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Abstract: Melanoma-associated antigen A3 (MAGEA3), a member of the cancer-testis antigen (CTA) family, is aber-
rantly expressed in various cancer types. Accumulating evidence indicates that MAGEA3 plays a vital role in the 
pathogenesis and development of various cancers. However, the underlying mechanisms behind the tumor-promot-
ing effect of MAGEA3 remain unclear, particularly in cervical cancer (CC). The present study investigated the effects 
of MAGEA3 on CC cell proliferation and apoptosis as well as the underlying molecular mechanism. Cell Counting Kit-
8 (CCK-8), 5-ethynyl-2’-deoxyuridine (EdU), and flow cytometry assays were used to evaluate the effects of MAGE-A3 
on proliferation, cell cycle, and apoptosis. Co-immunoprecipitation (Co-IP), dual-luciferase reporter, western blotting, 
and quantitative RT-PCR assays were performed to investigate the regulatory mechanisms of MAGEA3 in CC cells. 
Compared to the control, MAGE-A3 overexpression markedly promoted the proliferation of SiHa cells in vitro and 
in vivo, increased the proportion of cells in S phase, and suppressed apoptosis. However, MAGEA3 knockdown in-
hibited proliferation, blocked the cell cycle in G1 phase, and induced apoptosis in HeLa cells. Further mechanistic 
study revealed that MAGEA3 interacts with KAP1, thereby suppressing p53 transcriptional activity, thus suppress-
ing p53-mediated regulation of the expression of genes involved in the cell cycle (p21, cyclin D1) and apoptosis 
(Bax, Bcl-2, and PUMA). Collectively, our results, both in vivo and in vitro, indicate that the expression of MAGEA3 
contributes to CC cell proliferation and tumor growth and exerts tumor-promoting effects by regulating the KAP1/
p53 signaling pathway.
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Introduction

As a common malignant tumor, cervical cancer 
ranks as the fourth leading cause of cancer-
related death worldwide, and it remains one of 
the major causes of cancer-related death in 
women worldwide [1]. Although cervical can- 
cer treatment options, including radiotherapy, 
chemotherapy, and surgery, have made great 
progress, the overall 5-year survival rate of 
patients with cervical cancer remains unfavor-
able because of recurrence and metastasis. 
Therefore, the development of new diagnosis 
and treatment strategies is required to reduce 
recurrence and improve the survival rate.

Melanoma-associated antigen A3 (MAGEA3) 
gene is a cancer-testis antigen (CTA) gene 
whose expression has been demonstrated in  
a wide array of malignancies, including mela-
noma, breast, colorectal, gastric, lung and  
pancreatic cancer [2-8]. Emerging data have 
reported that aberrant expression of MAGEA3 
in many tumor types has been shown to corre-
late with poor clinical outcome [8-11]. As a  
cancer-testis antigen, MAGEA3 is only expre- 
ssed in cancer and testes, making it an ideal 
candidate for cancer immunotherapy given its 
potential to target specific tumor cell types 
without affecting normal tissue [12, 13].
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To investigate whether MAGEA3 is involved in 
the tumorigenesis and progression of human 
cervical cancer, we previously detected the 
expression of MAGEA3 by quantitative RT-PCR 
and immunohistochemical methods in cervical 
lesion tissues compared with normal tissues. 
The results showed that the expression of 
MAGEA3 in cervical cancer (CC) tissues was 
significantly higher than that of the normal 
group. Moreover, the expression level of MAG- 
EA3 was positively correlated with the clinical 
stage, pathological grade, and lymphatic meta- 
stasis of cervical cancer [14]. Based on this, we 
speculated that MAGEA3 plays a critical role 
during the development and progression of  
cervical cancer.

To verify our speculation, we performed the 
present study to determine whether MAGEA3 
regulates the proliferation and apoptosis of CC 
cells. Recently, convincing evidence points to 
the capability of MAGE-A proteins to control the 
p53 tumor suppressor and regulate essential 
pathways associated with cell proliferation 
[15]. It has been shown that MAGEA3 is in- 
volved in the inhibition of apoptosis via p53- 
dependent suppression of Bax and preserva-
tion of surviving [16]. Another study indicated 
that Knockdown of MAGEA3 caused a reduc-
tion in proliferation in gastric cancer cells by 
regulating the cell cycle and apoptosis-related 
genes (p21, Bax) [17]. Thus, to investigate the 
underlying mechanism of MAGEA3 in carcino-
genesis, we further explored the regulatory 
relationship between MAGEA3 and the P53  
signaling pathway in cervical cancer. 

Materials and methods

Cell culture

Human cervical cancer cell lines (HeLa, SiHa, 
C33A, and Caski) were purchased from the Cell 
Resource Center, Institute of Basic Medical 
Science (IBMS, Beijing, China). The cells we- 
re cultured in RPMI-1640 (GIBCO, NY, USA) 
medium supplemented with 10% fetal bovine 
serum (GIBCO), 100 U/ml penicillin and 100 
µg/ml streptomycin (HyClone, UT, USA) and 
were incubated at 37°C with 5% CO2. The cul-
ture medium was replaced with fresh medium 
every 1-2 days. Cells passaging was perform- 
ed when the cell cultures became 80-90% 
confluent.

Lentivirus transfection

The lentivirus for overexpressing MAGEA3 (Lv- 
MAGEA3) and the negative control lentivirus 
(Lv-NC) were obtained commercially from Ge- 
nePharma (Shanghai, China). SiHa cells were 
seeded into a 6-well plate at 70-80% conflu-
ence. Cells were transfected with Lv-MAGEA3 
or Lv-NC at an MOI (multiplicity of infection) of  
5 and divided into three groups: blank control 
group (blank, untransfected cells), negative 
control group (Lv-NC, transfected with nega- 
tive control lentivirus), and MAGEA3-overex- 
pressing group (Lv-MAGEA3, transfected with 
lentivirus for overexpressing MAGEA3). Trans- 
fection was performed according to the manu-
facturer’s instructions. Cells were transfected 
48-72 h prior to being harvested for use in sub-
sequent analysis.

siRNA and plasmid transfection 

MAGE-A3 knockdown was performed with 
siRNA in HeLa cells. Three siRNAs targeting dif-
ferent regions of the human MAGEA3 gene 
(siMAGEA3-1, 2, 3) and siRNA negative control 
(siRNA-NC) were designed and synthesized by 
RiboBio (Guangzhou, China). The siRNA sequ- 
ences were as follows: siMAGEA3-1: sense 5’- 
3’ UGGCCAUAAUCGCAAGAGA dTdT; antisense 
5’-3’ UCUCUUGCGAUUAUGGCCA dTdT. siMA-
GEA3-2: sense 5’-3’ CAGUGAUCCUGCAUGUUAU 
dTdT; antisense 5’-3’ AUAACAUGCAGGAUCAC- 
UG dTdT. siMAGEA3-3: sense 5’-3’ GAAGCUG- 
CUCACCCAACAU dTdT; antisense 5’-3’ AUGU- 
UGGGUGAGCAGCUUC dTdT; siRNA-NC: sense 
5’-3’ UUCUCCGAACGUGUCACGU dTdT; anti-
sense 5’-3’ ACGUGACACGUUCGGAGAA dTdT. 
HeLa cells were seeded into a 6-well plate at 
70-80% confluence. The cells were divided  
into three groups: blank control group (blank, 
untransfected cells), negative control group 
(siRNA-NC, transfected with siRNA-NC), and 
MAGEA3 knockdown group (siMAGEA3, trans-
fected with siMAGEA3-1, 2, or 3). Transfection 
was performed with Lipofectamine 3000 (In- 
vitrogen, CA, USA) according to the manufac-
turer’s protocol. The medium was replaced with 
new culture medium 6 h after transfection. 
Transfected cells were then cultured for 24-48 
h and harvested for gene expression and other 
assays. The most effective siRNA (siMAGEA3- 
1, siMAGEA3-2) identified by qRT-PCR was 
applied for further experiments.
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KAP1 expression plasmids (pcDNA3.1-KAP1) 
and KAP1-specific siRNA (sense: GGAGAUGA- 
UCCCUACUCAAtt; antisense: UUGAGUAGGGAU- 
CAUCUCCtg) were synthesized by GenePhar- 
ma (Shanghai, China). The process of plasmid 
transfection was similar to that of siRNA 
transfection.

CCK-8 assay

Cells were seeded into 96-well plates at a  
density of 5×103 cells/well. After transfection, 
CCK-8 (Beyotime, Shanghai, China) assays 
were performed at different time points (12 h, 
24 h, and 48 h). Ten microliters of CCK-8 
reagent was added to each well and incubat- 
ed for an additional 2 h at 37°C. The optical 
density at 450 nm was read by a microplate 
reader (Biotex, VT, USA).

5-Ethynyl-2’-deoxyuridine (EdU) assay 

Cells were seeded into 96-well plates (5×103 
cells/well) and cultured before being transfe- 
cted with siRNAs or overexpression lentivirus. 
Cell proliferation was measured using the  
kFluor488 EdU Kit (KeyGEN, Nanjing, China) 
according to the manufacturer’s instructions. 
At 48 h after transfection, EdU (30 μmol/L) was 
added, and the cells were cultured for an addi-
tional 2 h. The cells were then fixed in 4% para-
formaldehyde at room temperature for 10 min, 
washed with glycine (2 mg/ml) for 5 min in a 
shaker, and treated with 0.2% Triton X-100  
for 20 min. Cellular nuclei were stained with 
Hoechst 33342 (5 μg/ml) for 30 min at room 
temperature. The positive fluorescent signals 
were observed and taken under an inverted 
fluorescence microscope (LEICA DM5500 B, 
Germany). The proportion of EdU-positive cells 
was calculated with the following formula: (EdU-
stained cells/Hoechst-stained cells) ×100%.

RNA extraction and quantitative RT-PCR

Total RNA from cells was extracted using TRIzol 
Reagent (Invitrogen, CA, USA), and the RNA 
concentration was detected with a NanoDrop 
2000 spectrophotometer (Thermo Fisher, MA, 
USA). cDNA was synthesized using a FastQuant 
RT Kit (TIANGEN, Beijing, China). Quantitative 
RT-PCR was carried out in accordance with 
instructions provided by the manufacturer of 
the Talent qPCR PreMix kit (TIANGEN, Beijing, 
China) and the CFX96 PCR detection system 

(Bio-Rad, CA, USA). The primers used were as 
follows: MAGEA3 forward 5’-TACCCCTGTCTC- 
AAACCGAG-3’, reverse 5’-GCTGACCTGAAGTC- 
CCACTC-3’; and GAPDH forward 5’-GCACCGT- 
CAAGGCTGAGAAC-3’, reverse 5’-TGGTGAAGA- 
CGCCAGTGGA-3’. All primers were synthesized 
by Invitrogen (Shanghai, China). The house-
keeping gene GAPDH was used as the en- 
dogenous reference gene for RT-PCR. The  
data analysis was performed using the 2-ΔΔCt 
method.

Protein extraction and western blotting

Total cellular proteins were extracted by using 
RIPA lysis buffer (Beyotime, Shanghai, China). 
The protein concentration in the cell lysates 
was determined using a bicinchoninic acid 
(BCA) assay kit (Beyotime, Shanghai, China), 
and 20 μg of protein was loaded into each  
lane of a gel. After denaturation, proteins were 
separated by 10% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE)  
and transferred onto polyvinylidene fluoride 
(PVDF) membranes (Millipore, MA, USA). The 
membranes were blocked with 5% nonfat milk 
prepared with Tris-buffered saline Tween-20 
(TBST) buffer for 2 h at room temperature  
and then incubated with the primary antibody 
at 4°C overnight and secondary antibody at 
room temperature for 2 h. The PVDF mem-
branes were imaged using enhanced chemilu-
minescence (ECL) detection reagents (Apply- 
gen, Beijing, China) and visualized with a 
ChemiDoc XRS+ system (Bio-Rad, CA, USA). 
Relative band intensities were determined  
by ImageJ software. The antibodies used for 
western blotting were as follows: MAGEA3, 
KAP1, and p53 (Abcam, CA, USA); p21, Bax, 
Bcl-2, cyclin D1, cleaved caspase-3, PUMA, and 
GAPDH (Cell Signaling, MA, USA).

Co-immunoprecipitation (Co-IP) analysis

Co-IP experiments were performed using en- 
dogenous proteins in HeLa cells and overex-
pressed proteins in SiHa cells. The endogenous 
binding between MAGEA3 and KAP1 proteins 
was confirmed in HeLa cells by co-immunopre-
cipitation with anti-MAGEA3 or anti-KAP1 anti-
body followed by immunoblotting with anti-
KAP1 or anti-MAGEA3 antibodies. SiHa cells 
were cotransfected with MAGEA3 overexpres-
sion lentivirus and pcDNA3.1-KAP1. At 24 h 
posttransfection, the co-IP assay results were 
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conformed. Briefly, according to the instruc-
tions provided by the co-immunoprecipitation 
kit (Thermo Fisher, MA, USA), cells were lysed 
for 10 min on ice with lysis buffer. Following 
centrifugation at 14000 g for 10 min at 4°C, 1 
ml of each cleared lysate was incubated with 5 
µl of monoclonal anti-MAGEA3 antibody or 5 µl 
of preimmune rabbit IgG overnight with continu-
ous rotation at 4°C. Protein A-sepharose beads 
(30 µl) were then added, and the samples were 
gently rocked at 4°C for 3 h. After five washes 
with lysis buffer, the beads were recovered and 
resuspended in 40 µl of 2× SDS sample buffer 
and then boiled for 5 min. The precipitated pro-
teins were detected by western blotting.

Cell cycle analysis

The cell cycle was analyzed by a propidium 
iodide (PI) staining kit (BD Pharmingen, MA, 
USA) according to the manufacturer’s instruc-
tions. Cells were seeded in 6-well plates at a 
density of 3×105 cells/well and then transfect-
ed with Lv-MAGEA3 or siMAGEA3. At 48 h after 
transfection, cells were harvested and washed 
twice with PBS and then fixed in 70% ethanol 
overnight. Subsequently, the cell pellets were 
stained with 10 µg/ml PI and 10 µg/ml RNase 
in PBS buffer for 30 min at room temperature in 
the dark. The cell cycle distribution was evalu-
ated by using a flow cytometer (BD Biosciences, 
MA, USA).

Apoptosis assay

Cell apoptosis was detected according to the 
instructions of an annexin V-FITC/PI apoptosis 
detection kit (BD, MA, USA). Cultured cells were 
harvested and washed twice with cold PBS. 
Cell pellets were resuspended in 500 µl of  
binding buffer containing 5 µl of annexin-V- 
FITC and 5 µl of PI in the dark for 30 min at 
room temperature. Finally, the rate of cell apo- 
ptosis was analyzed using a flow cytometer  
(BD Biosciences, MA, USA). The apoptosis rate 
was defined as follows: annexin V-positive/
PI-negative (early apoptosis) and annexin V- 
positive/PI-positive (late apoptosis) cells.

Dual-luciferase reporter gene assay

Cells were cultured at a density of 5×104  
cells/well in 12-well plates and cotransfected 
with the p53-responsive luciferase reporter 
plasmid (pp53-TA-luc, containing p53 response 
element, Beyotime, Shanghai, China) along 
with the Renilla luciferase reporter plasmid 

(pGMR-TK, Genomeditech, Shanghai, China) for 
6 h. Some cells were further transfected with 
the indicated plasmids or lentivirus. At 48 h 
after transfection, the cells were lysed to mea-
sure luciferase activity using a dual-luciferase 
reporter assay kit (Beyotime, Shanghai, China). 
The relative fluorescence light unit (RLU) at  
560 nm of the mixture consisting of 50 µl of 
total cell lysate and 100 µl of the firefly lucifer-
ase assay reagent was evaluated using a  
multimode microplate reader (ThermoFisher, 
MA, USA) for 10 sec. Then, 100 µl of Renilla 
luciferase assay reagent was added to the  
mixture above, and its fluorescence at 465 nm 
was measured. Renilla luciferase activity was 
standardized to firefly activity, and the ratio was 
used to be relative activity.

Tumor xenograft models

All animal experiments were authorized by the 
Animal Care Committee of Hebei University 
Medical College. In xenograft models, four-
week-old BALB/c nude mice were used for the 
experiment and divided into two groups at  
random (Lv-MAGEA3 group and Lv-NC group, 
n=5 for each group). SiHa cells transfected  
with Lv-MAGEA3 or Lv-NC were suspended in 
100 µl PBS and injected subcutaneously into 
the flanks of the mice (5×106 cells per mouse). 
The tumor volume was recorded every 3 days 
and calculated as follows: tumor volume (mm3) 
= (length × width2)×0.5. Thirty days after cell 
implantation, the mice were sacrificed, tumor 
specimens were removed, and related gene 
expression was examined.

Immunohistochemistry (IHC) analysis

The tumor tissue were paraffin-embedded and 
cut into 5 µm sections and placed onto glass 
slides. After antigen retrieval and blocking with 
goat serum albumin, the sections were incu-
bated overnight with primary antibodies. After 
being washed with PBS three times, the sec-
tions were incubated with secondary antibod-
ies at 37°C for 30 min and visualized with 
diaminobenzidine (DAB). Finally, the slides were 
counterstained with 10% hematoxylin and ana-
lyzed under a light microscope with a digital 
camera (LEICA DM2500, Germany).

Statistical analysis

Statistical analysis was performed using SPSS 
18.0 software. All experiments were repeated 
more than three times independently. The date 
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are displayed as the means ± standard  
deviation (SD). Differences in independent 
samples were compared by Student’s t-test, 
while one-way ANOVA was used to analyze the 
differences between groups. The significance 
data were expressed as p-values, and P<0.05 
was deemed statistically significant.

Results

MAGE-A3 enhances CC cell proliferation in 
vitro 

We previously detected the expression of 
MAGEA3 in cervical lesion tissues and found 
that the expression of MAGEA3 in CC tissues 
was significantly higher than that of the control 
group [14]. Here, we measured the expression 
levels of MAGEA3 in four CC cell lines, including 
Caski, HeLa, C33A, and SiHa. Western blotting 
and qRT-PCR analysis results showed that 
HeLa cells had the highest endogenous level of 
MAGEA3 expression, and SiHa cells had the 
lowest expression level (Figure 1A).

To explore the biological functions of MAGEA3 
in cervical cancer cells, we used a lentivirus-
mediated expression system to stably over- 
express MAGEA3 in SiHa cell lines, which har-
bor a low level of endogenous MAGEA3. MAG- 
EA3 overexpression lentivirus (Lv-MAGEA3) or 
negative control lentivirus (Lv-NC) were trans-
fected into SiHa cells, and compared with 
Lv-NC, Lv-MAGEA3 led to a marked increase in 
the expression of MAGEA3. In addition, the 
MAGEA3 gene was silenced by siRNA in HeLa 
cells, which harbor a high level of endogenous 
MAGEA3. The three siRNAs targeting MAGEA3 
or siRNA-NC were transfected into HeLa cells. 
The gene knockdown efficiencies of siMA-
GEA3-1 and siMAGEA3-2 were the most pro-
nounced in the qRT-PCR analysis, so they were 
applied for further experiments (Figure 1Ba, 
1Bb).

CCK-8 (Figure 1C) and EdU (Figure 1D-F) 
assays were performed to detect the impacts 
of changes in MAGEA3 expression on the cell 
growth and proliferation of CC cell lines. As 
shown in Figure 1C and 1D-F, the overexpres-
sion of MAGEA3 significantly promoted cell  
viability and proliferation compared with that  
in the control group (blank, Lv-NC) (P<0.05). 
Conversely, knockdown of MAGEA3 markedly 

inhibited cell viability and proliferation. There 
was a significant difference between the 
MAGEA3 silencing group (siMAGEA3-1, siMA-
GEA3-2) and the control group (blank, siRNA-
NC) (P<0.05). 

MAGE-A3 increases tumor growth in xenograft 
models

To investigate the role of MAGEA3 in tumori- 
genesis, we performed an in vivo study by  
generating a SiHa xenograft model. SiHa  
cells infected with Lv-MAGEA3 or Lv-NC were 
subcutaneously injected into the flank of each 
nude mouse. Increased tumor growth and 
tumor weight were found in the Lv-MAGEA3 
group compared with the control group (Figure 
2A-C). In addition, the immunohistochemical 
analysis confirmed that the expression of 
MAGEA3 in the Lv-MAGEA3 group was signifi-
cantly higher than that in the Lv-NC group 
(Figure 2D). These results indicate that MAG- 
EA3 acts as a tumor promoter in the progres-
sion of cervical cancer. 

MAGEA3 promotes CC cell cycle progression 
and reduces cell apoptosis

To further demonstrate whether changes in 
MAGEA3 expression affected the cell cycle  
and apoptosis in human CC cells, we analyzed 
the cell cycle distribution and the percentage  
of apoptosis by flow cytometry in MAGEA3-
overexpressing or MAGEA3-silenced cells. We 
found that the percentage of G1 phase was 
increased in HeLa cells with MAGEA3 knock-
down, whereas the percentage of S phase  
was decreased in these cells compared with 
control cells (Figure 3B). Additionally, the over-
expression of MAGEA3 in SiHa cells increas- 
ed the percentage of cells in S phase (Figure 
3A). These results indicated that MAGEA3 
depletion induced cell cycle arrest at the G1 
phase, and MAGEA3 overexpression promoted 
cell cycle progression and cell proliferation. The 
results of the cell apoptosis assay showed  
that the percentage of apoptotic cells was 
increased in HeLa cells with MAGEA3 knock-
down (Figure 3B), while it was decreased  
in SiHa cells with MAGEA3 overexpression 
(Figure 3A). The results above indicated that 
MAGEA3 depletion induced cell apoptosis, 
while MAGEA3 overexpression suppressed cell 
apoptosis.
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MAGE-A3 suppresses the transcriptional activ-
ity of p53 by interacting with KAP1

To investigate the underlying mechanism of 
MAGEA3 in promoting growth and suppressing 
apoptosis in human CC cells, the online soft-
ware HitPredict was used to identify the inter-
acting protein of MAGEA3. KAP1, a universal 

into HeLa cells attenuated the suppressive 
effects of MAGEA3 on p53 activity (Figure 4B). 
These results suggested that MAGEA3 binding 
facilitates KAP1-mediated repression of p53 
function.

We further examined whether MAGEA3 affect-
ed the protein expression levels of KAP1 and 

Figure 1. The effects of MAGEA3 on cervical cancer cell proliferation in vitro. (A) Western blotting and qRT-PCR 
analysis of MAGEA3 expression levels in four CC cell lines (Caski, HeLa, C33A, and SiHa). (B) Western blotting and 
qRT-PCR analysis of the expression of MAGEA3 in SiHa (Ba) cells transfected with MAGEA3 overexpression lenti-
virus and in HeLa (Bb) cells transfected with MAGEA3-specific siRNA. Blank: untransfected cells; Lv-NC or siRNA-
NC: transfected with negative control lentivirus or siRNAs; Lv-MAGEA3: transfected with MAGEA3 overexpression 
lentivirus; siMAGEA3: transfected with MAGEA3-specific siRNA. (C) CCK-8 assay was performed to evaluate the cell 
viability in SiHa and Hela cells at different times. (D, E) EdU assay was utilized to measure cell proliferation in SiHa 
(D) and HeLa (E) cells. (F) Cell proliferation was assessed by EdU staining, and EdU-positive cell propotion was quan-
tified by ImageJ and calculated as follows: EdU-positive cells (depicted as green fluorescence)/total number of cells 
(represented by blue nuclei stain, Hoechst 33342). *P<0.05, **P<0.01 vs. control groups.

Figure 2. Overexpression of MAGEA3 promoted tumor growth in a xenograft 
mouse model. A. Representative images of xenografts derived from Lv-NC- 
and Lv-MAGEA3-transfected SiHa cells. B. Tumor growth was monitored by 
measuring tumor volumes every three days, and the tumor volumes were cal-
culated by using the formula: tumor volume (mm3) = (length × width2)×0.5. 
C. Tumor weights measured after tumor dissection. *P<0.05, **P<0.01 vs. 
Lv-NC. D. MAGEA3 expression was detected by immunohistochemical stain-
ing of tumor sections in each group of nude mice. Bar length: 100 µm.

corepressor protein, directly 
interacts with MAGEA3 pro-
tein [18, 19], and it can sup-
press p53 activity by form- 
ing a complex with MDM2  
[20, 21]. Therefore, we con-
firmed the protein-protein in- 
teractions between MAGEA3, 
KAP1, and p53 in CC cells by 
co-immunoprecipitation (co-
IP) assay. Co-IP experiments 
were performed using endog-
enous proteins in HeLa cells 
and the overexpressed pro-
teins in SiHa cells. As shown  
in Figure 4A, we pulled down 
KAP1 with MAGEA3 using the 
anti-MAGEA3 antibody and 
that we also pulled down bo- 
th MAGEA3 and p53 with 
KAP1 using anti-KAP1 anti-
body. These results indicated 
the interactions of MAGEA3, 
KAP1, and p53.

Then, we used the dual-lucif-
erase assay to investigate the 
influence of MAGEA3 on p53 
activity in HeLa cells (harbor-
ing wild-type p53). We found 
that the transfection of pc- 
DNA3.1-KAP1 or Lv-MAGEA3 
alone decreased p53 transcr- 
iptional activity, but the eff- 
ect on p53 activity was more 
pronounced when both MAG- 
EA3 and KAP1 were altered. 
Moreover, the cotransfection 
of Lv-MAGEA3 and siKAP1 
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Figure 3. MAGEA3 regulates cell cycle progression and inhibits apoptosis in CC cells. A. Flow cytometry analysis of the cell cycle and apoptosis in SiHa cells trans-
fected with Lv-MAGEA3 or Lv-NC. B. Flow cytometry analysis of the cell cycle and apoptosis in HeLa cells transfected with siMAGEA3 or siRNA-NC. The apoptosis 
rate was defined as annexin V-positive/PI-negative (early apoptosis) and annexin V-positive/PI-positive (late apoptosis) cells. *P<0.05, **P<0.01 vs. control groups.
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p53. Western blot analysis showed that MAG- 
EA3 overexpression upregulated KAP1 expr- 
ession and downregulated p53 expression in 
CC cells (Figure 4Ca, 4Cb), while MAGEA3 
knockdown exerted the opposite effects (Fig- 
ure 4Da, 4Db). In xenograft tumors, immuno-
histochemical analysis showed that the ex- 
pression of p53 in the Lv-MAGEA3 group was 
lower than that in the Lv-NC group (Figure  
4E). These results also indicated that the syn- 
ergistic effect between MAGEA3 with KAP1 
enhanced the inhibitory effect on p53 activity.

MAGEA3 regulates the protein expression of 
targets dpwnstream of p53

Next, we detected the effects of MAGEA3  
on the protein levels of the transcriptional tar-
gets (p21, Bax, Bcl-2, and PUMA) of p53. As 
expected, overexpression of MAGEA3 signifi-
cantly downregulated the protein levels of pro-
apoptotic Bax and PUMA, cell cycle inhibitor 
p21 and apoptosis protein cleaved caspase- 
3, while upregulating the expression of anti-
apoptotic Bcl-2 and cell cycle regulator cyclin 
D1 in SiHa cells (Figure 5Aa, 5Ab), whereas 
MAGEA3 knockdown exerted the opposite 
effects in HeLa cells (Figure 5Ba, 5Bb). Con- 
sistent with this, immunohistochemical analy-
sis of xenograft tumors showed that compar- 
ed with the control group, the expression of 
p21 and Bax in the Lv-MAGEA3 group was 
decreased (Figure 5C). These results indicated 
that MAGEA3 promoted CC cell proliferation 
and inhibited apoptosis by inactivating the p53 
signaling pathway.

Nutlin3 reverses the effects of MAGEA3 over-
expression

Nutlin3, as a p53 activator, could reactivate 
p53 by inhibiting the p53-MDM2 interaction 
[22]. To explore the effects of Nutlin3 (Sigma, 
MO, USA) on MAGEA3-overexpressing cells, 

flow cytometric analysis of the cell cycle and 
apoptosis was performed after treatment with 
Nutlin3 (10 μM) for 48 h. As shown in Figure 
6A, Nutlin3 attenuated the effects of MAGEA3 
overexpression on the cell cycle and apoptosis. 
Furthermore, western blotting analysis showed 
that the decreased expression of p53 and its 
target (p21, Bax) induced by MAGEA3 overex-
pression could also be reversed by Nutlin3 
(Figure 6B). The above results indicated that 
MAGEA3 plays a tumor-promoting role by inhib-
iting the tumor-suppressive function of p53.

Discussion

MAGEA3 belongs to the cancer-testis antigen 
(CTA) group of tumor-associated genes and  
has been demonstrated to be expressed in a 
broad range of malignancies. The widespread 
expression of MAGEA3 in cancer suggests that 
MAGEA3 may have oncogenic activity and may 
be a class of therapeutic targets amenable to 
pharmacologic intervention [9, 23, 24]. Emerg- 
ing evidence has shown that MAGEA3 pro-
motes tumor cell survival and inhibits apopto-
sis. Atanackovic and colleagues reported that 
knockdown of MAGEA3 and MAGEC1/C7 by 
siRNA transfection led to the induction of apo- 
ptosis in malignant plasma cells [25]. Nardiello 
and colleagues proposed that silencing MAG- 
EA3 in human myeloma cell lines did not  
impair cell cycle regulation, but it resulted in 
apoptosis through p53-dependent activation  
of Bax and Bak genes and by repression of  
survivin through p53-dependent and indepen-
dent mechanisms [16]. More recently, Das  
and colleagues observed that depletion of 
MAGEA3 in pancreatic cancer cells reduced 
cell proliferation and increased apoptosis upon 
growth factor deprivation and in response to 
cytotoxic drugs [26]. Xie and coworker found 
that MAGEA3 was knocked down in gastric  
cancer cells, leading to a reduction in cell prolif-
eration and colony forming capacities and 

Figure 4. MAGEA3 interacts with KAP1 and inhibits p53 transcriptional activity. A. Co-IP assays were performed in 
HeLa cells and SiHa cells cotransfected with Lv-MAGEA3 and pcDNA3.1-KAP1. Cell lysates were immunoprecipi-
tated (IP) with control IgG or the indicated antibody, and the precipitated protein was detected by immunoblotting 
(IB) analysis with the indicated antibody. Cell extracts were used as a positive control (Input). B. Effects of MAGEA3 
or KAP1 on p53 activity, as indicated by the reporter plasmid pp53-TA-luc. HeLa cells (with endogenous wild-type 
p53) grown on a 12-well plate were cotransfected with the pp53-TA-luc and the indicated plasmids. Luciferase was 
measured at 48 h posttransfection and normalized according to Renilla luciferase activities. Data (means ± SD) are 
represented as fold differences relative to that observed in cells without transfecting the indicated plasmids. C, D. 
Western blotting analysis of the p53 and KAP1 proteins following overexpression or knockdown of MAGEA3 in SiHa 
(Ca, Cb) and HeLa (Da, Db) cells. *P<0.05, **P<0.01 vs. control groups. E. Immunohistochemical analysis of p53 
expression in the Lv-MAGEA3 group and Lv-NC group of xenograft tumors. Bar length: 100 µm.
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Figure 5. Effects of MAGEA3 expression on the protein 
levels of p53 downstream targets. A, B. Western blot-
ting analysis of p53, p21, Bax, Bcl2, PUMA, cyclin D1, 
and cleaved caspase-3 proteins following overexpres-
sion or knockdown of MAGEA3 in SiHa (Aa, Ab) and 
HeLa (Ba, Bb) cells. *P<0.05, **P<0.01 vs. control 
groups. C. Immunohistochemical analysis of p21 and 
Bax expression in the Lv-MAGEA3 group and Lv-NC 
group of xenograft tumors. Bar length: 100 µm.
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Figure 6. Nutlin3 reverses the effects of MAGEA3 overexpression on the p53 signaling pathway, cell cycle, and apoptosis. A. Flow cytometric analysis of the cell 
cycle and apoptosis after treatment with Nutlin3 (10 μM) for 48 h. B. Western blotting analysis of the indicated proteins after treatment with Nutli3 (10 μM) for 48 
h. *P<0.05, **P<0.01 vs. Lv-NC; ##P<0.01 vs. Lv-MAGEA3.
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causing an increased expression of cell cycle-
related genes (p21, Bax) and apoptosis-relat- 
ed gene (PUMA, Noxa) [17]. In our present 
study, using the overexpression or knockdown 
approach, we demonstrated that overexpres-
sion of MAGEA3 in cervical cancer cells promot-
ed cell proliferation and suppressed apoptosis 
in vivo as well as increased tumor growth in 
vitro. However, the depletion of MAGEA3 result-
ed in inhibited cell proliferation and induced 
apoptosis. These results are consistent with 
tumorigenic functions of MAGEA3.

P53 has been called the “guardian of the 
genome” because of its central role in sensing 
and reacting to DNA damage and oncogenic 
signaling. Under cellular stress stimuli such as 
DNA damage, mitogenic oncogenes, or hypoxia, 
p53 accumulates in the cell and transcription-
ally regulates the expression of a variety of tar-
get genes [27, 28]. p53 transcriptional activity 
is essential for preventing abnormal cell prolif-
eration and carcinogenesis [29]. Multiple sig-
naling pathways and mechanisms regulate p53 
activity. However, it is suppressed mainly by its 
major regulator MDM2 protein [30, 31]. MDM2 
interacts with a variety of regulatory factors. 
Among others, KAP1 is known as a corepressor 
of p53 that acts by binding to MDM2, thereby 
suppressing p53 expression, p53 acetylation, 
and p53 function [20, 32].

Moreover, KAP1 protein was demonstrated in 
complex with MAGE protein. MAGE protein, 
together with KAP1, actively promotes tumor 
survival by facilitating MDM2-mediated sup-
pression of p53 activity [20, 21]. Others have 
also suggested that MAGE-A binds to p53’s 
DNA-binding domain directly, which may pre-
vent its transcriptional activity [33, 34]. In the 
present study, our findings supported the 
mechanism by which MAGEA3 proteins act as 
corepressors of p53 by binding to KAP1 and 
enhancing its suppression of p53. As shown  
in the co-IP assay, MAGEA3 could bind to  
KAP1; similarly, KAP1 could bind to MAGEA3. 
Additionally, KAP1 was detected to bind to p53. 
However, we did not detect the direct binding 
between MAGEA3 and P53. In other words, our 
findings indicated that the MAGEA3 protein 
might interact with the KAP1/P53 complex. 
The dual-luciferase reporter gene assay showed 
that overexpression of either KAP1 or MAGEA3 
decreased p53 transcriptional activity, where-

as overexpression of both MAGEA3 and KAP1 
resulted in a more obvious inhibitory effect. 
Intriguingly, the cotransfection of MAGEA3 
overexpression lentivirus and siKAP1 into HeLa 
cells attenuated the suppressive effects of 
MAGEA3 on p53 activity. These findings sug-
gested that MAGEA3 binding facilitates KAP1 
repression of p53 expression and function. In 
addition, western blotting analysis showed that 
overexpression of MAGEA3 led to increased 
expression of KAP1 and reduced expression  
of p53, whereas depletion of MAGEA3 exerted 
the opposite effects. These results also indi-
cated that MAGEA3 cooperated with KAP1 to 
enhance the inhibitory effect on p53 activity.

Activation of p53 causes a variety of respons-
es, including cell cycle arrest or apoptosis, 
thereby providing a critical barrier against 
tumor development [35]. Cell cycle arrest driv-
en by p53 requires the transcription of p21, 
which is a cyclin-dependent kinase (CDK) in- 
hibitor. DNA damage or stress increases the 
levels of p53 protein, which in turn induces p21 
transcription and leads to cell-cycle arrest at 
G1 [36, 37]. P53 mediates cell apoptosis by 
activating the mitochondrial pathway, which is 
mainly regulated by p53 effector Bcl-2 proteins 
such as Bax [38]. In addition, PUMA (p53 upreg-
ulated modulator of apoptosis), a primary tar-
get gene of p53, plays a critical role in DNA 
damage-induced cell apoptosis [29, 39]. In the 
present study, we found that the MAGEA3 
knockdown led to cell cycle arrest at G1 as well 
as an increase in the apoptosis rate compared 
with the control group. Consistent with this, 
increased levels of Bax, PUMA, cleaved cas-
pase-3, and p21 were observed in MAGEA3 
knockdown cells compared to control cells. 
Conversely, in MAGEA3-overexpressing cells, 
we found that the number of cells in S phase 
was increased and that the apoptosis rate  
was decreased. Moreover, the p53 activator 
Nutlin3 reversed the effects of MAGEA3 over-
expression on the p53 signaling pathway, cell 
cycle, and apoptosis. The results above sug-
gested that MAGEA3 exerts pro-proliferative 
and antiapoptotic effects on CC cells that har-
bor wild-type p53 in a p53-dependent manner. 
However, further study is needed to determine 
whether overexpression or knockdown of the 
MAGEA3 gene has effects on p53-null or p53-
mutant CC cells.



Role of MAGEA3 in cervical cancer

3611 Am J Transl Res 2020;12(7):3596-3612

In conclusion, using overexpression or knock-
down approaches, we found that in cervical 
cancer cells, MAGEA3 promoted cell prolifera-
tion and suppressed apoptosis in vitro and 
increased xenograft tumor growth in vivo. 
Mechanistically, we demonstrated that MAG- 
EA3 inhibits p53 activity by interacting with 
KAP1 and suppresses p53-mediated regula-
tion of the expression of the genes involved  
in the cell cycle (p21, cyclin D1) and apoptosis 
(Bax, Bcl2, PUMA). Our study highlights the  
pro-proliferative and antiapoptotic role of MA- 
GEA3 in cervical cancer cells and provides a 
potential prognostic marker and therapeutic 
target for cervical malignancies.
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