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Background: Recent studies show that circadian rhythm changes are closely related to the
occurrence and development of various tumors, such as breast, liver, and prostate. However,
there are significant differences in circadian rhythm between different tumors. At present, the
circadian rhythm characteristics of oral cancer remain unknown. The purpose of this study is
to investigate the circadian rhythm characteristics of the in vivo growth of oral squamous cell
carcinoma (OSCC).

Materials and methods: Thirty-two nude mice were placed under 12-hour light/12-hour
dark cycles. The human OSCC cell line BcaCD885 was inoculated in the cheek of nude mice.
After 3 weeks, eight mice were sacrificed at four time points, including 4 hours after light onset
(HALO), 10 HALO, 16 HALO, and 22 HALO, during a period of 24 hours. The volume of
excised tumors was measured and the proliferative index (PI) and apoptotic index (Al) of tumor
cells were determined by flow cytometry. A cosine analysis method was used to determine
whether the tumor volume, PI, and Al obeyed a circadian rhythm.

Results: There was a significant circadian rhythm in the tumor volume and PI of OSCC cells.
For the tumor volume, there were significant differences between the four time points. The peak
and trough values of the tumor volume appeared at 3.23 HALO and 15.23 HALO, whereas the
peak and trough values of Pl appeared at 6.60 HALO and 18.16 HALO, respectively. However,
there was no circadian rhythm in the AI of tumor cells, despite significant differences between
the four time points.

Conclusion: This study demonstrates, for the first time, that the tumor volume and PI of
in vivo growing OSCC undergo circadian rhythms. These results support the assertion that time
factor should be considered in the occurrence, development, treatment, efficacy evaluation and
pathophysiology of OSCC.

Keywords: oral carcinoma, proliferation, apoptosis

Introduction

Along with the earth’s rotation and alternating circadian rhythms, many of the
physiological activities of the human body, such as body temperature, heart rate, blood
pressure, hormone secretion, and cellular metabolism, undergo circadian rhythms.!?
The circadian rhythms cause obvious biological rhythms of cellular metabolism and
proliferation in the rest and activity phases of humans.'*# Circadian rhythms are
not only present in the normal human body and cells, but have also been shown to
influence the proliferation of tumor cells.!”” Malignant tumors show an uncontrolled
and disordered cell proliferation, which is necessarily reflected in the time dimension.?
Changes in circadian rhythms have been shown to be closely related to the development
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of tumors, the proliferation of tumor cells, and therapeutic
effects and side effects of anticancer drugs,>® and to be
differentially involved in the growth of different tumor cell
types.”!? Hence, the investigation of tumor circadian rhythms
will provide new ideas and methods for the development of
individualized treatments.

The suprachiasmatic nucleus in the supraoptic decussation
of the hypothalamus has been reported to be the controller
of circadian rhythms in mammals.’ The suprachiasmatic
nucleus controls the rest—activity pattern by regulating
circadian rhythms with the light changes during day and
night. Circadian rhythms affect tissues and cells through
neurotransmitters and endocrine regulation, controlling all
levels of life processes, such as activity, rest, metabolism,
cell proliferation, endocrine function, and immune responses,
in a coordinated and timely ordered manner.”!" Therefore,
circadian rhythm time is expressed by hours after light onset
(HALO) rather than by clock time. It has been confirmed that
at least nine core circadian genes, period 1 (Perl), period 2
(Per2), period 3 (Per3), circadian locomotor output cycles
kaput (Clock), cryptochrome 1 (Cryl), cryptochrome 2
(Cry2), brain and muscle Arnt-like protein 1 (Bmal 1),
casein kinase 1€ (CKI1¢€), and timeless (Tim), participate in
the regulation of mammalian circadian rhythms.!*® Since
there are significant individual differences in the biological
rhythms in different organisms, they are prone to interference
from various factors. The cosine analysis method, developed
from the cosine function model, is an effective method for the
analysis of biological rhythms. The cosine analysis method,
through cosine curve fitting, can exclude the interference of
other biological factors, isolate the biological rhythm under
study, and intuitively show its characteristics.'>!3

Rodents are commonly used animal models in the study
of biological rhythms.>”-3-1> Although rodents are nocturnal
animals and show reverse rest and activity phases compared
with humans, in vivo studies of the changes in the circadian
rhythms of cellular metabolism and responses to anticancer
drugs have demonstrated that the experimental results obtained
from the rest and activity phases of rodents can be extrapolated
to the corresponding rest and activity phases of humans.'>!¢

Oral cancer accounts for about 2% of systemic
malignancies. Approximately 274,000 new cases of oral
carcinoma have been diagnosed all over the world every
year.'”!® Ninety percent of the oral cancers correspond to
squamous cell carcinomas. Although great progress has
been achieved in the development of various therapeutic
methods for oral carcinoma in recent decades, the 5-year
overall survival rate for oral cancer patients after treatment

is only approximately 55%—60%.'""'° Therefore, it is of great
significance to identify the mechanisms underlying oral
cancer prevention and to explore new and more effective
therapeutic options. To date, no study on the circadian
rhythm characteristics of oral cancer growth in vivo has
been reported. In this study, the human oral squamous cell
carcinoma (OSCC) cell line BcaCD885 was inoculated
in the cheek of nude mice, in order to establish an OSCC
mouse model.2** Three of the most representative indicators
of tumor growth (tumor volume, cell proliferation, and
apoptosis) were chosen to reflect the circadian rhythm
characteristics of OSCC during a 24-hour period. We hope
to provide new ideas for the study of individualized OSCC
treatments that have the circadian rhythm of tumor growth
taken into consideration.

Materials and methods

Instruments and reagents

The human OSCC cell line BcaCD885 was obtained
from the College of Life Sciences of Chongqing Medical
University. Flow cytometry (FCM) was performed using a
FACScan flow cytometer (BD Biosciences, Franklin Lakes,
NJ, USA). Frozen low-speed centrifuge (Z233MK-2) was
purchased from Hermle Labortecknik GmbH (Wehingen,
Germany). The light microscope was a Leica ts-26 (Leica
Microsystems, Wetzlar, Germany).

Animals

Specific pathogen-free (SPF) Balb/c nude mice (male,
5~6 weeks, 18~20 g) were purchased from the Experimental
Animal Center of the Chongqing Medical University. Mice
were placed in constant temperature and humidity conditions.
The bedding, food, and water for the mice were all sterilized.
All procedures were performed in accordance with the
guidelines of the Committee on Animals of the Chongqing
Medical University.

Establishment of a nude mouse model

of oral squamous cell carcinoma

Thirty-two nude mice were randomly housed in separate
cages (four mice per cage). Before being used in studies,
mice were housed for 3 weeks under 12-hour light/12-hour
dark cycles (at a room temperature of 24°C + 1°C and
humidity of 60% % 10%). In the 12-hour light/dark cycles,
the number of hours after light onset (HALO) was taken as
a reference for time. Thus, “0 HALO” was set as the time to
turn on the light and “12 HALO” as the time to turn off the
light. After 3 weeks, BcaCD885 cells growing at exponential
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phase were trypsinized with 0.5% of trypsin, centrifuged
for 4 minutes (800 rpm, 4°C), and resuspended in sterile
phosphate-buffered saline (PBS). Then, 0.2 mL of PBS
containing 2 x 10° BcaCD885 cells were injected under the
oral mucosa of nude mice to establish a nude mouse model
of OSCC. Afterwards, mice continued to be housed under
12-hour light/dark cycles. After 3 weeks, when noticeable
tumors were present, mice from two cages (eight mice)
were randomly sacrificed, by cervical dislocation, at four
time points, including 4 HALO, 10 HALO, 16 HALO, and
22 HALO, during a period of 24 hours, to a total of 32 mice.
All tumors were excised immediately after sacrifice.

Calculation of tumor volume

Excised tumors were rinsed with PBS and dried on filter
paper. Tumors were measured with a caliper rule and tumor
volume was calculated by the following formula:

(Width® x Length)/2. (1)

Cell and histology examination
of tumor tissues of BcaCD885

Each one of the 32 freshly excised tumor tissues was equally
divided into two parts. One part was prepared to evaluate
cell proliferation and apoptotic index, as mentioned below,
while the other part was embedded in paraffin and cut into
4 um thick sections and stained by hematoxylin and eosin
(HE). Tumor cells of HE stained sections were observed
under light microscope.

Proliferation and apoptosis assays

The above-prepared 32 pieces of freshly excised tumor tissues
were disaggregated in order to prepare tumor cell suspensions.
Proliferation and apoptosis of tumor cells were examined by
FCM. Briefly, the necrotic tissues surrounding the tumors were
first removed. After washing three times with D-Hanks solution,
tumors were immersed for 20 minutes in a solution containing
penicillin (5 x 105 U/L) and streptomycin (100 mg/L). Then,
tumors were cut into small pieces (~1 mm?) and immersed
in a tissue-digestive solution (2 g/L of collagenase, 1 g/L of
deoxyribonuclease [DNase] and 0.0002 g/L of hyaluronidase)
for 40 minutes. Upon filtration with steel net (200-mesh),
the filtrate was centrifuged (1000 rpm X 5 minutes), and the
supernatant was discarded. After washing three times with
PBS, the cell pellet was resuspended in RPMI-160 medium,
and the tumor cell suspension was processed for proliferation
and apoptosis analysis.

The cell proliferation assay was performed as
described below. Briefly, cell concentration was adjusted
to 1 x 10° cells/mL. One milliliter of tumor cell suspension
was centrifuged (1000 rpm X 5 minutes, 4°C) and the
supernatant was discarded. Cells were fixed with 70%
ethanol at —20°C and incubated at 4°C overnight. After
centrifugation (1000 rpm X 5 minutes, 4°C), cells were
washed twice with PBS. One milliliter of propidium
iodide staining solution was added. After a 30-minute
incubation at 4°C in the dark, the cell suspension was
analyzed by FCM. The following formula was used to
calculate the proliferation index (PI) of the tumor cells:

PI=(S + G2/M)(GO/G1 + S + G2/M) x 100%, (2)

where GO, G1, G2, S, and M correspond to the different
phases of the cell cycle.

The cell apoptosis assay was performed as described below.
Briefly, cell concentration was adjusted to 1 x 10° cells/mL.
One milliliter of tumor cell suspension was centrifuged
(1000 rpm x 5 minutes, 4°C), and the supernatant was
discarded. Cells were washed twice with PBS at 4°C and
incubated with 200 UL of Annexin V staining solution for
15 minutes at room temperature. Afterwards, 1 mL of PI
staining solution was added, and after 5 minutes, the cell
suspension was analyzed by FCM. The following formula was
used to calculate the apoptotic index (Al) of the tumor cells:

Al = (Number of apoptotic cells/Total number
of cells) x 100%. 3)

Statistical analysis

All data in this study were processed using SPSS 13.0 software
(IBM Corporation, Armonk, NY, USA). One-way analysis of
variance (ANOVA) was used to analyze the significance of
the differences in the indicators of tumor growth between the
four time points during a 24 hour light/dark cycle period. The
CircWave 1.4 software (Hut RA, Groningen, The Netherlands)
was used to perform cosine analysis, so as to determine whether
the indicators of tumor growth undergo a circadian rhythm.
Data were expressed as mean * standard deviation (SD).
A P-value < 0.05 was considered statistically significant.

Results

Cell and histology examination of tumor
tissues of BcaCD885

Three weeks after BcaCD885 cells were injected under the
cheek mucosa of 32 nude mice, all mice had noticeable
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tumors in the cheek. HE stained sections of tumor tissues
were observed under light microscope. A large number of
poorly differentiated OSCC cells were tightly arranged and
a cancer nest existed (Figure 1).

Variation of tumor volume obeys

a circadian rhythm

The OSCC tumor volume at different time points during a
24-hour period is depicted in Table 1. Cosine analysis showed
that the variation of tumor volume conformed to the law of
cosines. A single cosine test confirmed that the variation
of tumor volume obeyed a circadian rhythm (F = 37.91,
P =0.00). In accordance with the correspondent cosine curve
fitting, shown in Figure 2A, the peak value of the tumor
volume appeared at 3.23 HALO (the corresponding volume
was 477.48 mm?®), whereas the trough value appeared at
15.23 HALO (the corresponding volume was 342.05 mm?).
ANOVA results indicated that there were significant
differences of the tumor volume between the different time
points (F = 52.26, P = 0.00): 4 HALO versus 10 HALO
(t=4.67, P < 0.01); 4 HALO versus 16 HALO (¢ = 7.31,
P < 0.01); 4 HALO versus 22 HALO (¢ =3.57, P < 0.01);
10 HALO versus 16 HALO (r=11.98, P < 0.01); 10 HALO
versus 22 HALO (r=8.24, P < 0.01); and 16 HALO versus
22 HALO (t=3.74, P < 0.01).

Variation of tumor cell Pl obeys

a circadian rhythm
The PI of OSCC at different time points during a 24-hour
period is depicted in Table 1. Cosine analysis showed that

Figure | HE staining of tumor tissue sections 3 weeks after BcaCD885 cells were
inoculated under the cheek mucosa of nude mice.

Note: HE x 200.

Abbreviation: HE, hematoxylin and eosin.

the variation in the PI of tumor cells conformed to the law
of cosines. A single cosine test confirmed that the variation
of the tumor cell PI obeyed a circadian rhythm (F = 9.71,
P = 0.00). In accordance with the correspondent cosine
curve fitting, shown in Figure 2B, the peak value of PI
appeared at 6.60 HALO (the corresponding PI was 43.39),
whereas the trough value of PI appeared at 18.16 HALO
(the corresponding PI was 35.31). ANOVA results indicated
that there was no significant difference in the PI between the
different time points (F = 1.59, P =0.27).

Variation of tumor cell Al does not obey

a circadian rhythm

The Al of OSCC at different time points during a 24-hour
period is depicted in Table 1. Cosine analysis showed that
the variation in the tumor cells Al did not obey a circadian
rhythm, which was demonstrated by a single cosine test.
Nevertheless, ANOVA results indicated that there were
significant differences in the tumor cell Al between the
different time points (F =10.561, P=0.004): 4 HALO versus
10 HALO (#=4.938, P < 0.01); 10 HALO versus 16 HALO
(t =4.537, P < 0.01), but 10 HALO versus 22 HALO
(t=2.125,P > 0.05); 16 HALO versus 22 HALO (1=2.412,
P > 0.05); 4 HALO versus 22 HALO (¢ =2.813, P > 0.05)
and 4 HALO versus 16 HALO (¢ = 0.401, P > 0.05).

Discussion

To date, it has been confirmed that circadian rhythm changes
are closely related to the occurrence, development, response
to therapy, and the prognosis of a number of cancers, such
as breast, liver, prostate, endometrial, colon, and non-small
cell lung cancer.”® There are significant differences in
circadian rhythm between different tumor cells.”!° Recently,
Sato et al reported that PER ] and PER3 exhibit, respectively,
a high and low expression in oral gum cancer cells.?> Upon
cisplatin treatment, PER/ and PER3 played, respectively,
anti- and proapoptotic roles in CA9-22 gum cancer cells
that were cultured in vitro. Studies by Bjarnason et al** and
by Zieker et al** showed that PER] expression had circadian
rhythm characteristics during a period of 24 hours in healthy
human oral mucosa cells. The level of PERI expression
could significantly influence the expressions of cell cycle
related proteins and tumor-related genes, such as cyclin E,
cyclin B, cyclin A, p53, c-Myc, and so on. Gery et al* studied
PERI expression in the human colon cancer cell line
HCT116 in vitro and found that PERI regulated cell cycle
related protein expressions, such as wee-1, cyclin B1, Cdc2,
and so on, resulting in influences on tumor genesis and
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Table | Changes of OSCC tumor volume, cell proliferative index, and apoptotic index at different time points during a 24-hour

period

Time of sacrifice

4 HALO 10 HALO 16 HALO 22 HALO
Tumor volume 428.89 +23.78 486.24 + 37.05 339.01 £30.57 384.93 +£40.71
Pl 42.72 + 8.04 41.67 +4.27 36.46 £ 0.39 36.55+0.29
Al 24.60 £ .49 47.18 = 1.80 26.43 £ 10.80 37.46 £ 1.82

Note: Data are expressed as mean + SD.

Abbreviations: OSCC, (human) oral squamous cell carcinoma; HALO, hours after light onset; Pl, proliferative index; Al, apoptotic index; SD, standard deviation.

cancer development. The basic characteristic of a malignant
tumor is uncontrolled growth, proliferation, and apoptosis
of cells. However, to date, no study about the circadian
rhythm of in vivo oral cancer growth has been reported. In
this study, the three most representative indicators (tumor
volume, cell proliferation, and apoptosis) of tumor growth
were chosen to reflect the circadian rhythm characteristics of
OSCC growth in vivo during a 24-hour period. Our results
indicated that OSCC tumor volume at different time points
obeyed a 24-hour cycle circadian rhythm. The circadian
variation of tumor volume had a peak value of 477.48 mm?® at
3.23 HALO and trough value of 342.05 mm?at 15.23 HALO,
ie, the tumor volume at an early rest phase (3.23 HALO)
was increased by 40% when compared with that at an early
activity phase (15.23 HALO). Cell proliferation analysis
showed that changes of OSCC PI also obeyed a 24-hour
cycle circadian rhythm. The circadian rhythm of PI had a
peak value of 43.39 mm?® at 6.60 HALO and trough value
of 35.31 mm?® at 18.16 HALO, ie, the PI at a middle rest
phase (6.60 HALO) increased by 23% when compared with
that at a middle activity phase (18.16 HALO). Although the
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analysis of apoptosis showed that variations in OSCC Al
did not obey a 24-hour cycle circadian rhythm, there were
significant differences between different time points.
We assumed that the above differences may be due to the
expression of Clock gene. PERI in oral cancer cells had
circadian rhythm during a period of 24 hours. PER regulates
cell cycle related proteins and tumor related genes,*
which leads to circadian variations in tumor size and PI of
OSCC growth in vivo. Nevertheless, the specific mechanism
still needs further and more extensive research. Our study
investigated, for the first time, the circadian rhythm of oral
cancer growth in vivo. Although this needs to be explored
further, our results indicate that the time factor should be
considered in the individualized treatment of OSCC. For
example, the evaluation of the efficacy of various anticancer
agents should be performed at the same time points during
the day. We assumed that a higher therapeutic efficacy would
be achieved if the anticancer drugs are administered in the
middle rest phase, in which the cell proliferation level of
OSCC is the highest during a day. Similarly, if the surgical
time is in the early or middle activity phase, in which the
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Figure 2 Circadian rhythm of OSCC tumor growth in vivo. (A) Cosine fitted curve of OSCC tumor volume at different time points during a 24-hour period; (B) cosine

fitted curve of Pl of tumor cells at different time points during a 24-hour period.

Abbreviations: HALO, hours after light onset; OSCC, (human) oral squamous cell carcinoma; Pl, proliferative index.
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tumor volume and cell proliferation level of OSCC are the
lowest during a day, tumor recurrence and surgical trauma
might be reduced.

This study provides the basis for further investigation
into the molecular mechanisms underlying the circadian
rhythm of in vivo OSCC growth. We believe that an in-depth
study of the relation and mechanism of circadian rhythm and
tumor growth will be reflected into a new understanding of
the occurrence and development of malignant tumors and in
the design of new molecular therapeutic targets. Also, the
time factor should be taken into consideration in the efficacy
evaluation of radiotherapy, chemotherapy, and surgery,
resulting in a new model of tumor prevention and therapy.
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