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Abstract
Purpose  Among malignant tumors, non-small cell lung cancer (NSCLC) remains a major threat to human life and 
health. Studies have illustrated that minichromosome maintenance protein 4 (MCM4) has complex interactions with 
the progression of many cancers, yet the role and mechanism of MCM4 in NSCLC remain to be elucidated.

Methods  MCM4 expression in NSCLC tissues was assessed using the TCGA database. MCM4 levels in NSCLC cells and 
tissues was validated utilizing qRT-PCR and western blot. Cell proliferation, metastasis and EMT were measured by 
CCK-8, transwell, and western blot assays. Subsequently, E2F1 bound with the promoter of MCM4 was predicted via 
JASPAR database. Luciferase assay and chromatin immunoprecipitation (ChIP) were utilized to evaluate the binding 
relationship between the two. Finally, rescue experiments were performed to demonstrate the mechanism of MCM4 
regulating NSCLC progression. Xenograft model was utilized to prove the role of MCM4 and E2F1 in NSCLC in vivo.

Results  MCM4 was markedly elevated in NSCLC tumor samples and intimately linked to poor patient prognosis. 
Silencing of MCM4 repressed growth, migration, invasion, and EMT of cells. In vivo test findings displayed that 
knockdown of MCM4 suppressed changes in tumor volume and weight in mice. Moreover, E2F1 bound with the 
promoter of MCM4 was predicted by JASPAR database. E2F1 was heightened in NSCLC tissues and cells. Then, 
the outcome of rescue assays confirmed that E2F1 introduction attenuated the depressing influence of MCM4 
knockdown on NSCLC. Moreover, E2F1/MCM4 promoted the progression of NSCLC by activating the PI3K/AKT 
signaling pathway.

Conclusions  E2F1 accelerated NSCLC progression by activating the PI3K/AKT pathway through MCM4. Our 
outcomes confirmed that MCM4 is a potential target for the treatment of NSCLC patients.
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Introduction
Until now, lung cancer, a malignant tumor, is still a severe 
danger to the life and health of people. The results of 
the Global Cancer Survey shown that in 2020, there was 
about 1.8 million deaths of lung cancer, ranking the first 
in mortality [1]. Non small cell lung cancer (NSCLC) 
accounts for approximately 85% of all cases [2]. With 
the popularization of lung cancer screening and people’s 
precautions against lung cancer, the incidence of cancer 
has decreased. Besides, with the improvement of medi-
cal care, molecular targeted therapy and immunotherapy 
have led to an increase in the survival rate of patients. 
However, the relatively insidious onset of lung cancer and 
the less obvious early symptoms have led to the majority 
of patients tending to be in an advanced stage when their 
first diagnosis, and the overall survival rate of patients 
in the advanced stage is less than 20% [3]. Therefore, 
searching new molecular markers in NSCLC are crucial 
for improving patient outcomes and prolonging patient 
survival.

The distinguishing feature of cancer cells is that they 
can replicate indefinitely and the cell cycle is not regu-
lated by the organism. Minichromosome maintenance 
proteins have deconjugating enzyme activity during 
replication priming and play a crucial role in regulating 
the timing of replication during the cell cycle [4]. Mini-
chromosome maintenance proteins (MCMs) are a family 
of 10 proteins with highly conserved sequences of each 
member, mostly consisting of 776–1017 amino acid resi-
dues [5]. In addition to this, MCM proteins are involved 
in the prolongation of DNA replication and other chro-
mosomal reactions, including damage response, tran-
scription, and also constitute the structure of chromatin 
[6]. Unlimited replication of DNA is part of the hallmark 
of heterotrophic proliferative and malignant cells. Many 
DNA replication proteins are considered to be promis-
ing cancer biomarkers [7]. MCM proteins have also been 
proved to be strongly related to the occurrence of can-
cer. MCM is aberrantly expressed in kinds of cancer tis-
sues and cancer cells and is considered to be a diagnostic 
marker for cancer [8].

Within the MCM family, minichromosome mainte-
nance proteins 4 (MCM4) is recognized as the most con-
served protein throughout evolution. It has been shown 
that MCM4 expression is enhanced in various malignant 
tumor tissues, such as hepatocellular carcinoma, ovarian 
carcinoma, and glioma, which may promote the devel-
opment of malignant tumors, thus MCM4 is consid-
ered a prospective target for the treatment of malignant 
tumors [9]. In hepatocellular carcinoma, MCM4 mRNA 
and protein were obviously magnified in hepatocellular 
carcinoma tissues, and high MCM4 was markedly and 
inversely related to the survival of hepatocellular car-
cinoma patients [10]. Yang et al. confirmed MCM4 was 

enhanced in gliomas and had a significant effect on the 
proliferation and cell cycle of glioma cells, and could pro-
mote the growth of cancer cells in gliomas [11]. MCM4 
has been reported as a biomarker for lung adenocarci-
noma, and high expression of MCM4 is associated with 
poor prognosis in lung adenocarcinoma patients [12–15]. 
Although previous studies have shown that MCM4 has 
important biological functions in lung cancer and serves 
as a potential prognostic biomarker, its specific molecu-
lar mechanisms in NSCLC progression still need further 
investigation.

The work aimed to reveal the potential mechanisms by 
which MCM4 regulates the development of NSCLC. Our 
study found that MCM4 was highly expressed in NSCLC 
tissues and cell lines. Knockdown of MCM4 inhibited 
proliferation, migration, invasion, and EMT of NSCLC 
cells. In addition, we discovered that E2F1 bound to the 
MCM4 promoter by database prediction, and E2F1 was 
strengthened in NSCLC tissues and cells. Mechanistic 
studies revealed that E2F1 regulated NSCLC progression 
through MCM4. This study may provide new insights 
into the treatment of NSCLC patients.

Materials and methods
Bioinformatics analysis
The MCM4 and E2F1 levels in NSCLC tissues were 
analyzed via TCGA database. E2F1 binding with the 
promoter of MCM4 was predicted through JASPAR 
database.

Cell culture
All human lung cancer cell lines (H1299, A549, H1975), 
and human bronchial epithelial cell line (BEAS-2B) 
were purchased from American Type Culture Collec-
tion (ATCC). Cells were cultured in RPMI-1640 medium 
(Gibco) containing 10% FBS. All cells were cultured in an 
incubator at 37 °C with 5% CO2.

Cell transfection
Si-MCM4, si-NC targeting MCM4 and oe-E2F1, oe-NC 
targeting E2F1 were purchased from GenePharma. Sub-
sequently, the above oligosynucleotide solutions or plas-
mids were transfected into cells via Lipofectamine 3000 
reagent. After 24  h of transfection, the medium was 
changed to continue incubation for 24 h. Cells were col-
lected, and the transfection efficiency was detected by 
qRT-PCR and western blot.

Lentiviral vectors sh-MCM4 and sh-NC were pur-
chased from GenePharma. Cells were infected with 
sh-MCM4 and sh-NC according to the manufacturer’s 
guidelines. After 48  h, the stably transfected cells were 
screened with 2  µg/ml puromycin (sigama). Finally, 
qRT-PCR and western blot were used to measure the 
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transfection efficiency. The sequence of si-MCM4, si-NC, 
sh-NC and sh-MCM4 was shown in supplementary files.

Quantitative real time polymerase chain reaction (qRT-
PCR)
Total RNA was isolated from the cells using TRIzol 
reagent (Solarbio, China) and RNA concentration was 
determined. Total RNA was reverse transcribed into 
complementary DNA (cDNA) using a reverse transcrip-
tion kit (Takara, China). Subsequently, qRT-PCR was 
performed on a 7500 ABI Biosystem using gene-specific 
primers. GAPDH was used as an internal control. Primer 
sequences were as follows (5’→3’):

MCM4 F: ​G​A​C​G​T​A​G​A​G​G​C​G​A​G​G​A​T​T​C​C.
MCM4 R: ​A​G​A​G​C​A​G​T​T​T​G​A​C​G​T​G​C​T​T​C​C.
E2F1 F: ​A​C​G​T​G​A​C​G​T​G​T​C​A​G​G​A​C​C​T.
E2F1 R: ​G​A​T​C​G​G​G​G​C​C​T​T​G​T​T​T​G​C​T​C​T​T.
GAPDH F: ​C​G​C​T​G​A​G​T​A​C​G​T​C​G​T​G​G​A​G​T​C.
GAPDH R: ​G​C​T​G​A​T​G​A​T​C​T​T​G​A​G​G​C​T​G​T​T​G​T​C.

Western blot (WB)
Total protein was extracted by lysing cells with RIPA 
lysate (Boster, China) and centrifuged. The density was 
estimated via BCA kit (Beyotime). Subsequently, proteins 
were isolated on 10% SDS-PAGE gel, after that the pro-
teins were moved to a PVDF membrane. The membranes 
were blocked with 5% skimmed milk for 2 h. After that, 
incubated with antibodies against MCM4 (ab124836, 
1:1000; Abcam), E-cadherin (ab231303, 1:1000; Abcam), 
N-cadherin (ab280375, 1:1000; Abcam), Vimentin 
(ab92547, 1:1000; Abcam), E2F1 (ab288369, 1:1000; 
Abcam), PI3K (#4292, 1:1000; Cell Signaling Technol-
ogy), p-PI3K (#4228, 1:1000; Cell Signaling Technol-
ogy), p-AKT (#9272, 1:1000; Cell Signaling Technology), 
p-AKT (#9271, 1:1000; Cell Signaling Technology), and 
GAPDH (#2118, 1:1000; Cell Signaling Technology) at 
4 °C overnight. Next day, the membranes were incubated 
with HRP-conjugated secondary antibodies. Finally, spe-
cific protein signals were measured through an ECL kit, 
and analyzed in grayscale via Image J.

Cell counting kit-8 (CCK-8) assay
The assay was performed by Cell Counting Kit-8 (CCK-
8). Transfected lung cancer cells (24 h post-transfection) 
were inoculated into 96-well plates, 100  µl complete 
medium was added and incubated at 37 °C. At the end of 
each experiment, 10  µl CCK-8 reagent was added, then 
the cells were continued to be incubated at 37 °C for 2 h. 
The OD450 was then determined through an enzyme 
marker (Thermo Fisher Scientific, USA).

Transwell assay
Transwell assay was utilized to detect the migration and 
invasion ability of the cells. In the migration assay, cells 

were inoculated into a 24-well Transwell at a density of 
4 × 104 cells, 600 µl of medium containing 10% FBS was 
added to the lower chamber. 24  h later, cells remaining 
in the upper chamber were discarded. Subsequently, 
migrated cells were fixed with 4% paraformaldehyde and 
stained with 0.1% crystal violet for 10 min. In the inva-
sion assay, cells were kept in matrigel-coated (BD, USA) 
chambers for 48 h. Other steps were the same as for the 
migration assay.

Dual luciferase assay
Wild-type (WT) and mutant (MUT) plasmids contain-
ing MCM4 were constructed by inserting sequences into 
the pmirGLO plasmid. Cells (5 × 104 cells) were placed in 
24-well plates and co-transfected with the E2F1 mimic 
using either the WT or MUT luciferase reporter plasmid. 
48 h later, the relative luciferase activity in the cells was 
measured via a luciferase reporter gene kit (Promega, 
USA). The sequences of MCM4 wildtype and mutant 
promoters were shown in supplementary files.

Chromatin Immunoprecipitation (ChIP)
ChIP assays were performed using a ChIP kit (Millipore, 
USA). Cells were crosslinked with 1% formaldehyde, and 
the crosslinked chromatin was isolated and sonicated to 
fragment the DNA. Next, the sonicated chromatin was 
incubated overnight with corresponding antibodies at 
4 °C, with IgG serving as the negative control. Then, the 
immunoprecipitated complexes were washed, the pre-
cipitated DNA was extracted and analyzed by qRT-PCR.

Xenograft tumor model
NSCLC cells were taken for experiments to construct 
the xenograft model. 4-week-old BALB/c nude mice 
were randomly classified into three groups, the con-
trol group, the MCM4 knockdown (sh-MCM4) group, 
the MCM4 knockdown and E2F1 overexpression (sh-
MCM4 + oe-E2F1) group. The corresponding cells were 
implanted subcutaneously into the nude mice. The physi-
cal condition and tumor formation of the nude mice were 
observed at any time.After 4 weeks, the nude mice were 
sacrificed by de-necking, the transplanted tumors were 
removed, and the volume was measured and weighed.

Statistical analysis
Data were expressed as mean ± standard deviation and 
plotted using GraphPad Prism 8.0 software. Analy-
sis between two groups was performed using Student’s 
t-test. Analysis between multiple groups was performed 
by one-way analysis of variance (ANOVA). The rela-
tionship between MCM4 expression and patient prog-
nosis was analyzed using Kaplan-Meier survival curves. 
P < 0.05 was considered statistically significant difference.
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Results
MCM4 is Raised in NSCLC tissues and cell lines
To investigate the effect of MCM4 on the development 
of NSCLC, our study first evaluated the levels of MCM4 
in various types of cancers by the TCGA database, which 
showed that MCM4 was highly expressed in a variety of 
cancers including NSCLC (Fig.  1A). To further explore 
the expression of MCM4 in NSCLC, MCM4 expression 
was analyzed in 59 normal tissue samples and 515 tumor 
samples from the TCGA database, which also revealed 
that MCM4 was significantly highly expressed (Fig. 1B). 
The different stages of tumors in the TCGA database 

and the immunohistochemical analysis results in the 
Human Protein Atlas also confirmed the high expression 
of MCM4 (Fig. 1C, D). Next, we validated the expression 
of MCM4 in NSCLC using qRT-PCR and WB experi-
ments. Elevated MCM4 mRNA and protein levels were 
found in NSCLC tissues (Fig. 1E, F). In addition, MCM4 
was markedly heightened in NSCLC cell lines (H1299, 
A549, H1975) contrasted to BEAS-2B (Fig.  1G). More-
over, this was confirmed by the experimental results of 
WB (Fig.  1H). There was a obvious difference between 
the survival rate of patients with high and low MCM4 
expression, and patients with high MCM4 had notably 

Fig. 1  MCM4 was highly expressed in NSCLC tissues and cell lines. A. The expression level of MCM4 in various types of cancers tissues and normal tis-
sues was assessed using TCGA database. B. The expression level of MCM4 in cancer tissues and normal tissues was assessed using TCGA database. C. The 
expression of MCM4 in different stages of tumors was analyzed by TCGA database. D. The expression of MCM4 was analyzed by immunohistochemical 
in the Human Protein Atlas. E. MCM4 mRNA expression in NSCLC tissues and normal tissues was measured by qRT-PCR. F. MCM4 protein level in NSCLC 
tissues and normal tissues was measured by western blot. G. MCM4 mRNA expression in different NSCLC cell lines compared with human normal lung 
epithelial cell line was measured by qRT-PCR. H. MCM4 protein level in NSCLC cell lines was measured by western blot. I. The relationship between MCM4 
expression and patient prognosis was analyzed using Kaplan-Meier survival curves. *P < 0.05, **P < 0.01, ***P < 0.001
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lower survival than patients with low MCM4 expres-
sion and had a poorer prognosis (Fig. 1I). These findings 
implied MCM4 was enhanced in NSCLC, its high expres-
sion was strongly associated with low survival.

Silencing of MCM4 weakens proliferation, migration, 
invasion and EMT of NSCLC cells
To examine the biological function of MCM4 in NSCLC, 
we transfected NSCLC cells with si-MCM4 and detected 
the transfection efficiency of cells via qRT-PCR. The 
findings displayed MCM4 was dramatically reduced 
in cells after transfection with si-MCM4 (Fig.  2A). To 
further verify the transfection efficiency of the cells, 
we performed WB experiments. Similar results were 
obtained, and the MCM4 protein expression was obvi-
ously reduced in cells after transfection with si-MCM4 
(Fig.  2B). The above findings indicated that the cell 
transfection was successful. Subsequently, we utilized 
CCK-8 test to measure the cell growth ability. The out-
comes exhibited that the cells growth ability was mark-
edly declined after MCM4 silencing compared with the 
control (Fig.  2C). Next, we also used transwell experi-
ment to test the metastatic ability of NSCLC cells after 
MCM4 knockdown. The experimental results demon-
strated that the number of migrating and invading cells 
was notably diminished after MCM4 silencing, implying 
a clear degraded in cell migration (Fig. 2D) and invasion 
(Fig.  2E) abilities. In addition, we assayed EMT-related 
markers level using WB assay. The findings disclosed that 
the E-cadherin protein content of the cells was enlarged 
after knockdown of MCM4, while the N-cadherin and 
Vimetin protein content was reduced, indicating that 
MCM4 silencing remarkably attenuated the EMT pro-
cess (Fig.  2F). The above outcomes displayed MCM4 
inhibition hampered the growth, migration, invasion and 
EMT of NSCLC cells.

E2F1 acts as a transcription factor to activate MCM4 
expression in NSCLC cells
To characterize the molecular mechanism by which 
MCM4 facilitates the progression of NSCLC cells, the 
binding factors of MCM4 were predicted via JASPAR 
database. The results demonstrated that E2F1 bound 
with the MCM4 promoter (Fig.  3A). Subsequently, we 
analyzed the expression of E2F1 in NSCLC tissues by 
database. The findings suggested that E2F1 was notably 
enhanced in NSCLC tumor samples (Fig. 3B). Next, the 
E2F1 mRNA level in different NSCLC cells was detected 
through qRT-PCR. We disclosed that E2F1 mRNA 
expression was raised in NSCLC cells compared with 
BEAS-2B (Fig.  3C). Moreover, the experimental results 
of WB presented similar results. E2F1 protein expres-
sion was also heightened in NSCLC cells (Fig.  3D). In 
addition, to research the biological function of E2F1 in 

NSCLC, cells were transfected with oe-E2F1 overexpres-
sion vector. The overexpression efficiency of E2F1 was 
measured via qRT-PCR. The findings indicated that E2F1 
mRNA in cells was notably strengthened after transfec-
tion of oe-E2F1 overexpression vector (Fig. 3E). Then the 
overexpression efficiency of E2F1 was verified by WB 
assay, and it was found the E2F1 protein expression was 
clearly enlarged after transfection with oe-E2F1 insertion 
vector (Fig.  3F). The above outcomes indicated that the 
cell transfection was successful. After that, we used lucif-
erase assay to validate the binding relationship between 
E2F1 and MCM4. It was discovered that after overex-
pression of E2F1, luciferase activity of MCM4-WT was 
heightened, whereas there was no obvious change in the 
luciferase activity of MCM4-MUT, suggesting that there 
was a binding relationship between E2F1 and MCM4 
(Fig.  3G). The ChIP experiment results also confirmed 
the binding relationship between E2F1 and MCM4 
(Fig. 3H). Subsequently, we determined the effect of E2F1 
overexpression on MCM4 mRNA and protein expression 
via qRT-PCR and WB. The levels of MCM4 mRNA and 
protein were found to be considerably reduced after inhi-
bition of MCM4, whereas MCM4 levels were increased 
after cotransfection of si-MCM4 and oe-E2F1 (Fig. 3I, J). 
The above outcomes displayed that E2F1 acted as a tran-
scription factor to activate MCM4 levels in NSCLC cells.

E2F1 overexpression alleviates the inhibitory effect of 
MCM4 Silencing on NSCLC
To probe the specific functions of E2F1 and MCM4 in 
NSCLC development, we performed rescue experiments. 
First, cell viability was examined using CCK-8 experi-
ment. We identified that MCM4 knockdown diminished 
the cell viability, which was reversed by the addition of 
oe-E2F1 (Fig. 4A). Subsequently, the metastatic ability of 
the cells was assessed transwell experiment. Cell migra-
tion and invasion abilities were dramatically depressed 
after transfection with si-MCM4, whereas co-transfec-
tion with si-MCM4 and oe-E2F1 alleviated the repressive 
action of transfection with si-MCM4 on cell migration 
and invasion abilities (Fig.  4B, C). Next, EMT-related 
proteins level was determined using the WB. It was 
noticed that overexpression of E2F1 returned the pro-
moting effect on E-cadherin proteins and the inhibitory 
effect on N-cadherin and Vimetin proteins after MCM4 
silencing (Fig. 4D, E). The above outcomes suggested that 
E2F1 introduction attenuated the suppressive effect of 
MCM4 inhibition on NSCLC.

E2F1/MCM4 plays a role in NSCLC by activating the PI3K/
AKT signaling pathway
Next, we further evaluated the role of the E2F1/MCM4 
axis in PI3K/AKT signaling transduction. WB results 
showed that MCM4 knockdown inhibited the activation 
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Fig. 2  MCM4 silencing suppressed proliferation, migration, invasion and EMT of NSCLC cells. A. qRT-PCR was used to detect the knockdown efficiency of 
siRNA. B. Western blot was used to confirm the knockdown efficiency of siRNA. C. Cell viability of NSCLC cell after MCM4 knockdown was measured with 
CCK-8 assay. D. Cell migration of NSCLC cell after MCM4 knockdown was tested by transwell assay. E. Invasive ability of NSCLC cell after MCM4 knockdown 
was examined with transwell assay. F. EMT-related markers was detected by western blot. *P < 0.05, **P < 0.01, ***P < 0.001
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of PI3K/Akt signaling, and overexpression of E2F1 
reversed this inhibitory effect (Fig. 5A, B). These findings 
suggested that E2F1/MCM4 promoted NSCLC progres-
sion by activating the PI3K/AKT signaling pathway.

E2F1 promotes the development of NSCLC tumors through 
MCM4 in vivo
To study the functions of MCM4 and E2F1 in vivo, we 
established an animal xenograft model. The sh-MCM4 
or oe-E2F1 was transfected into NSCLC cells. The repre-
sentative image of the tumor was shown in Fig. 6A. Com-
pared with sh-NC, the tumor volume in the sh-MCM4 
group was dramatically reduced, while oe-E2F1 reversed 
this phenomenon (Fig.  6B). Similarly, oe-E2F1 returned 
the inhibitory effect of sh-MCM4 on tumor weight 

(Fig.  6C). In addition, qRT-PCR experiments disclosed 
that oe-E2F1 reversed the effect of knockdown MCM4 
on MCM4 expression (Fig.  6D). The above results indi-
cated that E2F1 accelerated the development of NSCLC 
through MCM4 in vivo.

Discussion
For decades, lung cancer has been a tumor with high 
malignancy and mortality, NSCLC is the major case 
type of lung cancer, even with chemotherapy and sur-
gery, most lung cancer patients still have a short survival 
period, which is mainly due to the metastasis of the can-
cer and rapid tumor progression [16]. Therefore, research 
of the targeted therapeutic mechanism of NSCLC and 

Fig. 3  E2F1 acted as transcription factor to activate MCM4 expression in NSCLC cells. A. E2F1 binding with the promoter of MCM4 was predicated by JAS-
PAR databases. B. E2F1 expression in NSCLC tissues was tested by database. C. E2F1 mRNA expression in different NSCLC cell lines compared with human 
normal lung epithelial cell line was measured by qRT-PCR. D. E2F1 protein level in NSCLC cell lines was measured by western blot. E. qRT-PCR was used 
to detect the overexpression efficiency of E2F1. F. Western blot was used to confirm the overexpression efficiency of E2F1. G. The binding relationship 
between E2F1 and MCM4 was confirmed by luciferase assay. H. The binding relationship between E2F1 and MCM4 was confirmed by ChIP experiment. I. 
MCM4 mRNA level were assessed by qRT-PCR after E2F1 overexpression. J. MCM4 protein level were assessed by western blot after E2F1 overexpression. 
*P < 0.05, **P < 0.01, ***P < 0.001, #P < 0.05, ##P < 0.01
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searching for effective targets for NSCLC patients are 
essential.

Current studies have well established that epigenetic 
and genetic alterations such as transcription factors, che-
mokines, growth factors, proteases, etc. can be involved 
in cancer progression in specific microenvironments 
[17]. One of the transcription factors is the microchro-
mosomal protein (MCM) family. It has been pointed out 
that the association between MCM5 and HDAC1 exacer-
bates the malignant progression of lung cancer [18]. Lei 
et al. displayed high MCM6 was closely associated with 
tumor size and lymph node metastasis in patients with 
breast cancer, and that MCM6 was a danger element 
affecting the prognosis of breast cancer patients [19]. 
Furthermore, the expression of MCM2 is linked to poor 
prognosis in pancreatic cancer and has been identified 
as a potential biomarker for the diagnosis and prognosis 
of pancreatic cancer [20]. MCM4 is a core component of 
the MCM family, and multiple studies have demonstrated 
that MCM4 serves a pivotal part in DNA replication and 
tumorigenesis [21]. Kobayashi et al. demonstrated that 
the MCM4 was related to poor prognosis and tumor 
progression in uroepithelial carcinoma [22]. Choy et al. 

manifested that MCM4 could be used as a biomarker for 
precancerous lesions of esophageal cancer, and was sig-
nificantly correlated with the Ki-67, Bmi1, and cytokinin 
E levels [23]. Xiao et al. revealed that MCM4 was associ-
ated with tumorigenesis and triple-negative breast cancer 
progression, and could be used as a triple-negative breast 
cancer prognostic biomarker and therapeutic target [24]. 
However, a comprehensive analysis of the diagnostic 
value of MCM4 in lung cancer and its mechanism affect-
ing the development of lung cancer remain to be eluci-
dated. Tan et al. found that MCM4 was strengthened in 
lung adenocarcinoma tumors, MCM4 overexpression 
promoted the growth and inhibited the apoptosis of lung 
adenocarcinoma cells [25]. Our results have similarities 
with the previous findings, in our study, by database anal-
ysis, we disclosed MCM4 was raised in NSCLC, the same 
results were obtained in cell lines. Survival curve analysis 
displayed patients with high MCM4 had a worse progno-
sis. To study the function of MCM4 in NSCLC cells, we 
constructed NSCLC cell lines with knockdown MCM4 
expression. We discovered that MCM4 inhibition clearly 
weakened cell growth, metastasis, and suppressed the 
EMT process. The outcomes of the xenograft model also 

Fig. 4  E2F1 overexpression alleviated the inhibitory effects of MCM4 knockdown in NSCLC. A. Cell viability was tested using CCK-8 assay. B. Cell migration 
was assessed by transwell assay. C. Cell invasion was evaluated by means of transwell assay. D-E. The expression of EMT-related proteins was determined 
using western blot. **P < 0.01, ***P < 0.001, #P < 0.05, ##P < 0.01
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declared that knockdown of MCM4 hampered changes 
in tumor volume and weight and restrained growth in 
mice.

On this basis, to research the mechanism by which 
MCM4 promotes cancer development, we predicted the 
binding sites of MCM4 through the JASPAR database 
and discovered E2F1 bound to the MCM4 promoter. 
This relationship was also confirmed by dual luciferase 

experiments. E2F1 is an important member of the E2F 
transcription factor family, which consists of eight mem-
bers (E2F1-E2F8) that can be categorized into two groups 
in terms of their protein structures, collaborating factors 
and transcriptional features. E2F1-E2F3 are transcrip-
tion promoters and E2F4-E2F8 are transcription repres-
sors [26]. E2F1 is located on human chromosome 20q11, 
with a fragment size of approximately 11 kb [27]. E2F1 

Fig. 5  E2F1/MCM4 plays a role in NSCLC by activating the PI3K/AKT signaling pathway. A. The levels of phosphorylated PI3K and AKT in NSCLC cells 
after silencing MCM4 or overexpressing E2F1 was analyzed by western blot. B. Quantitative analysis of phosphorylated PI3K and AKT levels. **P < 0.01, 
***P < 0.001, ##P < 0.01, ###P < 0.001
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is involved in the regulation of various biological activi-
ties, ranging from apoptosis, angiogenesis, and invasive 
metastasis, etc. Song et al. confirmed that E2F1 initiated 
PRSS22 transcription accelerates breast cancer metasta-
sis through cleavage of ANXA1 and activation of FPR2/
ERK pathway [28]. Lv et al. declared that E2F1-activated 
SPIN1 facilitates cell growth in gastric cancer through 
the MDM2-p21-E2F1 feedback loop [29]. The results of 
this study revealed that E2F1 was obviously enhanced 
in NSCLC tissues and cell lines. Subsequently, we per-
formed rescue experiments and disclosed E2F1 insertion 
attenuated the effect of MCM4 knockdown on NSCLC. 
In vivo experiments also confirmed that overexpression 
of E2F1 reversed the inhibitory effect of MCM4 knock-
down on tumor growth in mice. In addition, PI3K/AKT 
has been reported to regulate cell proliferation and 
metastasis in a variety of cancers [30, 31]. This study 
found that knockdown of MCM4 inhibited the activa-
tion of PI3K/AKT signaling, and overexpression of E2F1 
reversed this inhibitory effect. These findings suggested 
that E2F1/MCM4 promoted NSCLC progression by acti-
vating the PI3K/AKT signaling pathway.

Conclusions
MCM4 is enhanced in NSCLC, and high MCM4 is 
closely correlated to worse prognosis of NSCLC patients. 
In addition, MCM4 facilitates NSCLC cell proliferation, 
metastasis, and EMT, promotes tumor growth. Our find-
ings suggest E2F1 accelerated tumor progression by acti-
vating the PI3K/AKT signaling pathway through MCM4, 
providing a probable new therapy for the future treat-
ment of NSCLC.
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Fig. 6  E2F1 promotes the development of NSCLC tumors through MCM4 in vivo. A. Representative images of tumors. B. The changes in tumor volume. 
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