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Cyclin genes as potential novel prognostic biomarkers
and therapeutic targets in breast cancer
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Abstract. Cell cycle progression and cell proliferation are tightly
controlled processes physiologically; however, in cancerous
cells, uncontrolled cell proliferation may be attributed to
abnormal expression of the cyclin genes. Therefore, analysis of
the expression of the cyclin genes may result in the discovery of
biomarkers that can be used to predict a prognosis and help to
evaluate the therapeutic efficacy more accurately in several types
of cancer, including breast cancer. In this study, 15 subtypes of
the cyclin genes in breast cancer from public databases were
selected using bioinformatics analysis, the correlation between
their transcriptional expression levels and survival rates were
analyzed, and the results were further confirmed using reverse
transcription-quantitative PCR in vitro in various breast cancer
cell lines. The expression of the majority of the cyclin genes in
SK-BR-3, a HER2 overexpressing breast cancer cell line, was
lower than that in MCF-10A cells. CCNC mRNA expression
was higher and CCNH mRNA expression was lower in tumor
and tumor-adjacent tissues compared with that in normal tissues;
however, CCNC expression was lower and CCNH expression
was higher in breast cancer cell lines compared with that in
MCF-10A cells. The expression of the 13 other cyclin genes in
breast cancer cell lines was generally consistent with the data
from the bioinformatics analyses of breast cancer tissue samples,
tumor-adjacent tissues, and normal tissues. Low expression
of CCNA2, CCNBI/2, CCNC, CCNDI, CCNEI1/2 and CCNF,
and high expression of CCNAI, CCNB3, CCND2/3, CCNGI/2
and CCNH genes was correlated with a higher survival rate
for breast cancer patients (P<0.05). In conclusion, CCNA2,
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CCNBI/2, CCNDI/2 and CCNEI/2 may serve as relatively
mature and accurate biomarkers, and CCNGI/2 may be used
to evaluate the prognosis and therapeutic efficacy of hormone
receptor-positive breast cancer. Furthermore, CCNAI, CCNBS3,
CCNC, CCND3, CCNF and CCNH may serve as promising
targets for the management of breast cancer.

Introduction

Physiologically, cell cycle progression and cell proliferation are
under precise and coordinated control, whereas uncontrolled
cell proliferation caused by abnormal cell cycle progression is a
key feature of cancer development/progression. Understanding
the progression and regulation of the cell cycle is of significant
importance for improving cancer treatments (1). The cell cycle
consists of a G1 phase, S phase (DNA synthesis), G2 phase, and
M phase (mitosis), and each step is jointly regulated by cyclin
proteins and related cyclin-dependent kinases (CDKs) (2).
To date, eight types of cyclin proteins, cyclin A to H, have
been identified in mammalian cells (2,3), and can be further
divided into multiple sub-types depending on their functions.
It has been widely shown that cyclin genes play regulatory
roles in a variety of cancers (4), including urinary malignant
tumors (5,6), digestive tract malignant tumors (7,8), repro-
ductive malignant tumors (9,10), and respiratory malignant
tumors (11), amongst others.

Breast cancer is caused by the uncontrolled proliferation of
breast epithelial tissue cells and is affected by various carcino-
genic factors, the environment, genetics, and other factors (12).
Based on the presence or absence of marker proteins including
estrogen receptor (ER), progesterone receptor (PR), human
epidermal growth factor 2 (HER-2), and Ki-67, breast cancer
can be classified into four subtypes, namely luminal A,
luminal B, HER-2 enriched, and triple-negative (13). According
to the 2020 Global Cancer Statistics (14), breast cancer not
only ranks highest amongst the most common malignant
tumors in women worldwide, but also surpasses lung cancer
as the most commonly diagnosed cancer. Breast cancer is an
extremely heterogeneous malignant tumor with inter-tumor and
intra-tumor variability (15). Therefore, novel molecular mecha-
nisms and biomarkers for improving the detection of early-stage
breast cancer and management of breast cancer are needed, with
a long-term goal of improving individualized therapy.
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Although there are several causes underlying the devel-
opment of breast cancer, the cyclin family of genes has
consistently been shown to play a pivotal role in aberrant cell
cycle progression. CyclinA genes are divided into CCNA1
and CCNA2. CCNAL1 exerts differential effects in different
diseases (10,16), whereas there are fewer studies on the role of
CCNAL in breast cancer (17). CyclinA2 is widely upregulated
in a variety of cancers (18) and plays a significant role in regu-
lating the cell cycle (19,20).

CCNBI is expressed in almost all tissues in humans and is
highly expressed in a variety of cancers (21). It binds to CDK1 to
form a complex, a key factor regulating the G2-to-M transition
and mitotic progression (22). In solid tumors, the expression
of CCNBI is considered a substantial prognostic param-
eter (4,23). CyclinB2 also binds to CDKI1 to form a complex,
which inhibits the G2-to-M transition, thereby inducing cell
cycle arrest (24). The expression of CCNB2, an oncogene, is
upregulated in several types of malignant tumors (7,24-26), and
its upregulated expression is associated with a poor prognosis.
CyclinB3 possesses homology with cyclinA and cyclinB1/2,
and is expressed in animals, insects, and human tissue (27).
CCNBS3 is more interrelated with BCOR, which encodes the
BCL6 co-repressor for co-transcriptional expression, and does
not appear to exhibit any obvious specificity in its upregulation
regarding cancer type (28-30).

In contrast with other the cyclin genes, the function of
CCNC-encoding cyclinC remains largely unknown. It binds
to CDK3 and regulates the cell cycle in the Gl and G2
phases, and stimulates the reactivation of the cell cycle from a
resting state (31,32). CCNC was shown to be upregulated (33)
and increased cell proliferation in 82.6% of breast cancer
cases (34).

D-type cyclins can bind to CDK4/6 and phosphorylate
various substrates involved in the Gl-to-S phase transi-
tion (35). In >50% of breast cancer subtypes, cyclinD1
protein expression is upregulated (36-38) and this in turn
reduces the efficacy of treatments (39). The specificity of
CCNDI expression for the differential diagnosis of benign
and malignant mesothelial hyperplasia has been shown
to approach 100% (40). CCND2 is one of the essential
factors affecting endocrine resistance in breast cancer (41).
Hypermethylation of CCND?2 significantly increases the risk
of death and is deemed an independent factor of a poor prog-
nosis in triple-negative breast cancer (42,43). A meta-analysis
showed that the upregulated expression of CCND3 was
related to poorer overall survival (OS) in breast cancer and
bladder cancer patients (44).

Overexpression of cyclinEl and cyclinE2 accelerates cell
cycle progression by shortening the G1-to-S phase transition
period, and promoting cell proliferation and tumorigenesis,
resulting in poorer survival rates (45-48). CCNF is expressed
in all stages of the cell cycle, and accumulates in the S phase,
reaching a peak in the G2 phase and gradually declining
in the M phase (3). Its expression in different types of
cancer varies (49), for example, its expression is low in liver
cancer (50), high in gastric cancer (51), and unknown in breast
cancer (52).

CCNGl-encoding cyclinGl was identified as a target of
p53-regulated transcription (53). Several studies have shown
that CCNGI, which is hypothesized to be an estrogen regulatory

gene (54), is downregulated in breast cancer (55-57). CCNH
typically binds to CDK7 and promotes cancer cell migration
during carcinogenesis (58). It has been shown that high expres-
sion of CCNH is correlated with a poor prognosis in patients
with lung cancer (58) and gastrointestinal cancer (8). However,
the related role of CCNH in breast cancer has been difficult to
determine.

All types of cyclin genes are associated in some manner
with the prognosis and/or drug tolerance in breast cancer. Thus
far, certain cyclin genes have been verified as biomarkers in
the prognostic prediction, evaluation of curative effects, and
exploration of drug tolerance mechanisms. Yet, the role/effects
of the remainder of the cyclin genes in breast cancer are
incompletely understood. Therefore, in this study, bioin-
formatics methods were used to analyze data from publicly
available databases to investigate the expression and mutation
of different cyclin genes in breast cancer, attempting to exca-
vate novel biomarkers.

Material and methods

Cell culture. All cell lines used in the present study were
obtained from ATCC, including MCF-10A (normal breast
tissue cells), MCF-7 (hormone receptor-positive breast cancer
cells), MDA-MB-231, MDA-MB-468, and BT-549 (triple
negative breast cancer cell lines), and SK-BR-3 (HER2 posi-
tive breast cancer cells). All breast cancer cell lines were
maintained in DMEM (Gibco; Thermo Fisher Scientific,
Inc.) supplemented with 10% FBS (NEWZERUM, Ltd.), and
100 U/ml penicillin and 100 mg/ml streptomycin (Gibco;
Thermo Fisher Scientific, Inc.). MCF-10A cells were cultured
in DMEM/F12 supplemented with 5% (vol/vol) horse serum,
20 ng/ml EGF, 100 ng/ml cholera toxin, 0.01 mg/ml insulin,
and 500 ng/ml hydrocortisone (MCF-10A specific medium;
CM-0525-125; Procell Life Science & Technology Co., Ltd.).
All cell lines were maintained at 37°C in a humidified incu-
bator supplied with 5% CO,.

Reverse transcription-quantitative (RT-q)PCR. Cells were
plated in 6-well plates and cells in the logarithmic growth phase
were used for RNA extraction. Total RNA was extracted using
an ESscience RNA-Quick Purification Kit. Total RNA concen-
tration and purity were analyzed in duplicate using a NanoDrop
One (Thermo Fisher Scientific, Inc.; cat. no. AZY1705838).
cDNA was synthesized from qualified 1,000 ng RNA using
an RT-PCR reverse transcription kit (Hifair® IIT 1st Strand
cDNA Synthesis SuperMix for qPCR (gDNA digester plus),
Shanghai Yeasen Biotechnology Co., Ltd.). The reverse tran-
scription temperature protocol was: 25°C for 5 min, 55°C for
15 min, and 85°C for 5 min, as per the manufacturer's protocol.
cDNA was stored at -20°C until required or kept on ice if
used immediately. qPCR was performed using SYBR Green
PCR reagents (Hieff UNICON® gPCR SYBR Green Master
Mix; Shanghai Yeasen Biotechnology Co., Ltd.) on a ROCHE
LightCycler 480 II detection system. The thermocycling condi-
tions were: 95°C for 10 min; followed by 40 cycles at 95°C for
10 sec and 60°C for 30 sec. GAPDH was used as the internal
control, and relative mRNA levels were calculated using the
2-%4 method (59). Primers (sequences provided in Table T)
were designed using Primer Bank (https:/pga.mgh.harvard.
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Table I. Sequences of the primers used.

Gene symbol

Forward primer (5'-3")

Reverse primer (5'-3")

GTTAGCAGCCCTAGCACTGTC
GAGGAACGGTGACATGCTCAT
TTTGTTACCAATGTCCCCAAGAG
TGTTGTTTTGGTGGGTTGAACT
CATCCACACGAGGTGAGTTGT
AAGGAGGATACAGTAGGCAAAGA
CCTCCTTCTGCACACATTTGAA
CCCAGCCAAGAAACGGTCC
AGGCAGTCCACTTCAGTGC
CTTGCACGTTGAGTTTGGGT
TGACATCCTGGGTAGTTTTCCTC

CCNAL GAGGTCCCGATGCTTGTCAG
CCNA2 CGCTGGCGGTACTGAAGTC
CCNBI AATAAGGCGAAGATCAACATGGC
CCNB2 CCGACGGTGTCCAGTGATTT
CCNB3 ATGAAGGCAGTATGCAAGAAGG
CCNC CCTTGCATGGAGGATAGTGAATG
CCND1 GCTGCGAAGTGGAAACCATC
CCND2 ACCTTCCGCAGTGCTCCTA
CCND3 TACCCGCCATCCATGATCG
CCNE1 GCCAGCCTTGGGACAATAATG
CCNE2 TCAAGACGAAGTAGCCGTTTAC
CCNF CCCCGAAGATGTGCTCTTTCA
CCNG1 GAGTCTGCACACGATAATGGC
CCNG2 TCTCGGGTTGTTGAACGTCTA
CCNH TGTTCGGTGTTTAAGCCAGCA
GAPDH GGAGCGAGATCCCTCCAAAAT

GCCTTCATTGTAGAGGTAGGCT
GTGCTTGGGCTGTACCTTCA
GTAGCCTCAATCAAACTCAGCC
TCCTGGGGTGATATTCCATTACT
GGCTGTTGTCATACTTCTCATGG

CCNA1 CCNA2 CCNB1 CCNB2 CCNB3 CCNC

CCND1

CCND2 CCND3 CCNE1 CCNE2 CCNF CCNG1 CCNG2 CCNH

Cancer vs
Normal

Cancervs | Cancervs | Cancervs | Cancervs

Analysis type by cancer Normal Normal Normal Normal

Normal

Cancer vs | Cancer vs
Normal

Cancervs | Cancer vs
Normal Normal

Cancer vs | Cancer vs
Normal Normal

Cancer vs
Normal

Cancer vs | Cancervs | Cancer vs
Normal Normal Normal

—
Bladder cancer

Brain and CNS cancer
Breast cancer
Cervical cancer
Colorectal cancer
Esophageal cancer
Gastric cancer

Head and Neck cancer
Kidney cancer
Leukemia

Liver cancer

Lung cancer
Lymphoma

Melanoma

Myeloma

Other cancer

Ovarian cancer
Pancreatic cancer
Prostate cancer
Sarcoma

Significant unique analysis 7
Total unique analyses 424

418

Figure 1. Transcriptional expression of the cyclin genes in different types of cancer compared with the respective normal tissue. CNS, central nervous system.

edu/primerbank/) and were synthesized by Guangzhou IGE
Biotechnology, Ltd. Primer targets were confirmed using NCBI
blast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/prim-
ertool.cgi?ctg_time=1656555059&job_key=60I3EQEuDIYru
Am9BNOtj37GPL1T1SegUg).

Bioinformatics analysis. Oncomine (60), an online large-scale
tumor gene chip database, can be used to analyze the tran-
scriptional expression levels of cyclin genes in clinical breast
cancer samples compared with normal breast tissues (Fold
change=2, P<0.001, top 10% gene rank, for screening out
samples with relatively significant differential expression in
cyclin genes).

GEPIA (61) is primarily used for differential expression
analysis between cancer and normal tissues, and for

correlation analysis between gene expression and clinical
pathological stage. The OS and risk-score analyses of
breast cancer patients were assessed using Kaplan-Meier
Plotter (62) and METABRIC using the auto-select best
cutoff. cBioportal (63) was further used to analyze the
genomic profiles of cyclin genes in TCGA, and analyze
the relationship amongst genes through protein-protein
interaction (PPI) analysis.

Database for annotation, visualization, and integrated
discovery (DAVID) knowledgebase. DAVID contains
species-specific gene/protein identifiers and their annotations
from a variety of public genomic resources such as NCBI,
Gene Ontology (GO), and Kyoto Encyclopedia of Genes and
Genomes (KEGG), amongst others, to allow the incorporation
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Figure 2. mRNA expression levels of the cyclin genes in healthy, tumor-adjacent, and tumor tissues.
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Figure 3. Relationship between mRNA expression levels of the cyclin genes and the clinicopathological stages in breast cancer patients. TPM, transcripts per

million.

of a diverse range of arrays of functional and sequencing anno-
tations, greatly enriching the level of biological information
available for a required gene (e.g. gene ID, pathways, etc.) (64).
In this study, the GO and KEGG enrichment analysis of cyclin
genes by DAVID were used to explore the functions and
mechanisms of cyclin genes, R-4.0.4 (65,66) was used to draw
figures.

Statistical analysis. A one-way ANOVA was used to compare
the differences between multiple groups; a post-hoc Dunnett's
multiple comparisons test was used to compare the mean of
each column with the mean of the control group (MCF-10A).
All statistical analyses were performed in GraphPad Prism
version 9 (GraphPad Software, Inc.). For all bioinformatics
analysis, all analyses were performed by the specific tools
used in the corresponding website. P<0.05 was considered to
indicate a statistically significant difference.

Results

Transcriptional expression of the cyclin genes in breast cancer
patients. The transcriptional expression levels of the cyclin genes
in breast cancer and normal breast tissues were compared using
data obtained from Oncomine (Fig. 1). CCNA2, CCNBI,CCNB?2,
CCNDI, CCND3, CCNEI, CCNE2, and CCNF expression was
upregulated in the tumor tissues; CCND3 and CCNE] expres-
sion was moderately upregulated, whereas the rest of the genes
exhibited significant upregulation. Of note, CCNA2 mRNA
expression in one of the datasets was significantly lower in the
breast cancer tissues. Similarly, CCNDI mRNA expression
was slightly downregulated in one of the datasets. The mRNA
expression levels of CCNAI, CCND2, CCNGI, and CCNH
were downregulated in the tumor tissues, particularly CCND?2.
Of note, the transcriptional expression of CCNB3, CCNC, and
CCNG?2 had not been collected in the Oncomine database.
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Figure 4. Association between cyclin genes and survival rate. (A) Correlation analysis between the transcriptional levels of the cyclin genes and the survival
of patients with breast cancer. (B) Risk-score analysis of cyclin gene expression. HR, hazard ratio.

Relationship between the mRNA expression of cyclin genes
and clinicopathological stages of breast cancer. Comparative
analysis of the transcriptional expression of cyclin genes in
breast cancer tissues, tumor-adjacent tissues, and normal
breast tissues in the GEPIA database demonstrated that the

mRNA expression of CCNA2, CCNBI, CCNB2, CCNB3,
CCNC, CCNDI, CCNEI, CCNE2, and CCNF in breast
cancer and tumor-adjacent tissues was higher than that in
the normal breast tissues (Fig. 2), whereas CCNAI, CCND?2,
CCND3, CCNGI, and CCNH mRNA expression was higher
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in the normal tissues compared with the other tissues. CCNG2
transcriptional expression did not differ significantly between
tumors and normal tissues, and in both, its expression was
lower compared with the tumor-adjacent tissues. We also
analyzed the transcriptional expression of cyclin genes in
the different clinical stages of breast cancer (Fig. 3). CCNA2,
CCNBI, CCNB2, CCNEI, CCNF and CCNGI expression
differed significantly, and the gene expression was highest in
stage I'V; however, the other genes did not exhibit differential
expression based on stage.

Correlation between the transcriptional expression of the
cyclin genes and the survival period of patients with breast
cancer. To further explore the role of cyclin genes in the
survival of breast cancer patients, Kaplan-Meier Plotter was
used (Fig. 4A). The results showed that lower expression of
CCNA2, CCNBI, CCNB2, CCNEI, CCNE2, and CCNF and
higher expression of CCND2, CCND3, CCNGI, CCNG2, and
CCNH was significantly correlated with a better OS (P<0.05).
However, high expression of CCNB3 mRNA was not associ-
ated with OS in patients (P=0.13). The curve trend showed that
OS was longer if the transcriptional expression of CCNC was
further reduced (P=0.064). The risk-score analysis provided
basic evidence for the above survival analysis (Fig. 4B), the
only thing lacking was the analysis of CCNF, but from the
results, the relationship between low CCNF mRNA expression
and high survival was unexpected.

Alterations of expression of the cyclin genes in breast cancer
and correlation analysis. The online cBioportal tools were
used to analyze the alterations of cyclin genes and the related
correlation in invasive breast cancer from TCGA. Among the
samples from 1,084 breast cancer patients, various alterations
were detected in 679 samples (Fig. 5). Mutations including
inframe, missense, splicing, and truncations occurred in 18
samples, fusion-mutations occurred only in 1 sample, amplifi-
cation occurred in 161 samples, deep deletions occurred in 12
samples, upregulated mRNA expression was observed in 105
samples, downregulated mRNA expression was observed in
121 samples, upregulated protein expression was observed in 15

samples, downregulated protein expression was observed in 18
samples, and multiple alterations were observed in 228 samples.

As shown in the specific variation analysis, the mRNA
expression of CCNAI, CCNC, CCND3, CCNEI, and CCNB3
was upregulated, and that of CCNA2, CCNBI, CCNB2,
CCND2, CCNG1, CCNG2, and CCNH was downregulated.
Gene amplifications were more pronounced with CCNDI,
CCNE2, and CCNF. Furthermore, a fusion mutation was
observed in the CCNF gene.

Based on the correlation analysis among the cyclin genes
(Fig. 6), for cyclin genes and other interacting genes, the
majority of shared protein domains accounted for 69.48% of the
total interacting network nodes, predicted and co-expression
accounted for 14.21 and 9.12%, respectively, and the remaining
accounted for <10%.

Cyclin gene functions and molecular signaling pathways based
on GO and KEGG enrichment analysis. Functional involvement
of cyclin genes such as biological processes (BP) was predicted
using GO enrichment analysis. The results showed that cell
division (GO: 0051301), regulation of cell cycle (GO: 0051726),
positive regulation of cyclin-dependent protein serine/threo-
nine kinase activity (GO: 0045737), G1/S transition of mitotic
cell cycle (GO: 0000082), and regulation of cyclin-dependent
protein serine/threonine kinase activity (GO: 0000079) were
significantly affected by cyclin genes in BP (Fig. 7A).

KEGG enrichment analysis indicated that there were 18
molecular signaling pathways that cyclin genes participated
in (Fig. 7B). Signaling pathways closely associated with breast
cancer included the Wnt signaling pathway (map04310),
PI3K-Akt signaling pathway (map04151), p53 signaling
pathway (map04115), microRNAs in cancer (map05206),
JAK-STAT signaling pathway (map04630), hippo signaling
pathway (map04390), cell cycle (map04110), and AMPK
signaling pathway (map04152); the cyclin genes were mostly
involved in cell cycle regulation and p53 signaling pathway.

Expression of the cyclin genes in the breast cancer cell lines. To
verify cyclin gene expression in vitro, RT-qPCR analysis of the
breast cancer cell lines was performed using MCF-10A cells as
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the standard control. The results demonstrated that the mRNA
expression levels of most of the cyclin genes in SK-BR-3 were
lower than that in control, except for CCNDI and CCNEI mRNA
expression, whose expression was slightly higher (Fig. 8). The
mRNA expression levels of CCNA2, CCNBI, CCNB2, CCNBS3,
CCNDI, CCNEI, CCNE2, and CCNF in the cancer cell lines
were significantly higher than that in MCF-10A cells, whereas
CCND3 and CCNG2 exhibited lower expression. CCNAI and
CCNG?2 mRNA expression varied based on the breast cancer cell
line, and CCND2 was barely expressed in any of the cell lines.
In summary, these results are generally consistent with the gene
expression analysis of the data from the databases. However, the
mRNA expression levels of CCNC and CCNH in cell lines were
lower and higher than that in MCF-10A cells, respectively; their
expression in tissues showed the opposite trend compared with
that in the cell lines.

Discussion

The cyclin genes play significant roles in a variety of malig-
nant tumors (4-11), and evaluation of the transcriptional

expression levels of the different cyclin genes may be used to
predict the prognosis and assess drug efficacy in malignant
tumors. However, studies assessing this are lacking due to the
numerous sub-types of cyclin genes and the high degree of
heterogeneity in breast cancer. Thus, the present study aimed
to analyze and discuss the value of the analysis of the diverse
range of cyclin genes in breast cancer at the transcriptional
level, using online public databases and bioinformatics
methods to identify potential biomarkers to improve survival
and prognostic prediction, and/or serve as therapeutic targets.

The functions of different cyclin genes vary in enrich-
ment analysis, and regulation, in general, is associated with
the phase of the cell cycle (67-72). However, in the enrichment
analysis of breast cancer-related molecular signaling path-
ways, the regulation of CCNC and CCNF was not involved.
Therefore, certain cyclin genes, especially CCNC and CCNF,
may have greater value as potential biomarkers based on our
results.

First, the median transcriptional expression of CCNAI
in breast cancer tissue was lower than that in tumor-adjacent
and normal breast tissues. The protein encoded by CCNAI is
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involved in the process of anthracycline resistance, and the
methylation status of CCNAI and CCND?2 in normal tissues
was lower in normal breast tissues than that in tumors, and
its expression in breast cancer was downregulated after treat-
ment (5,73,74). These data indicated that high transcriptional
expression of CCNAI and CCND?2 may slow down the process
of acquisition of resistance to anthracyclines and prolong
the effects of the drug in breast cancer cells. Therefore, they
may be used to predict anthracycline/filomycin sensitivity.
Secondly, there were no significant differences in the mRNA
expression levels of CCNA1 between the clinical tumor stages
of breast cancer. The results showed that its high expression
could significantly increase the patients' RFS, while low
expression increased the patients' OS, although the difference
was not significant. From the analysis of TCGA data, CCNAI
mRNA was mainly highly expressed in breast cancer caused
by mutations. The contradictory results may be due to the
fact that mutations may frequently occur due to alterations
in breast cancer heterogeneity during disease development or
treatment (15). Previous studies on the investigation of CCNA/
expression in breast cancer are lacking; however, based on
these results, CCNAI may exhibit potential as a biomarker for
evaluating drug tolerance in breast cancer.

CCNA2 s arelatively more reliable biomarker for predicting
the prognosis and assessing drug resistance. Gao et al (18)
confirmed that CCNA2 was powerful in predicting the
survival prognosis of ER-positive breast cancer patients.
Overexpression of CCNA2 mRNA could lead to Tamoxifen
resistance. However, additional evidence is required to
understand the mechanism by which tamoxifen resistance is
reversed. In this study, the mRNA expression levels of CCNA2

in breast cancer were significantly higher than that in normal
tissues, highlighting the potential of CCNA2 as a biomarker.
Additionally, its expression in different clinical stages of
breast cancer varied significantly. Based on survival length,
lower transcriptional expression of CCNA2 was significantly
correlated with a better OS and RFS in cancer patients, a result
consistent with a previous study (75). Additionally, the mRNA
expression levels of CCNA2 in one dataset were significantly
lower than that in normal tissues, and analysis of data from
TCGA also showed that CCNA2 mRNA was lower in normal
tissues. Furthermore, CCNA2 mRNA expression was lower
in SK-BR-3 cells than in MCF-10A cells. Together, the results
not only reflect the heterogeneity of breast cancer (15), but
also provide a novel direction for the in-depth investigation
of breast cancer. Thus, future studies should analyze CCNA2
expression for predicting prognosis and evaluating its clinical
efficacy.

Similar to CCNA2, CCNBI1, and CCNB2 show significant
potential for predicting the prognosis and assessing drug resis-
tance. In both tumor tissues and cancer cell lines, the mRNA
expression levels of CCNBI and CCNB2 were significantly
higher than that in normal tissues and cells. The low transcrip-
tional expression of the two genes may indicate a better OS
in patients, consistent with previous studies (22,75-77). It has
also been found that their high transcriptional expression can
result in tamoxifen resistance and is positively correlated with
endocrine resistance (22,78).

Unlike CCNBI and CCNB2, CCNB3 in breast cancer has
not been extensively studied and thus could not be validated.
Corresponding mRNA expression data was not available in
the Oncomine database. Transcriptional expression of CCNB3
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Figure 8. Relative mRNA expression levels of the cyclin genes in different breast cancer cell lines “P<0.05, “P<0.01, “"P<0.001, “"P<0.001.

in breast cancer was slightly higher than that in the normal
tissues, and the in vitro analysis showed the same trend. In
TCGA analysis, the number of samples that showed upregu-
lated or downregulated expression of CCNB3 mRNA was
approximately the same. Although the P-value was >0.05,
the survival curve showed a trend such that the upregulated
expression of CCNB3 mRNA may predict an improved OS
for patients. At present, whether CCNB3 is suitable for future
use to judge the prognosis in patients with breast cancer and
the efficacy of drug response is still open for discussion, a
definite correlation between CCNB3 and breast cancer has
been confirmed. Additional studies are required to explore the
biological function of CCNB3.

Analysis of the GEPIA dataset showed that CCNC mRNA
expression in breast cancer was significantly higher than that
in normal tissues, similar to the primary alteration in TCGA
data. There were also a small number of mutations with lower
transcriptional expression. In the breast cancer cell lines,
CCNC mRNA expression was lower than that in MCF-10A
cells. Li er al (79) showed that CCNC regulates the expression
of the NOTCHI oncogene to exert a tumor suppressor effect.
Thus far, a more direct explanation for the low expression
of CCNC mRNA is lacking. Tumor cells may adopt various
means to circumvent the inhibitory effects of CCNC to grow.
Additionally, CCNC is also involved in the transcriptional

regulation of SRC2 in human breast cancer, and their expres-
sion was positively correlated (80). SRC is upregulated in the
early stages of breast intraductal carcinoma compared with
normal breast tissue. Decreased expression of SRC2 was asso-
ciated with the progression of the disease and the formation
of invasive ductal carcinoma (81), thus it is highly likely that
CCNC mRNA expression may be similarly altered with SRC2.
It has been suggested that CCNC participates in the RB-E2F
pathway during the progression of breast cancer (31), and its
expression may also vary as the disease progresses. Therefore,
it may serve as a potential therapeutic target for repressing the
cell cycle and a novel prognostic predictor.

CCNDI, an oncogene, is currently the most extensively
studied gene related to endocrine resistance (39,82). Its expres-
sion was significantly increased in hormone receptor-positive
breast cancer (38) and was closely related to mechanisms of
endocrine resistance. CCNDI has been used in HER-2-positive
breast cancer as a continuous variable marker to predict the
therapeutic benefit of trastuzumab (83). In addition, CCNDI
had a different relationship with the aggressiveness of tumors
and its low transcriptional expression may enhance the migra-
tion of breast cancer subgroups (43,84). In this study, CCNDI
mRNA expression in breast cancer was significantly increased.
Its low expression was shown to correlate with a better
RFS in patients with breast cancer, consistent with previous
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studies (36,37). Analysis of the Oncomine dataset showed that
the expression of CCNDI mRNA in breast cancer was lower
than that in normal tissues, and the same trend of expression in
breast cancer samples was found in TCGA, providing evidence
for why the low expression of CCNDI can enhance the migra-
tion of breast cancer sub-types. Based on the above findings,
it is understandable that CCNDI may serve as a biomarker for
breast cancer diagnosis, prognostic prediction, drug efficacy,
and resistance.

CCND2 mRNA expression was significantly lower in
breast cancer samples compared with the normal tissues in
several databases including Oncomine, GEPIA, and TCGA. Its
high expression was typically associated with a better OS and
RFS, consistent with previous reports (42,85). Further studies
showed that CCND2 methylation was negatively correlated
with its gene expression (43,86). The integrated analysis of the
correlation between CCND2 methylation and gene expression
may be used to improve the predictive performance of breast
cancer outcomes, which may be conducive to the expansion of
the potential clinical applications of CCND?2.

The Oncomine dataset showed that CCND3 expression was
highly upregulated in breast cancer and its mRNA expression
was upregulated in the TCGA dataset. Analysis of the GEPTA
dataset illustrated that CCND3 mRNA expression was high in
normal breast tissues, and the RT-qPCR results showed that
CCND3 mRNA expression in MCF-10A cells was higher than
that in other cancer cell lines. Based on the survival analysis it
was shown that upregulated expression of CCND3 mRNA was
associated with a better OS. Conversely, Justenhoven et al (87)
found that the low expression of E2F2, CCNDI, and CCND3
genes reduced the levels of factors that downregulate HER-2,
thereby allowing upregulated expression of HER-2 in tumors,
and it is hypothesized that these three gene sub-types are poten-
tial indicators of HER-2 status in breast cancer. Combining
all the results of the databases together, it can be suggested
that CCND23 plays various functions in different breast cancer
sub-types. Since the current exploration of CCND3 is still
limited, further research is required to better understand the
potential of CCND3 as a possible biomarker for prognostic
prediction and improving drug efficacy.

The expression of CCNEI and CCNE?2, two subtypes of the
CCNE gene, was approximately the same. The expression of both
of these genes was upregulated in breast cancer, a result that was
confirmed by RT-qPCR. Patients with low transcriptional levels
of both genes in breast cancer had a significantly better OS. One
difference between the two subtypes was that the expression
of CCNE] was correlated with the clinical tumor stage. The
clinical trials PALPMA-3 and POP (88) demonstrated that the
efficacy of Palbociclib decreased when CCNEI mRNA expres-
sion was increased. Therefore, CCNEI mRNA is predictive of
metastatic tumors. Previously it has been shown that the amplifi-
cation of CCNEI was associated with a poorer OS of metastatic
triple-negative breast cancer, and it was speculated that this
phenomenon may be caused by CCNE] upregulation-induced
chemotherapeutic resistance (89). Moreover, both CCNEI and
CCNE?2 could be used as independent prognostic markers for
patients with lymph node-negative breast cancer (90). Thus, as
typical oncogenes, CCNEI and CCNE2 may be employed as
factors for the prognostic prediction and for countering drug
resistance mechanisms in breast cancer.

The functional involvement of CCNF in breast cancer
remains unclear. Studies have used CCNF as a target gene
for RNAI targeting in breast cancer (91,92). CCNF may be
involved in the non-KEGG-enriched molecular signaling path-
ways to regulate drug resistance in breast cancer. Additionally,
the CCNF protein possesses a unique characteristic, an
F-BOX homologous sequence, which is suggestive of CCNF
possessing a similar function to that of F-BOX. As for F-BOX,
high mRNA expression of its subtypes (FBXOI, FBXO31, and
FBX05) may serve as biomarkers for predicting prognosis,
and their expression was significantly correlated with a poor
prognosis in patients with breast cancer (93). Therefore, it was
hypothesized that CCNF may be used as a biomarker similar
to F-BOX. In this study, CCNF mRNA expression was upregu-
lated in breast cancer, and it was primarily observed as gene
amplification and the only example of a fusion alteration found
in TCGA in the present study. The clinical stage of breast
cancer was significantly related to the differential expression
of CCNF, and patients with low CCNF mRNA expression had
a significantly better OS. Therefore, CCNF has potential as an
advanced biomarker for prognostic prediction and as a gene
target for counteracting therapeutic tolerance.

CCNGI is the only cyclin gene that has both positive and
negative effects on cellular growth (94,95) as the cyclinGl
protein encoded by CCNG] is highly unstable. Tian et al (96)
found out that the administration of estrogen and progesterone
promoted cell proliferation and upregulated the expression of
cyclinGl1 in MCF-7 cells. Estradiol and progesterone-mediated
cell viability and clonal ability were restricted after CCNGI
was knocked down using shRNA, suggesting that estradiol
and progesterone promote cell proliferation in breast cancer
partially by inducing cyclinG1 expression. In the present
study, CCNGI mRNA expression was low in breast cancer,
and cancer patients with upregulated CCNGI expression had a
better OS. CCNGI expression was also significantly associated
with the clinicopathological stage. Taken together, despite the
instability of the protein encoded by CCNG1, it may still serve
as a biomarker for evaluating the prognosis of breast cancer
and as a therapeutic target in certain subtypes of breast cancer.

As an estrogen-regulated gene, CCNG2 has previously
been used as a target gene for judging the efficacy of endo-
crine-based medicine, as low CCNG2 mRNA expression is
indicative of a poorer prognosis. In the present study, CCNG2
mRNA expression in breast cancer tissues was higher than
that in normal tissues although the difference was not statis-
tically significant. RT-qPCR analysis showed that CCNG2
mRNA expression was higher in MCF-7 cells and lower in
MDA-MB-231 and BT-549 cells, and patients with high tran-
scriptional expression of CCNG2 had a better OS. Consistent
with a previous study (57), CCNG?2 expression was downregu-
lated in highly aggressive breast cancer subtypes with poor
prognoses. Consequently, CCNG2 may exhibit potential for
the prognostic prediction of ER-positive breast cancer and as
a therapeutic target. However, additional studies on CCNG2
in other subtypes of breast cancer are required to examine its
value as a biomarker.

Studies on the expression or the function of CCNH in breast
cancer are limited. Shahi et al (97) performed whole-exome
sequencing of 492 cancer-related genes as well as high-risk
genes and mutation analysis of BRCA1 and BRCA2 negative
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breast cancer patients. In total, 31 gene variants/genes were
identified for breast cancer susceptibility predisposition
including CCNH. However, CCNH has not been extensively
studied with regard to familial breast cancer. In the present
study, CCNH expression was low in breast cancer, and upregu-
lated expression was predictive of a better OS. It has been
indirectly shown that the increased expression of CCNH in
ER-positive breast cancer was associated with indicators of
good prognosis (98). Yet, RT-qPCR analysis of breast cancer
cell lines showed higher CCNH mRNA expression than that in
MCEF-10A. At present, there is currently no sufficient evidence
to explain this phenomenon. Thus, further studies are required
to determine the value of CCNH as a biomarker for evaluating
the prognosis and exploring the mechanisms of drug action.

In conclusion, we systematically analyzed the expression
of the cyclin genes in breast cancer based on its value in
predicting prognosis and evaluating drug efficacy, enabling
a deeper understanding of the heterogeneity of breast cancer.
Our results indicated that CCNA2, CCNBI, CCNB2, CCNDI,
CCND2, CCNEI, and CCNE2 may be mature and valid
biomarkers in predicting prognosis and judging efficacy.
CCNGI and CCNG2 may be used as biological markers in
specific types of breast cancer. At present, there are few rele-
vant studies on CCNAI, CCNB3, CCNC, CCND3, CCNF, and
CCNH in breast cancer; however, the results of the present and
previous studies showed their potential as unique predictors
of prognosis and potential targets for countering therapeutic
resistance. Together, the discovery of novel biomarkers and
gene targets will facilitate the exploration of more personalized
therapeutic strategies; however, further studies are required to
verify their biological functions.
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