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1. Introduction

The minichromosomal maintenance (MCM) protein 
family consists of six related proteins that have essential 
roles in the initiation of DNA replication, elongation of 
DNA replication, and other chromosome transactions 
(1-4). MCM4 is part of the MCM2-7 heterohexameric 
complex, that has ATPase activity and serves as the core 
of the replicative helicase that unwinds duplex DNA 
and drives the progression of the replication fork (5). It 
has been recently reported that deregulation of MCM4 
can contribute to cell proliferation and tumorigenesis. 
Therefore, aberrant expression of MCM4 may be applied 
as a promising prognostic marker in several malignancies 
(4,6-10). However, there is still a shortage of studies 
exploring the correlation between MCM4 and HCC. The 
role of MCM4 in HCC remains unclear.
 In this study, we systematically investigated the 
roles of MCM4 in HCC. We demonstrated that the 
expression level of MCM4 was negatively associated 
with the clinical stage and prognosis of HCC patients. 
Furthermore, we also revealed the functions of MCM4 in 
tumor behavior including tumor proliferation.

2. Materials and Methods

2.1. Bioinformatics analysis

The data from GTEx database and TCGA database 
were used for differential genetic analysis. Differential 
gene expression and survival analysis were measured 
using the GEPIA website (http://gepia.cancer-pku.cn) 
(11). One-way ANOVA was applied for gene expression 
analysis between cancer and non-cancerous liver tissues. 
The disease-free survival time and overall survival time 
were obtained from the TCGA public database.

2.2. Patients and samples

Following Institutional Review Board approval, 102 
patients with hepatocellular carcinoma who have been 
proved by pathology were incorporated into the study. 
Fresh samples were collected just after surgery and 
fixed in 10% formalin before embedding in paraffin 
wax. Patients' clinical and pathological data including 
age, gender, number of tumor nodes, tumor sizes and 
AFP levels were identified. All samples used were 
analyzed by experienced pathologists to ensure they 
were diagnosed as HCC. Written informed consent 
was obtained from patients before the study. We have 
also complied with the World Medical Association 
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Declaration of Helsinki involving the ethical conduct of 
research involving human subjects.

2.3. Immunohistochemistry

A standard immunoperoxidase staining procedure was 
performed. The paraffin-embedded tissues were sliced 
into 4um sections and baked at 70°C for 45 minutes. 
The sections were de-waxed in xylene and rehydrated 
in graded ethanol. Then, 0.01M citrate buffer was 
applied to repair the antigen, 3% H2O2 in methanol was 
added to the slices for 10 minutes. The tissues were 
incubated with primary anti-MCM4 antibodies (rabbit, 
Sigma-Aldrich) at a 1:500 dilution overnight. After 
washing with phosphate buffered saline, the tissues were 
incubated with goat anti-rabbit IgG at room temperature 
for 40 minutes. After DAB staining, the sections were 
counterstained with hematoxylin, dehydrated in ethanol, 
and cleared with xylene. For the results analysis, 
semiquantitative H-score was computed for each sample 
by multiplying the staining intensities (0: negative, 1: 
weak staining, 2: moderate staining, 3: strong staining) 
and distribution areas (0-100%). All samples were 
classified as high expression and low expression groups, 
respectively, according to the distribution of H-score.

2.4. Cell culture and transfection

Both human hepatocellular carcinoma cell lines (Hep3B 
and SNU-475) used in this study were purchased from 
the Cell Bank of the Chinese Academy of Sciences 
(Shanghai, China). SNU-475 was cultured in RPMI-
1640 medium while Hep3B was cultured in Dulbecco's 
modified Eagle's medium (DMEM), both contained 
1% penicillin streptomycin and 10% fetal bovine 
serum. Cells were cultured at 37°C with 5% CO2. 
Both cell lines were maintained in our institution. For 
in vitro studies, both Hep3B and SNU-475 cells were 
transfected with shRNA to silence MCM4 according 
to the manufacturer's instructions. Short hairpin RNA 
(Target sequence: AAATGCATTCTTCAGCTATCCCT 
and AAATGTTGGCATAGATATTACTG) was obtained 
from the National Core Facility for Manipulation of 
Gene Function by RNAi, miRNA, miRNA sponges, and 
CRISPR/Genomic Research Center, Academia Sinica, 
Taipei, Taiwan. The stable cell lines were verified by 
RT-qPCR and Western blot before proceeding to the 
next experiment.

2.5. RT-PCR

The total RNA derived from cells were isolated using 
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.) according to protocols. After measuring the content 
by ultraviolet analysis, cDNA was synthesized from 
total RNA applying Fast Reverse Transcriptase (Tiangen 
Biotech Co., Ltd.). Quantitative PCR was performed on 

a Smart Cycler using SGExcel FastSYBR Mixture (With 
Low ROX) Plus (Sango biotech, China). To further 
analyze the real-time PCR data, we applied a comparative 
threshold cycle (Ct) method that compares differences 
in CT values between target RNA and common control 
(12). The forward and reverse primers are shown below 
(MCM4, F, 5′-TTGAAGCCATTGATGTGGAA-3′ and 
R, 5′-GGCACTCATCCCCGTAGTAA-3′; GAPDH, 
F, 5′-GAGTCAACGGATTTGGTCGT-3′ and R, 
5′-TTGATTTTGGAGGGATCTCG-3′).

2.6. Western blot

Cell samples were lysed in RIPA lysis buffer, and protein 
concentrations were determined using a BCA Protein 
Assay kit (Beijing Solarbio Science & Technology Co., 
Ltd.). Then the denatured protein (~30 µg) was loaded 
and separated in SDS-PAGE gels and transferred to a 
wet polyvinylidene membrane. After blocking with 5% 
dry milk for 1h at 37°C, primary antibodies including 
MCM4 (1:1,500 dilution, ab4461, Abcam), mouse anti-β-
actin (1:1,000 dilution, ab8226, Abcam plc, Cambridge, 
UK) were added and incubated at 4°C overnight. After 
washing with TBS with Tween-20, the membranes were 
further incubated with HRP-conjugated goat anti-rabbit 
IgG antibody (Abcam, cat. no. ab181662, 1:2,000) at 
room temperature for 1h. The blots were visualized using 
an enhanced chemiluminescence detection kit (Thermo 
Fisher Scientific, Inc.).

2.7. Colony formation array

Hep3B and SNU-475 cells were seeded and cultured on 
60mm2 plates at an initial density of 800/well, and each 
group was measured in 3 parallel wells. After 2 weeks, 
cells were washed and fixed with 10% formaldehyde for 
15 min at room temperature. The cells were then stained 
with Giemsa for 15 min. Colony numbers were counted 
by using an optical microscope.

2.8. MTT assay

Both Hep3B and SNU-475 cells were seeded and 
cultured on 96-well plates at a density of 3500 cells/well. 
The cell's proliferation capacity was measured by MTT 
(methyl thiazolyl tetrazolium) assay. 0.02mL of 5mg/mL 
MTT reagent was added into each well for 24 hours at 
37°C. The medium was replaced by 0.15mL of dimethyl 
sulfoxide (DMSO, Sigma) for 10min incubation. A 
microplate spectrophotometer (Thermo Scientific, 
Franklin, MA) was used to measure the optical density at 
570 nm. All experiments were performed in triplicate.

2.9. Tumorigenicity assay

For in vivo xenograft studies, 1×107 Hep3B cells 
transfected with MCM4 shRNA and controls were 
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of MCM4 in hepatocellular carcinoma and normal 
liver tissues by Bioinformatics analysis. Differential 
gene expression analysis was conducted from GTEx 
and TCGA database and 369 primary HCC samples 
and 160 normal liver tissues were analyzed. As Figure 
1A shows, MCM4 was significantly overexpressed in 
HCC. Moreover, we further explored the expression of 
MCM4 in serval HCC cell lines through public dataset 
(CCLE). As Figure 1B shows, MCM4 represented a 
high expression level in all five HCC cell lines. Next, 
we investigated the expression of MCM4 protein in 
HCC and normal liver tissues from 102 patients via 
IHC. Similar to mRNA expression, the expression of 
MCM4 protein was significantly overexpressed in HCC 
(Figure 1). Moreover, the positive signal of MCM4 
was mainly expressed in the nuclei of tumor cells and 
showed typical strong and weak staining (Figurer 1C). 
In contrast, normal liver tissues barely expressed MCM4 
(Figure 1D).

3.2. High expression of MCM4 correlated with 
clinicopathological variables and prognosis of HCC

To investigate the correlation between MCM4 protein 
expression status and clinical pathological characteristics 
of HCC patients, we divided HCC patients into two 
groups according to the expression of MCM4 protein. 
The associations between MCM4 protein expression 

subcutaneously injected into the left flank of 8week-old 
BALB/c nude mice (Slac Laboratory Animal Co. Ltd, 
Shanghai, China). The mice were euthanized 4 weeks 
postinjection, and the tumors were excised and fixed for 
subsequent histopathological examination and analysis. 
Meanwhile, tumor volumes were measured twice a week 
after two weeks, tumor volume = 1/2 (length × width2). 
All animal experiments were approved by the Animal 
Care and Use Committee of Tianjin Medical University 
Cancer Institute & Hospital.

2.10. Statistical analyses

SPSS.22.0 statistic software (IBM Corp.) was applied to 
analyze the data. All data are presented as the mean ± SD. 
Student's t-test was used for continuous variables, χ2 tests 
were applied to analyze categorical variables. Survival of 
patients was plotted using Kaplan-Meier method. P-value 
was two-sided and p < 0.05 was considered to indicate a 
statistically significant difference.

3. Results

3.1. MCM4 was highly expressed in hepatocellular 
carcinoma

To explore the potential roles of MCM4 in hepatocellular 
carcinoma, we first compared the mRNA expression 

Figure 1. The expression of MCM4 in human HCC cell lines and tissues. (A) The expression of MCM4 mRNA level in HCC and normal liver 
tissues. (B) MCM4 mRNA expression in the CCLE dataset. (C) Immunostaining showed high and low expression of MCM4 in HCC tissues. (D) 
Immunostaining showed negative or weak expression of MCM4 in adjacent benign liver tissues.
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and clinicopathological features are shown in Table 1. 
High expression of MCM4 protein was significantly 
correlated with larger tumor size (p = 0.043). As for 
other clinicopathological features including age, gender, 
number of tumor nodes, and AFP level, no associations 
were found (all p > 0.05). On the other hand, we 
assessed the association between MCM4 expression and 
prognosis to identify the prognostic value of MCM4 for 
HCC. Overall survival (OS) and disease-free survival 
(DFS) information were obtained from TCGA database. 
A significant correlation was found between MCM4 
expression and adverse clinical outcomes including short 
OS and DFS of HCC patients (Figure 2A and 2B).

3.3. MCM4 promotes the proliferation of HCC cancer 
cells

To understand the potential roles of MCM4 in 
malignant behavior of HCC, we inhibited the expression 

of MCM4 in HCC cancer cells. MCM4 expression was 
knocked down in both Hep3B and SNU-475 cells using 
shRNA. Both RT-PCR and Western blot results showed 
that shRNA worked as we expected, the expression of 
MCM4 was dramatically decreased in the shRNA group 
(Figure 3A and 3B).
 Next, we tested whether loss-of-function of MCM4 
is correlated with the proliferation of HCC cells by 
MTT assay and colony formation arrays. We found 
that downregulated expression of MCM4 significantly 
inhibits the proliferation of Hep3B and SNU-475 
cells compared to controls (p < 0.05), manifested as 
decreased cell proliferation rate and colony formation 
(Figure 4A and 4B).

3.4. Downregulated expression of MCM4 suppressed 
the tumorigenicity of HCC cells in vivo

To further explore whether the role of MCM4 was 

Figure 2. High expression of MCM4 as a prognostic factor of human HCC. (A) Kaplan-Meier survival analysis of disease-free survival for 
MCM4 expression in HCC. (B) Kaplan-Meier survival analysis of overall survival for MCM4 expression in HCC.

Table 1. Relationships of MCM4 and clinicopathological characteristics in 102 patients with hepatocellular carcinoma

Feature

Age (year)
    < 60
    ≥ 60
Gender
    Male
    Female
Number of tumor nodes
    Single
    Multiple ≥ 2
Tumor size
    < 5 cm
    ≥ 5 cm
AFP (ng/mL)
    < 50
    ≥ 50

All (n = 102)

64
38

56
46

44
58

40
62

34
68

MCM4 expression

Low (n = 46)

25
21

29
17

20
26

23
23

15
31

χ2

2.527

2.243

0.004

4.088

0.020

p

0.112

0.134

0.950

0.043*

0.888

High (n = 56)

39
17

27
29

24
32

17
39

19
37
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associated with abnormal in vitro behavior and could 
translate into abnormal tumorigenesis in vivo, cells 
from the MCM4 shRNA group and control group 
were injected subcutaneously into athymic mice 
respectively. The tumor volumes were measured twice 
a week after two weeks. As the growth curve shown 
in Figure 5A, tumor growth of the shRNA group was 

significantly slower than that of the control group (p 
< 0.05). Meanwhile, we also performed IHC to detect 
the expression of MCM4 in subcutaneous tumors. 
Consistently, MCM4 expression was dramatically 
decreased in the shRNA group, which indicated that 
an effective and stable knock-down of MCM4 was 
expressed in mouse tumors (Figure 5B).

Figure 3. Stably knock down of MCM4 by 
shRNA in both Hep3B and SNU-475 cells. 
(A, B) RT-PCR and Western blot showed lower 
expression level of MCM4 in shRNA group (p < 
0.05), compared to the control group. (*p < 0.05)

Figure 4. Knock down MCM4 in HCC cancer 
cells inhibited tumor cell proliferation. (A) 
Typical images of colony-forming assay and 
its quantification demonstrated that colony rate 
of shRNA group was significantly lower than 
control group in both cancer cell lines (p < 0.05). 
(B) OD value of MTT assay suggested that cell 
proliferation rate of shRNA group was lower 
than control group in both cancer cell lines (p < 
0.05). shRNA, short hairpin RNA. (*p < 0.05)
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4. Discussion

In this study, we explored the potential role of MCM4 in 
HCC. We first showed that MCM4 was overexpressed 
in HCC tissues and high MCM4 expression represents 
a poor clinical outcome. Furthermore, we investigated 
the function of MCM4 in HCC aggression. Consistent 
with previous reports, MCM4 may be an effective 
marker and probably even a potential therapeutic target 
for malignant tumors, including HCC.
 MCM4 is part of the MCM2–7 heterohexameric 
complex that is involved in origins of DNA replication 
prior to S phase (8). Improper replication fork 
progression can lead to stalled forks, the potential for 
incomplete DNA replication and even fork collapse 
which may lead to double strand break (DSB) formation 
(8,13). Therefore, the MCM proteins play important 
roles in maintaining genomic integrity. Deregulation 
of MCM proteins including MCM4 may contribute 
to cell proliferation and tumorigenesis. In our study, 
we demonstrated that MCM4 plays an important role 
in HCC cell proliferation. Knocking down MCM4 
significantly decreased HCC cell proliferation rate and 
colony formation. Consistent with our findings, Choy 
B et al. investigated the correlation between MCM4 
and MCM7 expression and Ki-67, Bmi1, and cyclin E 
expression in serval tumor types. They found that the 
percentage of MCM4 expression to be significantly 
correlated with Ki-67, Bmi1, and cyclin E expression 

in esophageal carcinoma and precancerous lesions (3). 
Bagley et al. (8) identified a mutant allele of MCM4 in 
a spontaneous mouse model for dominantly inherited 
T-cell leukemia/lymphoma, and this MCM4 allele 
promoted the accumulation of focal chromosomal gains 
and losses, including aberration at the Notch1 locus 
that drives the formation of T-cell leukemia/lymphoma. 
Shima et al. (9) isolated a hypomorphic mutation of 
MCM4 in a phenotype-based screen for chromosome 
instability in mice and the mutation caused exclusively 
mammary adenocarcinoma in approximately 80% 
of homozygous females. They (14) also found that 
hypomorphic alleles of the genes encoding the subunits 
of the MCM2-7 complex may increase breast cancer 
risk.
 The current status of HCC diagnosis and treatment 
urgently requires us to investigate more underlying 
mechanisms. Plenty of studies have reported that 
aberrant expression of MCM4 can be a promising 
prognostic marker and even a therapeutic target in a 
number of malignancies (4,6-10). In our study, the data 
from public databases suggested that high expression 
of MCM4 was correlated with clinical pathological 
characters such as tumor size. Moreover, a high level of 
MCM4 was associated with poorer OS and DFS of HCC 
patients. All these results indicated that MCM4 may be 
a potential prognostic predictor, which plays a great role 
in tumor progression. Similar to our results, Huang et 
al. reported that increased expression of MCM4 might 

Figure 5. The influence of MCM4 on tumor growth of HCC 
in mice. (A) Representative images of tumors and tumor growth 
curves from both groups are shown. Tumor volumes of shRNA 
group were smaller than that of the control group (p < 0.05). (B) 
Immunohistochemistry demonstrated that the expression of MCM4 was 
dramatically decreased in mouse tumors (p < 0.05), which suggested 
a successful construction of MCM4 knock down model in mice. (*p < 
0.05)
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be associated with pathological staging and it may be a 
valuable molecular marker involved in the development 
and/or genesis of esophageal cancer (10). Using public 
databases including TCGA and The Protein Atlas (TPA) 
database, Ahluwalia P et al. identified a novel 4 gene 
prognostic signature with clinical utility in colorectal 
cancer containing MCM4 (15). Moreover, a study also 
developed a four-gene predictive model of clinical 
responses to aromatase inhibitors in breast cancer 
patients by applying MCM4 (16).
 In conclusion, we first showed the roles of MCM4 
in HCC. Though more research is still needed to explore 
and verify the exact underlying mechanisms of HCC 
development and progression, we speculate that MCM4 
can be a prognostic marker and even a therapeutic target 
for HCC.
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