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CDCA5 promotes the progression of breast cancer and
serves as a potential prognostic biomarker
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Abstract. Cell division cycle‑associated 5 (CDCA5) plays a
critical role in the progression of various human cancers by
regulating cell cycle‑related proteins; however, the function of
CDCA5 in breast cancer (BC) is poorly understood. The aim
of the present study was to investigate the expression level of
CDCA5 in BC and its effect on BC progression. CDCA5 was
found to be highly expressed in patients with BC, as well as in BC
cell lines. It was also found that a high CDCA5 expression in BC
was significantly associated with a shorter survival rate. In addi‑
tion, the expression level of CDCA5 was significantly increased
in stem cells derived from suspension‑cultured BC cells, as
compared to adherent‑cultured cells. CDCA5 knockdown in
MCF7 and SKBR3 cells significantly reduced cell proliferation,
migration and clone formation. At the same time, the stemness
capacity of BC cells, determined by analyzing cancer stem
cell marker expression and mammosphere formation, was also
markedly diminished following the knockdown of CDCA5. In
addition, in vivo experiments demonstrated that CDCA5 knock‑
down in MCF7 cells markedly reduced tumor growth. On the
whole, the present study demonstrates that CDCA5 may be used
as a prognostic biomarker and therapeutic target for BC.
Introduction
Breast cancer (BC) is the most common cancer type affecting
women worldwide (1). Despite the benefits arising from
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expanding access to high‑quality prevention methods and
early detection, as well as the rapid development of treatment
modalities, such as surgical resection, endocrine therapy,
chemotherapy and immunotherapy, the mortality rate associ‑
ated with BC remains relatively high and a further decrease
is warranted (2,3). Although certain molecular markers have
been extensively characterized, including immunohistochem‑
ical markers (i.e., estrogen receptor, progesterone receptor,
human epidermal growth factor receptor 2 and Ki‑67),
genomic markers [i.e., breast invasive carcinoma (BRCA)1,
BRCA2 and phosphatidylinositol‑4,5‑bisphosphate 3‑kinase
catalytic subunit α] and immunomarkers (i.e., programmed
death‑ligand 1), new biomarkers and new biomarker
combinations still need to be developed, due to the high tumor
heterogeneity of BC.
Cancer stem cells (CSCs) retain the properties of
self‑renewal, differentiation and drug‑resistance, all of which
are considered to lead to a poor therapeutic response in BC,
as well as tumor recurrence and metastasis (4‑6). CSCs have
been identified in various types of cancer, including BC.
The most common markers of BC stem cells (BCSCs) are
CD44 +CD24 ‑ and aldehyde dehydrogenase (ALDH)+ (7,8).
Although a number of studies have identified that targeting
CSCs may be an effective approach to anticancer treatment,
more CSC‑related markers and mechanisms need to be
elucidated.
Human cell division cycle‑associated 5 (CDCA5; also
known as sororin or p35), which is located at 11q13.1, is a
critical regulator of sister chromatid in mitosis, stabilizing
the association between cohesion complex and chromatin,
and is involved in mitotic cell cycle and double‑strand break
repair (9,10). In addition, CDCA5 is necessary for the stable
cohesion of chromatids during the S and G2/M phases and is
then degraded through anaphase‑promoting complex‑depen‑
dent ubiquitination during the G0/G1 phase (11‑13). Diseases
associated with CDCA5 include Cornelia de Lange
syndrome (14) and Robert‑Sc phocomelia syndrome (15). A
significantly increased CDCA5 expression has been reported
in various human tumor tissues, including lung cancer (16),
urothelial carcinoma (17), oral squamous cell carcinoma (18),
gastric cancer (19,20) and hepatocellular carcinoma (21)
tissues. Hence, CDCA5 may be a poor prognostic biomarker
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for patients with these types of cancer. However, the clinical
significance and biological function of CDCA5 in BC are not
yet fully understood.
In the present study, a link was identified between aber‑
rant CDCA5 expression and a poor prognosis of patients
with BC by analyzing The Cancer Genome Atlas (TCGA).
Furthermore, it was found that BC cells and BCSCs exhibited
a higher CDCA5 expression than normal breast and adherent
cells, respectively. Finally, CDCA5 knockdown in BC cells
inhibited cell proliferation, migration and CSC activity. These
findings thus suggest that CDCA5 may be a novel prognostic
biomarker for BC.
Materials and methods
Bioinformatics analysis. UALCAN (22) is a comprehensive,
user‑friendly and interactive web resource for analyzing
OMICS data from the TCGA, MET500 and CPTAC data‑
bases. CDCA5 mRNA expression was investigated in various
tumor samples (including BC samples) through a pan‑cancer
view of TCGA cancers (using tumor and normal samples) and
the expression of CDCA5 was investigated, particularly in
BRCA, based on sample types, individual cancer stages and
TP53 mutation status.
The Kaplan‑Meier Plotter (23) is an online tool that
was used herein to perform a meta‑analysis discovery and
validation of survival biomarkers, including >5,400 genes
from the Gene Expression Omnibus (GEO), European
Genome‑phenome Archive (EGA) and TCGA databases,
covering breast (n=7,830), ovarian (n=2,190), lung (n=3,452)
and gastric (n=1,440) cancer. CDCA5 (Affymetrix ID:
224753_at) was analyzed by selecting all probe sets per gene
in probe set options and a median split in the patient options.
The overall survival (OS), disease‑free survival (DFS) and
distant metastasis‑free survival (DMFS) of patients with BC
were analyzed by the use of the log‑rank test.
LinkedOmics (24) is a publicly available portal that includes
three analytical modules: LinkFinder, LinkInterpreter and
LinkCompare. The LinkInterpreter module performs enrich‑
ment analysis was based on Gene Ontology (GO), biological
pathways and network modules, among other functional cate‑
gories. CDCA5 was analyzed using the Pearson's correlation
coefficient with RNAseq data on the TCGA_BRCA sample
cohort for GO and Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis.
StarBase (25) is an open‑source platform that system‑
atically identifies the RNA‑RNA and protein‑RNA interaction
networks from 108 CLIP‑Seq (PAR‑CLIP, HITS‑CLIP, iCLIP
and CLASH) datasets generated by 37 independent studies.
The correlation between CDCA5 and stemness transcription
factors SRY‑box transcription factor 2 (SOX2), POU class 5
homeobox 1 (POU5F1, also known as OCT4) and c‑MYC in
BRCA was analyzed.
Cells and cell culture. The human normal mammary
epithelial cell line, MCF10A (cat no. CL‑0525), was
purchased from Wuhan Procell Company and cultured in
MCF10A special medium (Procell Co., Ltd.). The human
BC cell lines, SKBR3 (cat no. 1101HUM‑PUMC000085),
MCF7 (cat no: 1101HUM‑PUMC000013), MDA‑MB‑231

(c a t n o. 1101H U M ‑ PU MC 0 0 0 014) a n d H s 578 T
(cat no. 1101HUM‑PUMC000670) and MDA‑MB‑468
(cat no. 1101HUM‑PUMC000249), were purchased from the
National Infrastructure of Cell line Resource (NICR). The
SKBR3, MCF7, MDA‑MB‑231 and Hs578T cells were cultured
in DMEM (Meilun Biotech Co., Ltd.) and the MDA‑MB‑468
cells were cultured in RPMI‑1640 (Meilun Biotech Co., Ltd.)
medium supplemented with 10% fetal bovine serum (HyClone;
Cytiva), 100 U/ml penicillin and 100 µg/ml streptomycin
(Gibco; Thermo Fisher Scientific, Inc.) in a 5% CO2 incubator
at 37˚C.
Lentivivrus infection. shRNA vectors for sh‑CDCA5 and a
control vector were purchased from Tsingke Biotechnology
Co. Ltd. The shRNA sequences were as follows: sh‑CDCA5
forward, 5'‑CCGG GGACGC CAGAGACTT GGA AAT CT
CGAGAT  T TC CAAGTC  T CT  G GC GTC C TT  T TTG ‑3' and
reverse, 5'‑AAT  T CA  A AA  AGG ACG  C CAGAG ACT  T GG
AAATCTCGAGAT T TCCAAGTCTCTG GCGTCC‑3'. The
second‑generation three‑plasmid lentivirus system was used.
When the 293T (Procell Co., Ltd.) cells were in the loga‑
rithmic growth phase, a total of 10 µg of the target plasmid
and the helper plasmid in a ratio of 5:3:2 were incubated with
PEI transfection reagent at 37˚C for 30 min. After 72 h, the cell
supernatant was collected, cell debris was removed, the virus
was collected by centrifugation with PEG8000, incubated
with target cells MCF7 and SKBR3 for 4 h, the medium was
changed, and puromycin was started after 48 h. Screening,
continuous drug screening for 2 weeks, to obtain stable cell
lines.
The SKBR3 and MCF7 BC cells were seeded in 6‑well
plates (5x104 cells/well) at 60% confluency and then infected
with the sh‑CDCA5 lentivirus. After 48 h, the stably trans‑
fected cells were established using selection with 2 µg/ml
puromycin for 2 weeks.
Reverse transcription‑quantitative PCR (RT‑qPCR).
Total RNA was isolated from the BC cell lines using the
Ultrapure RNA kit (CWBio), according to the manufac‑
turer's instructions. Reverse transcription was conducted using
HiScript® II Q RT SuperMix for qPCR (Vazyme Biotech Co.,
Ltd.) at 50˚C for 15 min and 85˚C for 5 sec. The mRNA levels
were determined using Hieff® qPCR SYBR®‑Green Master
Mix (Yeasen Biotechnology Co., Ltd.) on a Bio‑Rad CFX
Maestro (Bio‑Rad Laboratories, Inc.) with the following PCR
cycling conditions: 95˚C 5 min; 95˚C 15 sec; 55˚C 15 sec; and
72˚C 30 sec for 30 cycles. GAPDH served as the quantitative
control to normalize the mRNA expression levels of the target
genes. The primer sequences for the detected genes are listed
in the Table I.
Western blot analysis. Protein samples were prepared using
RIPA lysis buffer (Meilun Biotech Co., Ltd.) containing
protease inhibitors on ice for 15 min, and were then centri‑
fuged at 12,000 x g for 15 min at 4˚C. Protein concentrations
were measured using the BCA Protein Assay kit (Beyotime
Institute of Biotechnology). Equal amounts of protein were
separated by 10% SDS‑PAGE, and transferred to PVDF
membranes (MilliporeSigma). They were then incubated
with TRIS‑buffered saline (TBST) containing 5% skim
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Table I. Gene specific primers used for reverse transcription‑quantitative PCR.
Gene
GAPDH
SOX2
C‑MYC
OCT4
CDCA5

Forward primer (5' to 3')

Reverse primer (5' to 3')

TTAAAAGCAGCCCTGGTGAC
GCCGAGTGGAAACTTTTGTCG
GGCTCCTGGCAAAAGGTCA
TTTTGGTACCCCAGGCTATGGGAG
GAGGTCCCAGCGGAAATCAG

CTCTGCTCCTCCTGTTCGAC
GGCAGCGTGTACTTATCCTTCT
CTGCGTAGTTGTGCTGATGT
GTTTGAATGCATGGGAGAGCCCAG
TCTTTAAGACGATGGGCTTTCTG

milk at 37˚C for 2 h, followed by incubation with primary
antibodies targeting CDCA5 rabbit mAb (dilution, 1:2,000;
cat no. A4044; ABclonal Science, Inc.), OCT4 rabbit mAb
(dilution, 1:2,000; cat no. T55781; Abmart Inc.), c‑MYC rabbit
mAb (dilution, 1:2,000; cat no. T55150; Abmart Inc.), SOX2
rabbit mAb (dilution, 1:2,000; cat no. T55268; Abmart Inc.)
and GAPDH rabbit mAb (dilution, 1:2,000; cat no. A19056;
ABclonal Science, Inc.) overnight at 4˚C. Following three
5‑min washes in TBST, membranes were incubated with
HRP goat anti‑rabbit secondary antibodies (dilution, 1:2,000;
cat no. AS014; ABclonal Science, Inc.) at room temperature
for 1.5 h. Chemiluminescent signals were detected using
enhanced chemiluminescence detection reagents (Meilun
Biotech Co., Ltd.).
Cell proliferation assay. The MCF7 and SKBR3 cells
were seeded in 96‑well plates at 2,000 cells/well, each well
containing 100 µl culture medium. A Cell Counting Kit‑8
assay (Beyotime Institute of Biotechnology) was performed
at 24, 48, 72 and 96 h, according to the manufacturer's instruc‑
tions. The resulting solution was quantified using a microplate
reader (FC; Thermo Fisher Scientific, Inc.). The light absorption
value at 450 nm was detected, and the cell growth curve was
plotted with time as the abscissa and absorbance as the ordinate.
Colony formation assay. Following selection with puromycin,
the stably transfected BC cells subjected to CDCA5 knockdown
and the control cells were seed in 6‑well plates (1x103 cells/well)
and kept in culture for 14 days to yield cell colonies. Following
fixation with 4% paraformaldehyde for 15 min, the colonies
were stained at room temperature with 0.1% crystal violet solu‑
tion (Beyotime Institute of Biotechnology) for 10 min. Colonies
were photographed and counted.
Cell migration assay. BC cell migration was examined using a
Transwell assay with 8‑µm well chambers (Corning, Inc.). The
treated BC cells were harvested and resuspended in medium
to a final concentration of 1x104 cells/ml. Subsequently, 0.2 ml
BC cell suspension was added to the upper chamber, and 0.5 ml
medium containing 20% FBS was added to the lower chamber.
Following 24 h of incubation at 37˚C, the migrated BC cells
were stained with 0.1% crystal violet at room temperature for
10 min (Beyotime Institute of Biotechnology) and quantified
under a microscope (Olympus/IX83, Japan).
Mammosphere formation assay. The BCSCs were cultured
as previously described (26‑28). In brief, the CSCs were
enriched in ultra‑low adsorption 6‑well plates (Corning, Inc.)

with SKBR3 and MCF7 cells using serum‑free DMEM/F12
medium supplemented with epidermal growth factor (20 ng/ml,
T&L Biological Technology), basic fibroblast growth factor
(10 ng/ml, T&L Biological Technology) and 2% B27 (Gibco;
Thermo Fisher Scientific, Inc.) for 14 days. The numbers and
volume of CSCs were calculated.
Xenograft model in vivo. A total of 12 3‑week‑old female nude
mice were purchased from Beijing Vital River Laboratory
Animal Technology Co., Ltd. for xenotransplantation experi‑
ments. The mice were housed in plastic cages (three mice/cage)
under controlled conditions of light (12‑h light/dark cycle),
temperature (23±2˚C) and humidity (55%), and were provided
with free access to food and water. These stable cells were tryp‑
sinized and suspended in PBS. A total volume of 0.12 ml PBS
containing 1x106 MCF7 cells was subcutaneously injected into
the right flanks of the mice. The 12 mice were divided into two
groups (6 mice per group) as follows: One group was injected
with the MCF7‑shNC cell line, and the other group was injected
with the MCF7‑shCDCA5 cell line. All mice that reached the
study endpoint were euthanized by cervical dislocation under
2‑3% isoflurane anesthesia. The humane endpoints were deemed
as the time when the xenograft tumor diameter was >20 mm, the
xenograft tumor reached >20% of the animal body weight, a
body weight loss of >20% occurred due to tumor growth, and
signs of immobility, inability to eat, ulceration, infection or
necrosis were observed. Death was verified by the observation
of pupil dilation, as well as the cessation of breath and heartbeat.
The animal research protocol was reviewed and approved by the
Animal Protection Committee of Wuhan University of Science
and Technology (Wuhan, China).
Statistical analysis. Statistical analysis was performed
using GraphPad Prism 5.0 (GraphPad, Inc.). The results are
presented as the mean ± SD from at least three independent
experiments. Single comparisons between two groups were
performed using the unpaired Student's t‑test. Comparisons
between three or more groups were determined using ANOVA
followed by Tukey's post hoc test. Kaplan‑Meier survival
analysis was used to assess cumulative survival probability by
the use of the log‑rank test. P<0.05 was considered to indicate
a statistically significant difference.
Results
Expression of CDCA5 in different types of cancer. The mRNA
expression levels of CDCA5 were examined in different types
of cancer from the UALCAN database (Fig. 1A). The results
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Figure 1. High CDCA5 expression across TCGA cancers and invasive breast cancer. (A) CDCA5 mRNA expression in various types of cancer compared
with normal tissues from the UALCAN database. ***P<0.001. Expression of CDCA5 in BRCA based on (B) sample types, (C) individual cancer stages and
(D) TP53 mutation status from TCGA samples. (E) Overall, (F) disease‑free and (G) distant metastasis‑free survival curves from the Kaplan‑Meier Plotter,
and the evaluation of the impact of the low (black line) and high (red line) CDCA5 expression. ****P<0.0001. CDCA5, cell division cycle‑associated 5; TCGA,
The Cancer Genome Atlas; BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell carcinoma and endocer‑
vical adenocarcinoma; CHOL, cholangiocarcinoma; COAD, Colon adenocarcinoma; ESCA, Esophageal carcinoma; GBM, glioblastoma; HNSC, head and
neck squamous cell carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LIHC,
liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; PAAD, pancreatic adenocarcinoma; PRAD, prostate
adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; READ, rectal adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; THCA,
thyroid carcinoma; STAD, stomach adenocarcinoma; UCEC, uterine corpus endometrial carcinoma.

revealed that, in the majority of cancer types, the expression of
CDCA5 was significantly increased, including bladder urothe‑
lial carcinoma (BLCA), breast invasive carcinoma (BRCA),
cervical squamous cell carcinoma and endocervical adeno‑
carcinoma (CESC), cholangiocarcinoma (CHOL), esophageal
carcinoma (ESCA), liver hepatocellular carcinoma (LIHC),
lung squamous cell carcinoma (LUSC), sarcoma (SARC)
and uterine corpus endometrial carcinoma (UCEC). There
were only a few cancer types where CDCA5 was not clearly

increased, such as thymoma (THYM; normal median value
of 4.91 vs. tumor median value of 4.969) and skin cutaneous
melanoma (SKCM) with the same expression level of CDCA5.
TCGA pan‑cancer abbreviations and noun comparisons are
presented in Table SI.
Expression of CDCA5 in invasive BC. Similarly, the expres‑
sion of CDCA5 in BC and normal tissues was analyzed using
the UALCAN database. CDCA5 expression was high in
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1,097 BC primary tumor tissues compared with 114 normal
tissues (P<0.0001; Fig. 1B). The expression of CDCA5 was
associated with various clinical features, such as individual
cancer stages (normal vs. stage 1, P<0.0001; stage 2, P<0.0001;
stage 3, P<0.0001; and stage 4, P<0.0001; Fig. 1C), TP53
mutation status (normal vs. TP53 mutant, P<0.0001; and
TP53‑non‑mutant, P<0.0001, Fig. 1D).
Prognostic value of CDCA5 in patients with BC. Based on the
upregulated expression of CDCA5 in BC, its prognostic value
in patients with BC was analyzed using the Kaplan‑Meier
Plotter. Compared with the low CDCA5 expression group,
the high CDCA5 expression group exhibited a worse OS
(P=0.0063, HR=1.45; Fig. 1E), DFS (P<0.0001, HR=1.78;
Fig. 1F) and DMFS (P=0.0012, HR=1.55; Fig. 1G).
CDCA5 co‑expressed genes and functional enrichment
analysis. Using the LinkedOmics database, the genes
co‑expressed with CDCA5 were identified, and the top 50
positively (Fig. 2A) and negatively (Fig. 2B) associated genes
are presented in the heat maps (Fig. 2A and B). Further infor‑
mation about the top 50 positively and negatively associated
genes is presented in Tables SII and SIII. In addition, GO
(Fig. 2C) and KEGG (Fig. 2D) functional enrichment analysis
was performed on the co‑expressed genes. GO biological
pathway enrichment analysis (Table SIV) indicated that these
genes were involved in a variety of processes, including DNA
replication (P<0.0001), cell proliferation (P<0.0001) and the
G1/S transition of mitotic cell cycle (P<0.0001). GO cellular
component (Table SV) indicated various cellular structures,
including intracellular membrane‑bounded organelles
(P<0.0001), extracellular exosomes (P<0.0001) and mitochon‑
dria (P<0.0001). On the other hand, GO molecular function
(Table SVI) indicated that these genes were involved in protein
binding (P<0.0001), poly(A) RNA binding (P<0.0001) and ATP
binding (P<0.0001). Moreover, KEGG functional enrichment
analysis (Table SVII) revealed that these genes were closely
linked to pathways, such as T‑cell receptor signaling, Fanconi
anemia and MRNA surveillance pathways. In addition,
CDCA5 exhibited a strong positive correlation with the stem‑
ness transcription factors, c‑MYC (Fig. 2E), OCT4/POU5F1
(Fig. 2F) and SOX2 (Fig. 2G).
mRNA and protein expression of CDCA5 in BC cells and
CSCs. CDCA5 expression was high in the MDA‑MB‑231,
MDA‑MB‑468, Hs578T, MCF7 and SKBR3 BC cell lines,
and low in the MCF10A normal breast cell lines. The
mRNA (Fig. 3A) and protein (Fig. 3B) levels of CDCA5
were determined using RT‑qPCR and western blot analysis.
By comparison, the SKBR3 and MCF7 cell lines exhibited
higher CDCA5 expression levels compared to the other cell
lines; thus, these two cell lines were selected for CDCA5
knockdown experiments. Furthermore, CDCA5 expression
was significantly upregulated in mammospheres compared
with CDCA5 adherent cells (Fig. 3C and D). To explore
whether or not the mammospheres were CSCs, the levels
of CSC markers, including SOX2, c‑MYC and OCT4 were
determined (Fig. 3E and F). The increased levels of the CSC
markers indicated that the mammospheres contained a large
number of CSCs.
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CDCA5 knockdown inhibits BC cell proliferation and migration.
The effect of CDCA5 on BC cell function was explored in vitro.
The MCF7 and SKBR3 cells were subjected CDCA5 knock‑
down and thus two stable cell lines with CDCA5 knockdown
were established (Fig. 4A and B). The results of CCK‑8 assay
revealed that the proliferative capacity of the MCF7 and SKBR3
cells was significantly decreased following CDCA5 knockdown
(Fig. 4C and D). Furthermore, colony formation assays revealed
that the clone formation ability of the MCF7 and SKBR3
cells was significantly reduced following CDCA5 knockdown
(Fig. 4E). The statistical analysis results of the number of colo‑
nies revealed a significant difference between the two groups
(Fig. 4F). The experimental results also demonstrated that when
CDCA5 was knocked down in the SKBR3 or MCF7 BC cells,
their migratory ability was significantly decreased (Fig. 4G). The
statistical analysis results of the number of colonies revealed a
significant difference between the two groups (Fig. 4H). In addi‑
tion, as shown in Fig. 4I and J, CDCA5 knockdown significantly
promoted the apoptosis of the MCF7 and SKBR3 cells. These
data thus suggested that the proliferative and migratory capacity
of BC cells was reduced following CDCA5 knockdown.
CDCA5 knockdown suppresses BC cell stemness. To explore the
role of CDCA5 in the regulation of BCSCs, BC cells subjected
to CDCA5 knockdown and their corresponding control cells
were utilized. CSC‑related genes (SOX2, OCT4 and c‑MYC)
have frequently been used to recognize CSCs in clinical tissues
and several cancer cell lines (29‑31). The mRNA (Fig. 5A) and
protein (Fig. 5B) levels of SOX2, OCT4 and c‑MYC were exam‑
ined using RT‑qPCR and western blot analysis. Compared with
the control cells, transfection with sh‑CDCA5 led to a mark‑
edly decreased expression of the stemness‑related genes. These
findings indicated that CDCA induced alterations in the levels
of stem cell markers. Furthermore, the capacity of BC cells in
which CDCA5 was knocked down to form tumor spheroids
was examined. As shown in Fig. 5C, the cells transfected with
sh‑CDCA5 formed less spheres than the vector control cells, as
was expected. The statistical analysis results of the number and
diameter of spheroids revealed a significant difference between
the two groups (Fig. 5D and E). It was thus concluded that
CDCA5 promotes BC cell stemness.
CDCA5 knockdown suppresses tumor growth in vivo. To
investigate the effects of CDCA5 expression on BC growth,
a mouse xenograft model was established. Since the protein
expression of CDCA5 was higher in the MCF7 cell line than
in the SKBR3 cells, the MCF7 cells were selected for use
in vivo experiments. Another reason for this selection was that
the MCF7 cells are more capable of forming tumors in vivo.
A total of 12 nude female mice were equally divided into
two groups, and sh‑NC and sh‑CDCA5 cells were subcutane‑
ously injected. The detected ratio of tumor growth to body
weight was higher in the sh‑NC group than in the sh‑CDCA5
group (Fig. 5F and G). This indicated that the growth of MCF7
cells in vivo was inhibited following CDCA5 knockdown.
Discussion
The mammalian cell cycle is induced by the sequential activa‑
tion or inactivation of proteins that regulate various phases of
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Figure 2. CDCA5 co‑expressed genes and functional enrichment analysis. Heatmap of CDCA5 co‑expressed genes in BC using LinkedOmics. (A) The
top 50 positively and (B) 50 negatively correlated genes are displayed. (C) GO enrichment analysis (top 10 terms of each subtype: biological pathway, cellular
component and molecular function) of genes co‑expressed with CDCA5. (D) KEGG enrichment analysis (top 30 terms) of genes co‑expressed with CDCA5.
Correlation analysis between CDCA5 and (E) c‑MYC, (F) POU5F1/OCT4 and (G) SOX2. CDCA5, cell division cycle‑associated 5; GO, Gene Ontology;
KEGG, Kyoto Encyclopedia of Genes and Genomes; BRCA, breast invasive carcinoma; POU5F1, POU5F1 (also known as OCT4).

the cell cycle (32). The loss of normal cell cycle due to the
dysregulation of several cell cycle‑related genes can lead to
cancer development (33). CDCA5 is a key regulator of DNA

repair and chromosome segregation, and belongs to a family
of cell division cycle‑related proteins. The primary role of
CDCA5 is to promote sister chromatid association and ensure
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Figure 3. Expression levels of CDCA5 in BC cell lines and CSCs. (A) The mRNA and (B) protein levels of CDCA5 in normal and tumor breast cell lines
were determined using reverse transcription‑quantitative PCR and western blot analysis. (C) The mRNA and (D) protein levels of CDCA5 in mammospheres
and tumor‑attached BC cells were determined. (E) The mRNA and (F) protein levels of CSC markers in mammospheres and tumor‑attached BC cells were
determined. Three independent experiments were performed, and GAPDH was used as an internal control. *P<0.05, **P<0.01 and ***P<0.001, vs. MCF10A cells
or parental control. CDCA5, cell division cycle‑associated 5; BC, breast cancer.

accurate sister chromatid segregation to maintain genome
integrity (34). CDCA5 is aberrantly expressed in various
types of cancer, such as hepatocellular carcinoma (35‑37),
bladder cancer (38), prostate cancer (39) and renal clear cell
carcinoma (40), rendering it a potentially important prognostic
marker and potential therapeutic target for cancer patients.
However, only a limited number of studies (41‑43) to date have
investigated the expression and function of CDCA5 in BRCA.
In the present study, a significant upregulation of CDCA5
expression was observed in BC cells. Moreover, patients with a
high expression of CDCA5 were found to have a worse survival.

The GO and KEGG function enrichment analysis revealed that
CDCA5 was a critical regulator of the cell cycle and DNA repair.
Furthermore, the knockdown of CDCA5 significantly inhibited
cell growth and tumorigenesis in vitro and in vivo. Therefore,
consistent with the findings of previous research (43), the results
of the present study support an oncogenic role for CDCA5 in
BC progression and suggest the possibility of the use of CDCA5
as a therapeutic target for breast cancer.
The CSC theory highlights that CSCs, a minor population of
tumor cells, also referred to as tumor‑initiating cells, harbor the
properties of self‑renewal, differentiation and drug‑resistance,
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Figure 4. CDCA5 knockdown inhibits BC cell proliferation and migration. (A) mRNA and (B) protein levels of CDCA5 in MCF7 and SKBR3 cells following
CDCA5 knockdown. GAPDH was used as an internal control. CCK‑8 assay was used to detect (C) MCF7 and (D) SKBR3 cell growth following CDCA5
knockdown. The absorbance value at a wavelength of 450 nm was detected. (E) Cell colony formation assay was used to detect BC cell growth following
CDCA5 knockdown. (F) The number of colonies from G was counted. (G) The Transwell invasion assay detected the migration of the BC cells following
CDCA5 knockdown. (H) The number of migrated cells in E was counted and plotted on a graph. (I and J) Apoptosis assay was detected by Annexin V/PI using
flow cytometry. *P<0.05, **P<0.01 and ***P<0.001, vs. sh‑NC. CDCA5, cell division cycle‑associated 5; BC, breast cancer.
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Figure 5. CDCA5 knockdown inhibits BC cellular stemness and growth in vivo. (A) mRNA and (B) protein levels of cancer stem cell markers in sh‑CDCA5
and sh‑NC BC cells were determined using reverse transcription‑quantitative PCR and western blot analysis. (C) Representative images of mammospheres
in sh‑CDCA5 and sh‑NC BC cells. The (D) number and (E) diameter of mammospheres from panel C was counted. CDCA5 knockdown inhibits BC tumor
growth in vivo. (F) Volumes of MCF7 subcutaneous xenograft tumors were compared between the sh‑CDCA5 and sh‑NC groups (n=6). (G) Tumor weights
were compared between the sh‑CDCA5 and sh‑NC groups (n=6). *P<0.05, **P<0.01 and ***P<0.001, vs. sh‑NC. CDCA5, cell division cycle‑associated 5;
BC, breast cancer.

which contribute to metastasis and relapse (44,45). The present
study further explored the association of CDCA5 with CSCs
to examine whether CDCA5 is involved in the regulation of
CSCs. As was predicted, CDCA5 was significantly upregu‑
lated in BCSCs, accompanied by the significant upregulation
of cancer stem cell transcription factors, including SOX2,
OCT4, c‑MYC. CDCA5 knockdown significantly inhibited
the expression of CSC‑related transcription factors, and
significantly inhibited mammosphere formation, such as the
size and number of tumor spheroids. Of course, the present
study has limitations compared to other studies on CDCA5.
For example, the present study did not further explore and
examine the in‑depth mechanisms underlying the regulation of
BCSCs by CDCA5, but only observed that CDCA5 regulated

BCSCs. In addition, it is unknown whether CDCA5 also has
the ability to regulate CSCs in other types of cancer. In the
tumor microenvironment, the association between CDCA5
and immune infiltration is also worthy of further study.
In conclusion, the present study indicated that CDCA5
plays a critical role in BC progression by promoting BC cell
proliferation, migration and cellular stemness. Therefore,
CDCA5 may serve as a novel prognostic biomarker and
therapeutic target for patients with BC.
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