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ABSTRACT
Purpose: The purpose is to determine whether a novel
cell cycle marker, minichromosome maintenance protein 2
(Mcm2), predicted esophageal adenocarcinoma (AC) risk in
Barrett’s esophagus (BE) and whether this could be used in
combination with a surface sampling method.
Experimental Design: Archival specimens [30 normal
squamous esophagus (NE), 20 gastric antrum (GA), 13 duodenum (D2), 62 BE ⴞ dysplasia, and 16 (AC)] were stained
for Mcm2. Sequential biopsies from nine patients who developed AC during surveillance were compared with 18
matched controls who did not progress. Prospective endoscopic cytological brushings (61 NE, 90 BE ⴞ dysplasia, and
11 AC) were scored as Mcm2 positive or negative.
Results: Mcm2 was not expressed on the luminal surface of NE, GA, and D2. In BE, the percentage of surface
cells expressing Mcm2 correlated highly with the degree of
dysplasia (P < 0.0001). In patients who developed AC, biopsies before dysplasia had higher Mcm2 expression than
the matched control patients (mean, 28.4 and 3.4% positive
cells, respectively, P < 0.0001). In the prospective cohort,
the histopathological diagnosis of dysplasia or AC and the
Mcm2-positive brushings were concordant in 91% of the
patients (P < 0.005), and the results correlated with the frequency of cases with surface expression of Mcm2 in the
retrospective study (P < 0.0001).
Conclusions: Surface expression of Mcm2 can be used
to detect dysplasia and AC, as well as patients with BE at
risk for subsequent development of dysplasia and AC. A
brushing technique combined with Mcm2 staining has the
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potential to be exploited in surveillance and screening
protocols.

INTRODUCTION
The incidence of esophageal AC2 has increased by 350% in
the Western world over the last 30 years (1). Most patients
present with dysphagia, and despite advances in multimodal
treatment, the 5-year survival rates of symptomatic esophageal
carcinomas remain ⬍10% (2, 3). Because the major determinant
of outcome is the stage of the cancer at presentation (4), early
detection of esophageal cancer is essential to significantly improve survival rates. The identification of a multistage
process of cancer development, akin to that described in colon
carcinogenesis, provides the rationale for endoscopic surveillance in patients with diagnosed BE (5– 8). Several studies have
shown a significant improvement in the 5-year survival of
patients with surveillance-detected AC (9, 10).
The clinical effectiveness of surveillance for patients with
BE is currently hampered by the inadequate surveillance methods used. These are prone to sampling bias and the highly
subjective histopathological diagnosis of dysplasia, with high
inter- and intraobserver variability (11). Furthermore, we know
that only a minority of patients with BE are diagnosed (12). As
a result, there has been a suggestion that screening endoscopy
should be performed in people with heartburn who are most at
risk for developing BE and AC (13). However, the current
dependence on endoscopic techniques means that screening is
unlikely to be cost effective or feasible at the current time.
In an attempt to improve current surveillance methods,
investigators have tried to identify biomarkers to stratify BE
patients according to their cancer risk (7, 14). No single oncogene or tumor suppressor gene has been shown to be sensitive
enough. Therefore, an alternative approach would be to use
markers for the final common pathway after genetic instability,
which is the loss of proliferative control. Until recently, assessment of cell proliferation on fixed tissue has relied on markers
with disadvantages such as Ki67 and the proliferating cell
nuclear antigen (15, 16). Now with an increased understanding
of the proteins controlling the cell cycle, alternative markers are
becoming available (17). The MCM protein complex binds to
the origins of replication to ensure a single round of DNA
replication. MCMs are expressed in all cycling cells throughout
the cell cycle and are degraded when mammalian cells exit the
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cell cycle into quiescent, differentiated, and senescent states (18,
19). As a result of the sensitivity of antibodies to MCMs as
markers of cell cycle state and because of the aberrant entry into
the cell cycle in dysplasia and malignancy, MCM proteins have
been proposed as candidate markers for cancer screening, surveillance, and as prognostic markers (20 –24). Williams et al.
(23) demonstrated that Mcm2 and Mcm5 surface positivity
correlated with the severity of dysplasia. These observations
have led to the rationale for using surface sampling techniques
in combination with MCM staining to detect dysplasia and
malignancy (24). This approach has yielded promising results
for cervical and colon cancer screening (22, 23).
If cell cycle markers could be combined with a simple
surface sampling technique, then this may provide a significant
advance for identifying individuals at risk for the development
of esophageal AC. This study had three main aims. Firstly, to
determine the magnitude and pattern of expression of Mcm2
(24), as a prototype MCM protein, in histological samples from
patients undergoing upper gastrointestinal endoscopy. Secondly,
to determine whether aberrant surface expression of Mcm2 is
predictive of cancer development using a retrospective casecontrol study. Thirdly, to determine whether detection of Mcm2
could be combined with a brushing technique and liquid-based
cytology as a novel strategy for predicting those BE patients at
risk for the development of AC.

PATIENTS AND METHODS
Patient and Tissue Collection. Approval was obtained
from the Local Research Ethics Committee for the retrospective
and prospective parts of this study.
Retrospective Cross-Sectional Study. Archival blocks
were obtained from patients who had attended Addenbrooke’s
Hospital (Cambridge, United Kingdom). We studied 37 BE
negative for dysplasia, 28 for LGD, 12 for HGD, and 17 with
AC. Sections of normal tissue from non-BE and BE patients’
NE (n ⫽ 30), the second part of the D2 (n ⫽ 13), and GA (n ⫽
20) were used as control.
Retrospective Case-Control Study. Serial biopsies
from nine patients whose AC or HGD was detected through a
surveillance program (followed up for a median of 6 years,
range from 3 to 13 years) were compared with those from 18
controls, matched for age and length of follow-up (with a
median of 5 years, range from 3 to 7 years) who did not
progress. The cancer patients had at least two endoscopies
before the development of HGD, and they all progressed
through the no dysplasia-LGD-HGD sequence. The control
cases had no more than a diagnosis of focal LGD in one of their
surveillance endoscopies. Hence, control patients with multifocal LGD at any time point of their surveillance program were
excluded from the study.
Prospective Study. A total of 162 patients attending
Addenbrooke’s Hospital for an endoscopy for either heartburn
symptoms, routine BE surveillance, or for assessment of dysplasia/AC as part of a tertiary referral service was recruited for
esophageal brushings before biopsy (61 NE, 90 BE ⫾ dysplasia,
and 11 AC).
All patients with BE, in either the retrospective or prospective parts of the study, had an endoscopically visible columnar-

lined segment and a histopathological diagnosis of specialized
intestinal metaplasia. Esophagitis, occurring either in isolation
or in conjunction with BE, was graded according to the Los
Angeles classification with histopathological confirmation according to the established criteria (25). All patients had diagnostic biopsies taken 2 cm above the GEJ and in addition
patients with BE had surveillance biopsies taken (each quadrant
every 2 cm; Ref. 26).
Cytology Brushings. For all patients recruited prospectively, brush cytology was performed 2 cm above the GEJ using
a disposable brush (Boston Scientific, Watertown, MA) under
direct endoscopic vision. The brush was then put into PreservCyt solution (Cytyc Corporation, Boxborough MA), and from
this, a monolayer of cells was obtained using a ThinPrep 2000
(Cytyc Corporation). One slide was stained conventionally with
a Papanicolaou stain and analyzed for cytological abnormalities
by an expert cytopathologist (M. O.). The second slide was
stained for Mcm2. Only a subset of the samples (61 NE, 21 BE,
37 LGDs, 3 HGD, and 7 AC) was analyzed for routine cytology
as it quickly became apparent that the results obtained showed
variable correlation with the histopathological diagnosis (see
“Results”).
Immunostaining. Tissue sections were deparaffinized in
xylene and rehydrated through alcohol solutions, water, and
finally with TBS-Tween. Washing using TBS-Tween was performed between each step. An antigen-retrieval step was performed by pressure cooking samples for 3 min in 0.01 M
Tris-sodium citrate buffer at pH 6.0. Staining was performed
using the Dako autostainer (DakoCytomation Ltd., Ely, United
Kingdom) and the staining kit Dako ChemMate for increased
reproducibility. Blocking of nonspecific binding was performed
using 10% normal goat serum (v:v) and 10% BSA (w:v) for 30
min at room temperature. The samples were incubated with
monoclonal Mcm2 antibody (21, 22) at 1/10 or MIB-1 (antiKi67 antibody; DakoCytomation Ltd.) at 1/100 dilution in antibody diluent (DakoCytomation Ltd.) for 1 h at room temperature. Endogenous peroxidase activity was blocked with
peroxidase-blocking solution (DakoCytomation Ltd.) for 5 min.
The secondary and the peroxidase-linked antibodies were each
incubated for 30 min at room temperature followed by 3,3⬘diaminobenzidine substrate (DakoCytomation Ltd.) for 10 min.
Sections were counterstained with hematoxylin. A negative
control was performed by omission of the primary antibody.
For the cytological samples, the fixative was removed by a
wash in 100% methanol for 5 min, and the cells were hydrated
in TBS for 5 min and then washed in TBS-Tween. The cells
were permeabilized in 4 mM sodium deoxycholate in TBS. The
staining procedure was the same as for paraffin sections except
that the primary antibody was applied for 2 h. A negative control
was done by omission of the primary antibody using a monolayer slide made from a BE AC cell line SEG-1 (gift from Dr.
David Beer, University of Michigan Medical School).
Scoring Immunostaining. The epithelial surface was
defined as the superficial four layers of cells in the squamous
esophagus and the most superficial layer of columnar cells
for the glandular tissues. Biopsies without surface epithelium
were excluded from the analysis. All of the surface cells per
biopsy were counted up to a maximum of 600 to determine
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Fig. 1 Mcm2 surface expression in upper gastrointestinal
tissues. Control tissues (A–C)
and the Barrett’s metaplasiadysplasia-carcinoma sequence
(D–G). Positive Mcm2 protein
expression is demonstrated by
brown nuclear staining with a
blue hematoxylin counterstain.
The bottom panel for each representative section is a low
magnification view, including
the usual proliferative basal (A)
and glandular compartments
(B–G; ⫻100), and the top panel
demonstrates a high magnification view of the epithelial surface from the corresponding
section (⫻400).

the frequency of Mcm2 expression. Only cells with diffuse
nuclear staining were considered as positive. The immunopositive epithelial cells were expressed as a percentage of the
total number of epithelial cells counted. The brushings were
scored as either positive or negative for Mcm2 staining. Any
positive cell was considered as abnormal (see “Results,”
Figs. 1 and 2), therefore, the brushing was positive if only
one positive cell was present.
Statistical Analysis. The frequency of Mcm2 staining
are expressed as a mean ⫾ SE. The Jonckheere-Terpstra test
(27) and the 2 test for trend were used to assess the correlation
between Mcm2 expression and the degree of dysplasia. The
Jonckheere-Terpstra test is a nonparametric statistic test, testing
for a shift in ordered distributions (Mcm2 surface expression)
when stratified by ordered categories (NE, BE, LGD, HGD, and
AC). The Mann-Whitney test was used to identify specific
differences between groups. In all cases, P ⬍ 0.05 was required
for significance (28, 29).

RESULTS
Mcm2 Surface Staining Correlates with the Grade of
Dysplasia. In normal control tissues (NE, GA, and D2),
Mcm2 was not expressed at the luminal surface (Figs. 1, A–C,
and 2). In NE, expression was confined to the parabasal and
suprabasal compartments of the epithelium (Fig. 1A). In GA and
D2, expression was restricted to the glands and lower crypts
(Fig. 1, B and C). In BE samples, the proliferative compartment
gradually extended toward the upper crypts and the surface
coincident with the degree of dysplasia (Mcm2 expression in
BE ⬍ LGD ⬍ HGD ⬍ AC, P ⬍ 0.0001; Figs. 1, D–G, and 2).
For comparison, in BE the mean surface expression of Mcm2
and Ki67 was respectively 6.8 and 4.9% of epithelial cells in
nondysplastic samples, 32.9 and 20.3% in LGD, 49.7 and 34.2%
in HGD, and 66.5 and 59.9% in the AC. Hence, as expected, the
Mcm2 antibody was more sensitive than Ki67, although this was
difference was not statistically significant.
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Fig. 2 Mcm2 surface expression. Mcm2-positive cells are presented as
a percentage of the total surface epithelial cells. The horizontal line
indicates the mean value for each patient group [NE (n ⫽ 30), GA (n ⫽
12), D2 (n ⫽ 9), BE (n ⫽ 34), LGD (n ⫽ 20), HGD (n ⫽ 8), and AC
(n ⫽ 16)]. There is a correlation between the degree of dysplasia and the
level of Mcm2 expression (P ⬍ 0.0001).

Interestingly, Mcm2 staining in patients with nondysplastic
BE was dichotomous (unlike for Ki67, data not shown). Fortyfour percent of BE samples were positive for Mcm2 surface
expression with a mean of 15.5% positive cells/biopsy and 56%
of patients were negative for surface Mcm2 expression (Fig. 2).
Because normal epithelial tissues such as GA and D2 do not
express surface Mcm2 and because Mcm2 surface expression
correlates with dysplasia, we hypothesized that the population of
nondysplastic BE patients with Mcm2 surface-positive staining
might be more likely to progress down the dysplastic pathway
than those who have no surface expression. This hypothesis
formed the basis of the case-control study.
Mcm2 Surface Expression Allows Detection of Patients
at Risk for Progression to AC. For each of the nine cases of
AC, Mcm2 surface expression in biopsies before the diagnosis
of dysplasia was higher than for the matched controls (Fig. 3).
The mean expression of Mcm2 was 28.4% of total surface
epithelial cells for BE biopsies in the group destined to develop
AC and 3.4% for the control group (P ⬍ 0.0001; Fig. 3). The
level of Mcm2 expression was maintained throughout the length
of follow-up for the control group, but the expression levels in
the AC group increased with time as the degree of dysplasia
increased (P for degree of correlation with dysplasia in AC
cases, P ⬍ 0.05 versus correlation between Mcm2 and time of
biopsy, P ⫽ 1 for the controls; Fig. 4).
Mcm2 Staining of Esophageal Brushings. The ectopic
surface expression of Mcm2 proteins in BE, which increased
with dysplasia (Figs. 1, D–G, 2, and 3), suggested that a surface
sampling method might enable noninvasive detection of dysplasia and malignancy and detection of BE cases destined to
progress. To test whether Mcm2 staining of brushings gave a
diagnostic advantage, a paired slide from each sample was sent
for routine cytological assessment.
Mcm2-positive nuclear staining was easily distinguished
from the background staining of the negative cells (Fig. 5).
Mcm2-positive staining of the brushings and the histopathological diagnosis of dysplasia or AC were concordant in 91% of the
patients (Table 1). In keeping with the findings from the retrospective study, Mcm2 positivity in the brushings and the degree

Fig. 3 Mcm2 surface expression in non dysplastic BE samples for the
case-control patients. The mean Mcm2 surface expression of the nondysplastic biopsies of patients destined to develop cancer (f, value is
the mean of one to three biopsies depending on the number of years of
follow-up) is compared with the two matched controls for each case (
and , mean of three to seven biopsies depending on the number of
years of follow-up). The Mcm2 surface expression in the cancer patients
before dysplasia is significantly higher than that of control patients (P ⬎
0.0001).

of dysplasia on biopsies correlated significantly (P ⬍ 0.0001).
Furthermore, the frequency of BE patients that were positive for
Mcm2 were similar in the retrospective histology and the prospective cytology study, suggesting that the brushings were
indeed picking up the surface positive cells that were identified
in the surface of the biopsy samples (Table 1). There was no
correlation between the surface expression of Mcm2 and the
degree of mucosal inflammation (data not shown, P ⫽ 1).
Only 43% of the patients with a histopathological diagnosis
of BE had evidence of goblet cells by routine cytology (data not
shown), and the concordance between histopathology and cytology for dysplasia was 48%, in keeping with other studies
(30), compared with 91% for Mcm2 staining.

DISCUSSION
In this study, we have demonstrated that aberrant surface
expression of Mcm2 increases as patients progress along the
metaplasia-dysplasia-carcinoma sequence of esophageal AC.
The case-control study suggests that patients with surface expression of Mcm2 in metaplastic BE may be more at risk for
malignant progression. Because Mcm2 expression occurs on the
surface of potentially premalignant tissues, but not on the surface of normal gastrointestinal tissues, a surface-sampling brush
methodology may be applicable for detection of dysplasia and
cases of BE destined to progress to AC. We have demonstrated
comparable frequency of Mcm2 expression in endoscopic
brushings versus multiple biopsies.
A recent publication demonstrated that Mcm2 and Mcm5
expression was increased in dysplastic BE (31). Interestingly,
the pattern of Mcm2 and Mcm5 staining in histopathological
sections of BE resembled that of gastric type mucosa with
maximal expression in the crypts. However, it is not clear
whether the presence of intestinal metaplasia was used in the
study as part of the diagnostic criteria for BE. Here, we have
restricted the definition of BE to the intestinal subtype containing goblet cells, which is also the type that confers the highest
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Fig. 4 Mcm2 surface expression over the follow-up period for the
case-control study. The first surveillance biopsy refers to the biopsies
taken at the first surveillance endoscopy after the diagnosis of Barrett’s
had been established and before the diagnosis of dysplasia. The intermediate biopsy refers to the biopsies taken at the time of the diagnosis
of LGD in patients destined to develop AC (pooled if several biopsies
show LGD) and the biopsy taken at the midpoint of the total surveillance
interval for each control patient. The latest biopsy refers to the biopsy
diagnosed with either HGD or AC for the cancer cases or the latest
biopsy available for inclusion in the study for the control cases (ⴱⴱⴱ
represents P ⬍ 0.0001).

risk for malignancy (32), and the expression pattern of Mcm2 in
BE resembles more that of D2 with a maximum expression in
the lower crypts.
Cytology alone is likely to be a poor screening or surveillance test for BE and associated dysplasia, as shown by our own
results (Table 1), and as demonstrated in previous studies (33).
The lack of cytological detection of intestinal metaplasia (28%)
may be partly because of the variable distribution of goblet cells
in BE. The assessment of LGD was difficult in some cases
because of marked reactive changes attributable to inflammation. The air drying and spreading artifacts were partially overcome by using liquid-based cytology as opposed to conventional-based cytological techniques. Cytology was highly sensitive
for the detection of HGD/AC, with a failure of detection only
occurring because of inadequate material for assessment (2 of 7
AC cases missed).
However, analysis of Mcm2 expression in conjunction with
cytology increases the diagnostic yield significantly. Given that
the positive Mcm2 staining is localized to the nucleus, it is easy
to distinguish true positive columnar cells from background
staining in the liquid-based cytology monolayer (Fig. 5). The
shape, size, and low background seen in squamous cells makes
them easy to distinguish from columnar cells (Fig. 5). In our
prospective study, any cells obtained from the brushings with
nuclear staining were counted as positive. This makes scoring
positive and negative brushings very simple and hence appealing for clinical practice. Furthermore, the exfoliative cytology
technique used in this study enables a greater surface area of
esophageal mucosa to be sampled compared with a conventional
biopsy series. In the future, with the advent of newer cytological
sampling devices, it should be possible to sample an even
greater surface area of mucosa and to apply these techniques
nonendoscopically (34). This has the potential to change radi-

Fig. 5 Representative Mcm2 staining in esophageal brushings. Negative cells with blue nuclei in squamous esophagus cells (A) and BE cells
(B) compared with the positive brown nuclei of the BE cells (C). The
black arrows indicate the position of the nuclei (⫻400).

cally the cost-effectiveness of esophageal screening and surveillance programs.
None of the biopsies from normal squamous esophagus had
positive Mcm2 expression on the surface. In contrast, brushings
from 13% of NE patients were Mcm2 positive. Half of these
samples were positive squamous cells, and there was no correlation between the degree of inflammation and these results
(P ⫽ 1). It is possible that the positive squamous cells originate
from the basal layers and were brushed away from the epithelium as a result of an excessively harsh sampling technique. The
other half of the positive brushings in NE patients represented
positive glandular cells (two patients had diagnosed gastritis,
one had intestinal metaplasia, and the last had a normal endos-
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Table 1 A, routine cytology and Mcm2-stained brushings in the diagnosis of BE and associated dysplasia; and B, Mcm2 surface expression in
the samples from the retrospective study
B. Retrospective
biopsy study

A. Prospective study
Histopathological diagnosis
in biopsy samples

Cytological diagnosis
of dysplasia

Mcm2-positive
brushings

Mcm2 surface
expression

NE
BE
LGD
HGD
AC

15% (9/61)
28% (6/21)
43% (16/37)
100% (3/3)
71% (5/7)

13% (8/61)
42% (19/45)
88% (37/42)
100% (3/3)
100% (11/11)

0% (0/30)
44% (15/34)
85% (17/20)
88% (7/8)
100% (16/16)

copy). Presumably, the positive glandular cells had originated
from either the gastric cardia or from endoscopically undiagnosed ultrashort BE as 15% of biopsies from the GEJ of asymptomatic patients have been shown to have small foci of intestinal
metaplasia (35).
It is also of note that 44% of nondysplastic BE patients had
some degree of surface Mcm2 expression present in both the
biopsy and the brushing samples. It is generally believed that
there is a 0.5–1% risk/year of BE patients progressing to AC
(36), and therefore, only a minority of the 44% of patients with
Mcm2 surface expression are likely to progress. However, in the
case-control study, we demonstrated that the patients who did
progress to AC had significantly increased surface expression of
Mcm2 at their initial endoscopy, before the development of
dysplasia (mean, 28.4% positive cells versus 3.4% for controls,
P ⬍ 0.0001; Fig. 3). It is interesting to note that of the 44% of
nondysplastic BE patients with surface Mcm2 expression, the
mean number of positive cells was 15.5%, and only three
patients had ⬎25% positive cells. Hence, whether a quantitative
assessment of surface Mcm2 expression and the change in the
level of Mcm2 expression over time is predictive of cancer
development may be worthy of additional investigation. In the
future, it is also possible that a combination of Mcm2 with other
biomarkers may enable patients to be stratified additionally for
risk of progression, although the histopathological diagnosis
will remain the gold standard for dysplasia.
A large proportion of patients with BE in our prospective
study had LGD. This reflects the tertiary referral of patients with
dysplasia in BE in our practice. In the future, there needs to be
a prospective study of Mcm2 staining applied to a nonselected
surveillance cohort with appropriate follow-up. In addition, with
the advent of nonendoscopic cytological sampling devices, it
would be valuable to apply our immunocytochemical technique
to a cohort of heartburn patients who are subsequently endoscoped. For example, in parts of mainland China, nonendoscopic cytological sampling of the esophagus (balloon cytology)
has been used for decades as a screening test for squamous
esophageal cancer (37, 38). During the current study, five patients with squamous esophageal carcinoma attended for an
endoscopy and had brushings taken. All five of these patients
had positive Mcm2 surface expression, although they were
excluded from subsequent analysis in view of the squamous cell
histology.
In view of the alarming increase in the frequency of AC of
the esophagus, inexpensive and effective tests for detection of

patients at risk are badly needed. The detection of MCM proteins in samples from the esophageal surface may offer a diagnostic advance.
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