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Circadian locomotor output cycles kaput affects the proliferation
and migration of breast cancer cells by regulating the expression
of E-cadherin via IQ motif containing GTPase activating protein 1
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Abstract. The circadian rhythm regulates numerous physi-
ological activities, including sleep and wakefulness, behavior,
immunity and metabolism. Previous studies have demon-
strated that circadian rhythm disorder is associated with the
occurrence of tumors. Responsible for regulating a number of
functions, the Circadian locomotor output cycles kaput (Clock)
gene is one of the core regulatory genes of circadian rhythm.
The Clock gene has also been implicated in the occurrence
and development of tumors in previously studies. The present
study evaluated the role of the Clock gene in the proliferation
and migration of mouse breast cancer 4T1 cells, and inves-
tigated its possible regulatory pathways and mechanisms.
It was reported that downregulation of Clock facilitated the
proliferation and migration of breast cancer cells. Further
investigation revealed the involvement of IQ motif containing
GTPase activating protein 1 (IQGAPI) protein expression
in the Clock regulatory pathway, further influencing the
expression of E-cadherin, a known proprietor of tumor cell
migration and invasion. To the best of our knowledge, the
present study is the first to report that Clock, acting through
the regulation of the scaffolding protein IQGAPI1, regulates
the downstream expression of E-cadherin, thereby affecting
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tumor cell structure and motility. These results confirmed
the role of Clock in breast cancer tumor etiology and provide
insight regarding the molecular avenues of its regulatory
nature, which may translate beyond breast cancer into other
known functions of the gene.

Introduction

Circadian rhythms include all light-sensitive biological mecha-
nisms that allow for the organismal alternations that occur with
24 h. These include, but are not limited to, the regulation and
control of the intra-corporal nerves, body fluids and immune
systems. Regulation and control of biological circadian
rhythms aids in maintaining the process of normal physiology,
biochemistry and behaviors in organisms (1-3). In mammals,
the hypothalamic suprachiasmatic nucleus is the major oscil-
lator of circadian and biological rhythms. That same rhythm
exists in peripheral tissues and cells under the control of the
suprachiasmatic nucleus (1,4,5). The intra-corporal mecha-
nisms of biological rhythm control changes, including sleep,
wakefulness, feeding, temperature and blood pressure, as well
as physiological process, including cell cycle, DNA damage
response, aging and metabolism. Biological rhythms, when
disturbed, may lead to unbalanced biological functions and,
in turn, the occurrence of diseases, including cardiovascular
disease and tumors (2,6.7).

Existing in the central suprachiasmatic nucleus and
all peripheral tissues, circadian genes are the molecular
mechanisms maintaining temporal rhythm in organisms.
The biological circadian rhythm is regulated and maintained
by the feedback loop formed by a group of genes, often
featuring positive or negative regulation and control. Core
circadian rhythm genes include positive regulating genes that
activate the expression of rhythm genes (Bmall and Clock)
and negative regulating genes that reduce the expression
of rhythm genes, including Period (Perl, Per2 and Per3)
and Cryptochrome (Cryl and Cry2) (3,7). Bmall and Clock
proteins have the structural domain of transcription factor
PAS-HLH, and positive regulation and control in the feedback
loop. A Clock: Bmall heterodimer binds the CACGTG E-box
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enhancer regions of the mPer/, mPer2, mPer3, mCryl and
mCry2 genes; it drives the transcription and translation of
several genes but produces mPer and mCry, which are known
inhibitors of the transcriptional activity of the Clock:Bmall
heterodimer, thereby mediating the negative feedback loop.
The mRNA and protein levels of the majority of clock genes
generally exhibit 24-h cycle oscillation under the influence
of their own feedback loops, but Clock is exceptional for its
constitutive expression in tissue cells without any obvious
fluctuations (8).

Biological rhythm disorder may have negative impacts
on the physiological functions of mammals. A large amount
of clinical and experimental evidence has demonstrated that
biological rhythm disorder may lead to uncontrollable cell
proliferation, implicating the disorder and its associated
mechanisms in the etiology of cancer (7,9,10). Breast cancer is
the common malignant tumor among females, with 1.2 million
women being diagnosed every year worldwide. Approximately
0.5 million women succumb to mortality as a result of breast
cancer, making it the most dangerous of all malignant tumors
in females. There are numerous risk factors for breast cancer,
including menstruation, childbearing, a high-fat diet and a
family history. Epidemiological reports have demonstrated
that circadian rhythm disorder may increase the chance of
females developing breast cancer (11-13). In general, cancer
has been linked to rhythm disorder, but a detailed molecular
mechanism has yet to be fully elucidated. The Clock gene is
confirmed to be a core member of the circadian system, and
has also been demonstrated to serve an important role in tumor
growth. The present study aimed to investigate the effects
of Clock on the proliferation and migration of breast cancer
cells, in addition to elucidating the molecular mechanisms
regulating the biological actions of the gene in a breast cancer
cell line. It was reported that E-cadherin, under the regula-
tion of the scaffolding protein, IQ motif containing GTPase
activating protein 1 (IQGAP1), mediates the structural and
mobility features that allow tumor cells to proliferate and
become invasive. This pathway, regulated by the Clock gene,
provides a clearer picture between circadian clock disorder
and breast cancer, and lays the groundwork for future study.

Materials and methods

Cell culture and transfection. 4T1 cells were obtained from
the American Type Culture Collection cell bank (Manassas,
VA, USA). They were cultured in Dulbecco's modified Eagle's
medium (Hyclone; GE Healthcare Life Sciences, Logan,
UT, USA), containing 10% inactivated fetal bovine serum
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA).
Subsequently, cells were maintained in cell incubators with
5% CO, at a constant temperature of 37°C.

Lentiviral transfection. Mouse Clock small hairpin
RNA(hRNA) was constructed in the lentivirus gene transfer
vector pHBLV-U6-ZsGreen, and the titer of the virus was
2x10® TU/ml. Iv-shRNA-Clock and 1v-GFP-Puro NC viruses
containing a green fluorescent protein (GFP) sequence (Hanbio
Biotechnology Co., Ltd., Zhejiang, China) were thawed
and dissolved on ice. Once the medium was replaced with
fresh medium containing the transfection reagent polybrene
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(Hanbio Biotechnology Co., Ltd.), the virus solutions were
added into the 24-well plate containing 4T1 cells at a volume
of 30 ul/well, according to the manufacturer's protocols. The
cells were cultured in the incubator at a constant temperature
of 37°C and a saturation humidity of 5% CO, for 24 h. At 48 h
post-transfection, cells were detected using a fluorescence
microscope (magnification, x100) (Nikon Corporation, Tokyo,
Japan). Expression efficiency of the vectors was assessed using
GFP. Subsequently, the cells were transferred to cell culture
bottles where they were screened for successful transfection
using puromycin (J&K Scientific Ltd., Beijing, China) at a
concentration of 2 ug/ml, according to the manufacturer's
protocols. The cycle for transfection screening was one week.

Cell proliferation assay. With a total volume of 100 ul
nutrient solution, the cells screened out for successful trans-
fection were inoculated in 96-well plates at 1,000 cells/well.
Next, the starting position of cell adherence was marked at
0 days. Cells were incubated with 10 ul Cell Counting Kit-8
(CCK-8; Dojindo Molecular Technologies, Inc., Kumamoto,
Japan) and placed in an incubator with a saturation humidity
of 5% CO, at a constant temperature of 37°C for 1 h. A
microplate reader (Thermo Fisher Scientific, Inc.) was used to
detect light absorption at 450 nm after 1, 2, 3,4 and 5 days
incubation.

Cells screened for successful transfection were inoculated
in 6-well plates at 500 cells/well with a total volume of 2 ml
nutrient solution. Then cells were placed in the incubator with
a saturation humidity of 5% CO, and a constant temperature
of 37°C for 2 weeks. After 2 weeks, plates were washed with
phosphate-buffered saline (PBS) 2-3 times and 1 ml methyl
alcohol was added for fixation for ~30 min at room tempera-
ture. Following drying, 1 ml crystal violet was added to each
well for ~2 min at room temperature.

Detection of cell cycle distribution with flow cytometry. A
single-cell suspension was made by 1,000 x g centrifuga-
tion at 4°C for 5 min of cells successfully transfected by the
virus. Cells were centrifuged at 1,000 x g at 4°C for 5 min
and were washed three times with precooled PBS. A second
centrifugation was performed at 1,000 x g at 4°C for 5 min.
The cell sediment was resuspended with precooled 75% ethyl
alcohol for cell fixation at 4°C for 12 h, followed by staining
with 50 pl propidium iodide (PI; 0.4 mg/ml; Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany) and 50 pl RNase
(Sigma-Aldrich; Merck KGaA). Incubation was performed for
30 min at 37°C in the dark. Subsequently, the percentage of
cells in the GO/GI1 phase and S phase, respectively, was calcu-
lated using a FACSCanto II flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA) and ModFit LT software (Verity
Software House, Inc., Topsham, ME, USA). Each experiment
was repeated three times.

Cell migration assay. Serum-free Dulbecco's modified Eagle's
medium (200 ul; Hyclone; GE Healthcare Life Sciences) was
added to ~50,000 cells in the upper chamber of the Transwell
filters (8.0-um pores). Subsequently, 900 1 Dulbecco's modi-
fied Eagle's medium, containing 20% fetal bovine serum, was
loaded into the lower chamber. Following inoculation, cells
were cultured for 24 h at 37°C, were washed three times with
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PBS and were fixed with 100% methyl alcohol for 10-15 min
at room temperature. Following drying, invaded cells on the
bottom surface of the Transwell were stained with crystal
violet (Sigma-Aldrich; Merck KGaA) for 30 sec at room
temperature, washed with PBS until the membrane was clear
of dye. Next, the membrane was cut and observed under a light
microscope (magnification, x100; Nikon, Japan). Data are
presented as the mean + standard deviation of the number of
the cells/field in 3 individual experiments.

Western blot analysis. Cells were collected during the loga-
rithmic phase and were lysed with radioimmunoprecipitation
assay buffer, containing 1 mM PMSF, Halt protease inhibitor
cocktail and Halt phosphatase inhibitor (Beyotime Institute of
Biotechnology, Haimen, China) for 30 min on ice. The resolved
proteins underwent centrifugation at 14,000 x g for 20 min at
4°C. Protein concentrations were determined using a bicincho-
ninic acid protein assay (Beyotime Institute of Biotechnology).
Equal amounts of protein (0.5 mg/ml concentration; control
and experimental) were loaded in each experiment. Protein
was separated by 10-12% SDS-PAGE, followed by transfer to
polyvinylidene difluoride membranes (Millipore, USA). The
membrane was blocked with 5% skim milk for 2 h at room
temperature, incubated with the following primary antibodies:
Monoclonal anti-f3-actin (1:5,000 dilution; cat no. 60008-1-Ig;
ProteinTech Group, Inc., Chicago, IL, USA), anti-Clock
(1:10,000 dilution; cat no. ab3517; Abcam, Cambridge, MA,
USA), anti-cluster of differentiation (CD)44 (1:1,000 dilution;
cat no. CY5138; Shanghai Abways Biotechnology Co., Ltd.,
Shanghai, China), anti-tumor protein p53 (1:1,000 dilution; cat
no. AB3125; p53; Shanghai Abways Biotechnology Co., Ltd.),
anti-E-cadherin (1:2,000 dilution; cat no. CY1155; Shanghai
Abways Biotechnology Co., Ltd.), anti-cyclin D1 (1:1,000
dilution; cat no. CY5404; Shanghai Abways Biotechnology
Co., Ltd.), anti-IQGAP1 (1:2,000 dilution; cat no. 22167-1-AP;
ProteinTech Group, Inc.), anti-heat shock protein 27
(1:1,000 dilution; cat no. CY5934; Hsp27; Shanghai Abways
Biotechnology Co., Ltd.) and anti-PCNA (1:2,000 dilution; cat
no. BM3888; Boster Biological Technology, Pleasanton, CA,
USA). The membrane was incubated overnight at 4°C, followed
by incubation with a horseradish peroxidase-conjugated
anti-rabbit IgG or anti-mouse IgG secondary antibody
(1:5,000 dilution; cat no. SAO0001-2&SA00001-1; ProteinTech
Group, Inc.) at 37°C for 2 h. Membranes were developed using
an enhanced chemiluminescence reagent from the EasySee
Western Blot kit (Beijing Transgen Biotech Co., Ltd., Beijing,
China) and imaged using a gel imager (GE Healthcare Life
Sciences, Little Chalfont, UK). The images were further
analyzed with ImagelJ software (National Institutes of Health,
Bethesda, MD, USA) to assess the differences in protein
expression.

Statistical analysis. Data are presented as the mean + standard
error of the mean and were analyzed by one-way analysis of
variance followed by the Student-Newman-Keuls post hoc
test. All data were averaged from three independent assays and
were analyzed using GraphPad Prism 5.0 (GraphPad Software,
Inc.,LaJolla, CA, USA and SPSS 19.0 statistics software (IBM
Corp., Armonk, NY, USA). P<0.05 was considered to indicate
a statistically significant difference.
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Results

Clock expression was efficiently decreased in 4TI cells.
Stably-transfected 4T1 cells were named as follows: Control
group (untransfected 4T1 cells), NC group (4T1 cells trans-
fected with 1v-GFP-Puro NC virus) and SC group (4T1 cells
transfected with lv-shRNA-Clock virus). Observation of green
fluorescence indicated that the number of cells successfully
transfected was >90% (Fig. 1A). Western blot analysis further
demonstrated that the expression level of Clock protein in the
SC group was significantly lower than that in the control and
NC groups (P<0.05; Fig. 1B and C).

Effects of Clock on cell proliferation. 4T1 cell lines knocked
down by Clock-shRNA and control vectors were analyzed using
a CCK-8 cell proliferation assay for 6 consecutive days. Data
were used to form a longitudinal proliferation curve. Results
demonstrated that the proliferation ability of cells knocked
down by Clock-shRNA was enhanced compared with that of
cells in the control group (P<0.05; Fig. 2A). The monoclonal
cell mass that had formed in the 6-well plates was dyed with
crystal violet, which revealed that the monoclonal cell number
in the SC group was significantly increased compared with
cells in the control groups (Fig. 2B and C). Following further
analysis of the cells by flow cytometry, cycle phases of the
cells were determined using Modfit software (Verity Software
House, Inc.). The cycle phase of the cells in the SC group was
different to that of the control cells. When cells in the SC group
were compared with those in NC group, the proportion of cells
in the GO/G1 phase was lower, while the number of cells in
the S phase increased (P<0.05; Fig. 2D and E). Western blot
analysis revealed that the expression of cyclin DI, PCNA and
p53 proteins was increased in the SC group (Fig. 3A and B),
which further illustrated the enhanced proliferation ability of
cells following Clock interference.

Effects of CLOCK on migration. A thin layer of membrane
from the cells of each group were cut and fixed on a glass
slide following fixation and crystal violet staining. Results
demonstrated that the rate of migration of the cells in the
SC group was significantly higher than that of the control
cells (Fig. 4A and B). Furthermore, western blot analysis
demonstrated that the expression level of E-cadherin in the
SC group was similarly increased. E-cadherin is an important
adherence factor on the surface of the cytomembrane, and has
important functions in proliferation and migration of cells.
The expression of IQGAPI1 protein, which directly interacts
with E-cadherin, was also markedly increased in the SC
group compared with the control group. Finally, an increased
expression of cell-migration-associated protein Hsp27 and
membrane surface adhesion-associated protein CD44 was
detected following Clock knockdown, compared with the
control cells (Fig. 4C and D).

Discussion

In the present study, inhibition of clock gene expression
was achieved in 4T1 cells by lentiviral transfection with
Clock-shRNA. Cell proliferation and migration, and the
expression of Clock-related proteins were assessed in a
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Figure 1. The expression of Clock in 4T1 cells. (A) Green fluorescence represents the transfection efficiency of the virus in the NC and SC groups (magnification,
x100). (B) The protein expression of Clock was determined by western blot analysis. (C) Quantitation of the western blot analysis. Data are presented as the
mean + standard deviation of three independent experiments. "P<0.05 vs. control. Clock, circadian locomotor output cycles kaput; NC, negative control
(4T1 cells transfected with Iv-GFP-Puro NC virus); SC, 4T1 cells transfected with lv-shRNA-Clock virus.

breast cancer cell line in order to more clearly understand
the association between circadian rhythm regulatory genes
and the development of cancer. Following Clock downregu-
lation, it was revealed that the proliferation of breast cancer
cells improved, as determined by CCK-8 and clone formation
assays. Cell cycle distribution analysis using flow cytometry
revealed that the number of cells in the S phase was increased
in the knockdown group, providing further evidence that the
interference of Clock facilitates the proliferation of cells to a
certain degree. This, coupled with the observed increase in
migration of the knocked down cells, illustrates an endog-
enous inhibitory role of Clock on cellular proliferation and
migration.

Cyclin DI, an important positive regulatory factor of the
cell cycle, serves an important role in the occurrence and
development of tumors (14,15). Binding and activating the
unique cyclin-dependent kinase, CDK4, during the G1 phase,
cyclin D1 is responsible for the phosphorylation of retino-
blastoma protein (Rb) during the G1 phase (16). Rb protein
is subsequently dissociated from its bound E2F transcription
factors, which initiates gene transcription and activation of
cell cycle genes, driving the cycle from the G1 phase to the
S phase (16). The p53 gene is a tumor suppressor gene that
has been revealed to be correlated with human tumors. It
is a cyclin-dependent gene and has been implicated in cell
proliferation (15). A previous study demonstrated that cells
expressing wild-type p53, following irradiation, become
locked in the G1 phase, likely due to the abnormal expression
of cyclin D (15). Proliferating cell nuclear antigen (PCNA),
an intra-nuclear polypeptide synthesized or expressed only in
proliferating cells, serves a role in the regulation of the cell

cycle. PCNA is primarily expressed during the S, Gl and G2
phases, the primary phases of proliferating cells. Its expression
intensity is often used as an indicator of proliferation activity
and as an assessment tool in the malignancy of tumor cells.
The present study revealed that, following Clock knockdown,
the expression level of p53 was decreased, while the expres-
sion of cyclin DI and PCNA was increased, indicating that the
proliferation ability of cells was enhanced by the inhibition of
Clock.

Downregulation of Clock in breast cancer cells may
promote extracorporeal cell migration and the present study
investigated the molecular drivers of this phenomenon. During
the course of the study, it was revealed that the expression of
IQGAPI was increased following Clock knockdown. IQGAPI
is an actin scaffold protein that has been implicated in the
migration of cancer cells, and it harbors a direct E-cadherin
binding site. Consequently, epithelial-mesenchymal transi-
tion (EMT)-associated protein assessment revealed that cell
adhesion-associated proteins, CD44 and E-cadherin, were
increased by knockdown of Clock in 4T1 cells, indicating that
Clock, through IQGAPI, may regulate cell-adhesion proteins
to influence cell motility.

Previous reports have supported a role for IQGAPI in
the regulation of the cytoskeleton (though actin and tubulin),
impacting migration, invasion and fission of colorectal cells. It
has also demonstrated regulatory action on vascular endothelial
growth factor, a regulator of endothelial cell migration (17,18).
IQGAPI has also been documented to bind to and regulate
the localization of Dia 1, another factor of cell migration.
Finally, IQGAPI has been reported to promote the migration
and invasiveness of E-cadherin-mediated homologous cells,
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Figure 2. Clock knockdown enhanced 4T1 cell proliferation. (A) Cell Counting Kit-8 assay demonstrated that silencing of Clock expression enhanced the
proliferation of 4T1 cells. (B) Colony formation of 4T1 cells. (C) Quantification of the colony formation assay. (D) Cell cycle distribution was analyzed by flow
cytometry. (E) Quantitative analysis of the cell cycle distribution. Data are presented as the mean + standard deviation of three assays. "P<0.05 vs. control.
Clock, circadian locomotor output cycles kaput; NC, negative control (4T1 cells transfected with Iv-GFP-Puro NC virus); SC, 4T1 cells transfected with
Iv-shRNA-Clock virus.
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Figure 4. Effects of Clock knockdown on cell migration. (A) Transwell assay revealed that silencing of Clock expression enhanced the migration of 4T1
cells. Cells were stained with crystal violet on the underside of the chamber (magnification, x100). (B) Quantification of the Transwell assay. (C) Western blot
analysis of E-cadherin, IQGAPQ, CD44 and Hsp27 expression in 4T1 cells. (D) Quantification of the western blot analysis data. Data are presented as the
mean + standard deviation of three assays. 'P<0.05 and “P<0.01 vs. control. Clock, circadian locomotor output cycles kaput; NC, negative control (4T1 cells
transfected with 1v-GFP-Puro NC virus); SC, 4T1 cells transfected with lv-shRNA-Clock virus; IQGAP1, IQ motif containing GTPase activating protein 1;

CD44, cluster of differentiation 44; Hsp27, heat shock protein 27.

regulating cell adhesion and plasma-membrane-mediated
transposition (19-21).

The present study revealed that the expression of CD44 and
E-cadherin is regulated by Clock. E-cadherin, a well-known
EMT marking molecule that serves a role in maintaining cell
morphology, movement and adhesion, reduced expression of
which may arrest cells in their rounded state, weakening the
ability of the cells to migrate and become invasive (22,23).
CD44, like E-cadherin, is a membrane-associated protein that
regulates connectivity among heterogeneous cells, connecting
tightly to the cytoskeleton and participating in the formation
of cell pseudopods which are associated with cell movement
and migration (24). Positive expression of CD44 has been

reported to be associated with vascular infiltration and distant
metastasis (25,26). The present study revealed that, following
knockdown of Clock, the ability of the cells to migrate was
enhanced. Furthermore, Hsp27, reportedly associated with
lymph node metastasis, organ metastasis, tumor size and
staging (27), was similarly revealed to be upregulated by the
inhibition of Clock.

In conclusion, the results of the present study suggested
that the downregulation of Clock may promote the prolifera-
tion and migration of mouse breast cancer cells. Clock may
affect the expression of the adhesion protein, E-cadherin, on
cell membranes, likely through regulation of the expression
of the skeletal-associated protein, IQGAPI. Collectively, the
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pathway affects the proliferation and migration ability of
breast cancer cells. Clarifying and understanding the func-
tion and mechanisms of Clock is an important step toward
elucidating the therapeutic potential of Clock and other circa-
dian rhythm factors in cancer and other biological rhythm
disorders. The present study sheds light on an important but
elusive epidemiological association between circadian rhythm
dysregulation and cancer.
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