
in 1 ml Tris-EDTA buffer (pH 8.0) 15 min each time. After 
desulfonation in 0.5 ml of 0.2 M NaOH 2 times for 15 min 
each, the beads were washed with 1 ml Tris‑EDTA buffer 
3 times for 10 min each and with H2O 2 times for 15 min each, 
and then used as the input for PCR. The PCR primer sequence 
for HLA‑G (25) is listed in Table I.

Statistical analysis. All experiments were performed at least 
three times. Statistical analysis was performed by one‑way 
analysis of variance using SPSS 19.0 software (SPSS, Inc., 
Chicago, IL, USA) followed the LSD method to assess the 
differences between more than two groups. Differences were 
considered statistically significant at P<0.05.

Results

HLA‑G expression and promoter DNA methylation levels in 
HBL‑100 and MCF‑7 cells. HLA‑G expression was analyzed in 
HBL-100 and MCF-7 cells by RT-qPCR analysis. As presented 
in Fig. 1A, the expression of HLA‑G was significantly greater 
in MCF‑7 cells than in HBL‑100 cells (P<0.01). Subsequently, 
the DNA methylation level of the HLA‑G promoter region was 
compared between the two cell lines. As presented in Fig. 1B, 
the DNA methylation level of the HLA‑G promoter region was 
96.7% in HBL‑100 cells, but only 56.9% in MCF‑7 cells.

Expression of DNMTs in HBL‑100 and MCF‑7 cells. DNA 
methylation is catalyzed by DNMTs. The expression of various 
DNMTs was investigated by RT‑qPCR. The expression of 
DNMT1, DNMT3a and DNMT3b was compared between 
HBL‑100 and MCF‑7 cells. The expression levels of DNMT1 
and DNMT3a in HBL‑100 cells were significantly greater than 
those in MCF‑7 cells (DNMT1: P<0.05; DNMT3a: P<0.01; 
Fig. 2), but the expression levels of DNMT3b in HBL‑100 cells 
were lower than those in MCF‑7 cells (P<0.01).

Expression of TETs in HBL‑100 and MCF‑7 cells. The 
ten‑eleven tanslocation (TET) family, which includes TET1, 
TET2 and TET3, is generally thought to be responsible for 
DNA demethylation. As presented in Fig. 3, the expression 
levels of TET1 and TET3 in MCF‑7 cells were significantly 
lower than those in HBL‑100 cells (P<0.01); however, TET2 
expression in MCF‑7 cells was greater than that in HBL‑100 
cells (P<0.01).

Effects of inhibition of TET on the expression and promoter 
DNA methylation of HLA‑G in MCF‑7 cells. MCF‑7 cells were 
treated with 100, 200 or 400 µM DMOG for 48 h, and untreated 
cells were used as controls. As presented in Fig. 4A, treatment 
with 200 and 400 µM DMOG changed the morphology of 
MCF-7 cells, indicating that the 200 and 400 µM DMOG 
treatments were cytotoxic. An MTT assay also indicated 
that DMOG had inhibitory effects on MCF-7 cells (Fig. 4B). 
Therefore, 100 µM DMOG was used as the final concentration 
for the subsequent experiments. It was indicated that treatment 
with DMOG significantly decreased the expression of HLA‑G 
in MCF‑7 cells (P<0.05; Fig. 4C). Furthermore, the expres-
sion levels of TET1, TET2 and TET3 were all significantly 
decreased (P<0.01; Fig. 4D). The promoter DNA methylation 
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level of HLA‑G in MCF‑7 cells after DMOG treatment was 
then assessed, revealing that DMOG treatment significantly 
increased the promoter DNA methylation level of HLA‑G in 
MCF‑7 cells compared with that in the control cells (Fig. 4E).

Discussion

HLA‑G was first reported to allow tumors to avoid immuno-
surveillance in 1998 (26). Since then, numerous studies have 

been performed to support this hypothesis. HLA-G-induced 
suppression of T-cell responses has indicated the presence 
of an immune escape pathway in human glioblastoma (27). 
HLA‑G has been reported to be overexpressed in a number 
of cancer types, including melanoma (28), primary cutaneous 
lymphomas (29), lung cancer (30) and breast cancer (31). 
However, the molecular mechanisms of the induction of 
HLA‑G overexpression in cancer remain to be fully eluci-
dated. Therefore, in the present study, the possible association 

Figure 1. Expression and promoter DNA methylation levels of HLA‑G in HBL‑100 and MCF‑7 cells. (A) HLA‑G expression was analyzed by reverse 
transcription‑quantitative PCR in HBL‑100 and MCF‑7 cells. GAPDH was used for normalization. (B) Promoter DNA methylation level of HLA‑G in HBL‑100 
and MCF‑7 cells. Values are expressed as the mean ± standard deviation of three independent experiments. **P<0.01. HLA‑G, human leukocyte antigen‑G.

Table I. Primer sequences designed for PCR.

Gene Primer pair sequences (5' to 3') Product size (bp) Reference

RT-qPCR
  HLA-G F: AGAGGAGACACGGAACACCAAGG 127 NC_000006.12
 R: CAGGTCGCAGCCAATCATCCAC
  DNMT1 F: CCTCCAAAAACCCAGCCAAC 101 NC_000019.10
 R: TCCAGGACCCTGGGGATTTC
  DNMT3a F: CCAACATCGAATCCATGAAA 140 (22)
 R: CTTGCGCTTGCTGATGTAGT
  DNMT3b F: CGAATTTTACCACCTGCTGAATT   59 (22)
 R: AGAACGGCCGGTCATCAC
  TET1 F: ACCTATTCCCCGAATCAAGC 100 NC_000010.11
 R: TTGCACGGTCTCAGTGTTACTC
  TET2  F: AGCCCCATCACGTACAAAAC 129 (23)
 R: TGTGGTGGCTGCTTCTGTAG
  TET3 F: CAGCAGCCGAGAAGAAGAAG 125 (23)
 R: GGACAATCCACCCTTCAGAG
  GAPDH F: CAGGAGGCATTGCTGATGAT 138 NC_000012.12
 R: GAAGGCTGGGGCTCATTTT
Bisulfite‑sequencing PCR
  HLA-G F: TGGGTTAAGATTTAGGGAGATA 249 (25)
 R: TAACTTCTCTAAAAACCTATCACCTAA

HLA‑G, human leukocyte antigen‑G; DNMT, DNA methyltransferase; TET, ten‑eleven translocation; F, forward; R, reverse.
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between the expression of HLA‑G and DNA methylation of its 
promoter region was determined in the MCF‑7 breast cancer 
cell line as an underlying molecular mechanism that induces 
high HLA-G expression in cancer.

The present results indicated that HLA-G expression in 
MCF‑7 cells was significantly greater than that in HBL‑100 
cells, which was in line with previously reported results in a 
variety of cancer types (28-31). High HLA-G expression may be 
responsible for the avoidance of immunosurveillance by MCF‑7 
cells. However, the mechanisms that cause high expression of 
HLA‑G in MCF‑7 cells remain elusive. DNA methylation is 
a means of gene expression regulation, and an aberrant DNA 
methylation pattern is one of the characteristics of cancer 
cells (9,10). Furthermore, previous studies have indicated the 
activation of HLA‑G transcription after incubation with a 
DNMT inhibitor (5‑aza‑2'‑deoxycytidine) in a broad panel of 
human leukemia cell lines (32), suggesting that DNA methyla-
tion regulates HLA-G expression in those cells (33). Therefore, 
it may be inferred that the differing DNA methylation in the 

HLA‑G promoter region was responsible for the differences in 
HLA‑G expression between HBL‑100 and MCF‑7 cells. In most 
cases, the DNA methylation level is negatively correlated with 
gene expression, e.g. the expression of the NANOG gene (34). 
The present results indicated that the DNA methylation level 
of the promoter region of the HLA‑G gene in MCF‑7 cells was 
lower than that in HBL‑100 cells. Thus, similar to other genes, 
DNA methylation of the promoter region of the HLA-G gene 
negatively regulates its expression. Aberrant DNA methylation 
modification causes abnormally high expression of HLA-G 
in MCF‑7 cells. DNMT and TET activities have important 
roles in dynamic changes in DNA methylation. The present 
results indicated that DNMT1 and DNMT3a were expressed 
at lower levels and that TET2 was expressed at higher levels 
in MCF‑7 cells than in HBL‑100 cells. However, DNMT3b 
expression was greater and TET1 and TET3 expression was 
lower in MCF‑7 cells than in HBL‑100 cells. The different 
downstream targets of DNMT1, DNMT3a and DNMT3b 
may be the reason for the different expression patterns of the 
members of the DNMT or TET families between HBL‑100 
and MCF‑7 cells. Accumulating evidence suggests that somatic 
mutations in DNA methyltransferases and 5mC-modifying 
enzymes, including TET proteins, are associated with onco-
genic transformation (12). Therefore, it may be inferred that 
the lower DNMT1 and DNMT3a expression levels and greater 
TET2 expressions levels were the reason for abnormal DNA 
methylation modification of the HLA‑G gene in MCF‑7 cells.

Treatment with small‑molecule inhibitors of DNMT or TET 
may change the extent of DNA methylation and thereby gene 
expression (35,36). DMOG is a non‑specific 2‑OG‑dependent 
dioxygenase inhibitor (37). In cows, treatment of partheno-
genetic embryos with 1 mM DMOG effectively blocked the 
activity of TET enzymes and impeded parthenogenetic embryo 
development in vitro by disturbing the DNA demethylation 
progress (38). Therefore, it was assessed whether treatment 
with the TET inhibitor DMOG increases the DNA methylation 
level of HLA‑G, and whether this decreases HLA‑G expres-
sion in MCF‑7 cells. The results suggested that treatment with 
100 µM DMOG for 48 h significantly increased the DNA 
methylation level of the HLA‑G promoter region in MCF‑7 
cells. More importantly, a negative association between the 
promoter region DNA methylation level and gene expres-
sion was observed, as treatment with DMOG significantly 
decreased HLA-G expression in MCF-7 cells. Unexpectedly, 
DMOG also significantly decreased TETs expression in MCF‑7 
cells, which indicated that TETs may regulate self‑expression 
in MCF‑7 cells. Overall, the results indicated that TETs are, at 
least in part, responsible for the lower DNA methylation level 
of the HLA-G promoter in MCF-7 cells.

In conclusion, the present study indicated that HLA‑G was 
highly expressed and that the DNA methylation level of its 
gene promoter region was low in the MCF‑7 breast cancer cell 
line. DNMTs and TETs were aberrantly expressed in MCF‑7 
cells, which may be the reason for the low DNA methyla-
tion level of the HLA‑G promoter region. Inhibition of TET 
activity increased HLA‑G promoter region DNA methylation 
levels and decreased the expression of HLA‑G in MCF‑7 cells. 
These results indicated that TETs are, at least in part, respon-
sible for the lower DNA methylation level of the HLA‑G 
promoter and overexpression of HLA‑G in MCF‑7 cells, which 

Figure 2. Expression of DNMTs in HBL-100 and MCF-7 cells. Expression 
of various DNMTs in HBL‑100 and MCF‑7 cells was analyzed by reverse 
transcription‑quantitative PCR. GAPDH was used for normalization. The 
expression of DNTM1 in HBL‑100 cells was used for calibration (expres-
sion was set to 1). Values are expressed as the mean ± standard deviation 
of three independent experiments. *P<0.05 and **P<0.01. DNMT, DNA 
methyltransferase.

Figure 3. Expression of TETs in HBL-100 and MCF-7 cells. Expression 
of various TETs in HBL‑100 and MCF‑7 cells was analyzed by reverse 
transcription‑quantitative PCR. GAPDH was used for normalization. The 
expression of TET1 in HBL‑100 cells was used for calibration (expression 
was set to 1). Values are expressed as the mean ± standard deviation of three 
independent experiments. **P<0.01. TET, ten‑eleven translocation.
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may provide potential targets for novel anti‑cancer drugs. The 
exact upstream mechanisms that regulate the overexpression 
of HLA‑G in cancers may require further investigation.
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Figure 4. Effects of DMOG on the expression and promoter DNA methylation of HLA‑G in MCF‑7 cells. (A) Microscopy images of MCF‑7 cells that were 
untreated or treated with 100, 200 or 400 µM DMOG for 48 h (scale bar, 100 µm). (B) The cell survival ratio of MCF‑7 cells treated with DMOG was analyzed 
using an MTT assay. The untreated group was used for calibration (cell survival ratio was set to 100). (C) HLA‑G expression was analyzed by reverse 
transcription‑quantitative PCR in MCF‑7 cells after treatment with 100 µM DMOG. GAPDH was used for normalization. HLA‑G expression in MCF‑7 cells 
untreated with DMOG was used for calibration (expression was set to 1). (D) Expression of TETs after treatment with DMOG. GAPDH was used for normaliza-
tion. TET expression in MCF‑7 cells untreated with DMOG was used for calibration (expression set to 1). (E) The promoter DNA methylation of HLA‑G was 
analyzed by BSP‑PCR in MCF‑7 cells after treatment with DMOG. The black and white circles indicate methylated locus and unmethylated locus respectively. 
Values are expressed as the mean ± standard deviation of three independent experiments. *P<0.05 and **P<0.01. HLA‑G, human leukocyte antigen‑G; TET, 
ten‑eleven translocation; DMOG, dimethyloxallyl glycine.
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