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Abstract

Background: Currently, breast cancers are divided into four major molecular subtypes. The distinction between the
luminal A and luminal B subtypes is mainly based on the cellular proliferation indices and is assessed by the Ki-67
scoring. Due to the limitations in the assessment and expression of Ki-67, we hypothesized that minichromosome
maintenance protein 6 (MCM6) might be taken as a surrogate marker to differentiate molecular subtypes and aid in
more precise grading of tumors.

Methods: We performed a retrospective, cross-sectional study on 124 samples of breast cancer and 40 samples of
normal breast tissue. Relevant clinical information was retrieved from the Cancer Institute database.

Results: MCM6 could discriminate between various categories of histologic grades, tubule formation, mitotic
indices, and nuclear pleomorphism (P = 0.002 for tubule formation and P < 0.001 for other). Moreover, the MCM6
score exhibited a significant correlation with the mitotic count (P < 0.001). However, the Ki-67 score could not
discriminate subgroups of the mitotic index and nuclear pleomorphism. Compared to the luminal A subtype,
luminal B exhibited a higher MCM6 score (P = 0.01). Besides, MCM6 scores were higher for certain subtypes with
more aggressive behaviors, such as hormone receptor (HR)-negative disease, and human epidermal growth factor
receptor 2 (HER2)-enriched and triple-negative breast cancers, as there was a significantly higher MCM6 mean score
in the HR-negative in comparison to the luminal breast cancers (P < 0.001). Similarly, higher MCM6 scores were
observed among samples with more advanced nuclear grades, tubule formation, and overall grades.

Conclusion: MCM6 can differentiate luminal A and luminal B subtypes and is correlated with mitotic counts.
However, this study was unable to prove the superiority of MCM6 in differentiating between molecular subtypes
compared to the Ki-67 score. Nevertheless, in our study, MCM6 was superior to Ki-67 in exhibiting correlations with
the mitotic grade, tubule formation, and nuclear grades. More studies are needed to standardize its assessment
methods, determine more robust cut-off values, and evaluate its associations with prognostic features of breast
cancer.
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Background
Breast cancer is the most common neoplasm among
women all over the world, and consequently, is associ-
ated with considerable morbidity and mortality [1].
Breast cancers are complex tumors with a great

spectrum of clinical and pathological features and di-
verse responses to available treatments [2]. Most treat-
ment modalities are selected according to the molecular
subtypes of breast cancers, which incorporate hormone
receptors (HR), human epidermal growth factor receptor
2 (HER2), and Ki-67 expression status [3].
The minichromosome maintenance proteins (MCMs)

play central roles in many aspects of genomic stability.
They are one of the regulatory components of DNA
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replication and ensure that DNA replicates only once in
each cell cycle. MCM family is a hexamer of six related
peptides (MCM2–7), and each subunit has distinct func-
tions in the regulation of DNA replication. In a process
known as DNA replication licensing, it primes chroma-
tin for DNA replication. It also works as a DNA helicase
during the elongation phase of DNA replication [4, 5].
Cells express MCM as they enter the G1 phase, before
being involved in the active replication. As a result, they
can be identified at elevated levels in no-cycling cells
that have proliferative potentials and precancerous cells
(but not in quiescent somatic cells). Therefore, they can
be taken as a marker for early cancer diagnosis [6–8].
Besides, the essential roles of MCM proteins in the pro-
liferation process make them appropriate targets for
anti-cancer agents.
Ki-67 is one of the most well-evaluated proliferation

markers in tumor cells (including breast cancer), with
diagnostic and prognostic roles. In comparison with
MCM proteins, some limitations exist for Ki-67. For in-
stance, Ki-67 is not expressed at the G0 and early G1
phases, which will result in the misidentification of a
fraction of tumoral cells at these phases. The exact func-
tions of Ki-67 are not elucidated yet, and prominent
variability in its scoring and poor analytical validity is re-
ported [6].
Some studies have evaluated the expression of various

members of the MCM proteins in neoplasms of different
organs. For instance, it is evident that the MCM2 ex-
pression correlates with the malignant status and regu-
lates the proliferation and cell cycle of lung squamous
cell carcinoma [9], renal cell carcinoma [10], prostate
cancer [11], breast cancers [12], brain tumors [13],
lymphoma [14], and gastrointestinal tumors [15, 16].
Another study [17] has investigated the putative diag-
nostic and prognostic features of MCM2, MCM4, and
MCM6 in breast cancer and has demonstrated that all
three of them can discriminate between luminal A and B
subtypes and are associated with higher histological
grades and more aggressive subtypes (including luminal
B, HER2-positive, and triple-negative breast cancers
[TNBC]) [17].
However, the expression status of MCM proteins (ei-

ther alone or in combination with other markers) is not
widely investigated in breast tumors, and their associa-
tions with prognostic indicators, including survival, re-
gional recurrence, and distant metastases, are not
evaluated comprehensively [18]. Due to the importance
of proliferative markers in the prediction of prognosis of
breast cancers, as well as a clinical need for effective tar-
geted therapies (especially for those with more aggres-
sive phenotypes), and based on the reports of a previous
study [17], we selected the MCM family protein six
(MCM6) and compared it with the Ki-67 scores

regarding associations with the histologic types, molecu-
lar subtypes, and biomarker status of breast cancer.

Methods
Patient selection and sample preparation
In this retrospective, cross-sectional study, we evaluated
124 female patients with breast cancer who had under-
gone mastectomy or lumpectomy without neoadjuvant
therapy between 2007 to 2014. In addition, we selected
40 normal breast tissues sample of women who had
undergone plastic surgery (reduction mammoplasty) as
the control group.
The best block of formalin-fixed paraffin-embedded

samples (FFPE) of cases were selected for immunohisto-
chemistry (IHC) staining and evaluated independently
by two pathologists for grading according to the Elston-
Ellis modification of Scarff-Bloom-Richardson grading
system, also known as the Nottingham grading system
[19, 20]. This grading system evaluates three morpho-
logical pathologic features, including tubule formation,
nuclear pleomorphism, and mitotic count, and based on
the sum of scores for each feature establishes an overall
histologic grade [19, 20]. We selected the best-preserved
sites of tumors with the highest mitotic figures, acquired
4 mm punches, and prepared new tissue array paraffin
blocks.
For control group samples, we selected one tissue

block and completely sectioned it for H&E and IHC
staining to determine the status of proliferative markers.
All procedures and the data retrieval were conducted
after the approval of the Tehran University of Medical
Science research ethical committee (ethics code:
IR.TUMS.IKHC.REC.1397.113).

Immunohistochemistry
IHC assay of the newly prepared FFPE slides of tumors
and selected paraffin blocks of normal breast tissues of
the control group was performed manually. IHC staining
was performed using the following antibodies: MCM6
(recombinant rabbit monoclonal antibody, clone number
EPR17686, ab201683, 1/10000 dilution), followed by goat
anti-rabbit IgG H&L (HRP, ab97051, 1/500 dilution),
TRIS EDTA, and Ki-67 (rabbit IgG anti-human Ki-67
monoclonal antibody, clone SP6, 1/50 dilution, Master
Diagnostica).
Slides were examined, and the best area of each 4mm

core was captured with a Leica (DM500/13613205)
microscope camera. Captured images were counted (400
tumor cells), and the labeling index (LI) for MCM6 and
Ki-67 was calculated as the percentage of tumor cells
with nuclear staining. This procedure was done inde-
pendently by two pathologists. Also, the expression of
MCM6 and Ki-67 was evaluated in epithelial breast tis-
sue by the same method, using mammoplasty samples.
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The information required for the 5-year follow-up of
these patients and the status of their hormone receptors
and HER2 were obtained from the Hospital Tumor
bank’s database and their medical records, which were
available at the pathology department archives. Using
these data and the result of Ki-67 LI for each case, clas-
sification of different molecular subgroups according to
St. Gallen criteria was done [21, 22]. This criterion was
established in 2011 to offer a more convenient and feas-
ible approach for the molecular classification of breast
cancer. In brief, this clinicopathological criteria uses the
expression status of estrogen and progesterone receptors
(assessed by IHC), the overexpression and/or amplifica-
tion of HER2, and the Ki-67 LI to classify breast cancers
into four molecular subtypes [23]. The cut-off values for
these markers are derived from the PAM50 classifica-
tions system [22].

Statistical analysis
For statistical analysis of the results, we used IBM® SPSS®
statistics version 23 (Armonk, USA). The distribution of
variables was assessed by the Kolmogorov-Smirnov test.
According to the non-normal distribution of both Ki-67
and MCM6 markers, we used non-parametric tests (such
as Mann-Whitney and Kruskal-Wallis) for qualitative
and Pearson regression for quantitative variables com-
parisons for further analyses. A P-value of < 0.05 was
considered significant. We used the Bonferroni correc-
tion for the significant P-values of pairwise comparisons
that we made between subgroups of a general group
(such as luminal subtypes and overall histologic grade of
tumors). To determine the optimum cut-off points and
the diagnostic power of the variables, we used the re-
ceiver operating characteristic (ROC) curve and consid-
ered the sum of the squares of both sensitivity and
specificity and the area under the curve (AUC) of them.
For survival analysis, we used the Kaplan-Meier analysis
method and variables with P-values of < 0.2 were in-
cluded in a multivariable analysis by the cox regression
model.

Results
The mean age of patients was 49.11 years (range, 39 to
59 years). Among the investigated samples, 44.3% were
luminal A, and 27.9% were luminal B subtypes. Besides,
most samples in our study had an advanced form of the
disease. The details of clinicopathologic features are pro-
vided in Table 1.

Expression of MCM6 and Ki-67 in tumoral and normal
breast tissue
The median and inter-quartile range (IQR) of MCM6
were significantly higher in tumors and also normal
breast samples in comparison to Ki-67 (Table 2).

Table 1 Histopathologic descriptions of tumoral specimens

Variable Frequencies (%)

Nuclear Grade

I 2 (1.6)

II 48 (38.7)

III 74 (59.7)

Mitotic Grade

I 51 (41.1)

II 27 (21.8)

III 46 (37.1)

Tubule Formation

I 9 (7.3)

II 40 (32.3)

III 75 (60.5)

Overall Histologic Grade

I 18 (14.5)

II 52 (41.9)

III 54 (43.5)

Molecular Subtypes

Luminal A 54 (44.3)

Luminal B 34 (27.9)

HER2-enriched 12 (9.8)

Triple-Negative 22 (18.0)

Lymphovascular Invasion

Negative 23 (18.5)

Positive 101 (81.5)

Lymph node Involvement

Negative 46 (37.4)

Positive 77 (62.6)

Extra-nodal Extension

Absent 26 (33.8)

Present 51 (66.2)

In-situ Carcinoma

Negative 28 (22.6)

Positive 96 (77.4)

Estrogen Receptor

Negative 35 (28.2)

Positive 89 (71.8)

Progesterone Receptor

Negative 39 (31.5)

Positive 85 (68.5)

HER2/Neu

Negative 95 (76.6)

Positive 29 (23.4)
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Comparison of MCM6 and Ki-67 in different histologic
grades and hormone states of breast cancers
The expression level of MCM6 was significantly in-
creased in higher grades (P < 0.001, Table 3). Therefore,
MCM6 could discriminate different histologic grades of
breast cancers (P = 0.004 between grade I-II and P <
0.001 between grade II-III). Interestingly, the correlation
coefficient of the mitotic count with MCM6 and Ki-67
LI was 0.388 (P < 0.001) and 0.267 (P = 0.004), respect-
ively. As a result, MCM6 LI could discriminate different
mitotic categories of the Nottingham histologic score
(score 1 mitoses: 23.8, score 2 mitoses: 30.5, and score 3
mitoses: 36.5, P < 0.001, Table 3). Also, the MCM6 LI
exhibited a significant difference in different scores of
tubule formation and nuclear pleomorphism (P < 0.001
for both, Table 3).
Similarly, Ki-67 LI showed a significant statistical dif-

ference between different histologic grades of tumors
(P < 0.001) and different scores of tubule formation (P =
0.006), but no significant correlations with nuclear pleo-
morphism (P = 0.071) and mitotic index (P = 0.068) were
found (Table 3). As a result, unlike Ki-67, MCM6 could
discriminate between 3 scores of mitotic indices. It
should be noted that according to Bonferroni’s correc-
tion law, the significant P-value threshold in these types
of pairwise comparisons was 0.017.
The AUC in the ROC curves of these two markers

confirms the aforementioned results. However, there
was no optimum point for the sensitivity, specificity, and
accuracy in these curves that could be used as an effect-
ive cut-off point value. Regarding HR and HER2 status,
the median of both markers was significantly higher in
HR-negative tumors (Table 3), but there were not any
significant differences between these two markers ac-
cording to the HER2 overexpression status (P = 0.339 for
Ki-67, and P = 0.276 for MCM6, Fig. 1).

Comparison of MCM6 and Ki-67 in different molecular
subtypes of breast cancer
As depicted in Table 3, both Ki-67 and MCM6 scores
were significantly varying in different molecular subtypes
of breast cancer. Compared to the luminal A subtype,
the median of MCM6 LI in the luminal B subtype was
significantly higher (P = 0.01). Accordingly, when we
considered the sum of both sensitivity and specificity,
the optimal cut-off point for the discrimination of lu-
minal A and luminal B subtypes was about 32%, with a

sensitivity of 50% and a specificity of 77%. For Ki-67, we
took 14% as the cut-off value, as validated by previous
studies [22, 24].
Overall, both Ki-67 and MCM6 markers had a higher

median in the TNBC than the luminal A and B subtypes
(P = 0.016 and P < 0.001, respectively; Fig. 1). However,
none of them could differentiate HER2-enriched subtype
from the triple-negative and luminal subtypes (P = 0.433
and P = 0.118, respectively), which is most probably due
to the small number of HER2-enriched samples in our
study.
Furthermore, the comparison of MCM6 and Ki-67 in

different histologic types, lymph node status, presence of
extra-nodal extension, and the presence of in-situ car-
cinoma did not show any significant differences. The de-
tails of these comparisons are presented in Table 3.

Prognostic values of MCM6
We followed 112 patients for a median of 62.46 months.
Eighteen cases died due to breast cancer, and 24 cases
showed recurrences of the disease. No significant correl-
ation was found between MCM6 and Ki-67 expression
and the overall survival (OS; for MCM6, hazard ratio
[HR] = 1.996, 95% confidence interval [CI] = 0.474–
8.401, P = 0.346; and for Ki-67, HR = 0.958, 95%CI =
0.193–4.755, P = 0.959) and disease-free survival (DFS).

Discussion
Ki-67, as a well-known proliferative marker, is suggested
as a valuable predictor of survival, recurrence, and ag-
gressiveness of breast cancer [25, 26]. Besides, many
studies have investigated the associations between Ki-67
levels and tumor’s grade, stage, lymph node involvement,
and estrogen receptor (ER) status [25]. The stratification
of breast tumors to different molecular subtypes (ac-
cording to the hormone receptor, HER2, and Ki-67 ex-
pression) and the usefulness of Ki-67 as a tool for
selecting systemic treatment for early-stage breast can-
cers is established [25]. However, Ki-67 faces some limi-
tations. For instance, it is not expressed in cells that
have the potential to enter the G1 phase of the cell cycle,
which will pose a risk of the misidentification of tumoral
cells [27]. Besides, its functions are not well understood,
and more importantly, it has no generally accepted cut-
off values [28].
MCM proteins have key roles in the regulation of

DNA replication in eukaryotes. MCM family members
have some superiorities over Ki-67. They can be de-
tected in cells that are in the resting phase of the cell
cycle but still have the replication competency. Also,
their expression is stable during the cell cycle [7]. As a
result, compared with Ki-67, a greater number of prolif-
erative cells in different types of neoplasms would be
identified by MCM [29]. Also, in normal breast terminal

Table 2 Comparison of marker’s expression status (median
percentage of the positive cell) in normal and tumoral samples

Marker Normal breast Tumors P-value

Ki-67 (median, IQR) 4% [3–10] 12 (8.25–17) < 0.001

MCM6 (median, IQR) 20% (13–23.5) 29.75 (21.37–39) < 0.001
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Table 3. Comparison of MCM6 and Ki-67 expression levels based on different histologic and prognostic features.

Variable Ki-67 Median (IQR) P-value MCM6 Median (IQR) P-value

Estrogen Receptor 0.017 < 0.001

Negative 17.0 (9.0–24.0) 38.5 (32.0–43.0)

Positive 10.0 (8.0–16) 26.5 (20.5–34.0)

Progesterone Receptor 0.003 < 0.001

Negative 19.0 (9.5–24.0) 37.0 (29.7–42.2)

Positive 10.0 (8.0–19.0) 26.9 (20.5–33.5)

HER2/Neu 0.339 0.286

Negative 11.0 (8.0–17.0) 28.5 (21.2–37.7)

Positive 13.0 (9.0–20.0) 33.5 (24.0–41.0)

Molecular Subtypes < 0.001 0.001

Luminal A 9.0 (7.0–10.0) 24.0 (18.0–31.5)

Luminal B 16.0 (14.0–20.7) 30.5 (23.6–44.3)

HER2-enriched 15.0 (7.0–23.0) 39.0 (18.0–41.5)

Triple Negative 19.0 (9.0–38.0) 38.5 (34.7–53.0)

Lymphovascular Invasion 0.618 0.936

Negative 10.5 (7.2–18.7) 30.2 (17.2–46.1)

Positive 12.0 (9.0–17.7) 30.5 (21.6–38.1)

Lymph node Involvement 0.888 0.142

Negative 12.0 (8.0–20.0) 33.0 (20.5–45.0)

Positive 12.0 (8.5–17.5) 27.0 (21.5–36.2)

Extra-nodal Extension 0.841 0.124

Negative 11.5 (9.0–20.2) 31.0 (22.4–37.4)

Positive 11.0 (7.5–17.0) 31.0 (22.0–37.5)

In-situ Carcinoma 0.925 0.873

Negative 12.0 (7.0–19.5) 29.7 (15.7–42.6)

Positive 12.0 (9.0–17.5) 30.5 (21.5–38.6)

Nuclear Grade 0.071 < 0.001

I – –

II 10.0 (7.5–16.0) 23.5 (17.0–30.5)

III 13.0 (9.0–21.0) 34.0 (26.9–42.9)

Mitotic Rate 0.068 < 0.001

I 10.0 (7.0–14.8) 23.8 (16.2–33.5)

II 12.0 (9.0–16.0) 30.5 (23.1–41.5)

III 15.0 (9.0–24.8) 36.5 (27.1–44.4)

Tubule Formation 0.047 0.002

I 9.0 (5.0–10.0) 18.25 (9.5–29.87)

II 12.0 (8.0–16.0) 26.0 (21.25–33.5)

III 13.0 (9.0–24.0) 33.0 (23.0–42.5)

Overall Grade 0.006 < 0.001

I 9.0 (5.0–10.0) 16.0 (10.2–26.0)

II 11.0 (8.0–16.0) 25.5 (20.1–33.5)

III 14.5 (9.0–22.5) 36.0 (28.5–45.0)
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duct-lobular units (TDLU), levels of MCM expression
are higher than Ki-67 and are consistent with the high
proportion of mammary epithelial cells residing in a li-
censed MCM expressing but the non-proliferating state
[5, 7, 18].
In this study, we aimed to reveal whether the MCM6

expression score can be interpreted as a proliferative
marker and be used as an alternative to Ki-67 in differ-
entiating molecular subtypes and also histologic grades
of breast cancer. Therefore, we compared the expression

of Ki-67 and MCM6 in 124 breast cancer samples with
different grades and molecular subtypes.
In both normal and tumoral breast tissues, MCM6

had significantly higher levels of expression than Ki-67.
The median of MCM6 and Ki-67 nuclear staining scores
were significantly higher in tumors than in normal
breast tissues. Hence, the influence of these markers on
the carcinogenesis of breast tumors can be inferred.
MCM6 can differentiate between histologic grades of in-
vasive ductal carcinoma (P < 0.001) with a meaningful

Fig. 1 Comparison of MCM6 and Ki-67 staining of different molecular subtypes of breast cancer. Comparing luminal subtypes, the MCM staining
level was significantly higher for the luminal B subtype. In addition, MCM6 and Ki-67 expression levels were both significantly higher in TNBC,
compared with luminal A and B subtypes
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correlation with mitotic figures, which is also stronger
than that of Ki-67. Thereby, it seems that MCM6 is cap-
able of more precise classification of breast tumors re-
garding histologic and mitotic grades. Both Ki-67 and
MCM6 revealed an association with ER status. HR nega-
tive tumors had higher MCM6 and Ki-67 expression.
The most important finding is that both MCM6 and

Ki-67 can discriminate between luminal A and B mo-
lecular subtypes and between HR-positive and TNBC,
which has a critical role in selecting the therapeutic
strategies. As we have mentioned previously, we chose
the cut-off point of 32% for the discrimination between
the luminal A and B subtypes. We found no significant
association between the expression levels of these two
biomarkers and prognostic factors (such as lymphovas-
cular invasion, lymph node involvement, tumor size, OS,
and DFS), which is most probably due to the small num-
ber of assessed cases.
Many studies have evaluated the expression of various

members of the MCM family besides other prognostic
markers (such as P53) in several types of malignancies.
For example, the upregulation of MCM gene expression
in uterine cervical cancers is noted and reaffirms MCM
as a proliferative marker in the DNA replication path-
way, whereby the proliferation of dysplastic and cancer
cells becomes increasingly dysregulated and proposed
these markers as a valuable screening tool in detecting
pre-cancerous cervical lesions [30].
In recent years, several studies have focused on the ex-

pression of various members of the MCM family in
breast cancers and have reported relatively comparable
results. In a study by Cobanoglu et al., the expression of
MCM2 had a significant association with the histologic
grade of breast carcinoma and the cell proliferation cap-
acity (indicated by Ki-67). In addition, a negative correl-
ation between MCM2 or Ki-67 expression and ER
expression was reported. They observed no significant
association between MCM2 or Ki-67 expression and pa-
tients’ age, tumor size, lymph node status, clinical stage,
and menopausal status [31]. Our results for the expres-
sion of MCM6 and Ki-67 are in concordance with the
MCM2 expression in this study.
Another study showed that after a median follow-up

of 5.3 years, fluorescence in situ hybridization (FISH)
assessed MCM2 LI is not predictive of disease recur-
rence. However, they have reported MCM2 as a useful
marker for distinguishing the aggressive-type HER2-
amplified breast carcinomas (with high malignancy
grade) from HR-negative subtypes [32]. They also pro-
posed that despite the acceptable correlation between
MCM2 and Ki-67, MCM2 protein can be a superior pro-
liferative marker in discriminating different histologic
grades of breast cancer [33]. In our study, we observed
comparable results for MCM6 and its meaningful

correlations with tumor grade, hormone receptor status,
and molecular subtypes.
In a study designed by Issac et al., MCM2, MCM4,

and MCM6 were assessed at the level of mRNA tran-
scription and protein expression in breast cancers. They
concluded that these markers can especially help to dif-
ferentiate between luminal A and luminal B subtypes.
Also, they found a meaningful correlation between these
markers and Ki-67 and the histologic grade. Low expres-
sion of these markers was associated with an increased
probability of relapse-free survival [17]. To the best of
our knowledge, this study is the only one that has evalu-
ated MCM6 in breast cancers. Our results are concord-
ant with the findings of this study.
MCM family members are one of the proliferative

markers, and their role in the determination of prolifera-
tive activity and their relationship with prognostic and
therapeutic factors, even in a stronger power rather to
PCNA and Ki-67, is confirmed [34]. MCM proteins are
highly expressed in malignant human cancer cells and
pre-cancerous cells undergoing malignant transform-
ation, but not in the differentiated somatic cells. There-
fore, these proteins are ideal diagnostic markers for
cancer and serve as promising targets for anti-cancer
drug development [6, 35].
There are limitations to this study. The retrospective

design hampers reaching definite and casual associa-
tions. Until now, there are no valid and standardized
methods for the assessment of MCM6 expression level.
The low prevalence of HER2-enriched tumors in our
samples was a major obstacle for MCM6 to differentiate
them from other molecular subtypes. Lastly, the optimal
cut-off points for MCM6 LI to differentiate between lu-
minal A and luminal B subtypes led to a sensitivity of
50%, which generally is not acceptable for diagnostic
tests. Larger prospective studies are warranted to further
evaluate the importance of MCM6 as a diagnostic and
prognostic marker for breast cancer.
In conclusion, our data support that MCM6 is a super-

ior discriminator of tumor grade by better capturing the
scoring differences in all three parameters of the Not-
tingham Score better than Ki-67. In addition, it can be
taken as an alternative marker for Ki-67 in the classifica-
tion of breast tumors into different molecular subtypes,
especially luminal ones. Differentiating luminal A and B
cancers remains a significant clinical question since it
impacts therapeutic decisions. In this study, we tried to
determine an appropriate cut-off value point for differ-
entiating between these subtypes. Maybe in the future,
more detailed data regarding these issues can help estab-
lish a more precise and accurate cut-off point with
higher specificity and sensitivity. Surely the suitability of
this marker for routine clinical use instead of Ki-67 has
more unknown aspects to be investigated in the future.

Sadeghian et al. Diagnostic Pathology           (2022) 17:24 Page 7 of 9



Abbreviations
MCM6: Minichromosome maintenance protein 6; HR: Hormone receptor;
HER2: Human epidermal growth factor receptor 2; FFPE: Formalin-fixed
paraffin-embedded samples; IHC: Immunohistochemistry; H&E: Hematoxylin
and eosin; LI: Labeling index; ROC: Receiver operating characteristic;
AUC: Area under the curve; IQR: Inter-quartile range; OS: Overall survival;
HR: Hazard ratio; CI: Confidence interval; DFS: Disease-free survival;
ER: Estrogen receptor; TDLU: Terminal duct-lobular units; FISH: Fluorescence
in situ hybridization

Acknowledgments
Not applicable.

Authors’ contributions
BJ and DS conceptualized the research idea. DS, HS, VS, and BJ conducted
the research investigation. BJ wrote the original draft. PM reviewed and
edited the original draft and wrote part of the original draft. All of the
authors have read the manuscript and confirmed its correctness and their
contribution to its preparation.
The supplementary data for this publication is available upon request.

Funding
Not applicable.

Declarations

Ethics approval and consent to participate
This study is approved by the Tehran University of Medical Sciences ethical
committee (ethics code: IR.TUMS.IKHC.REC.1397.113).

Competing interests
The authors declare no competing interests.

Author details
1Cancer Institute, Pathology Department, Imam Khomeini Hospital Complex,
Tehran University of Medical Sciences, Tehran, Iran. 2Present address: Center
for Individualized Medicine-Biomarker Discovery, Mayo Clinic, Rochester, MN,
USA. 3School of Medicine, Tehran University of Medical Sciences, Tehran, Iran.
4Cancer Immunology Project (CIP), Universal Scientific Education and
Research Network (USERN), Tehran, Iran.

Received: 25 September 2021 Accepted: 25 January 2022

References
1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer

statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide
for 36 cancers in 185 countries. CA Cancer J Clin. 2018;68(6):394–424.
https://doi.org/10.3322/caac.21492.

2. Viale G. The current state of breast cancer classification. Ann Oncol. 2012;
23(suppl_10):x207–x10.

3. Perou CM, Sørlie T, Eisen MB, Van De Rijn M, Jeffrey SS, Rees CA, et al.
Molecular portraits of human breast tumours. Nature. 2000;406(6797):747–
52. https://doi.org/10.1038/35021093.

4. Forsburg SL. Eukaryotic MCM proteins: beyond replication initiation.
Microbiol Mol Biol Rev. 2004;68(1):109–31. https://doi.org/10.1128/MMBR.
68.1.109-131.2004.

5. Shetty A, Loddo M, Fanshawe T, Prevost A, Sainsbury R, Williams G, et al.
DNA replication licensing and cell cycle kinetics of normal and neoplastic
breast. Br J Cancer. 2005;93(11):1295–300. https://doi.org/10.1038/sj.bjc.6602
829.

6. Lei M. The MCM complex: its role in DNA replication and implications for
cancer therapy. Curr Cancer Drug Targets. 2005;5(5):365–80. https://doi.org/1
0.2174/1568009054629654.

7. Stoeber K, Tlsty TD, Happerfield L, Thomas GA, Romanov S, Bobrow L, et al.
DNA replication licensing and human cell proliferation. J Cell Sci. 2001;
114(11):2027–41. https://doi.org/10.1242/jcs.114.11.2027.

8. Blow JJ, Hodgson B. Replication licensing—origin licensing: defining the
proliferative state? Trends Cell Biol. 2002;12(2):72–8. https://doi.org/10.1016/
S0962-8924(01)02203-6.

9. Wu W, Wang X, Shan C, Li Y, Li F. Minichromosome maintenance protein 2
correlates with the malignant status and regulates proliferation and cell
cycle in lung squamous cell carcinoma. OncoTargets Ther. 2018;11:5025–34.
https://doi.org/10.2147/OTT.S169002.

10. Zhong H, Chen B, Neves H, Xing J, Ye Y, Lin Y, et al. Expression of
minichromosome maintenance genes in renal cell carcinoma. Cancer
Manag Res. 2017;9:637–47. https://doi.org/10.2147/CMAR.S146528.

11. Stewart PA, Khamis ZI, Zhau HE, Duan P, Li Q, Chung LW, et al.
Upregulation of minichromosome maintenance complex component 3
during epithelial-to-mesenchymal transition in human prostate cancer.
Oncotarget. 2017;8(24):39209–17. https://doi.org/10.18632/oncotarget.16835.

12. Wojnar A, Pula B, Piotrowska A, Jethon A, Kujawa K, Kobierzycki C, et al.
Correlation of intensity of MT-I/II expression with Ki-67 and MCM-2 proteins
in invasive ductal breast carcinoma. Anticancer Res. 2011;31(9):3027–33.

13. Cai H-Q, Cheng Z-J, Zhang H-P, Wang P-F, Zhang Y, Hao J-J, et al.
Overexpression of MCM6 predicts poor survival in patients with glioma.
Hum Pathol. 2018;78:182–7. https://doi.org/10.1016/j.humpath.2018.04.024.

14. Marnerides A, Vassilakopoulos TP, Boltetsou E, Levidou G, Angelopoulou MK,
Thymara I, et al. Immunohistochemical expression and prognostic
significance of CCND3, MCM2 and MCM7 in Hodgkin lymhoma. Anticancer
Res. 2011;31(10):3585–94.

15. Giaginis C, Giagini A, Tsourouflis G, Gatzidou E, Agapitos E, Kouraklis G, et al.
MCM-2 and MCM-5 expression in gastric adenocarcinoma: clinical
significance and comparison with Ki-67 proliferative marker. Dig Dis Sci.
2011;56(3):777–85. https://doi.org/10.1007/s10620-010-1348-5.

16. Giaginis C, Georgiadou M, Dimakopoulou K, Tsourouflis G, Gatzidou E,
Kouraklis G, et al. Clinical significance of MCM-2 and MCM-5 expression in
colon cancer: association with clinicopathological parameters and tumor
proliferative capacity. Dig Dis Sci. 2009;54(2):282–91. https://doi.org/10.1007/
s10620-008-0305-z.

17. Issac MSM, Yousef E, Tahir MR, Gaboury LA. MCM2, MCM4, and MCM6 in
breast Cancer: clinical utility in diagnosis and prognosis. Neoplasia. 2019;
21(10):1015–35. https://doi.org/10.1016/j.neo.2019.07.011.

18. Gonzalez MA, Pinder SE, Callagy G, Vowler SL, Morris LS, Bird K, et al.
Minichromosome maintenance protein 2 is a strong independent
prognostic marker in breast cancer. J Clin Oncol. 2003;21(23):4306–13.
https://doi.org/10.1200/JCO.2003.04.121.

19. Elston CW, Ellis IO. Pathological prognostic factors in breast cancer. I. the
value of histological grade in breast cancer: experience from a large study
with long-term follow-up. Histopathology. 1991;19(5):403–10. https://doi.
org/10.1111/j.1365-2559.1991.tb00229.x.

20. Rakha EA, El-Sayed ME, Lee AH, Elston CW, Grainge MJ, Hodi Z, et al.
Prognostic significance of Nottingham histologic grade in invasive breast
carcinoma. J Clin Oncol. 2008;26(19):3153–8. https://doi.org/10.1200/JCO.2
007.15.5986.

21. Goldhirsch A, Winer EP, Coates A, Gelber R, Piccart-Gebhart M, Thürlimann
B, et al. Personalizing the treatment of women with early breast cancer:
highlights of the St Gallen international expert consensus on the primary
therapy of early breast Cancer 2013. Ann Oncol. 2013;24(9):2206–23. https://
doi.org/10.1093/annonc/mdt303.

22. Goldhirsch A, Wood WC, Coates AS, Gelber RD, Thürlimann B, Senn HJ.
Strategies for subtypes--dealing with the diversity of breast cancer:
highlights of the St. Gallen international expert consensus on the primary
therapy of early breast Cancer 2011. Ann Oncol. 2011;22(8):1736–47. https://
doi.org/10.1093/annonc/mdr304.

23. Falck AK, Fernö M, Bendahl PO, Rydén L. St Gallen molecular subtypes in
primary breast cancer and matched lymph node metastases--aspects on
distribution and prognosis for patients with luminal a tumours: results from
a prospective randomised trial. BMC Cancer. 2013;13(1):558. https://doi.org/1
0.1186/1471-2407-13-558.

24. Cheang MC, Chia SK, Voduc D, Gao D, Leung S, Snider J, et al. Ki67 index,
HER2 status, and prognosis of patients with luminal B breast cancer. JNCI J
Natl Cancer Inst. 2009;101(10):736–50. https://doi.org/10.1093/jnci/djp082.

25. Inwald E, Klinkhammer-Schalke M, Hofstädter F, Zeman F, Koller M, Gerstenhauer
M, et al. Ki-67 is a prognostic parameter in breast cancer patients: results of a
large population-based cohort of a cancer registry. Breast Cancer Res Treat. 2013;
139(2):539–52. https://doi.org/10.1007/s10549-013-2560-8.

26. De Azambuja E, Cardoso F, de Castro G, Colozza M, Mano MS, Durbecq V,
et al. Ki-67 as prognostic marker in early breast cancer: a meta-analysis of
published studies involving 12 155 patients. Br J Cancer. 2007;96(10):1504–
13. https://doi.org/10.1038/sj.bjc.6603756.

Sadeghian et al. Diagnostic Pathology           (2022) 17:24 Page 8 of 9

https://doi.org/10.3322/caac.21492
https://doi.org/10.1038/35021093
https://doi.org/10.1128/MMBR.68.1.109-131.2004
https://doi.org/10.1128/MMBR.68.1.109-131.2004
https://doi.org/10.1038/sj.bjc.6602829
https://doi.org/10.1038/sj.bjc.6602829
https://doi.org/10.2174/1568009054629654
https://doi.org/10.2174/1568009054629654
https://doi.org/10.1242/jcs.114.11.2027
https://doi.org/10.1016/S0962-8924(01)02203-6
https://doi.org/10.1016/S0962-8924(01)02203-6
https://doi.org/10.2147/OTT.S169002
https://doi.org/10.2147/CMAR.S146528
https://doi.org/10.18632/oncotarget.16835
https://doi.org/10.1016/j.humpath.2018.04.024
https://doi.org/10.1007/s10620-010-1348-5
https://doi.org/10.1007/s10620-008-0305-z
https://doi.org/10.1007/s10620-008-0305-z
https://doi.org/10.1016/j.neo.2019.07.011
https://doi.org/10.1200/JCO.2003.04.121
https://doi.org/10.1111/j.1365-2559.1991.tb00229.x
https://doi.org/10.1111/j.1365-2559.1991.tb00229.x
https://doi.org/10.1200/JCO.2007.15.5986
https://doi.org/10.1200/JCO.2007.15.5986
https://doi.org/10.1093/annonc/mdt303
https://doi.org/10.1093/annonc/mdt303
https://doi.org/10.1093/annonc/mdr304
https://doi.org/10.1093/annonc/mdr304
https://doi.org/10.1186/1471-2407-13-558
https://doi.org/10.1186/1471-2407-13-558
https://doi.org/10.1093/jnci/djp082
https://doi.org/10.1007/s10549-013-2560-8
https://doi.org/10.1038/sj.bjc.6603756


27. Gerdes J, Lemke H, Baisch H, Wacker H-H, Schwab U, Stein H. Cell cycle
analysis of a cell proliferation-associated human nuclear antigen defined by
the monoclonal antibody Ki-67. J Immunol. 1984;133(4):1710–5.

28. Harris L, Fritsche H, Mennel R, Norton L, Ravdin P, Taube S, et al. American
Society of Clinical Oncology 2007 update of recommendations for the use
of tumor markers in breast cancer. J Clin Oncol. 2007;25(33):5287–312.
https://doi.org/10.1200/JCO.2007.14.2364.

29. Ha S-A, Shin SM, Namkoong H, Lee H, Cho GW, Hur SY, et al. Cancer-
associated expression of minichromosome maintenance 3 gene in several
human cancers and its involvement in tumorigenesis. Clin Cancer Res. 2004;
10(24):8386–95. https://doi.org/10.1158/1078-0432.CCR-04-1029.

30. Kaur G, Balasubramaniam SD, Lee YJ, Balakrishnan V, Oon CE.
Minichromosome maintenance complex (MCM) genes profiling and MCM2
protein expression in cervical Cancer development. Asian Pac J Cancer Prev.
2019;20(10):3043–9. https://doi.org/10.31557/APJCP.2019.20.10.3043.

31. Cobanoglu U, Mungan S, Gundogdu C, Ersoz S, Ozoran Y, Aydin F. The
expression of MCM-2 in invasive breast carcinoma: a stereologic approach.
Bratisl Lek Listy. 2010;111(1):45–9.

32. Luhtala S, Haapaniemi T, Staff S, Isola J. Fluoro-chromogenic labelling for
detection of MCM2 to assess proliferation activity in HER2-amplified breast
carcinomas. Appl Immunohistochem Mol Morphol. 2020;28(3):175–86.
https://doi.org/10.1097/PAI.0000000000000716.

33. Wojnar A, Kobierzycki C, Krolicka A, Pula B, Podhorska-Okolow M, Dziegiel P.
Correlation of Ki-67 and MCM-2 proliferative marker expression with grade
of histological malignancy (G) in ductal breast cancers. Folia Histochem
Cytobiol. 2010;48(3):442–6. https://doi.org/10.2478/v10042-010-0069-0.

34. Giaginis C, Vgenopoulou S, Vielh P, Theocharis S. MCM proteins as
diagnostic and prognostic tumor markers in the clinical setting. Histol
Histopathol. 2010;25(3):351–70. https://doi.org/10.14670/HH-25.351.

35. Shreeram S, Blow JJ. The role of the replication licensing system in cell
proliferation and cancer. Prog Cell Cycle Res. 2003;5:287–93.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Sadeghian et al. Diagnostic Pathology           (2022) 17:24 Page 9 of 9

https://doi.org/10.1200/JCO.2007.14.2364
https://doi.org/10.1158/1078-0432.CCR-04-1029
https://doi.org/10.31557/APJCP.2019.20.10.3043
https://doi.org/10.1097/PAI.0000000000000716
https://doi.org/10.2478/v10042-010-0069-0
https://doi.org/10.14670/HH-25.351

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Patient selection and sample preparation
	Immunohistochemistry
	Statistical analysis

	Results
	Expression of MCM6 and Ki-67 in tumoral and normal breast tissue
	Comparison of MCM6 and Ki-67 in different histologic grades and hormone states of breast cancers
	Comparison of MCM6 and Ki-67 in different molecular subtypes of breast cancer
	Prognostic values of MCM6

	Discussion
	Abbreviations
	Acknowledgments
	Authors’ contributions
	Funding
	Declarations
	Ethics approval and consent to participate
	Competing interests
	Author details
	References
	Publisher’s Note

