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SUMMARY
HsMCM2/BM28 is a member of the family of minichromosome maintenance (MCM) proteins, which play a critical role in DNA replication by helping to ensure
that DNA is replicated once and only once per cell cycle. The association of HsMCM2 with DNA replication suggested to us that it might prove useful as a new
marker for cell proliferation. To test this possibility, we employed immunohistochemistry and immunoblotting to study HsMCM2 expression in both normal
human tissues and primary human tumors. We found that HsMCM2 was detectable by immunoblotting in 97% of the studied tumors but in only 27% of the
corresponding normal tissues. In normal tissues, the immunoblot signal was weaker than in tumors. Immunohistochemistry revealed that in normal tissues
HsMCM2 is present only in proliferating cell nuclei. In most cases, tumor cell nuclei produced a stronger HsMCM2 signal than normal proliferating cell nuclei.
Comparative studies revealed that antibodies against HsMCM2 stained fewer nuclei than antibodies against proliferating cell nuclear antigen but usually more
than antibodies against Ki-67 (another proliferation-related antigen). Thus, the correlations between proliferation and antigenic signal are different for these
three proteins. These results indicate that HsMCM2 is, indeed, a novel marker for proliferating cells. Further studies are required to determine whether the fact
that HsMCM2 has a different correlation with proliferation and elevated staining intensity in tumor nuclei (compared to nuclei in normal proliferating cells) will
permit it to be a more useful diagnostic and prognostic marker than proliferating cell nuclear antigen and Ki-67.

Bm28 (Todorov et al, 1994) is a human member of the recently defined family of minichromosome maintenance (MCM) proteins (Tye, 1994) .
The MCM proteins are found in all eukaryotes and are believed to play a role in DNA replication, especially in the machinery insuring
its once-per-cell-cycle regulation (Chong et al, 1995; Kubota et al, 1995; Madine et al, 1995; Tye, 1994) . The amino acid sequence of BM28 is most
similar to that of the Saccharomyces cerevisiae protein MCM2, suggesting a new designation of BM28 as MCM2 from Homo sapiens or
HsMCM2 (Chong et al, 1996; Kearsey et al, 1996; Tsuruga et al, 1997)
In tested human cell lines, the levels of HsMCM2 mRNA and protein remain constant during the cell cycle (Todorov et al, 1991, 1994) but
decrease markedly in cells with a lower proliferation rate (IT Todorov, unpublished results). The level of HsMCM2 mRNA was found to
decrease dramatically during in vitro differentiation of human myeloblastoid HL-60 cells (Philipova et al, 1991) . These findings, together
with the role of the protein in DNA replication, suggest a close relationship between expression of the HsMCM2 protein and the rate
of cell proliferation.
Until now, all results on the expression and localization of HsMCM2 have been obtained with cultured cells, mainly of tumor origin,
where the terms“quiescence” and “proliferation” are relative. This prompted us to study the expression and localization of HsMCM2
directly in normal and tumor tissues. We used two different methods: immunoblotting of tissue extracts and immunohistochemical
staining of paraffin sections from the same tissues. In some experiments, we compared the immunoreaction for HsMCM2 with the
reaction for two well studied (reviewed in Hall and Woods, 1990 ) proliferation-associated proteins: the proliferating cell nuclear antigen,
PCNA (Takasaki et al, 1981) , and the nuclear antigen, Ki-67 (Gerdes et al, 1983) . The results demonstrate that HsMCM2 expression is a novel
marker for cell proliferation. Because the picture it offers of cell proliferation is somewhat different from the pictures provided by
PCNA and Ki-67, HsMCM2 may prove to be an independently valuable aid in the diagnosis and prognosis of human tumors.

Results
Immunoblotting of various human tumors and corresponding normal tissues revealed a detectable, frequently strong reaction of the
anti-HsMCM2 antibody with almost all (70 of 72) tumor samples (Table 1) . This reaction was always detected in the form of a single
band or closely spaced bands with M r of about 125,000 (Fig. 1) comigrating with the band(s) detected in cultured human cells (data not
shown; see Todorov et al, 1994, 1995 ). Most normal tissues showed no reaction with HsMCM2 antibody. The exceptions included some
samples of colon (which normally contain a population of proliferating cells) and kidney, which gave a weak positive reaction.

Table 1. HsMCM2 Protein Levels by Immunoblotting in Tumor and Normal Tissues

Figure 1. Immunoblot analysis of different tumors (1, 3, 5, 7, 9) and corresponding normal tissues (2, 4, 6, 8, 10). The tissue material was solubilized in SDS
electrophoresis sample buffer, separated on SDS polyacrylamide gels, blotted, and analyzed with different antibodies: anti-HsMCM2 (BM28); anti-proliferating cell nuclear
antigen (PCNA); anti-histone (to provide an estimate of the amount of sample loaded). Lanes: 1 and 3, colon carcinoma; 2 and 4, normal colon mucosa; 5 and 7, breast
tumor; 6 and 8, normal breast tissue; 9, lung tumor; and 10, normal lung tissue.

Although most tumor samples were positive by immunoblotting for both HsMCM2 and PCNA, the HsMCM2 band showed greater
sample-to-sample variation (Fig. 1) . The HsMCM2 variations were reproducible when replicate samples were assayed (data not shown),
suggesting that among tumors of the same tissue source but from different patients, there is a greater degree of variation in the level
of HsMCM2 than in that of PCNA. In addition to the variable HsMCM2 levels, some samples showed thicker bands, suggesting the
presence of HsMCM2 isoforms.
As reported previously (Todorov et al, 1995) , isoforms with higher electrophoretic mobility (“fast” forms) appear when cells are in the S
phase of the cell cycle and increase as the cells progress through the G2 phase and into the M phase. Thus, the proportion of fast
isoforms could serve as an indicator for the proportion of cells in S, G2, and M phases, which may be important for prognosis in
some tumors (Stomper et al, 1996) . In our study, we detected fast HsMCM2 forms in eight tumor samples (for example, see Fig. 1, Lane 3 ),
mostly of colonic origin.
The immunohistochemical staining of paraffin sections from several normal tissues with the anti-HsMCM2 antibody is shown in Figure
2 . Note that only nuclei are stained. In normal tissues (Fig. 2, a and c to e), only the proliferative components-the basal layer of the
epidermis, the crypts of both the small and large intestines, and the germinal centers of lymphoid tissue-are positive. In contrast, a
typical colon carcinoma sample (Fig. 2b) shows a marked increase in both the number of positive nuclei and in the intensity of nuclear
staining. Rare tumors, however, showed minimal or no staining for HsMCM2. These tumors may grow as a result of decreased
apoptosis rather than increased proliferation.

Figure 2. Immunohistochemical detection of HsMCM2 in (a) normal colonic crypts; (b) colonic adenocarcinoma; (c) normal epidermis; (d) normal lymphoid follicle; (e) normal
small intestine. Original magnification,×100. Photomicrographs were taken in color and digitized. Color manipulation software (Adobe Photoshop; Adobe Systems, San Jose,
California) was used to prepare gray-scale images in which the brown immunohistochemical stain was emphasized. Each image was converted to the CMYK color model. The
contrast of the magenta channel was decreased (Photoshop levels control: output between 127 and 255), and the contrast of the black channel was increased (Photoshop
levels control: input between 150 and 255). Finally, the magenta channel was multiplied by the black channel. The result of this process is that nuclei stained only with
counter-stain (blue) appear faint, but nuclei reacting with the antibody (which originally displayed various shades of brown) appear medium to very dark, depending on
reaction intensity.

Comparison of immunostaining between the three proliferation markers in breast tissues showed that HsMCM2 frequently stained a
percentage of nuclei intermediate between PCNA (highest percentage) and Ki-67 (lowest) in intraductal and invasive breast carcinomas
(Table 2; Fig. 3, d to i) . In some cases, the proportions of stained nuclei were similar for HsMCM2 and Ki-67 (Table 2) . In contrast, normal
lobules were negative for HsMCM2 despite positive staining for both PCNA and Ki-67 (Fig. 3, a to c) . Intensity of staining was usually

greater for PCNA and similar for Ki-67 and HsMCM2 (Table 2; Fig. 3) . Both staining intensity and number of stained nuclei varied more
for HsMCM2 and Ki-67 than for PCNA, but a higher proportion of nuclei positive for one antibody was generally paralleled by a higher
proportion of positivity for the other two as well (Table 2) .

Table 2. Comparison of HsMCM2, PCNA, and Ki-67 Immunoreactivity in Invasive Breast Tumors

Figure 3. Comparison of immunohistochemical detection of HsMCM2, PCNA, and Ki-67 in three parallel sections of normal breast lobules (a to c), ductal carcinoma in situ (d
to f), and invasive ductal carcinoma (g to i). a, d, and g: HsMCM2; b, e, and h: PCNA; c, f, and i: Ki-67. Original magnification, × 100. Conversion of original color images to
gray-scale was accomplished as in Figure 2; identical manipulations were applied to images obtained with all three antibodies.

Discussion
This is the first report of HsMCM2 expression in normal human tissues and tumors. Previous studies were confined to cell lines,
mostly derived from malignant tumors. We show herein (Table 1, Fig. 1) that the vast majority of human tumors express levels of
HsMCM2 detectable by Western blotting, but most normal tissues lack detectable expression. Expression in normal tissues was
detected most readily in those that possess a significant population of proliferating cells, such as colon epithelium. This is consistent
with previous studies of cell lines, which have shown a correlation of HsMCM2 expression with cell proliferation rate and decreased
expression with terminal differentiation (IT Todorov, unpublished results; Philipova et al, 1991; Tsuruga et al, 1997 ).

We also report that affinity-purified polyclonal anti-HsMCM2 antibodies worked well for immunohistochemistry in formalin-fixed,
paraffin-embedded tissues. In normal tissues, anti-HsMCM2 stains only nuclei in the proliferating cell population (Fig. 2) . In
comparison to normal tissues, most tumors showed a marked increase in both nuclear staining intensity and number of
immunoreactive nuclei. This increase roughly paralleled that of the PCNA and Ki-67 proliferation antigens in a series of invasive
breast cancers stained for all three markers, but the HsMCM2 antibody reacted with fewer nuclei than anti-PCNA, and usually with
more nuclei than anti-Ki-67 (Table 2; Fig. 3) .
The demonstration of good immunoreactivity in routinely fixed tissues without the requirement for antigen retrieval suggests the
possibility of using HsMCM2 immunoreactivity as a marker for cell proliferation for diagnostic or prognostic purposes. Cell
proliferation has been shown to be a valuable prognostic feature for breast carcinomas as measured by various methods (Keshgegian and
Cnaan, 1995) and is of possible use in certain other neoplasms (Kruger and Muller, 1995) . The prognostic efficacy of staining the proliferation
antigens PCNA and Ki-67 has been controversial (Hall and Woods, 1990) . Although some studies show a correlation (Siitonen et al, 1993; Weidner
et al, 1994) , others do not (Thomas et al, 1993) . HsMCM2 is associated with cell proliferation independently of PCNA and Ki-67. Therefore, it
should provide a measure of cell proliferation distinct from those offered by PCNA and Ki-67. This possibility is supported by
evidence of the different levels and intensities of staining produced by antibodies against these three proteins (Fig. 3, Table 2) .
MCM2 is one of six members of the MCM protein family (collectively known as MCM2-MCM7), which serves as a component of
“licensing factor,” ensuring that replication of DNA occurs only once per cell cycle (reviewed in Kearsey et al, 1996 ). However, the
members of the MCM family are frequently not present in stoichiometric amounts and are regulated differently. For example, relative
to its concentration in cycling cells, HsMCM7 is much more abundant in quiescent cells than is HsMCM2 (Tsuruga et al, 1997) . Such
differences in regulation among members of the MCM family probably explain why a comparison of anti-HsMCM7 with anti-PCNA
staining in normal and tumor tissues failed to reveal any differences (Hiraiwa et al, 1997) , which is in contrast to our results with HsMCM2.
HsMCM2 is present in the nucleus during all phases of the cell cycle in proliferating cells but becomes tightly bound to chromatin in
G1. HsMCM2 is displaced during the S phase and is unbound in G2 and M. This localization can be visualized as coarse granular
staining or even homogeneous staining, respectively (Todorov et al, 1995) and may provide additional information about cell proliferation.
Displacement from chromatin is associated with phosphorylation, which may prevent rebinding of HsMCM2 to chromatin until mitosis
is complete. These and other differences between HsMCM2 and the other proliferation antigens are consistent with the differences in
proportion of nuclei marked by each antibody (Fig. 3, Table 2) . Whether these differences permit HsMCM2 to be a more useful clinical
marker of cell proliferation is currently under investigation.

Materials and Methods
Frozen samples of human tumors and normal tissues were obtained from the Tissue Procurement Facility, Pathology Department,
Roswell Park Cancer Institute (RPCI). Paraffin-embedded samples were retrieved from the surgical pathology files of the Department of
Pathology, RPCI.
For the detection of HsMCM2/BM28, we used an affinity-purified rabbit anti-HsMCM/BM28 antibody raised against the N-terminal
region of the molecule, as described previously (Todorov et al, 1994) . Other antibodies generated later against different parts of the
HsMCM2 molecule gave similar results. Anti-PCNA (clone PC10; DAKO, Carpinteria, California) and anti-Ki-67 (clone MIB-1;
Immunotech, Inc., West-brook, Maine) were used for the detection of PCNA and Ki-67, respectively.
For immunohistochemistry, sections were deparaffinized, and those to be stained with Ki-67 or PCNA were subjected to microwave
antigen retrieval in citrate buffer (10 minutes, twice). The HsMCM2 antibody had previously shown good staining by
immunohistochemistry, which was not enhanced by antigen retrieval. MIB-1 and PC10 were used at dilutions of 1:50 and 1:100,
respectively. The affinity-purified HsMCM2 antibody was used at a dilution of 1:500. The avidin-biotin detection method was used on
a Ventana Automated System (Ventana Medical Systems, Tucson, Arizona). Substitution of an irrelevant rabbit antiserum for the
primary antibody served as a negative control. Intensity of nuclear staining and proportion of positive nuclei were scored for each
antibody by three of the authors (BAW, ITT, JAH) with similar results.
For Western blotting, frozen tissue and tumor samples were solubilized by sonication in SDS-electrophoresis sample buffer (2% SDS,
2% 2-mercaptoethanol, 5 mM EDTA, 20% glycerol, 100 mM Tris-HCl [pH 6.8]). After boiling, the lysates were separated by
SDS-polyacrylamide gel electrophoresis on 7% gels for the detection of HsMCM2 or on 10% gels for the detection of PCNA. Equal
amounts of protein were loaded into each lane. After electrophoresis, the proteins were transferred to Immobilon membranes
(Millipore Corporation, Bedford, Massachusetts). The membranes were incubated with antibodies against HsMCM2 or PCNA and
visualized by alkaline-phosphatase- conjugated second antibody and a phosphatase reaction. The intensity of the reaction on the
immunoblots was determined visually or by scanning and image analysis of the blot area corresponding to the HsMCM2 protein
(Todorov et al, 1995) .
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