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Abstract. Centromere protein M (CENPM), a protein required 
for chromosome separation, is involved in in mitosis. However, 
little has been reported about the roles of CENPM in various 
types of cancer. The present study identified that the mRNA 
expression levels of CENPM were significantly upregulated 
in 14 types of human cancer and identified a positive asso-
ciation between CENPM mRNA expression and patient 
mortality using the Oncomine, Gene Expression Profiling 
Interactive Analysis, Human Protein Atlas and Kaplan‑Meier 
Plotter databases. A protein interaction network constructed 
with CENPM‑interacting genes obtained from the cBio-
Portal demonstrated that nine genes participating in the cell 
cycle served key roles in the function of CENPM. Cell cycle 
analysis, reverse transcription‑quantitative polymerase chain 
reaction, a Cell Counting Kit‑8‑based proliferation assay and 
a terminal deoxynucleotidyl transferase dUTP nick end label-
ling assay further revealed the tumorigenic and carcinogenic 
roles of CENPM in vitro. In addition, it was identified that the 
mRNA expression levels of five of the nine identified genes 
were significantly associated with CENPM in MCF7 cells 
and that CENPM was rarely mutated among various types of 
human cancer. In conclusion, the data from the present study 
revealed that CENPM exerted its pro‑tumorigenic function 
by regulating cell cycle‑associated protein expression and 

suggested that CENPM could be used as a prognostic marker 
for breast cancer.

Introduction

Breast cancer (BC) is the most common cancer occurring in 
women, and ~271,270 patients were newly diagnosed with BC 
in 2019 in the United States (1). According to the National 
Center for Health Statistics (NCHS), the mortality rate of 
BC in 2012‑2016 was 20.6%, which ranked BC as the second 
most life‑threatening disease in the United States following 
lung/bronchus cancer. In addition, the NCHS estimated that 
BC would cause ~42,260 deaths in 2019 (1). BC is typically 
categorized as basal‑like [estrogen receptor low/progesterone 
receptor low/human epidermal growth factor receptor  2 
(HER2) low], luminal A‑type (estrogen receptor high/HER2 
low), luminal B‑type (estrogen receptor or progesterone 
receptor high, either HER2 high or low, and Ki67 high) or 
HER2‑type (estrogen receptor low/progesterone receptor 
low/HER2 high) based on the cell types of origin. Notably, 
the incidence of luminal A‑type is the highest among all types 
of BC (2). As numerous individuals are likely to be affected 
by BC over the coming years, elucidating the mechanisms 
underlying BC to identify a novel prognostic marker could be 
important for BC therapy.

Cancer cells regularly exhibit altered chromosome numbers; 
these alterations are collectively known as aneuploidy (3,4). 
Aneuploidy, which is usually caused by an abnormal number 
and size of the centrosome, may accelerate tumorigenesis and 
carcinogenesis by causing chromosomes to separate unequally 
during mitosis (4). It has been reported that 65‑90% of BC cells 
exhibit aneuploidy (3). Centromere protein M (CENPM) is an 
essential centromere component that is associated with several 
other centromere proteins [including CENPA (5), CENPC (6), 
CENPI (7) and CENPH (8)], and is required for chromosome 
separation. The CENPM protein interacts with other proteins 
to form a vital complex that preserves kinetochore and spindle 
microtubule attachment during metaphase (9). Overexpression 
of CENPM leads to unequal numbers of chromosomes in 
cells; these cells subsequently exit mitosis, survive and lead to 
aneuploidy (10). In addition, high CENPM expression has been 
reported to be associated with primary melanoma (11), bladder 
cancer (12), hepatocellular carcinoma (13), and head and neck 
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squamous cell carcinoma (14). Based on these studies, the 
present study hypothesized that aberrant CENPM could func-
tion as an oncogene by intervening in the progression of the 
cell cycle.

The present study demonstrated that CENPM mRNA 
expression was upregulated in various types of cancer and that 
elevated CENPM in BC was highly associated with low patient 
survival probability. By studying CENPM‑related genes, it was 
identified that five key genes associated with CENPM could 
accelerate the cell cycle in BC. In addition, in MCF7 cells, 
CENPM overexpression significantly enhanced cell prolifera-
tion and inhibited apoptosis in vitro. Therefore, the findings of 
the present study indicated that CENPM may control tumor 
progression and survival rate in patients with BC.

Materials and methods

Catalogue of Somatic Mutations in Cancer (COSMIC) 
database analysis. The COSMIC (https://cancer.sanger.
ac.uk/cosmic) is a database of gene mutations associated with 
various types of human cancer, which includes 1,420,135 
samples and 26,878 papers (COSMIC v89). Using this data-
base, information about CENPM gene mutational signatures 
according to cancer types was extracted, and the association 
between CENPM mutations, including point mutations, 
insertions and deletions, and the risk of BC tumorigenesis 
was summarized. Detailed information about the mutational 
signature method is provided in previous studies (15,16).

Oncomine database analysis. Oncomine v4.5 (https://www.
oncomine.org/resource/login.html) is a database of information 
levels, DNA copy numbers, drug sensitivity and other param-
eters in normal samples and multiple types of cancer samples. 
After a target gene is selected, the Oncomine database returns 
a list of gene expression analyses that have been conducted 
in different microarray studies, allowing easy exploration of 
the diseases that are possibly caused by the selected gene. In 
the present study, the analyses revealing elevated CENPM 
expression were acquired to create a graph showing the cancer 
types that are significantly associated with CENPM gene 
expression. The detailed methods used for Oncomine database 
analysis are described in a previous study (17). Subsequently, 
Gene Expression Profiling Interactive Analysis (GEPIA) v1 
(http://gepia.cancer‑pku.cn/) was applied to reveal CENPM 
mRNA expression levels in several types of cancer samples 
vs. normal samples. The detailed methods used for GEPIA are 
described in a previous study (18).

cBioPortal database analysis. cBioPortal v3.4.4 (http://www.
cbioportal.org/) is a database of information on gene expres-
sion, genetic alterations, coexpression and survival status that 
enables researchers to analyze and explore topics associated 
with tumorigenesis. Upon selection of invasive breast carci-
noma [The Cancer Genome Atlas (TCGA), cell 2015] (19), 
and the gene of interest (CENPM), the database returned a 
list of genes highly associated with CENPM. To visualize the 
protein‑protein interaction network, the Search Tool for the 
Retrieval of Interacting Genes/proteins (STRING) database 
v11.0 (https://string‑db.org/) was accessed with the gene names 
provided by the cBioPortal database, the nodes and lines were 

modified with Cytoscape (CytoHubba) v3.42 (https://cyto-
scape.org/), and protein expression was examined by using 
the Human Protein Atlas v19 (HPA; www.proteinatlas.org). 
GeneCards Version 4.11 (https://www.genecards.org/) was 
used to search for the functional information of the candidate 
genes. The detailed methods used for gene coexpression 
analysis are described in previous studies (20,21).

Kaplan‑Meier plotter analysis. The UALCAN database 
(September  23, 2019 release; http://ualcan.path.uab.edu), a 
user‑friendly platform that links to cancer omics databases 
TCGA and MET500 (September 11, 2017 release; https://met500.
path.med.umich.edu/), can be used to evaluate gene expression 
vs. patient survival probability or tumor grade for multiple 
types of cancer. To calculate the effect of the target gene 
expression on patient survival, UALCAN was used to create 
a Kaplan‑Meier plot with sample data by using the ‘survival’ 
and ‘survminer’ packages. The detailed methods are provided 
in a previous study (22). The association between CENPM 
mRNA upregulation and patient survival status in various types 
of cancer were identified. To estimate the prognostic value 
of CENPM in specific BC types, including luminal A‑type, 
luminal B‑type, HER2‑positive‑type and basal‑like‑type BC, 
CENPM (Gene  ID,  218741_at, JetSet best probe set) was 
queried on the Kaplan‑Meier Plotter database (August 1, 2019 
release; http://www.kmplot.com) that links to Gene Expression 
Omnibus, European Genome‑Phenome Archive and TCGA 
data, and the results clearly demonstrated the potential effects of 
high or low levels of CENPM on patient survival. The survival 
curves of samples with high gene expression and low/medium 
gene expression were compared by log rank test. The detailed 
methods are provided in a previous study (23).

Reverse transcription‑quantitative (RT‑q)PCR. MCF7 cells 
(American Type Culture Collection) were cultured in DMEM 
medium (Sigma‑Aldrich; Merck KGaA) containing 10% fetal 
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.), then 
received treatment in serum‑free DMEM medium. Cellular 
mRNA was extracted and purified from MCF7 cells (1x106/ml) 
using TRIzol® (Invitrogen; Thermo Fisher Scientific, Inc.), chlo-
roform, isopropanol and alcohol. The cDNA was synthesized by 
using RevertAid RT Reverse Transcription Kit (Thermo Fisher 
Scientific, Inc.), in accordance with the manufacturer's proto-
cols. Real time PCR was performed with ABI PRISM 7300 
Sequence Detection System (Applied Biosystems, USA). After 
RT, the target gene mRNA expression was detected with the 
primers shown in Table I and with FastStart Universal SYBR 
Green Master (Rox; Roche Molecular Systems, Inc.), in accor-
dance with the manufacturer's protocols. The thermal cycling 
conditions were: Denaturation 10 min at 95˚C, followed by 
45 cycles of denaturation at 95˚C for 30 sec, annealing at 56˚C 
for 30 sec and extension at 72˚C for 30 sec, and then CENPM, 
ERCC6L, SHCBP1, CKS2, RAD51, KIF4A, HMMR, SPAG5, 
CDC25C, and RACGAP1 mRNA levels were quantified as 
previously reported (24).

Western blot analysis. Briefly, after protein was extracted 
from MCF7  cells with RIPA buffer according to the 
manufacture's protocol (Cell Signaling Technology, Inc.), 
the concentration of protein was determined by Bradford 
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protein assays kit (Beyotime Institute of Biotechnology) 
according to the manufacturer's protocols, and 40 µg proteins 
were loaded into each lane of a 12 or 15% SDS‑PAGE gel. 
Following gel electrophoresis and transfer of the separated 
proteins onto a nitrocellulose membrane, the membrane 
was treated with 10 ml blocking buffer (Beyotime Institute 
of Biotechnology, Inc.) containing 5% BSA for 1 h at room 
temperature. Subsequently, the membrane was incubated with 
anti‑cleaved caspase‑3 (cat. no. 9661; 1:1,000; Cell Signaling 
Technology, Inc.), anti‑Bax (cat.  no.  5023; 1:1,000; Cell 
Signaling Technology, Inc.), anti‑Bcl‑2 (cat. no. 15071; 1:1,000; 
Cell Signaling Technology, Inc.), anti‑cyclin‑dependent 
kinase subunit 2 (CKS2; cat. no. ab155078; 1:1,000; Abcam, 
Inc.), anti‑GAPDH (cat.  no.  5174; 1:1,000; Cell Signaling 
Technology, Inc.) or anti‑β‑actin (cat. no. 4970; 1:1,000; Cell 
Signaling Technology, Inc.) primary antibodies for 12 h at 4˚C. 
Following incubation with anti‑rabbit secondary antibodies 
(cat. no. 7074; 1:5,000; Cell Signaling Technology, Inc.), or 
anti‑mouse secondary antibodies (cat.  no.  7076; 1:5,000; 
Cell Signaling Technology, Inc.) for 1 h at room temperature. 
Protein bands were detected with Electro‑chemiluminescence 
(ECL) Plus reagents (Cytiva), according to the manufacturer's 
instructions, the membrane was imaged with a GeneGnome 
XRQ Chemiluminescence Imaging system (Gene Company 
Ltd.), and the density was quantified with ImageJ software 
(v1.46; National Institutes of Health).

Cell cycle analysis. To construct CENPM‑overexpression 
vectors, CENPM cDNA was amplified by polymerase chain 
reaction from the MCF7 cells with the following primers: 
Forward, 5'‑CAT​GCT​AGC​ATG​TCG​GTG​TTG​AGG​CCC​
CTG​GA‑3'; reverse: 5'‑TTC​AAG​CTT​TCA​CAG​GTC​CTC​
CAG​GGA​GGG​GC‑3'. The PCR product was digested with 
NheI and HindIII, and then subcloned into an expression 
vector pIRES2‑EGFP (pIRES2‑EGFP, Clontech Laboratories, 
Inc.). The plasmid was termed the CENPM‑overexpression 
vectors, and then CENPM‑overexpression vectors at a final 
concentration 0, 1.5 or 2 µM with or without control vector 
(pIRES2‑EGFP) were transfected into MCF7 cells (1x106) 

using the Lipofectamine® 2000 Reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.), following the manufacturer's protocol. 
MCF7  cells were transfected for 12  h, grown in DMEM 
medium supplemented with 5% fetal bovine serum (FBS; 
Gibco; Thermo Fisher Scientific, Inc.) for 24 h at 37˚C and 
then fixed in 70% ethanol for 12 h at 4˚C. The ethanol‑fixed 
samples were washed twice with PBS, digested with RNase A 
(1 mg/ml; Sigma‑Aldrich; Merck KGaA) for 30 min at 37˚C, 
and then stained with propidium iodide solution (1 mg/ml; 
Sigma‑Aldrich; Merck KGaA) for 30 min at 4˚C. The cell 
cycle was examined by a BD FACSVerse flow cytometer (BD 
Biosciences, San Jose, CA) at an excitation wavelength of 
488 nm and the data were analyzed with ModFit LT v4.0.5 
Software (Verity Software House, Inc.).

Cell Counting Kit‑8 (CCK‑8)‑based proliferation assay. 
CCK‑8 assay was conducted to assess proliferation at 0, 12, 24 
and 48 h and T‑47D cells (American Type Culture Collection) 
were cultured in RPMI‑1640 medium (Sigma‑Aldrich) 
containing 10% fetal bovine serum at 37˚C under a 5% 
CO2 atmosphere. Following transfection, the MCF7 and 
T‑47D cells were passaged at a density of 2,000 cells/well in 
96‑well plates, cells in each well were incubated with 10 µl 
CCK‑8 solution (MedChemExpress) for 2 h at 37˚C, and the 
proliferation rate was calculated based on the absorbance at 
450 nm, as determined using a microplate reader (ELx800, 
BioTek Instruments).

Terminal deoxynucleotidyl transferase dUTP nick end labeling 
(TUNEL) assay. For determination of apoptosis, control‑ or 
CENPM‑overexpressing MCF7 cells were stained using the 
One Step TUNEL Apoptosis Assay Kit (Beyotime Institute of 
Biotechnology), as described in the manufacturer's protocols, 
and immunofluorescence was determined by fluorescence 
microscopy (Leica Microsystems GmbH), with 5 randomly 
selected high‑power fields to calculate the ratio per slide.

Cell scratch assay. MCF7  cells (~90% confluence) were 
transfected with control‑ or CENPM‑overexpression vectors 

Table I. Primers used for reverse transcription‑quantitative PCR.

Gene 	 Forward (5'‑3')	 Reverse (5'‑3')

PCNA	CC TGCTGGGATATTAGCTCCA	CA GACCCATTTACTTGTGTTGGA
GAPDH	ACAAC TTTGGTATCGTGGAAGG	 GCCATCACGCCACAGTTTC
KI67	AC GCCTGGTTACTATCAAAAGG	CA GCGGTAGGTGTCGAAGC
CENPM	 GCGGACTCGATGCTCAAAGA	 TTCTGGAGACTGTATTTGCTGTG
ERCC6L	C TCTGGCTTGCTACTTTATCGAG	 TGCATCAAACATACCGGAAAGG
SHCBP1	 GCTACCGTGATAAACCAGGTTC	A GGCTCTGAATCGCTCATAGA
CKS2	 TTCGACGAACACTACGAGTACC	 GGACACCAAGTCTCCTCCAC
RAD51	CAACCCA TTTCACGGTTAGAGC	 TTCTTTGGCGCATAGGCAACA
KIF4A	 TACTGCGGTGGAGCAAGAAG	CA TCTGCGCTTGACGGAGAG
HMMR	A TGATGGCTAAGCAAGAAGGC	 TTTCCCTTGAGACTCTTCGAGA
SPAG5	 TTGAGGCCCGTTTAGATACCA	 GCTTTCCTTGGAGCAATGTAGTT
CDC25C	 TCTACGGAACTCTTCTCATCCAC	 TCCAGGAGCAGGTTTAACATTTT
RACGAP	A TGATGCTGAATGTGCGGAAT	C GCCAACTGGATAAATTGGACTT

https://www.spandidos-publications.com/10.3892/mmr.2020.11461
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for 12 h, scratched with 200 µl pipette tips, washed with PBS, 
and grown in medium supplemented with 1 or 5% FBS for 
0 and 48 h (25). Following the indicated culture times, the 
gaps were imaged with a fluorescence microscope (Leica 
Microsystems GmbH) and the width of each gap was analyzed 
with ImageJ (v1.46; National Institutes of Health).

RNA interference. Three CENPM‑targeting short hairpin 
(sh)RNAs were constructed; the sequences were as follows: 
shCEN #a, 5'‑CCT​GAT​CGT​GTT​TGT​GGT​TAA‑3'; shCEN #b, 
5'‑GCT​GAC​TCC​ATA​AAC​ATT​CTC‑3'; shCEN #c, 5'‑GCG​
GAC​TCG​ATG​CTC​AAA​GAG‑3'. The shRNAs specifically 
targeting human CENPM were cloned into psi‑LVRU6GP 
(GeneCopoeia, Inc.) and the non‑targeting sequence 5'‑ACA​GAA​
GCG​ATT​GTT​GAT​C‑3' was cloned into the same vector and 
used as the shControl. A Lenti‑Pac HIV Expression Packaging 
kit (GeneCopoeia, Inc.) was used for shRNA‑encoding lenti-
virus packaging, according to the manufacturer's protocols. The 
detailed methods used for lentivirus infection and confirmation 
of CENPM knockdown are provided in a previous study (26). 
Briefly, 293T cells (~70% confluence) were seeded in 6 well 
plate for 24 h, transfected with 500 ng shControl, shCEN #a, 
shCEN #b, or shCEN #c, 250 ng pMD2.G, 250 ng psPAX2, 
and Lipofectamine® 2000 Reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) for 24 h, then the medium was refreshed using 
freshly prepared 5% DMEM. At 72 h after transfection, the 
supernatants were harvested, the 400 µl virus solution was 
added to the cells and the knockdown of the target gene was 
confirmed by real time PCR.

Colony formation test. Transfected cells were plated in 6‑well 
plates with 1,000 cells per well and then cultured for 10 days 
until colonies were visible to the eye. Cells were washed twice 
with phosphate‑buffered saline (PBS), fixed with methanol 
for 30 min at room temperature, and then stained with crystal 
violet for 30 min at room temperature. The number of colonies 
was counted.

Statistical analysis. All experiments were conducted at least three 
times independently, and the data were analyzed by two‑tailed, 
unpaired Student's t‑test or one‑way ANOVA followed by Tukey's 
or Dunnett's multiple comparisons test. The data are presented as 
the means ± standard error of the mean and P<0.05 was consid-
ered to indicate a statistically significant difference. The survival 
curves of samples with high gene expression and low/medium 
gene expression were compared by log rank test. Data were 
analyzed using GraphPad v5.01 (GraphPad Software, Inc.).

Results

Expression levels of CENPM in various types of human 
cancers. By using the Oncomine database, the transcription 
levels of CENPM in normal and cancerous human specimens 
were examined (Fig. 1A). CENPM mRNA was significantly 
upregulated in 14 of 20 types of cancer (Fig. 1A, fold change >2, 
P<1x10‑4, gene rank: Top 10%). The 43 datasets associated with 
elevated CENPM mRNA expression included 4,697 samples, 
and the fold changes in expression ranged between 2.008 and 
9.628. CENPM mRNA upregulation appeared most often in 
BC (22.2%), cervical cancer (40%), liver cancer (23%), lung 

cancer (22.2%), lymphoma (16%) and sarcoma (16%) (Fig. 1B). 
Subsequently, the mRNA expression levels of CENPM were 
analyzed using an online database (GEPIA) (18) to evaluate the 
effect of CENPM on human cancer. The results demonstrated 
that breast invasive carcinoma (BRCA), cervical squamous 
cell carcinoma and endocervical adenocarcinoma (CESC), 
liver hepatocellular carcinoma (LIHC), sarcoma (SARC), 
diffuse large B‑cell lymphoma (DLBC), lung adenocarcinoma 
(LUAD) and lung squamous cell carcinoma (LUSC) tissues had 
significantly elevated levels of CENPM mRNA (Fig. 1C and D).

The protein expression levels of CENPM were detected 
using the Human Protein Atlas (HPA; www.proteinatlas.org). 
Since immunohistochemical (IHC) staining data for CENPM 
in SARC or DLBC were not available in the HPA database, 
the protein expression levels of CENPM in SARC or DLBC 
were not investigated. As shown in Fig. 2A, the protein expres-
sion levels of CENPM were slightly elevated in BRCA (n=2 
for normal breast tissue and n=2 for BRCA tissue) and CESC 
(n=2 for normal cervical tissue and n=2 for CESC tissue), 
and no significant difference was observed in LIHC (n=3 
for normal liver tissue and n=1 for LIHC tissue; P>0.05) and 
LUSC (n=2 for normal lung tissue and n=4 for LUSC tissue). 
However, it is highly recommended that further IHC studies 
be performed on normal and cancerous samples to verify these 
findings. Furthermore, the IHC staining assay illustrated that 
the CENPM protein was primarily expressed in the nuclei of 
cells and its localization was associated with its function (9).

Next, the association of CENPM gene expression with 
various types of human cancer was examined, and the asso-
ciation between CENPM mRNA expression and cancer grade 
was further examined using the GEPIA database. As shown 
in Fig. 2B, elevated CENPM mRNA expression was positively 
associated with tumor grade in BRCA, LIHC and LUAD, but 
barely in CESC and DLBC (data not shown). The comparatively 
few specimens from patients with SARC (Fig. 1D, n=2 for 
normal tissue) made the results of the analysis of the association 
of CENPM gene expression with tumor grade in SARC less 
meaningful (data not shown). Next, it was examined whether 
CENPM gene expression in BRCA, CESC, LIHC, SARC, 
DLBC, LUAD and LUSC was associated with overall survival 
rates using the online UALCAN databases (22). As shown in 
Fig. 2C, lower survival rates in BRCA (881 patients, P=0.021), 
LIHC (365 patients, P=0.00027) and LUAD (502 patients, 
P=0.0011) were associated with higher CENPM mRNA levels. 
By contrast, elevated CENPM mRNA levels were associated 
with higher survival rates in patients with CESC (296 patients, 
P=0.00014) but were not associated with survival rates in SARC 
(259 patients, P=0.29), DLBC (47 patients, P=0.039; too few 
patients to confirm) or LUSC (494 patients, P=0.25) (data not 
shown). Thus, the results regarding the proportion of studies 
indicating CENPM upregulation (Fig. 1A and B), the mRNA and 
protein expression levels of CENPM (Figs. 1C and D, and 2A) in 
tumor vs. normal samples, and the association between CENPM 
mRNA expression and tumor stage (Fig. 2B) and patient survival 
time (Fig. 2C) demonstrated that CENPM was highly associ-
ated with BC among various types of cancer and suggested that 
CENPM could be used as a prognostic marker for BC.

CENPM modulates a biological network including nine genes 
associated with the cell cycle in BC. Given the predictive 
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function of CENPM, the hypothesis that the molecule could 
also serve as a prognostic marker in different types of BC was 
further tested using the Kaplan‑Meier Plotter database (27). 
As shown in Fig.  3A, higher CENPM mRNA expression 
levels in patients with luminal A‑type BC (339  patients, 
P=0.0052) were highly associated with lower survival rates. 

However, the expression levels of CENPM did not affect 
survival rate in luminal B‑type (Fig. 3B; 77 patients, P=0.18), 
HER2‑positive‑type (Fig.  3C; 115  patients, P=0.33) or 
basal‑like‑type BC (Fig. 3D; 107 patients, P=0.71).

To accurately determine the biological role of CENPM, 
1,199  genes determined to be associated with CENPM by 

Figure 1. Expression levels of CENPM in various types of human cancer. (A) Analyses performed on data for various cancer types from the Oncomine 
database revealed that CENPM mRNA expression was increased in tumor samples compared with normal samples (fold change >2, P<1x10‑4, gene rank: 
Top 10%). (B) Number of studies revealing CENPM mRNA upregulation relative to the total number of studies examined. The data were collected from the 
Oncomine database and included data for various cancer types (fold change >2, P<1x10‑4, gene rank: Top 10%). (C and D) mRNA expression levels of CENPM 
were significantly higher in patients with LUAD (n=483) vs. normal individuals (n=347), patients with LUSC (n=486) vs. normal individuals (n=338), patients 
with BRCA (n=1085) vs. normal individuals (n=291), patients with CESC (n=306) vs. normal individuals (n=13), patients with LIHC (n=369) vs. normal indi-
viduals (n=160), patients with SARC (n=262) vs. normal individuals (n=2) and patients with DLBC (n=47) vs. normal individuals (n=337) in Gene Expression 
Profiling Interactive Analysis. *P<0.05. CENPM, centromere protein M; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; CESC, cervical 
squamous cell carcinoma and endocervical adenocarcinoma; LIHC, liver hepatocellular carcinoma; DLBC, diffuse large B‑cell lymphoma; BRCA, invasive 
breast carcinoma; SARC, sarcoma.

https://www.spandidos-publications.com/10.3892/mmr.2020.11461
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Spearman's rank correlation coefficient analysis (Spearman >0.4, 
P<0.001) of 815 invasive breast carcinomas and one normal 
specimen were selected from the cBioPortal database (19). A 
circular correlation network (data not shown) with these genes 
was drawn that included 399 nodes and 11,495 edges according 

to the STRING database. Genes with degrees of connectivity 
(as calculated with CytoHubba in Cytoscape) >100 were selected 
and it was identified that the mRNA expression levels of RAD51 
(Fig. 4A), KIF4A (Fig. 4B), RACGAP1 (Fig. 4C), SPAG5 (Fig. 4D), 
HMMR (Fig. 4E), CDC25C (Fig. 4F), CKS2 (Fig. 4G), ERCC6L 

Figure 2. Expression levels of CENPM in various types of human cancer. (A) Immunohistochemical staining of CENPM protein levels in breast (n=2 for 
normal breast tissue and n=2 for BRCA tissue), cervix (n=2 for normal cervical tissue and n=2 for CESC tissue), liver (n=3 for normal liver tissue and n=1 
for LIHC tissue) and lung (n=2 for normal lung tissue, and n=4 for LUSC tissue) samples. The data for the samples, which were collected and stained with 
a CENPM antibody, were obtained from the Human Protein Atlas. Scale bars, 200 µm. (B) Data on CENPM mRNA expression levels in BRCA, LIHC, 
and LUAD of different stages were downloaded from the Gene Expression Profiling Interactive Analysis database. (C) Kaplan‑Meier plotter analysis of 
881 patients with BRCA, 296 patients with CESC, 365 patients with LIHC and 502 patients with LUAD who had high or low CENPM mRNA expression. 
CENPM, centromere protein M; BRCA, invasive breast carcinoma; CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma; LIHC, liver 
hepatocellular carcinoma; LUSC, lung squamous cell carcinoma; LUAD, lung adenocarcinoma.
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Figure 3. CENPM mRNA expression is associated with patient survival rate in breast cancer. Kaplan‑Meier plotter analysis of (A) 339 patients with ER‑positive, 
PR‑positive and HER2‑negative luminal A‑type; (B) 77 patients with ER‑positive, PR‑negative and HER2‑negative luminal B‑type; (C) 115 patients with HER 
positive‑type; and (D) 107 patients with basal‑like‑type breast cancer, who had high or low CENPM mRNA expression. CENPM, centromere protein M; 
ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2; ‑L, low; ‑H, high; RFS, regression‑free survival.

Figure 4. CENPM modulates a biological network including nine genes associated with the cell cycle in breast cancer. Spearman's correlation analyses were 
performed to analyze the association of CENPM mRNA expression with (A) RAD51, (B) KIF4A, (C) RACGAP1, (D) SPAG5, (E) HMMR, (F) CDC25C, 
(G) CKS2, (H) ERCC6L and (I) SHCBP1 mRNA expression. The data were downloaded from the cBioPortal database. CENPM, centromere protein M.
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(Fig. 4H) and SHCBP1 (Fig. 4I) were positively correlated with 
those of CENPM in BRCA. In addition, these nine genes were 
connected by 207 of 399 nodes (Fig. 5A and B), suggesting the 
critical functions of these nine genes in the correlation network. 
Consistent with these findings, RT‑qPCR analysis revealed that 
ERCC6L, CKS2, KIF4A, SPAG5 and CDC25C mRNA expres-
sion levels were significantly increased in MCF7 cells transfected 
with a CENPM overexpression vector (Fig. 6A); the protein 
expression levels of CKS2 were also identified to be increased in 
MCF7 cells with elevated CENPM expression (Fig. S1). However, 
the mRNA expression levels of SHCBP1, RAD51, HMMR and 
RACGAP1 were only slightly and not significantly upregulated in 
CENPM‑overexpressing MCF7 cells (P>0.05; Fig. 6A).

The results of biological experiments and TCGA database 
analyses confirmed that these nine genes were commonly 
upregulated in BC vs. normal samples; in addition, they were 
associated with tumor grade or mortality and involved in DNA 
replication, DNA repair or chromosome segregation (Table II). 
Next, a positive association was demonstrated between 
CKS2/SHCBP1 mRNA expression and tumor grade, which, 
to the best of our knowledge, has not previously been reported 
(Fig.  5C  and  D). These findings indicated that CENPM 
could serve as a prognostic marker in luminal A‑type BC and 
may regulate tumorigenesis by altering cell cycle‑associated 
proteins.

Upregulation of CENPM enhances tumorigenesis in vitro. 
To study the precise effects of CENPM on BC, a CENPM 
overexpression plasmid was constructed and CENPM 
mRNA expression levels were detected in MCF7  cells 

transfected with a control vector vs. the CENPM overex-
pression vector (Fig. 6A). MCF7 cells (Fig. 6B) and T‑47D 
cells (Fig. S2) transfected with the CENPM overexpres-
sion vector proliferated more quickly than the normal 
control cells, as determined by CCK‑8 assay. Conversely, 
MCF7  cells transfected with CENPM shRNA prolifer-
ated more slowly than control cells (Fig.  S3A  and  B). 
Next investigated were the proliferation‑associated gene 
markers, including Ki67 and proliferating cell nuclear 
antigen (PCNA), with RT‑qPCR assays, which demon-
strated that the mRNA expression levels of Ki67 and PCNA 
were elevated in CENPM‑overexpressing MCF7  cells 
(Fig.  6C). Considering that the expression of numerous 
cell cycle‑related genes was identified to be positively 
associated with CENPM expression, it was hypothesized 
that CENPM may enhance proliferation by affecting cells 
in mitosis. The fluorescence‑activated cell sorting results 
(Fig. 6D) demonstrated that the proportion of MCF7 cells 
in S phase was elevated and that the proportion of cells in 
G1 phase was decreased following transfection with the 
CENPM overexpression vector, supporting the hypothesis 
that CENPM accelerated the progression of cells through 
G1 phase to promote tumor growth.

Since tumorigenesis and migratory ability are key factors 
associated with tumor malignancy (28), a colony formation 
assay was conducted to assess the tumorigenicity of CENPM. 
As shown in Fig.  6E  and  6F, CENPM‑overexpressing 
MCF7 cells formed significantly more colonies compared 
with control vector‑expressing MCF7  cells. However, the 
wound‑healing assay demonstrated that CENPM had little 

Figure 5. CENPM modulates a biological network including nine genes associated with the cell cycle in breast cancer. Genes determined to be associated 
with CENPM by Spearman's rank correlation coefficient analysis (Spearman>0.4, P<0.001) of data from the cBioPortal database were selected to (A) draw a 
network, and (B) nine genes strongly correlated with CENPM were included in the network on the basis of their degrees of connectivity. Data on (C) CKS2 
and (D) SHCBP1 mRNA expression in BRCA at different stages were downloaded from the Gene Expression Profiling Interactive Analysis database. CENPM, 
centromere protein M; BRCA, invasive breast carcinoma.
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effect on the migration of MCF7 cells; and migration rate was 
~20% in both groups (Fig. S4).

As imbalance between cell division and apoptosis leads 
to tumorigenesis, it was hypothesized that investigation of the 
role of CENPM in apoptosis could further elucidate the precise 
function of CENPM in BC. To test this hypothesis, a TUNEL 
assay was conducted and the results revealed that the amount 
of DNA damage was decreased in CENPM‑overexpressing 
MCF7 cells (Fig. 7A and B). In addition, western blot analysis 

with anti‑Bcl‑2, anti‑Bax and anti‑cleaved caspase‑3 antibodies 
further demonstrated the inhibitory role of CENPM in apop-
tosis (Fig. 7C and D). Therefore, overexpression of CENPM in 
MCF7 cells accelerated the development of a BC‑like state by 
interfering with proliferation and apoptosis in vitro.

CENPM gene mutations. The COSMIC database (v89), was 
used to evaluate whether the CENPM gene was substantially 
mutated among various types of human cancer. The expression 

Figure 6. Upregulation of CENPM enhances tumorigenesis in vitro. (A) Following transfection of MCF7 cells with a CENPM‑overexpression vector or a 
control vector for 24 h, the mRNA expression levels of nine CENPM‑related genes were detected. (B) MCF7 cells in 96‑well plates were transfected with 
an empty vector or with 0.1 or 0.2 µg CENPM plasmid per well for 12 h, and the proliferation of cells was detected by CCK‑8 assay after another 12, 24 or 
48 h. *P<0.05. n=6. (C) mRNA expression levels of CENPM, PCNA and Ki67 were detected by reverse transcription‑quantitative PCR. *P<0.05, **P<0.01, 
***P<0.001 vs. the corresponding control group (n=3). (D) Cell cycle distribution was analyzed by fluorescence‑activated cell sorting. (E and F) Vector or 
CENPM‑overexpressing MCF7 cells were cultured in 6‑well plates with medium containing 5% FBS for 1 week, and then the cells were stained with crystal 
violet and imaged. CENPM, centromere protein M.
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of CENPM was examined in 47,818 patient tissues representing 
39 distinct types of cancer from inception to May 15, 2019. Of 
the 39 cancer types, 19 were associated with CENPM gene 
mutations, primarily 37 point mutations (total percentage of 
mutated, 0.077%), and two frameshift deletions (total percentage 
of mutated, 0.004%), and the corresponding specimens were 

further examined. No insertions or complex mutations were 
identified in the samples (Table III). Among the CENPM gene 
point mutations, 19 were missense substitutions, and 18 were 
synonymous substitutions with no changes in the protein‑coding 
sequence. Point mutations occurred in the skin (gene mutation 
rate, 0.54%), large intestine (gene mutation rate, 0.39%) and 

Figure 7. Upregulation of CENPM enhances tumorigenesis in vitro. (A and B) Apoptosis was measured with a one‑step TUNEL apoptosis assay kit, and 
(C and D) apoptosis‑related protein levels were measured by western blot analysis with anti‑Bcl‑2, anti‑Bax, and anti‑cleaved caspase‑3 antibodies. *P<0.05. 
***P<0.001. n.s, not significant. n=3. CENPM, centromere protein M.

Table II. The nine critical genes significantly connected with centromere protein M.

		  Kaplan‑meier survival 
Gene	 Degree	 P‑value in BRCA	 Function

RAD51	 149	 0.0045	 Participates in homologous strand exchange, an important process in DNA repair
KIF4A	 149	 0.036	 Translocates transcription factor pcr1 to the plus ends of interdigitating spindle
			   microtubules during the metaphase to anaphase transition
RACGAP1	 140	 0.00095	C ontrols cytokinesis by forming the central spindling complex and mediates the
			   rho‑dependent signaling required for actomyosin contractile ring assembly
SPAG5	 138	 0.019	E ssential component of the mitotic spindle required for normal chromosome
			   segregation and progression into anaphase
HMMR	 135	 0.027	 Forms a complex with BRCA, which is a key gene associated with G2 to M transition
			   in breast cancer
CDC25C	 132	 0.03	 Triggers mitosis in the cell cycle
CKS2	 124	 0.012	 Promotes cell cycle progression by triggering degradation of p27
SHCBP1	 111	 0.031	 Serves a role in signaling pathways to govern cellular proliferation
ERCC6L	 107	 0.00071	 Acts as an essential component of the spindle assembly checkpoint

BRCA, invasive breast carcinoma.
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endometrium (gene mutation rate, 0.42%). Overall, considering 
the low gene mutation rates, CENPM gene sequence changes 
may not be the main reasons for tumorigenesis.

Discussion

CENPM gene expression has been reported to be associated 
with tumorigenesis in primary melanoma, bladder cancer, 
hepatocellular carcinoma, and head and neck squamous cell 
carcinoma. The present study analyzed the association of 
13 types of cancer (bladder, brain, breast, cervical, esopha-
geal, gastric, liver, lung, ovarian and pancreatic cancer, and 
lymphoma, melanoma and sarcoma) with ectopic CENPM 
mRNA expression, and identified that CENPM protein expres-
sion was upregulated in patients with BRCA and CESC. In 
addition, it was revealed that CENPM mRNA expression 
levels were positively associated with tumor grade in BRCA, 
LIHC and LUAD, and with mortality in BRCA, CESC, LIHC 
and LUAD. Based on the BC cell types of origin, the critical 
role of CENPM was further confirmed in luminal A‑type BC 
mortality. In general, the present study implied that exploration 
of CENPM expression may enhance the diagnostic accuracy 
and survival probability in patients with cancer, particularly in 
patients with BC.

The protein interaction network identified nine key genes 
[RAD51  (29), KIF4A  (30), RACGAP1  (31), SPAG5  (32), 
HMMR (33), CDC25C (34), CKS2 (35), SHCBP1 (36) and 
ERCC6L (37)] that interacted strongly with CENPM mRNA. 
Subsequently, the functions of these nine genes (38‑46) were 
profiled in various types of cancer and it was identified that all of 
them have been reported to accelerate the progression of cancer, 
including BC and hepatocellular carcinoma (29‑37). RT‑qPCR 
demonstrated that the expression levels of five of the nine genes, 
ERCC6L, CKS2, KIF4A, SPAG5 and CDC25C, were increased 
in MCF7 cells with elevated CENPM expression, implying 
that CENPM may promote tumor progression by controlling 
the expression of these five genes. Notably, normal cells utilize 
CDC25C to remove the inhibitory phosphates and trigger the 
G2‑prophase transition (47), and utilize SPAG5 (32), KIF4A (48), 
ERCC6L (49) or CKS2 (50) to properly position chromosomes 
during metaphase. Of the nine genes, four (SHCBP1, RAD51, 
HMMR and RACGAP1), were identified as being associated 
with CENPM through cBioPortal correlation analysis; however, 

the mRNA expression levels of these genes remained unchanged 
in CENPM‑overexpressing MCF7 cells. Further exploration is 
required to elucidate the mechanism by which CENPM can 
regulate the expression of ERCC6L, CKS2, KIF4A, SPAG5 
and CDC25C in mitosis, and to confirm whether the CENPM 
protein interacts with the SHCBP1, RAD51, HMMR and 
RACGAP1 proteins. In addition, the present study demonstrated 
that CENPM‑overexpression promoted cell cycle progression in 
human BC cells, and decreased the apoptotic rate, as calculated 
by TUNEL assay. Taken together, these results indicated that 
ectopic CENPM expression may accelerate the development of 
a BC‑like state and control mitosis by regulating the expression 
of KIF4A, RECC6L, CKS2, CDC25C and SPAG5, and affect 
apoptosis in BC cells.

In order to explain why CENPM expression was upregu-
lated in patients with BRCA, point mutations, insertions, 
deletions or complex mutations of CENPM were identified in 
the present study; calculating the CENPM gene mutation rates 
among various types of cancer may be helpful for revealing 
the precise function of CENPM. Based on the low CENPM 
mutation rates, the present study suggested that CENPM gene 
sequence changes (point mutations) may not be the main 
reason underlying its effects on tumorigenesis. Although 
mutations in proto‑oncogenes or tumor suppressor genes may 
be major drivers of carcinogenesis, the epigenetic modification 
(including DNA methylation, acetylation, phosphorylation and 
ubiquitylation) of CENPM may still serve a critical role in gene 
expression regulation, which is also considered an important 
factor for tumorigenesis (51). Thus, it is suggested that further 
experiments should be conducted to explain which pathway 
contributes to the upregulation of CENPM in BC cells.

In conclusion, the findings of the present study indicated 
that upregulation of CENPM may enhance BC progression via 
numerous mechanisms, including increasing upregulation of 
genes linked to cell proliferation and reducing cell apoptosis. 
The present study revealed, for the first time to the best of our 
knowledge, that CENPM may be a novel therapeutic target for 
BC progression.
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