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Overexpression of minichromosome maintenance 2
predicts poor prognosis in patients with gastric cancer
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Abstract. We examined the expression of minichromosome
maintenance 2 (MCM2) in gastric cancer and adjacent normal
tissues and estimated the possible value of MCM2 as a novel
prognostic marker. Using real-time PCR, Western blotting
and immunohistochemistry, we examined the expression
of MCM2 in gastric carcinoma and paired normal gastric
mucosa. Statistical analysis of the expression of MCM?2
mRNA and protein in gastric cancer and normal tissues was
performed to evaluate the relationship between MCM?2 expres-
sion and clinicopathological characteristics in gastric cancer.
The expression of MCM2 mRNA and protein in gastric carci-
nomas was significantly higher compared to that in normal
gastric mucosa (P=0.04). Immunohistochemistry analysis
showed that MCM?2 expression was significantly up-regulated
in tumor and metastastic lymph node tissues compared with
the corresponding non-cancerous mucosa (P<0.05). Positive
expression of MCM2 was significantly associated with patient
age, T category and the presence of lymph node metastasis
(P<0.05). There were no differences between MCM2 expres-
sion and gender, tumor size, tumor location, M category,
International Union Against Cancer (UICC) stage, vessel inva-
sion and tumor differentiation. Patients with negative tumor
MCM2 expression displayed a better survival time than those
with positive MCM?2 expression (P<0.05). Survival analysis
showed that positive MCM2 expression (P<0.05), T stage
(P<0.05) and N stage (P<0.05) were independent prognostic
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factors for disease-free survival (DFS) and overall survival
(OS). Our data suggest that MCM?2 could serve as a novel
prognostic biomarker in gastric carcinoma.

Introduction

Gastric cancer is one of the most common cancers worldwide.
Following lung cancer, gastric cancer is the second leading
cause of cancer mortality in the world. According to a global
estimation, more than 930,000 new cases of gastric carcinomas
are diagnosed per year, and a minimum of 700,000 patients die
from the disease (1,2). To better define the biological profile
of gastric cancers, many investigations have been undertaken
during the last few years. The larger goals of gastric tumor
research are to improve early diagnosis and prognostic stratifi-
cation and eventually cure the disease.

A variable number of numerical or structural genetic
aberrations have been reported in gastric cancer cells, and
chromosomal changes in DNA copy number have also been
reported (3). DNA replication occurs only once during each
cell cycle in eukaryotes. This tight control is orchestrated by
many regulatory molecules, including the origin recognition
complex (ORC), Cdtl, Cdt6 and the minichromosome mainte-
nance (MCM) protein complex (4). The MCM complex appears
to play a key role in DNA replication, acting as a replication
initiation factor. Minichromosome maintenance proteins
(MCMs) are a family of closely related proteins with striking
sequence homology. The MCM protein family consists of six
major isoforms (2-7), having similar biochemical functions (5)
and being required for the initiation and elongation of DNA
replication (6). MCM2 through MCM?7 are the components of
a ring-shaped heterohexameric MCM complex, designated as
the pre-replication complex (pre-RC), that is thought to act as
a replicative helicase at the replication fork (7). Cdc6 and Cdtl
recruit the MCM complex to the ORC, licensing the DNA for
replication, and then dissociate irreversibly, preventing replica-
tion from occurring more than once during each cell cycle (8).
Moreover, the MCM complex is present only in proliferating
cells and is absent in quiescent cells (9-11). Due to the vital role
of this complex in genome duplication in proliferating cells,
deregulation of MCM function results in chromosomal defects
that may contribute to tumorigenesis. Therefore, the strict
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relation of the MCM protein family to chromatin replication
allows MCM to be used as a specific proliferation marker (12).
MCM2 is a member of the MCM protein family, that plays an
important role in two crucial steps of the cell cycle, namely, the
onset of DNA replication and cell division (13). Recently, the
MCM2 protein has been proposed to be a candidate marker for
cancer screening, surveillance and prognosis (14-18), but the
clinical significance and prognostic value of MCM2 expres-
sion in gastric cancer have not been reported.

PCNA (proliferation cell nuclear antigen) has been found to
be one of the most reliable markers of cell proliferation. PCNA
is a nuclear protein that interacts with many proteins involved
in DNA replication and repair, thus protecting the DNA
sequence pattern (6). The concentration of PCNA correlates
with cell proliferation (19). The relationship between MCM2
and PCNA in gastric cancer has not yet been investigated.

In this study, we used real-time reverse transcription-PCR,
Western blot analysis and immunohistochemistry to examine
the expression of MCM2 in gastric carcinoma, adjacent
normal gastric mucosa and archived specimens of lymph node
metastasis to investigate the correlation of MCM?2 expression
with the clinicopathological features of gastric cancer and
to evaluate whether MCM2 could be used as a predictive
biomarker in patients with gastric cancer.

Materials and methods

Tissue samples. The study group consisted of 264 patients with
confirmed gastric cancer who underwent curative gastrectomy
by the same surgical team at the General Surgery Department
of Shanghai Jiao Tong University Affiliated First People's
Hospital between November 2003 and May 2009. The diag-
noses were confirmed by at least two pathologists, and staging
was determined based upon pathological findings, according
to the International Union Against Cancer (UICC) guidelines.
None of the patients had received preoperative chemotherapy
and/or radiation therapy. The group included 157 males and
107 females with a mean age of 66 years (range 27-89 years).
One hundred and four specimens of gastric cancer paired with
normal mucosa and lymph node metastases were available in
our archive. The follow-up period for survivors was 2-68.5
months after surgery, and the final date was September, 15
2009. All of the patients provided informed consent as outline
in the protocol approved by the institutional review board of
the Shanghai Jiao Tong University Affiliated First People's
Hospital.

RNA extraction, cDNA preparation and quantitative real-time
PCR. Total RNA was isolated from 45 randomly selected
specimens of frozen gastric tumor tissues and the corresponding
normal tissues (at a distance of 2 cm from the tumor) according
to the manufacturer's instructions (Qiagen Gmbh, Hilden,
Germany). The quality of the RNA was examined by electro-
phoresis in agarose gels stained with ethidium bromide, and the
18S and 28S RNA bands were visualized under UV light. One
microgram of RNA was reverse transcribed into complemen-
tary DNA using an A3500 RT-PCR system (Promega Corp.,
Madison, W1, USA). Real-time PCR was performed using an
ABI Prism 7500 quantitative real-time PCR (qPCR) system
(Applied Biosystems, Foster City, CA, USA) and the IQ™
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SYBR Green Supermix kit (Bio-Rad) according to the manu-
facturer's instructions. The primers for gPCR were: MCM2,
sense 5'-CTACCAGCGTATCCGAATCCA-3' and antisense
5-GGGAGCCATCATAGTTGTTGTG-3'; glyceraldehyde
3-phosphate dehydrogenase (GAPDH), sense 5'-AAGGTCAT
CCCTGAGCTGAA-3' and antisense 5-TGACAAAGTGGTC
GTTGAGG-3'. The cycling conditions were as follows: initial
denaturation (10 min at 95°C), followed by 42 cycles of dena-
turation (10 sec at 95°C), annealing (20 sec at 60°C), and
elongation (1 min at 72°C). All PCR reactions were performed
in triplicate. The mean MCM?2 level for each tumor was
compared to the level in the corresponding normal tissue. The
fold change (2-44¢") in MCM2 expression in each paired sample
was calculated using the following formulas: MCM24¢' = (Avg.
Ctyeme — AVE. Ctgappy) and MCM244Ct = (MCM24C . —
MCMZACI normal)'

Western blot analysis. Protein was extracted from fresh-
frozen gastric cancer tissue and the corresponding normal
tissue using the Whole Protein Extraction kit (Fermentas,
USA). Aliquots of proteins were electrophoresed using 10%
SDS-PAGE and were transferred onto polyvinylidene difluo-
ride (PVDF) membranes. The PVDF membranes were blocked
with 5% non-fat milk solution for 2 h at room temperature and
then incubated with the MCM2 primary rabbit monoclonal
antibody (1:1000, Cell Signaling Technology, USA) at 4°C
overnight. After washing with TBST buffer, the membranes
were incubated with a goat-anti-rabbit IgG horseradish peroxi-
dase conjugate secondary antibody (1:2000, Cell Signaling
Technology) for 45 min at room temperature. The proteins
were detected using enhanced chemiluminescence (Pierce
Biotechnology, Rockford, IL, USA) and exposure to X-ray
film. Each protein was assayed and normalized against [3-actin
(Cell Signaling Technology) expression.

TMA construction. Hematoxylin and eosin (H&E)-stained
slides were retrieved from 264 samples of gastric cancer
tissues and paired normal mucosa, including 104 samples of
paired metastatic lymph nodes. Representative areas were
used as a template to construct tissue microarray (TMA)
blocks, and 2.0-mm diameter cores were punched from the
paraffin blocks in our archive (in collaboration with Shanghai
Biochip, Shanghai, China). All of the cases included two cores
of cancer tissue and normal tissue on the tissue microarray.
The cores were validated as having high accordance with that
of the whole archived section.

Immunohistochemistry. Immunohistochemistry was performed
using a standard methodology. Briefly, tissue sections were
heated in citrate buffer (pH 6.0) in a pressure cooker for
6 min and incubated with an anti-MCM2 antibody (1:400 Cell
Signaling Technology) and an antibody against the proliferation
marker PCNA (1:50 Dako Cytomation) overnight at 4°C. The
sections were then incubated with goat anti-mouse or anti-rabbit
Envision System plus-HRP (Dako Cytomation) for 30 min at
room temperature and were counterstained with Mayer's hema-
toxylin.

The reactions for MCM?2 protein and PCNA were observed
in the cell nucleus. Protein expression was evaluated on the
basis of the intensity and extent of staining. Staining intensity
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Figure 1. Real-time PCR analysis of MCM2 mRNA expression in 45 paired
gastric carcinoma samples and in the adjacent normal mucosa. For each
sample, the relative MCM2 mRNA level was normalized using GAPDH
expression. Data are presented as the median ACt value with boxed 25th and
75th percentiles. "P<0.001.

was graded as: 0, no staining; 1, weak staining; and 2, strong
staining. The staining extent was scored as: 0, 0-25% of the
cell nucleus stained positive; 1, 26-50% stained positive; 2,
51-75% stained positive; or 3, 75-100% stained positive. The
sum of the intensity and extent scores was designated as 0-2,
negative expression and 3-5, positive expression. All TMA
slides were examined independently by two histopathologists
who were blinded to patient outcome, and an agreement was
obtained.

Statistical analysis. Statistical analyses were performed
using the SPSS 13.0 software package (SPSS Inc., Chicago,
IL, USA). The significance of differences between means
was determined by a bivariate analysis with a paired t-test
or the Wilcoxon signed rank test. The x* test was used for
comparisons between MCM2 and PCNA expression and
clinicopatholigical variables. Survival rates were estimated
by the Kaplan-Meier method, and the differences between the
survival curves were assessed by the log-rank test. Univariate
and multivariate Cox regression models for survival were used
to evaluate the contributions of factors. Differences between
groups were considered significant when P<0.05.

Results

Comparison of MCM?2 expression between gastric cancer and
adjacent normal mucosa. The expression levels of MCM2
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Figure 2. Western blot analysis of MCM2 expression in gastric carcinoma (T)
and paired adjacent normal tissues (N). $-actin is the loading control.

mRNA were examined in 45 randomly selected, paired cases
by real-time PCR. The results indicated that 27 (60%) gastric
cancer tissues showed at least a 2-fold increase in MCM2
mRNA levels compared to the adjacent normal mucosa
(P<0.001, Fig. 1). Subsequent Western blotting confirmed that
the expression of MCM2 protein was significantly up-regu-
lated in gastric cancer tissues compared to the corresponding
non-cancerous mucosa (Fig. 2).

Immunohistochemical findings. To confirm the expression
levels of MCM2 shown by Western blot analysis, immunohis-
tochemistry was performed on TMA consisting of 264 patients.
As shown in Fig. 3, MCM2 and PCNA positive staining was
observed primarily in the nuclei of cancer cells. Among the
specimens of normal mucosa on the paired TMA, 54 (20.45%)
showed positive staining, and 210 (79.55%) showed negative
MCM?2 expression. In contrast, among the 264 specimens of
gastric cancer tissue, 181 (68.56%) showed positive staining,
and negative staining was observed in 83 (31.44%) cases.
MCM2 expression was significantly up-regulated in tumor
tissues compared to the corresponding non-cancerous mucosa
(P<0.05). In addition, MCM2 expression in matched gastric
cancer and lymph node metastatic tissues were evaluated.
Of the 104 cases of lymph node metastases analyzed, 85
samples (81.73%) showed MCM?2 overexpression, which was
higher than that in the paired primary cancer tissues (Table I,
P<0.05), indicating that up-regulated MCM?2 expression might
correlate with gastric cancer metastasis.

Correlation of MCM?2 and PCNA expression with clinico-
pathological characteristics in gastric cancer. We evaluated
the correlation between the positive expression of MCM2 and
PCNA and the clinicopathological profiles (Table II). Positive
expression of MCM?2 was significantly associated with patient
age, T category and lymph node metastasis (P<0.05). Factors

Table I. Expression of MCM2 in normal gastric mucosa, cancerous tissues and lymph node metastasis tissues.

Expression of MCM
Tissue sample n Negative (%) Positive (%) P-value (2 test)
Normal mucosa 264 210 (79.55) 54 (20 .45) <0.001*
Gastric cancer tissues 264 83 (31.44) 181 (68.56) <0.01°
Lymph node metastasis tissues 104 19 (18.27) 85 (81.73) <0.001°¢

Significant difference in the expression of MCM?2 between cancerous tissue and the normal mucosa; *significant difference in the expression
of MCM2 between cancerous tissue and the lymph node metastasis (LNM) tissue sample; “significant difference in the expression of MCM2

between the LNM tissue sample and the normal mucosa tissue sample.
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Figure 3. Analysis of MCM2 and PCNA protein expression by immunohistochemistry in gastric cancer, normal mucosa, and LNM specimens. MCM2 and
PCNA expression was localized within the nuclei. MCM2 (a) and PCNA (b) expression in normal mucosa. Strong immunostaining of MCM2 (c) and co-
expression of PCNA (d) in gastric cancer is noted. MCM2 (e) and PCNA (f) overexpressed in LNM (original magnification, x200).
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Figure 4. Correlation of MCM2 expression in the primary tumor mass with
the survival of patients with gastric cancer.

that were not significantly associated with MCM?2 expression
included patient gender, tumor size, location of the tumor, M
category, UICC stage, vessel invasion and the extent of tumor
differentiation.

The paired gastric tumor and normal mucosa TMA was
also stained for PCNA expression. Positive staining was
observed in 162 (61.36%) cases. PCNA overexpression was
significantly associated with patient age, T category and
LN metastasis (P<0.05). Moreover, we found that positive

immunostaining for MCM?2 was more frequently detected
in specimens that also showed overexpression of PCNA
(P=0.028). The co-expression of MCM2 and PCNA was often
observed in the same area of the tumor tissues (Fig. 3).

Survival analysis. Survival analysis indicated that the patients
with negative tumor MCM?2 expression had a better survival
time than those with positive MCM?2 expression (50 months
vs. 31 months, P<0.05). The survival time of patients with
negative PCNA expression in gastric cancer was longer than
those with positive PCNA expression (47 months vs. 26
months, P<0.05). Kaplan-Meier curves showed that the rate of
recurrence was significantly elevated in tumors with positive
MCM2 expression (Fig. 4).

The 5-year OS rate of 264 patients with gastric cancer was
63%, with 98 deaths observed during the follow-up period. The
5-year DFS rate was 56%, with 112 events observed during
follow-up.

By univariate analysis (Table III), PCNA (P<0.05), patient
age (P<0.05), the T stage (P<0.01), the N stage (P<0.01), the
M stage (P<0.01), the UICC stage (P<0.01) and the extent of
vessel invasion (P<0.01) were associated with OS and DFS.
Multivariate analysis demonstrated that positive carcinoma
MCM?2 expression (P<0.05), the T stage (P<0.05) and the N
stage (P<0.05) were independent prognostic factors for DFS
and OS.
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Table II. Correlation between MCM2 and PCNA expression determined by immunohistochemical staining and clinicopatho-

logical features in patients with gastric cancer (n=264).

MCM2 expression PCNA expression
n Negative Positive P-value Negative Positive P-value
Age 0.001* 0.026*
<65 121 26 95 38 83
>65 143 57 86 64 79
Gender 0.923 0.086
Male 157 49 108 54 103
Female 107 34 73 48 59
Location 0.367 0.524
Fundus 11 3 8 4 7
Corpus 123 44 79 52 71
Pylorus 130 36 94 46 84
Tumor size 0.269 0.144
=3 cm 187 55 132 67 120
<3cm 77 28 49 35 42
T category 0.002* 0.017*
Tl 76 34 42 39 37
T2 42 9 33 17 25
T3 118 27 91 34 84
T4 28 13 15 12 16
LN metastasis 0.044* 0.019*
Yes 148 39 109 48 100
No 116 44 72 54 62
M category 0.427 0.567
MO 254 81 173 99 155
M1 10 2 8 3 7
UICC stage 0.062 0.313
I 95 34 61 42 53
II 48 13 35 18 30
III 89 21 68 28 61
v 32 15 17 14 18
Vessel invasion 0472 0.178
No 186 56 130 67 119
Yes 78 27 51 35 43
Differentiation 0.260 0.217
Well-moderate 89 32 57 39 50
Poor 175 51 124 63 112
PCNA index 0.028*
Negative 102 24 78
Positive 162 59 103

P-values are based on % test/Fisher's exact test. *Significant difference.

Discussion

MCM2 is one of six members of the minichromosome main-
tenance family of proteins (MCMs). MCMs make up a family
of closely related proteins with striking sequence homology
that was first discovered in yeast. Similar classes have been

found in Xenopus, murine, and human cells, with significant
conservation of gene sequences (10,20). Expression of mini-
chromosome maintenance proteins is a prerequisite for DNA
replication and cell-cycle initiation (10). Specifically, MCM2
serves as a ‘licensing factor’ and is essential for the initiation
of DNA replication. The dissociation of MCM2 irreversibly
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limits replication to one round during each cell cycle (9,11).
The MCM2 protein is absent in quiescent and senescent cells,
but is present in proliferating cells. These functions of MCM2
imply that the expression of this protein correlates with cell
proliferation. For the past few years, MCM2 has been proposed
as a candidate marker for cancer screening, surveillance and
prognosis (14,15). Wang et al (21) have evaluated the expres-
sion of MCM2 mRNA in colorectal normal mucosa, adenoma,
and adenocarcinoma. They determined that the expression of
MCM?2 mRNA in adenocarcinomas is significantly higher
than in adenomas. This result suggested the potential value
of MCM2 in the early diagnosis of colorectal cancer. In addi-
tion, MCM2 protein expression could predict the survival of
patients with oral or esophageal squamous cell carcinoma
(16,22), non-small cell lung cancer (18), brain tumors (23),
prostate cancer (24), breast cancer (17) and renal cell cancer
(14). In this study, we measured MCM2 expression by real-
time PCR and Western blot analysis in fresh-frozen specimens
of gastric cancer and found that MCM2 mRNA and protein
expression levels were higher in gastric cancer tissue than in
the surrounding non-cancerous mucosa.

These results indicate that MCM2 was up-regulated at
both the transcriptional and post-transcriptional levels and that
MCM?2 may be a novel molecular marker for gastric cancer.
Further validation by immunohistochemistry showed that
68.56% (181/264) of the gastric cancer samples contained
positive staining for the MCM?2 protein, whereas only 20.45%
(54/264) of the normal gastric epithelium samples contained
positive MCM2 protein staining. The data suggest that MCM?2
may have an important role in the evolution of malignancies from
their precursor lesions and that it may be possible to use MCM2
as a novel diagnostic marker. We also examined the expression
of MCM2 in lymph node metastases and found greater positive
MCM2 protein staining than in the gastric cancer specimens.
This elevation in expression suggests that MCM?2 might play a
critical role in the development of metastases.

MCM proteins have been reported to correlate with the
TNM classification or histological grade in other cancers,
including prostate cancer, renal cell carcinoma and lung
adenocarcinoma (18,25,26). Czyzewska et al (27) assessed
the proliferation indices (PI) of Ki-67, PCNA and MCM?2
proteins in advanced gastric cancer and in metastatic lymph
nodes and the correlation of these markers with certain clini-
copathological features; they concluded that Ki-67, PCNA and
MCM?2 PI in tumor tissue and metastatic lymph nodes were
significantly correlated with the depth of wall invasion and
local lymph node involvement. In our study, we revealed a
significant correlation between elevated MCM2 expression
and patient age (P=0.026), T category (P=0.002) and the
presence of lymph node metastasis (P=0.044). These strong
correlations suggest that MCM?2 overexpression may promote
tumor invasion and metastasis. Therefore, MCM2 could be
used as a biomarker to identify subsets of gastric cancer with
a more aggressive phenotype. We also showed a significant
association between MCM2 and the cell proliferation marker
PCNA (P=0.028), suggesting that MCM2 may be involved in
the increased proliferation of gastric cancer cells. Our study
revealed that MCM?2 positive expression was higher in tumors
with associated lymph node metastasis than in those without
lymph node metastases. The positive expression of MCM2 was

significantly higher in metastatic gastric cancer cells within
lymph nodes than in matched tumors. These data suggest that
positive expression of MCM2 may correlate with the invasive
and metastatic processes of gastric cancer. Mita et al (28) have
revealed a strong correlation between the proliferative activity
of tumor cells and the presence of metastases to lymph nodes
and prognosis in cancers. They have demonstrated that tumors
with high proliferative activity have high lymph node meta-
static potential. In our study, we found that patients with high
tumor MCM2 expression had a higher risk of tumor infiltrates
and metastases and a shorter survival. Our data are consistent
with those published by Kato ez al (16), who have observed
that high MCM2 PI in alimentary tract carcinomas indicates
a more unfavorable prognosis and greater biological aggres-
siveness of the tumor. Other data in the literature concerning
MCM2 PI in alimentary tract carcinomas have suggested that
this marker is more sensitive and better for the assessment of
the growth fraction than Ki-67 or PCNA (16).

In conclusion, our results suggest that MCM?2 overexpres-
sion may be associated with a highly aggressive phenotype
of gastric cancer and that MCM2 could serve as a prognostic
biomarker for this disease. Further studies are needed to
clarify the role of MCM2 in the progression of gastric cancer.
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