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 Background: Mini-chromosome maintenance families (MCMs) were considered the key factors for DNA replication initiation. 
Emerging evidences indicate that MCM2-7 (MCMs) are highly expressed in tissues from various malignant tu-
mors. However, little is known about the clinical values of MCMs in breast cancer.

 Material/Methods: In our study, a comprehensive bioinformatics analysis was performed to investigate expression patterns, poten-
tial functions, and prognostic values of MCMs in breast cancer, through ONCOMINE, bc-GenExMiner v4.1, Kaplan-
Meier Plotter, cBioPortal and GeneMANIA databases.

 Results: We found that mRNA levels of MCMs were significantly elevated in breast cancer, especially in fast-growing 
and spreading tumor subtypes. These over-expressed MCMs predicted worse prognosis for breast cancer pa-
tients with shorter relapse-free survival (RFS) and overall survival. Among these six factors, high expression of 
MCM2/4/5/7 significantly reduced the RFS for patients with Luminal-A or B breast cancer and elevated MCM6/7 
indicated shorter RFS for patients with basal-like or HER2-positive breast cancer. We also found that genom-
ic alteration of MCMs was frequently found in breast cancer and the most common alteration was mRNA up-
regulation and amplification. Furthermore, MCMs were highly correlated with CDC45, CDC7, TIMELESS, ORC6, 
MCM10, ORC5, ORC4 and ORC3, mainly functioning to control the DNA replication initiation and genome stability.

 Conclusions: These results suggest that MCMs are attractive prognostic biomarkers for breast cancer. Our study also pro-
vides useful clinical information about the potential of MCMs as therapeutic targets.
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Background

Breast cancer is the most common cancer in women and ev-
ery year, nearly 1.7 million new cases are diagnosed world-
wide, or 30% of all newly diagnosed cancers in women [1,2]. 
Although the pathogenesis of breast cancer has been exten-
sively studied, patients who are at high risk of recurrence still 
suffer from low survival. Therefore, specific and sensitive mark-
ers for prognosis of breast cancer are very crucial to identi-
fy cancer patients with high risk of metastasis or recurrence, 
and for appropriate selection and administration of therapies 
for individual patients. However, conventional predictors such 
as tumor diameter, lymph node metastasis, histological grade, 
and hormone receptor and HER2 status as well as Ki-67 pro-
liferation index seem to be insufficient for assessing risk of 
metastasis and prognosis in patients with breast cancer [3]. 
Hence, novel predictive and prognostic biomarkers are need-
ed to identify patients who have worse prognosis and need 
to be treated more aggressively.

Proliferative capacity is one of the most essential features of 
malignant tumor [4], and proliferation of tumor cells can im-
pact aggressiveness, clinical behavior, and prognosis of breast 
cancer [5]. Thus, accurate measurement of tumor prolifera-
tive capacity may not only provide useful information about 
patient prognosis but also help to select a more appropriate 
therapeutic regimen [6]. Many genes associated with DNA or 
cell replication are highly expressed in breast cancer tissues 
compared with that in normal tissues, which makes them use-
ful biomarkers for prognosis or diagnosis of breast cancer.

The mini-chromosome maintenance family (MCM) has been 
considered as the key factor for DNA replication initiation [7]. 
The MCM family mainly consists of six highly conserved pro-
teins, MCM2-7. Despite sharing the same MCM name, oth-
er genes including MCM1, MCM8, and MCM10, are not simi-
lar to MCM2-7 [8]. Previous studies have demonstrated that 
MCM2-7 interacts collectively to form the core of the DNA 

helicase and plays a critical role in unwinding and melting the 
double helix during DNA synthesis [9]. The MCM2-7 complex 
is considered the key convergence point that connects initi-
ation of genome replication with cell growth-signaling path-
ways [10]. Accumulating evidences indicates that MCM2-7 in 
tissues from various clinical malignant tumors are more high-
ly expressed than that in normal tissues [9,11]. Other molec-
ular studies also have demonstrated that overexpression of 
MCM2-7 may not only be a biomarker of proliferative cancer 
cells but may also indicate the potential for recurrence of can-
cer and identify cells as being precancerous [8,12,13]. Evidence 
from the abovementioned studies supports the hypothesis that 
MCMs (MCM2-7) may be potentially important biomarkers for 
routine clinical use in breast cancer detection and prognosis.

In contrast with traditional biological assays, microarray technol-
ogy allows simultaneous measurement of tens of thousands of 
DNA fragments for copy number variation analysis or of mRNA 
transcripts for gene expression [14]. As a result, microarray 
analysis has become one of the most important components 
of biomedical and biological research. Recently, the prognostic 
significance of several biomarkers such as PAKs, COL10A1 and 
BIRC5 in breast cancer has been evaluated using an online da-
tabase [15-17]. In the current study, we systemically analyzed 
mRNA transcription levels of MCMs and their prognostic val-
ues in patients with breast cancer. Such an analysis serves to 
deepen our understanding of the complexity and heterogene-
ity of the molecular biology of breast cancer and demonstrates 
its clinical significance in diagnosis, prognosis, and even po-
tentially in guiding decisions about therapy for breast cancer.

Material and Methods

ONCOMINE and GEPIA database analysis

ONCOMINE is an online cancer microarray database and inte-
grated data-mining platform (www.oncomine.org) [18]. In this 
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Figure 1. The databases used in this study.
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Figure 2.  Expression of MCM genes across different types of cancers (A) Transcription levels of MCMs in twenty human cancers 
compared with normal tissue were obtained from ONCOMINE, with the gene rank £ top 5%, fold change ³2 and threshold 
of P£0.001. Significant mRNA underexpression or overexpression of MCMs was shown as blue or red cell. Cancer types 
are organized by their tissue of origin, and the degree of color was determined by the gene rank percentile of the highest-
ranking analyses. (B) MCMs expression levels in breast cancer compared with normal tissues in the GEPIA database.
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study, ONCOMINE 4.5 was used to analyze mRNA expression 
levels of MCMs in various types of breast cancers (Figure 1). 
Transcription levels of MCMs in cancer specimens were com-
pared with that in normal tissue counterpart. Search crite-
ria were for mRNA datasets and normal tissue vs. cancer tis-
sue analysis only, and the cut-off of fold change, P value, and 
gene rank were defined as 2, 0.001 and the top 5%, respec-
tively. In addition, we used the GEPIA database (http://gepia.
cancer-pku.cn) [19] to analyze the hub genes expression in 
breast cancer (Figure 1).

Breast cancer gene-expression miner v4.1

bc-GenExMiner v4.1 is a statistical tool that can be used to 
mine 36 published annotated genomic databases of informa-
tion on 4823 patients with breast cancer [20,21]. Three types 
of analyses are available: “expression”, “prognostic,” and “cor-
relation” analyses, all of which have different subtypes. In this 
study, the expression module was used to assess expression 
of MCMs in breast cancer according to clinical parameters 
(Figure 1), such as nodal status, hormonal receptors, Scarff 
Bloom & Richardson grade status, and molecular subtypes.

Kaplan-Meier plotter database analysis

Kaplan-Meier (K-M) plotter, an open database (www.kmplot.
com) including data on expression of 54 000 genes and sur-
vival information on 6234 patients with breast cancer [22], 
was used to assess the prognostic value of transcription lev-
els of MCMs in breast carcinoma (Figure 1). To evaluate the 
prognostic significance of the target genes, samples from pa-
tients with breast carcinoma were divided into two groups 
(low vs. high expression) based on median gene expression. 
Then, we analyzed the overall survival (OS) and relapse-free 
survival (RFS) in patients with breast cancer with different in-
trinsic subtypes using K-M survival curves. The hazard ratio 
(HR) with 95% confidence intervals (CI) and log rank P value 
were calculated and displayed on the plot, and the number-
at-risk was also shown below the main plot.

cBioPortal database analysis and TCGA data

The cBioPortal database provides integrative analysis of large-
scale cancer genomics and clinical profiles datasets from 212 
cancer studies (www.cbioportal.org) [23,24]. TCGA (the Cancer 
Genome Atlas) includes both pathological and sequencing data 

Gene Types of BC vs. breast Fold change p-Value t-Test Gene Rank Ref

MCM2

Medullary BC 3.557 1.54E-15 13.256 112 (in top 1%) Curtis [25]

Invasive ductal BC 2.503 3.82E-92 34.511 214 (in top 2%) Curtis [25]

BC 2.062 4.52E-6 6.693 371 (in top 2%) Curtis [25]

Mixed lobular and ductal BC 2.200 1.18E-6 8.165 183 (in top 1%) TCGA*

Invasive lobular BC 2.120 1.06E-12 8.432 506 (in top 3%) TCGA*

MCM3 Medullary BC 2.101 1.62E-11 9.579 524 (in top 3%) Curtis [25]

MCM4

Ductal BC 3.081 3.36E-14 13.705 4 (in top 1%) Perou [24]

Invasive ductal BC 3.192 3.89E-48 22.602 59 (in top 1%) TCGA*

Invasive BC 2.814 9.54E-26 12.992 206 (in top 2%) TCGA*

Invasive lobular BC 2.048 1.02E-13 9.018 375 (in top 2%) TCGA*

Medullary BC 3.126 1.96E-13 11.226 263 (in top 2%) Curtis [25]

Invasive BC stroma# –10.866 1.27E-26 –19.402 522 (in top 3%) Finak [27]

MCM5

Medullary BC 2.622 2.34E-17 15.507 48 (in top 1%) Curtis [25]

Intraductal cribriform breast 
adenocarcinoma

2.082 2.53E-4 5.919 847 (in top 5%) TCGA*

Invasive BC stroma# –4.433 4.62E-23 –20.696 836 (in top 5%) Finak [27]

MCM6
Ductal BC 3.149 8.27E-9 8.698 216 (in top 2%) Richardson [26]

Medullary BC 2.551 1.26E-12 10.679 362 (in top 2%) Curtis [25]

MCM7 Medullary BC 2.196 2.81E-11 9.248 558 (in top 3%) Curtis [25]

Table 1.  The mRNA transcription level of MCMs in different types of breast carcinoma (BC) compared with normal breast tissues 
(ONCOMINE database).

* TCGA – The Cancer Genome Atlas – Invasive Breast Carcinoma Gene Expression Data. # The transcription level of MCMs was down-
regulated in tumor stroma and normal breast tissues, but up-regulated in breast carcinoma.
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on 30 different cancers [25]. In this study, the invasive breast 
carcinoma dataset (TCGA, Cell 2015) containing 818 samples 
was selected for further analysis of MCMs (Figure 1) [26]. 
Search parameters included putative copy-number alterations 
from GISTIC, mutations, mRNA expression z-scores (RNA Seq 
V2 RSEM, ±2), and protein expression z-scores (RPPA, ±2) with 
default settings.

GeneMANIA database analysis and the target gene 
function prediction

GeneMANIA database (http://genemania.org) was used to make 
gene-association networks for MCMs to predict the most relat-
ed genes in our gene set (Figure 1) [27]. The gene interaction 
network was constructed by predicted interaction, shared pro-
tein domains, physical interaction, co-expression, and pathway. 
The query genes were in stripped circles and the related genes 

were colored based on their involvement in specific process-
es, such as “G1/S transition of mitotic cell cycle”, “DNA repli-
cation”, “nuclear chromosome part”, “MCM complex”, “DNA 
helicase activity”, and “DNA replication initiation”.

Statistical analysis

Student’s t test was used to evaluate mRNA levels of MCMs 
in normal tissues and breast cancer. The Welch’s test was 
performed along with Dunnett-Tukey-Kramer’s tests for pair-
wise comparison when appropriate in bc-GenExMiner data-
base. Log-rank test was carried out to compare patient sur-
vival with different MCMs expression in Kaplan-Meier plotter 
database. P<0.05 was considered to be statistically significant.

Variables

MCM2 MCM3 MCM4 MCM5 MCM6 MCM7

No.
mRNA/ 
p-value

No.
mRNA/ 
p-value

No.
mRNA/ 
p-value

No.
mRNA/ 
p-value

No.
mRNA/ 
p-value

No.
mRNA/ 
p-value

Age

 £51 1392 0.0149 1392 <0.0001 1353 0.6471 1361 0.0757 1392 0.0226 1492 <0.0001

 >51 2210 ¯ 2210 ¯ 2055 – 2142 – 2209 ¯ 2263 ¯

Nodal status

 – 2493 0.4368 2493 0.0062 2380 0.0959 2447 0.4971 2493 0.7000 2447 0.1717

 + 1562 – 1562 ¯ 1494 – 1509 – 1561 – 1761 –

ER (IHC)

 – 1446 <0.0001 1559 <0.0001 1519 <0.0001 1525 <0.0001 1559 <0.0001 1583 <0.0001

 + 3766 ¯ 3988 ¯ 3836 ¯ 3923 ¯ 3987 ¯ 4104 ¯

PR (IHC)

 – 804 <0.0001 946 <0.0001 936 <0.0001 946 <0.0001 946 <0.0001 1076 <0.0001

 + 1249 ¯ 1439 ¯ 1390 ¯ 1439 ¯ 1439 ¯ 1545 ¯

HER2 (IHC)

 – 1409 0.0436 1409 0.1203 1357 0.0419 1409 0.2175 1409 0.1689 1596 0.2159

 + 201 � 201 – 198 � 201 – 201 – 217 –

Triple-negative status

 Not 1060 <0.0001 1144 <0.0001 1094 <0.0001 1144 <0.0001 1144 <0.0001 1144 <0.0001

 TNBC 3942 � 4200 � 4072 � 4200 � 4200 � 4200 �

Table 2. Correlation of MCMs mRNA expression with clinicopathological features for patients with breast carcinoma.

ER (IHC), PR (IHC) and HER2 (IHC) represent oestrogen receptor, progesterone receptor and human epidermal growth factor receptor 2 
by immunohistochemistry, respectively. TNBC represents basal-like subtype (PAM50) status and/or triple negative breast cancer status 
by IHC.
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Results

MCMs were overexpressed in patients with breast cancer

Transcription levels of MCM2-7 in 20 types of human cancer 
compared to normal tissues were identified using ONCOMINE 
database. Figure 2A shows the percentile of highest-ranking 
analyses was depicted for each cancer tissue type and each 
MCM gene. Oncomine analysis revealed that MCMs were dra-
matically overexpressed in a wide variety of datasets in differ-
ent cancer types (Figure 2A). For patients with breast cancer, 
the mRNA expression of MCM2 was significantly elevated in 
seven datasets. Overexpression of MCM2 was found in differ-
ent types of breast carcinoma tissues, including invasive duc-
tal, medullary, invasive lobular, and mixed lobular and duc-
tal breast cancer (Fold changes were 2.503, 3.557, 2.120, and 
2.200, respectively) (Table 1). Similarly, upregulation of MCM4 
was also reported in breast cancer samples in multiple data-
sets (Figure 2A), with a fold change of 3.081 in ductal breast 
cancer [28], 3.192 in invasive ductal breast cancer, 2.048 in 
invasive lobular breast cancer, and 3.126 in medullary breast 

cancer [29]. Both MCM3 and MCM7 were only upregulated in 
medullary breast cancer in a dataset from the study by Curtis 
with fold change equaling 2.101 and 2.196, respectively [29]. 
Consistent with the findings above, GEPIA analysis also re-
vealed that MCMs were more highly expressed in breast can-
cer tissues than in normal tissues (Figure 2B).

As shown in Table 1, the transcription level of MCM6 was high-
er in ductal (fold change=3.149) and medullary breast cancer 
(fold change=2.551) than that in normal breast tissues [29,30]. 
Another MCM factor with increased mRNA expression in pa-
tients with breast cancer was MCM5. The fold change was 
2.622 in medullary breast cancer and 2.082 in intraductal crib-
riform breast adenocarcinoma compared with normal breast 
tissues. Of note, MCM4 and MCM5 were observed dramatical-
ly downregulated in tumor stroma relatively to control type-
matched tissue, with the fold change as low as –10.866 and 
–4.433, respectively [31].
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Figure 3.  (A–F) mRNA expression levels of MCMs in four molecular subtypes of breast cancer. The Welch’s test was performed along 
with Dunnett-Tukey-Kramer’s tests for pairwise comparison when a global significant difference existed (P<0.05).
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Transcription levels of MCMs were highly correlated with 
clinicopathological features in patients with breast cancer

Based on different clinicopathological parameters, mRNA ex-
pression levels of MCMs between groups of patients were 
compared with bc-GenExMiner v4.1. As shown in Table 2, for 
age criterion, patients £51 yrs had higher levels of expression 
of MCM2/3/6/7 than those >51 yrs. As for nodal status, there 
was no significant difference between the two groups, except 
for downregulation of MCM3 in patients with negative nodes. 
Progesterone receptor (PR) and estrogen receptor (ER) status 
were observed to be negatively related with MCM2/3/4/5/6/7 
expression. Conversely, mRNA levels of MCM2/3/4/5/6/7 were 
significantly increased in patients with triple negative breast 
cancer (TNBC). Furthermore, MCM2 and MCM4 were also over-
expressed in patients with HER2-positive breast cancer.

As shown in Figure 3, MCM2/3/4/5/6/7 mRNA expression levels 
in basal-like breast cancer were the highest among the four mo-
lecular subtypes. The lowest mRNA levels of MCM2/3/4/5/6/7 
were found in patients with Luminal-A breast cancer. However, 
no significant difference in MCM transcript levels was achieved 

between HER2-positive and Luminal-B subtypes of breast can-
cer, except for MCM2, which was upregulated in Luminal-B 
breast cancer. With regard to Scarff Bloom & Richardson grade 
status (SBR), higher mRNA levels of MCM2/3/4/5/6/7 were 
associated with more advanced SBR grade and all groups in 
the comparison (SBR3 >SBR2 >SBR1) met the cutoff, P<0.05 
(Figure 4).

Increased mRNA expression of MCMs predicted poorer OS 
and RFS in patients with breast cancer

We then assessed prognostic values of MCMs for patients with 
breast cancer. Kaplan-Meier plotter survival analyses and log-
rank test analyses revealed that high levels of expression of 
MCM2/3/4/5/6/7 were significantly associated with poor OS, 
with HRs of 1.76, 1.29, 1.71, 1.27, 1.52, and 1.63, respective-
ly (Figure 5). Also, RFS analysis revealed a strong correlation 
with all six MCM factors. As depicted in Figure 6, overexpres-
sion of MCM2/3/4/5/6/7 resulted in shorter RFS for patients 
with all breast cancer subtypes.

6

4

2

0

–2

–4

–6

MC
M2

 m
RN

A l
ev

el

Box plot of MCM2 expression
according to

SBR

SBR1
(546)(No:)

p<0.0001

SBR2
(1431)

SBR2
(1317)

SBR1
(572)

SBR2
(1530)

SBR2
(1418)

4

2

0

–2

–4

MC
M5

 m
RN

A l
ev

el

Box plot of MCM5 expression
according to

SBR

p<0.0001

6

4

2

0

–2

–4

–6

–8

MC
M3

 m
RN

A l
ev

el

Box plot of MCM3 expression
according to

SBR

(No:)
SBR1
(534)

SBR2
(1442)

SBR2
(1351)(No:)

SBR1
(556)(No:)

SBR2
(1492)

SBR2
(1373)

SBR1
(572)

SBR2
(1530)

SBR2
(1418)(No:)

SBR1
(600)

SBR2
(1629)

SBR2
(1444)(No:)

p<0.0001

6

4

2

0

–2

–4

MC
M6

 m
RN

A l
ev

el

Box plot of MCM6 expression
according to

SBR

p<0.0001

6

4

2

0

–2

–4

MC
M4

 m
RN

A l
ev

el

Box plot of MCM4 expression
according to

SBR

p<0.0001

6

4

2

0

–2

–4

MC
M7

 m
RN

A l
ev

el

Box plot of MCM7 expression
according to

SBR

p<0.0001

A

D

B

E

C

F

Figure 4.  (A–F) mRNA expression levels of MCMs in different Scarff Bloom & Richardson grade status (SBR).
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Prognostic value of MCMs in different molecular subtypes 
of breast cancer

We further investigated the relationship between MCMs 
and RFS in different molecular subtypes of breast cancer. In 
Luminal-A subtype, high expression of MCM2/4/5/7 significant-
ly reduced RFS in patients with breast cancer (Figure 7). A sim-
ilar expression pattern was shown in patients with Luminal-B 
subtype breast cancer, and overexpression of MCM2/4/5/7 
was also correlated with decreased RFS and worse prognosis 
(Figure 8). For patients with HER2-positive breast cancer, ele-
vated MCM6/7 expression predicted shorter RFS (Figure 9). 
However, in the subtype with basal-like breast cancer, only 
patients with high expression of MCM6 presented with short-
er RFS (Figure 10). Interestingly, in this study, we found that 
high levels of expression of MCM3 were associated with lon-
ger RFS in patients with HER2-positive breast cancer (HR=0.56 
[0.38–0.83]), and high mRNA levels of MCM3/4 showed fa-
vorable RFS in patients with basal-like breast cancer (HR=0.7 
[0.55–0.91] and 0.75 [0.57–0.99], respectively) (Figures 9, 10).

Genomic alterations in MCMs in breast cancer and 
potential gene-gene interaction network for MCMs

We also investigated genomic alterations in MCMs in breast 
cancer by examining mutational data publicly available in the 
cBioPortal database. The frequency of alteration in each kind 
of the selected genes is shown in Figure 11A. Overall, alter-
ations in MCMs occurred in 279 of 817 sequenced invasive 
breast carcinoma samples (TCGA, Cell 2015), with an incidence 
as high as 34%. More than 45% of them (127/279) had two 
or more alterations. This analysis also showed that MCM4 has 
the highest incidence of alteration among the six MCMs (24%). 
The most common alteration in MCMs was mRNA upregula-
tion and amplification.

To further explore the gene-gene interaction network and 
potential regulation of MCMs in breast carcinoma, we then 
performed data mining and constructed an interaction net-
work using GeneMANIA online software. MCMs were found 
to be correlated with other genes in terms of the follow-
ing additional traits: predicted interaction (36.10%), physi-
cal interaction (35.98%), shared protein domains (22.90%), 
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Figure 5. (A–F)  Prognostic values of mRNA levels of MCMs in patients under all breast cancer subtypes (OS in Kaplan-Meier plotter).
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co-expression (4.70%), and pathway (0.32%) (Figure 11B–11G). 
The network consists of 26 genes, including six identified genes 
and 20 additional genes that were pulled by GeneMANIA. 
Overall, the analysis showed that these six MCM factors in-
teracted closely with each other. As illustrated in Figure 11C, 
11E, and 11F, physical interactions, co-expression, and cer-
tain pathway are apparent between MCMs and known genes, 
such as CDC45, CDC7, TIMELESS, ORC6, MCM10, ORC5, ORC4, 
and ORC3. Among the targeted genes, the protein products of 
MCMs have common structural domains with MCMDC2, MCM9 
and MCM8 (Figure 11D). In addition, the network in Figure 11B 
also predicted other functional relationships between MCMs 
and CDC45, CDC7, TIMELESS, ORC5, GINS4, and ORC4.

Discussion

Overexpression of and mutations in proliferation-related genes 
have been proved to be strongly correlated with tumor forma-
tion. Identification of novel biomarkers for cell proliferation is 
urgent because of their role in diagnosis, prognosis, and treat-
ment of breast cancer, particularly for specific subtypes. MCMs 

were first identified in genetic screenings for Saccharomyces 
cerevisiae mutants that were defective in the maintenance of 
circular minichromosomes [32]. Previous reports have shown 
that MCMs are crucial for initiation of genome replication in 
all eukaryotic cells and play a key role in restricting replica-
tion during the cell cycle [33,34]. Compared with the other 
proliferative factors, MCMs may be more sensitive biomark-
ers because they are stably expressed throughout the cell cy-
cle. Resting tumor cells that are still replication-competent 
can also be identified by MCMs, which make MCMs the ideal 
markers for proliferation in contrast to Ki-67 and PCNA [35]. 
Emerging evidence suggests that MCMs may predict tumor re-
currence and progression and may serve as potential targets 
for tumor therapy [9,33].

As a member of the MCM family, the role of MCM2 during 
cell cycle and DNA proliferation has been firmly established. 
In the absence of MCM2, proliferation of eukaryotic cells can-
not be completed [36]. An increasing number of studies have 
demonstrated that MCM2 is a promising cell proliferation bio-
marker for a variety of cancers, such as breast, stomach, and 
thyroid cancers [6,7]. Furthermore, in Yousef’s study, MCM2 

1.0

0.8

0.6

0.4

0.2

0.0

Pr
ob

ab
ilit

y

0

Number at risk

50

Expresssion

low
high

100 150
Time (months)

HR=1.72 (1.5–1.97)
logrank P=2.1e–15

202107_s_at

MCM2

200 250

1086
2865

790
1729

low
high

368
707

81
160

12
15

1
2

1.0

0.8

0.6

0.4

0.2

0.0
Pr

ob
ab

ilit
y

0

Number at risk

50

Expresssion

low
high

100 150
Time (months)

HR=1.25 (1.1–1.4)
logrank P=0.00036

201555_at

MCM3

200 250

2942
1009

1932
587

low
high

824
251

175
66

22
5

2
1

1.0

0.8

0.6

0.4

0.2

0.0

Pr
ob

ab
ilit

y

0

Number at risk

50

Expresssion

low
high

100 150
Time (months)

HR=1.44 (1.29–1.62)
logrank P=1.9e–10

222036_s_at

MCM4

200 250

2734
1214

1842
677

low
high

818
257

188
53

19
8

2
1

0

Number at risk

50 100 150
Time (months)

200 250

2933
1018

1956
563

low
high

842
233

189
52

19
8

2
1

0

Number at risk

50 100 150
Time (months)

200 250

526
1238

318
659

low
high

97
248

26
42

3
7

2
0

0

Number at risk

50 100 150
Time (months)

200 250

2777
630

1889
630

low
high

837
238

185
56

19
8

2
1

1.0

0.8

0.6

0.4

0.2

0.0

Pr
ob

ab
ilit

y

Expresssion

low
high

HR=1.55 (1.38–1.75)
logrank P=9e–14

216237_s_at

MCM5

1.0

0.8

0.6

0.4

0.2

0.0

Pr
ob

ab
ilit

y

Expresssion

low
high

HR=1.3 (1.09–1.55)
logrank P=0.0034

238977_at

MCM6

1.0

0.8

0.6

0.4

0.2

0.0
Pr

ob
ab

ilit
y

Expresssion

low
high

HR=1.5 (1.34–1.68)
logrank P=2.2e–12

208795_at

MCM7

A

D

B

E

C

F

Figure 6.  (A–F) Prognostic values of mRNA levels of MCMs in patients under all breast cancer subtypes (RFS in Kaplan-Meier plotter).
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appeared to be an attractive alternative to Ki-67, which could 
help to measure cell proliferation in breast cancer and sort out 
Luminal-A or B subtypes of breast cancer, which have clinical 
features and treatment that likely are divergent [6]. Except for 
Ki-67, the change in cells from proliferation to differentiation 
or quiescent state is also accompanied by rapid disappearance 
of MCM3 [37]. Data also show that the decline in proliferative 
activity parallels decreased expression of Ki-67, whereas MCM3 
starts to decrease at a later stage [37]. In contrast to Ki-67, 
MCM3 is significantly increased in severe dysplasia samples 
compared with mild dysplasia samples [38]. Therefore, for pa-
tients with oral dysplastic lesions, MCM3 may be a more sensi-
tive proliferative biomarker than Ki-67. Similarly, Rezazadeh’s 
study also shows that MCM3 is a better cytologic biomark-
er than Ki-67 for patients with squamous cell carcinoma as 
MCM3 levels are significantly higher than Ki-67 in the group 
with cancer [39]. MCM2 and MCM3 are very important mem-
bers of the MCM family. Translocation of the MCM complex 
from cytoplasm to nucleus and nuclear targeting of other fam-
ily members are dependent upon MCM2 and MCM3 proteins.
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Figure 7.  (A–F) Prognostic values of mRNA levels of MCMs in patients with Luminal-A breast cancer (RFS in Kaplan-Meier plotter).

Genetic instability plays a pivotal role in human cancer cell de-
velopment [40]. Recognition of it will offer new insights into 
tumor pathogenesis. Mutations in MCM4 are associated with 
genome instability and DNA replication and repair will be per-
turbed in the presence of mutant MCM4 [40]. A high percent-
age of MCM4 expression (>70%), which is significantly higher 
than Ki-67, has been demonstrated to be significantly correlat-
ed with shorter survival and lymph node metastasis in esoph-
ageal adenocarcinoma [41]. MCM5, another MCM complex 
component, has also been demonstrated to be linked with in-
creased proliferative rate in cells in breast cancer, gastric ade-
nocarcinoma, and bladder cancer [42-44]. In bladder cancer cell 
lines, cell proliferation and invasion can be increased by estro-
gen receptor beta with upregulation of MCM5 expression [44]. 
The core of the MCM complex consists of MCM6 and MCM7 
subunits. Previous studies have demonstrated that MCM6 is 
overexpressed in various types of cancers and plays a key role 
in cell proliferation [45]. The high level of expression of MCM6 
in serum is a promising independent diagnostic marker for he-
patocellular carcinoma, especially in aflphafetoprotein-nega-
tive patients [46]. Also, MCM6 is a potential marker for pre-
dicting shorter survival in patients with glioma [47]. However, 
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Figure 8. (A–F)  Prognostic values of mRNA levels of MCMs in patients with Luminal-B breast cancer (RFS in Kaplan-Meier plotter).

little is known about its prognostic significance in breast can-
cer. Similarly, as a proliferative factor, MCM7 is correlated with 
tumorigenesis in a variety of malignant tumors and associat-
ed with poor prognosis [48,49]. MCM7 has been reported to 
be a crucial target of some oncogenic and tumor suppressor 
signaling pathways, which implies that multiple layers of reg-
ulation may be involved in MCM7’s biological function and 
its oncogenic properties [50]. One of the mechanisms is that 
MCM7-mediated DNA replication is potentiated by epidermal 
growth factor receptor through Lyn phosphorylation in human 
breast cancers [48]. Although these findings suggest that high 
levels of MCM expression tend to indicate increased biolog-
ical malignant aggressiveness, other studies in various can-
cers, including ER-positive breast cancer, have indicated the 
potential role of MCM overexpression in predicting better prog-
nosis [51]. Therefore, the prognostic significance of MCMs in 
breast carcinoma remains to be elucidated.

Our study showed that these six DNA replication licensing 
factors, MCM2-7, had distinct mRNA expression signatures 
in breast carcinoma tissues compared with normal tissues. 
MCM2-7 were significantly overexpressed in invasive lobular, 

medullary, invasive ductal, and mixed ductal and lobular breast 
cancer. The observation is noteworthy that MCM4/5 mRNA lev-
els were dramatically downregulated in invasive breast carci-
noma stromal tissue. Our analysis also indicated that mRNA 
levels of MCMs were significantly upregulated in younger pa-
tients with higher SBR grade status and lower expression of 
ER and PR. Meanwhile, the highest levels of MCM expression 
were found in patients with basal-like breast cancer or TNBC. 
These results predicted that upregulated MCMs were associ-
ated with fast-growing and spreading tumors.

In general, survival analyses revealed that higher expression 
of MCM2/3/4/5/6/7 was highly correlated with poorer RFS 
and OS in patients with all subtypes of breast cancer. Among 
them, higher mRNA levels of MCM2 and MCM5 mainly indicat-
ed shorter RFS for patients with Luminal-A or B breast cancer. 
Overexpression of MCM3 was correlated with favorable out-
come for patients with basal-like or HER2-positive breast can-
cer. MCM4 in tumor tissue predicted shorter RFS in patients 
with Luminal-A or B breast cancer but longer RFS in patients 
with TNBC. In addition, MCM6 status was negatively correlat-
ed with RFS in patients with basal-like or HER2-positive breast 
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cancer and MCM7 overexpression dramatically decreased the 
RFS probability of patients with HER2-positive, Luminal-A or 
Luminal-B breast cancer. Our study also revealed that MCM 
genomic alteration was frequently found in invasive breast 
carcinoma, which accounted for more than 34% of all sam-
ples. The most common alteration in MCMs was mRNA upreg-
ulation and amplification. Meanwhile, we tried to investigate 
the mechanisms of MCMs in regulating DNA replication ori-
gin. Results from GeneMANIA showed that MCMs were highly 
correlated with CDC45, CDC7, TIMELESS, ORC6, MCM10, ORC5, 
ORC4, and ORC3, mainly functioning to control DNA replica-
tion initiation and genome stability. Based on what we found 
above, MCM2-7 may be promising markers for diagnosis and 
prognosis of breast cancer.

As a replication protein, Ki-67 labeling index has been rou-
tinely evaluated in breast cancer. However, Ki-67 is not pres-
ent in the early G1 and G0 phase of quiescent tumor cells 
and the level of Ki-67 may be influenced by nutrient depri-
vation and other external factors [43]. Besides, rather than 
being directly correlated with cell division, Ki-67 is consid-
ered as an “efficiency factor” in ribosome biosynthesis [52]. 
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Figure 9.  (A–F) Prognostic values of mRNA levels of MCMs in patients with HER2-positive breast cancer (RFS in Kaplan-Meier plotter).

Therefore, the diagnostic and prognostic value of Ki-67 is lim-
ited. MCM factors, especially MCM2, MCM3 and MCM4, are 
more frequently expressed than standard proliferation mark-
er Ki-67 in tumor tissues and stable throughout the cell cycle, 
hence, MCMs may serve as more sensitive proliferative bio-
markers than Ki-67 for cytological evaluation of breast can-
cer [8,39,41]. In addition, it is suggested that elevated MCMs 
may help cancer cells resist chemotherapy and suppression of 
reserved MCM complexes can provide an effective sensitizing 
approach to increase the therapeutic index of chemotherapy 
drugs in cancer [53]. Therefore, elevated levels of MCMs may 
be potential therapeutic targets for breast carcinoma. In this 
study, the ONCOMINE and GEPIA databases were used to an-
alyze expression of MCMs in breast cancer and a Kaplan-Meier 
plotter was used to assess prognostic values of MCMs in pa-
tients with breast cancer [18,19,22]. Furthermore, OSbrca is a 
novel online database for breast cancer prognostic biomark-
er investigation based on an independent cohort [54]. Further 
experiments and clinical evidence are needed to elucidate the 
prognostic and therapeutic value of MCMs in breast cancer.
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Figure 10.  (A–F) Prognostic values of mRNA levels of MCMs in patients with basal-like breast cancer (RFS in Kaplan-Meier plotter).

Conclusions

In our study, a comprehensive bioinformatics analysis was per-
formed to investigate the expression patterns, potential func-
tions, and prognostic values of MCMs in breast carcinoma. 
Our results showed that MCMs were overexpressed in breast 
carcinoma and the overexpression predicted shorter OS and 
RFS for patients. High expression of MCM2/4/5/7 significantly 

reduced RFS in patients with Luminal-A or B breast carcino-
ma and elevated MCM6/7 predicted shorter RFS for patients 
with basal-like or HER2-positive breast carcinoma. On the one 
hand, MCMs might act as attractive prognostic biomarkers for 
breast carcinoma. In addition, effective therapeutic targets are 
essential for treatment of breast carcinoma. Our results pro-
vide useful clinical information about the potential of MCMs 
as therapeutic targets.
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