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Cell division occurs at a specific time
of day in numerous species, suggest-
ing that the circadian and cell cycles are
coupled in vivo. By measuring the cell
cycle thythm in real-time, we recently
showed that the circadian and cell cycles
are not coupled in immortalized fibro-
blasts, resulting in a rapid rate of cell divi-
sion even though the circadian rhythm
is normal in these cells. Here we report
that tumor-driven Lewis lung carcinoma
(LLC) cells have perfectly temperature
compensated circadian clocks, but the
periods of their cell cycle gene expression
thythms are temperature-dependent,
suggesting that their circadian and cell
cycles are not connected. These data sup-
port our hypothesis that decoupling of
the circadian and cell cycles may underlie
aberrant cell division in tumor cells.

From an evolutionary perspective, the pre-
dictable daily cycles of light and tempera-
ture caused by the rotation of the earth
on its axis likely had significant effects on
the chemical milieu of unicellular organ-
isms. By partitioning cellular processes
into specific time domains, anticipation of
periodic changes in the environment pre-
sumably increased survival and reinforced
the development of endogenous circadian
oscillators." Since cell division is critical
to the survival of unicellular organisms
and the integrity of DNA is susceptible to
UV irradiation, the progression of the cell
cycle was probably also strongly affected
by daily changes in the environment,
thereby imposing a need for compart-
mentalization of cell division into specific
time domains. Indeed, multiple studies
have measured diurnal fluctuations in
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cell division, such that mitosis occurs at a
specific time of day in numerous species
ranging from unicellular organisms® to
humans.** In addition to protecting DNA
from the mutagenic effects of UV irradia-
tion, circadian control of cell division may
serve the additional purpose of controlling
the rate of cell proliferation.

If the rate of cell proliferation is gated
by the circadian system in normal cells,
then what is happening in rapidly-divid-
ing tumor cells? The current working
hypothesis is that the circadian rhythm is
disrupted or ameliorated in tumor cells,
so that it is no longer able to regulate the
rate of cell division (Fig. 1). Consistent
with this model, numerous studies have
demonstrated a correlation between dis-
ruption of circadian rhythms and the
development of cancer. People who work
irregular schedules (working sometimes
during the day and sometimes at night),
such as flight attendants, airline pilots and
nurses, have a significantly higher risk of
cancer compared to people who work nor-
mal daytime shifts.”"> In animal studies,
mice lacking the circadian genes, Period2,
Periodl and Period2, Cryprochromel and
Cryptochrome2 or 1 copy of Bmall, have
higher incidences of spontaneous and ¥y
radiation-induced tumors compared to
wild-type mice."*® Numerous studies
have also found alterations in the expres-
sion of circadian genes in cancerous
tissues.'® Therefore, multiple lines of evi-
dence suggest that circadian dysregulation
accompanies or is a prerequisite for cancer
development and progression.

We recently made a new discovery
that caused us to reevaluate this current
model. To investigate how the circadian
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Figure 1. A new model: disconnection of the circadian and cell cycles in cancer cells. In normal (non-cancerous) cells, the circadian rhythm and cell

division cycle are tightly linked resulting in a 24 hour rhythm of cell division. According to the current model, since the circadian clock and cell division
cycle are linked, dysregulation of the biological clock results in uncontrolled cell division which causes cancer. According to our new model, the circa-
dian and cell cycles are disconnected from each other in tumor cells.
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Figure 2. The circadian rhythm is temperature compensated in Lewis lung carcinoma (LLC) cells.
(A and B) LLC cells stably transfected with Per2-luc were treated with forskolin for 30 minutes and
then the growth media was replaced with recording media. (A) Detrended data (counts/sec) was
obtained by subtracting the 24-hour moving average from the raw data. (B) The period (mean +
SEM) of Per2-luc expression in LLC cells was determined from bioluminescence recorded by the Lu-
miCycle at 31.5° 32.5°, 33.5° 34.5°, 35.5° and 36.5°C (Q,,= 1.02; n = at least four at each temperature).

system regulates the cell cycle and how
this process is disrupted in cancerous
cells, we developed a novel approach for
monitoring the cell cycle in real-time.
We
that stably express a DNA construct in
which the Cyclin BI promoter drives the

created immortalized fibroblasts

expression of destabilized green luciferase
(CCNBI-dGluc).” Since the accumulation
of CYCLIN Bl protein is a prerequisite
for mitosis, we have created a real-time
method to measure cell division. Using
this technique, we found that the circa-
dian rhythm is not controlling the cell
cycle thythm in immortalized fibroblasts,
even though the circadian rhythm is nor-
mal and functional.”” Based on these data,
we proposed a novel hypothesis to account
for aberrant cell division in immortalized
and tumor cells: the circadian and cell
cycles are tightly coupled in normal tissue,
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but these oscillators become disconnected
in cancerous tissues, resulting in aberrant
cell proliferation (Fig. 1).

The
were performed in immortalized ratl1
fibroblasts. Though immortalized cells
proliferate indefinitely, they are distinct

aforementioned  experiments

from cancer cells. To test the validity of
our hypothesis with respect to cancerous
cells, in the current study we investigated
the circadian and cell cycle rhythms in a
tumor-driven cell line, Lewis lung carci-
noma (LLC) cells.

To determine if LLC cells have a cir-
cadian rhythm, we stably transfected the
cells with the Period2-luciferase (Per2-luc)
DNA construct'® (containing the neomy-
cin resistance gene for selection) in which
the Per2 promoter drives the expres-
sion of firefly luciferase. One day after
subculturing (20% confluency), the cells
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were stimulated with forskolin for 30 min-
utes to synchronize the circadian rhythm,
and then the growth media was replaced
with recording media. We found that
LLC cells have a robust circadian rhythm
of Per2-luc expression (Fig. 2A). A funda-
mental property of circadian rhythms is
that they are temperature compensated:
the period of the rhythm is approximately
24 hrs at different ambient physiological
temperatures [in contrast to most biologi-
cal reactions that proceed with a tempera-
ture coefficient (Q,;) ~2 or 3, so that with
every 10°C increase in temperature, the
reaction rate approximately doubles or tri-
ples]. We found that the period of Per2-luc
expression following forskolin stimulation
is temperature compensated in LLC cells
(Q,, = 1.02; Fig. 2B), suggesting that the
circadian rhythm in these tumor cells is
functioning normally.

We next generated LLC cells stably
transfected with CCNBI-dGluc to assess
the cell cycle thythm. Using a low-lumines-
cence imaging system, we imaged CCNBI-
dGluc expression in LLC cells for several
days. From these images, the rhythm of
CCNBI-dGluc expression and the timing
of cell division (one cell visibly splitting
into two cells) were determined (Fig. 3A).
We found that cell division always occurs
near the peak of CCNBI-dGluc expression
in that cell (Fig. 3A). Quantification of
bioluminescence showed that the period
of the CCNBI-dGluc thythm in individual
LLC cells is ~13 hrs (Fig. 2B; mean period
+ SEM: 13.07 + 1.06 h, n = 7). Therefore,
similar to rat-1 fibroblasts, the timing of
cell division in LLC cells can be monitored
in real-time by measuring the CCNBI-
dGluc thythm.
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Figure 3. The period of the cell cycle gene expression rhythm is not temperature compensated in Lewis lung carcinoma (LLC) cells. (A) Representa-
tive example of the optical density of CCNBT-dGluc bioluminescence in a single LLC cell imaged at 36.5°C. The timing of cell mitosis is indicated by red
arrows. Seven cells from each of two independent dishes were analyzed. (B and C) LLC cells stably expressing CCNB1-dGluc were synchronized by cold
shock (22°C for 24 hrs) and then bioluminescence was recorded. Representative traces of detrended CCNBT-dGluc expression (counts/sec) at 36.5°C
(top part; 12-h moving average; n = 3) or 32.5°C (bottom part; 30-h moving average; n = 3) are shown. (C) The period (mean + SEM) of CCNBT-dGluc
expression in LLC cells was determined by measuring the peak-to-peak time of two cycles at 32.5°C or the average peak-to-peak time of three cycles at

If the circadian and cell cycles are
coupled in LLC cells, then the cell cycle
thythm should be temperature compen-
sated like the circadian rhythm. To deter-
mine if the period of the CCNBI-dGluc
thythm was affected by temperature in
LLC cells, we synchronized the cell cycle
thythm with a cold pulse (22°C for 24
hours)” and then measured biolumines-
cence at 36.5°C or 32.5°C (Fig. 3B). We
found that the CCNBI-dGluc thythm is
not temperature compensated (Q, = 8.46;
Fig. 3C), suggesting that the circadian
and cell cycles are not coupled in LLC
cells.

Consistent with our finding that the
circadian rhythm is normal in LLC cells,
previous studies have shown that other
tumor-driven cell lines, such as immor-
talized human osteosarcoma cells (U-2
0S)* and peripheral neuroblastoma cells
(SH-SY5Y),* as well as explants of chemi-
cally-induced hepatocellular carcinomas,*
exhibit ~24-hour rhythms of circadian
gene expression. Therefore, the cur-
rent model-that a dysfuntional circadian
rthythm results in dysregulation of the cell
cycle in cancer cells-cannot apply to these
tumor-driven cell lines or to immortalized
fibroblasts. Our novel hypothesis-that the
circadian and cell cycles are decoupled
in cancer cells-however, can explain how
aberrant cell division can occur even when
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the circadian rhythm is normal. Our
hypothesis is also supported by the finding
that the circadian and cell cycle rhythms
are disconnected in tumor-driven LLC
cells even though the circadian clock is
perfectly functional. To directly test our
hypothesis, we must determine if the cir-
cadian and cell cycles are coupled in nor-
mal, non-cancerous cells. If not, then it
is possible that the 24 hr rhythms of cell
mitosis in normal cells are synchronized
to the rhythmic host environment. If the
circadian and cell cycles are coupled in
normal cells, but they are disconnected in
cancer cells, as in LLC cells, these find-
ings open up exciting avenues for research
identifying novel compounds capable
of regulating the period of the cell cycle
thythm in tumor cells and could lead to
novel therapeutic treatments for cancer.
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