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MCM4 and MCM7, potential novel proliferation
markers, significantly correlated with
Ki-67, Bmi1, and cyclin E expression in esophageal
adenocarcinoma, squamous cell carcinoma,
and precancerous lesions☆,☆☆
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Summary Minichromosomal maintenance (MCM) proteins are participants of DNA replication and may
represent more accurate markers in determining the proliferative fraction within a tumor than proliferative marker
Ki-67. Our study investigated the correlation between MCM4 and MCM7 expression and Ki-67, Bmi1, and cy-
clin E expression in esophageal adenocarcinoma, squamous cell carcinoma, and precancerous lesions. MCM4
andMCM7 expression had similar distribution as Ki-67 and Bmi1 expression in esophageal carcinoma and pre-
cancerous lesions. The mean percentage of MCM4,MCM7, and Ki-67 expression increased from squamous ep-
ithelium (5.5%, 7.3%, and 5.9%, respectively), to columnar cell metaplasia (11.2, 13.5%, and 3.4%), Barrett's
esophagus (27.7%, 35.3%, and 8.3%), low-grade dysplasia (42.6%, 52.2%, and 12.9%), high-grade dysplasia
(63.2%, 77.7%, and 29.6%), adenocarcinoma (61.3%, 75.5%, and 24.5%), and squamous cell carcinoma
(74.1, 85.4%, and 36.3%). The percentages of MCM4 and MCM7 expression were significantly higher than
Ki-67 expression. Using univariate analysis we found a high percentage ofMCM4 expression (N70%) to be sig-
nificantly associated with lymph node metastasis and shorter survival in the adenocarcinoma group.We also
demonstrated the percentage of MCM4 and MCM7 expression to be significantly correlated with Ki-67,
Bmi1, and cyclin E expression in esophageal carcinoma and precancerous lesions. MCM4 and MCM7
may serve as more sensitive proliferative markers for the evaluation of esophageal lesions.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

www.elsevier.com/locate/humpath

☆ Competing interests: All authors have disclosed that they have no conflict of interest.
☆☆ Part of this work was presented at the USCAP Annual Meeting in Boston, MA. The first author is a current pathology resident.

⁎ Corresponding author: Department of Pathology and Laboratory Medicine, University of Rochester Medical Center, 601 Elmwood Avenue, Box 626,
Rochester, NY 14642, USA.

E-mail address: David_Zhou@urmc.rochester.edu (Z. Zhou).

http://dx.doi.org/10.1016/j.humpath.2016.07.013
0046-8177/© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).

Human Pathology (2016) 57, 126–135

http://crossmark.crossref.org/dialog/?doi=10.1016/j.humpath.2016.07.013&domain=pdf
mailto:David_Zhou@urmc.rochester.edu
http://dx.doi.org/10.1016/j.humpath.2016.07.013


1. Introduction

The minichromosomal maintenance (MCM) protein family
consists of six related proteins that have essential roles in the ini-
tiation of DNA replication [1]. MCMproteins are also involved
in the elongation of DNA replication and other chromosome
transactions including damage response, transcription, and
chromatin structure [2,3]. Deregulation of the MCM proteins
contributes to cell proliferation and tumorigenesis. Aberrant
expressions of MCM proteins have been reported to be prom-
ising prognostic markers in a number of malignancies [4-17].

It has been claimed thatMCMproteins are potentially more ac-
curate in determining the proliferative fraction within a tumor than
conventional proliferative markers such as Ki-67 [10]. The pres-
ence of MCM2, MCM5, and Ki-67 expression was previously
reported in esophageal squamous dysplasia and Barrett's
esophagus with glandular dysplasia [18,19]. Further, studies
have observedMCM2 expression in esophageal squamous cell car-
cinoma and its positive correlation with Ki-67 expression [18,20].
MCM4 mRNA expression has also been observed in
esophageal squamous cell carcinoma [21]. While limited stud-
ies onMCM4andMCM7expression in esophageal carcinoma have
been reported, none of the studies to the best of our knowledge inves-
tigated MCM4 andMCM7 expression by immunohistochemistry.

Bmi1 is amember of the polycomb-group proteins and functions
as a stem cell marker to regulate the proliferation of progenitor cells
[22]. Our previous study demonstrated that Bmi1 expression
was similar to Ki-67 expression in their distribution in the bas-
al layer of normal squamous epithelium and extending to full thick-
ness in esophageal carcinoma [23]. Cyclin E plays an important
role in promoting G1 cell cycle transition to S-phase [24].
MCM7 has been reported to be the substrate of cyclin E/Cdk2
[25], and high level of MCM4 expression has been associated
with cyclin E expression in non–small cell lung carcinoma
[10]. In addition, we previously found aberrant expression
and amplification of cyclin E significantly increased in dys-
plastic esophageal lesions [26].

In the current study,wefirst examined the immunohistochemical
expressionofMCM4andMCM7 in comparison to the conventional
proliferation marker Ki-67 in esophageal adenocarcinoma, squa-
mous cell carcinoma, and precancerous lesions to determine
the predictive value of these biomarkers for the progression
of esophageal diseases. Next, we investigated the clinicopath-
ologic association ofMCM4,MCM7, and Ki-67 expression in
esophageal adenocarcinoma, squamous cell carcinoma, and
precancerous lesions. We also explored the correlation be-
tween MCM and Bmi1 as well as cyclin E expression.

2. Materials and methods

2.1. Construction of tissue microarrays

Tissue microarrays were constructed from representative
areas of formalin-fixed specimens collected from 1997 to

2005 in the Department of Pathology and Laboratory
Medicine, University of Rochester Medical Center, Rochester,
NY. The tissue microarrays contained 82 squamous
epithelium, 60 columnar cell metaplasia, 33 Barrett's
esophagus, 38 low-grade dysplasia, 14 high-grade dysplasia,
108 esophageal adenocarcinoma, and 24 esophageal squamous
cell carcinoma. Clinicopathologic data of the patients,
including age, gender, TNM stage, histologic grade, and
duration of survival, were obtained from the medical records.
All patients' identifiers were removed. The study was approved
by the institutional review board (Biomarkers of esophageal
carcinoma, RSRB28546).

2.2. Immunohistochemistry

Immunohistochemical studies were performed on 5-μm
thick sections of tissue microarrays. Briefly, after endogenous
peroxidase activity was quenched and nonspecific bindingwas
blocked, ready-to-use mouse monoclonal antibodies to
MCM4 (1:50; Santa Cruz Biotechnology, Santa Cruz, CA)
and MCM7 (1:50; Santa Cruz Biotechnology) were incubated
at 4°C overnight, and Ki-67 (1:100; Dako, Carpinteria, CA)
was incubated at room temperature for 30 minutes. The sec-
ondary antibody (Flex HRP, Dako) was incubated for 30
minutes. After washing, sections were incubated with Flex
DAB chromogen for 10 minutes and counterstained with Flex
hematoxylin for 5 minutes. Appropriate positive and negative
controls were evaluated. Tissue microarrays were also stained
with hematoxylin and eosin to be used for histologic compar-
ison. The percentage of positive nuclear expression for
MCM4,MCM7, and Ki-67 was reviewed by two pathologists.
Various cut-offs were tested to establish high and low expres-
sion levels. The percentages close to mean expression levels of
MCM4 (70%), MCM7 (70%) and Ki-67 (25%) expression
correlated best with overall survival in esophageal carcinoma.
The cut-offs were set at 70% for MCM4 and MCM7 and at
25% for Ki-67.

Bmi1 and cyclin E immunostaining were performed as pre-
viously described [23,26]. Mouse monoclonal antibodies to
Bmi1 (1:100; Millipore, Bedford, MA) and cyclin E (1:100;
Santa Cruz Biotechnology) were used for immunohistochem-
ical studies.

2.3. Statistical analysis

Pairwise mean comparisons were used to analyze the per-
centages of immunostaining between the histologic groups:
1) adenocarcinoma, high-grade dysplasia, low-grade dyspla-
sia, Barrett's esophagus, and columnar cell metaplasia, and
squamous epithelium; 2) squamous cell carcinoma and squa-
mous epithelium. Pearson's χ2 tests, t tests, and Fisher exact
tests were used as appropriate to assess the association be-
tween clinicopathologic characteristics and MCM4, MCM7,
and Ki-67 expression. Univariate and multivariate regression
models were generated. Probabilities of survival were
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