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Abstract

Dividing cells, including human cancers, organize processes necessary for their duplication
according to circadian time. Recent evidence has shown that disruption of central regulation of
circadian rhythms can increase the rate at which a variety of cancers develop in rodents. In order to
study circadian rhythms in liver tumors, we have chemically induced hepatocellular carcinoma in
transgenic rats bearing a luciferase reporter gene attached to the promoter of a core circadian clock
gene (Period 1). We explanted normal liver cells and hepatomas, placed them into short-term culture,
and precisely measured their molecular clock function by recording light output. Results show that
isolated hepatocellular carcinoma is capable of generating circadian rhythms in vitro. Temporally
restricting food availability to either day or night altered the phase of the rhythms in both healthy
and malignant tissue. However the hepatomas were much less sensitive to this signal resulting in
dramatically different phase relationships between host and tumor tissue as a function of mealtime.
These data support the conclusion that hepatoma is differentially sensitive to circadian timing signals,
although it maintains the circadian organization of the non-malignant cells from which it arose.
Because circadian clocks are known to modulate the sensitivity of many therapeutic cytotoxic targets,
controlling mealtiming might be used to increase the efficacy of treatment. Specifically, meal and
treatment schedules could be designed that take advantage of coincident times of greatest tumor
sensitivity and lowest sensitivity of host tissue to damage.
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INTRODUCTION

Circadian rhythmicity provides a critically important temporal framework for many molecular,
cellular and organismal functions. Cell division1'3, immune function? and behavior® are all
regulated by endogenous circadian clocks that are synchronized to the 24h environment by
external cues. The molecular mechanism driving the cell-autonomous circadian rhythm is
comprised of a number of ‘clock’ genes that when disrupted, alter or abolish clock function®.
Virtually all cells and tissues have the molecular machinery capable of generating circadian
rhythms78.

Dividing cells organize all of their processes necessary for their duplication within circadian
time®. Even hepatocytes, cells which ordinarily do not divide, use circadian timing to organize
mitotic activity during recovery from an injurylov 11 This organized cell division is also

observed in human cancers12: 13, Therefore it is not surprising that organizing treatment with
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cytotoxic agents according to circadian time in some cases improves drug tolerancel4and
outcome-—>.

Recent reports suggest that experimental manipulation of host circadian rhythmicity affects
tumor growth and mortality in rodents with cancer. Arrhythmicity induced by suprachiasmatic
nucleus (SCN) lesions16: 17 or chronicjet—lagl& 19'in mice, or chronic bright light in
rats20 increases the rate of tumor growth and hastens death. Disruption of the clock gene Period
2 increases both spontaneous and radiation-induced tumor frequency21. Conversely,
enhancement of host rhythms can inhibit tumor progression. Circadian rhythms in liver
function and circadian clock gene expression synchronize to food-restriction schedules?2:

23 and mice on daytime restricted feeding exhibit slower tumor development than mice fed at
night or ad-libitum19: 24 Therefore it is important to understand the biological mechanism(s)
that underlie the relationship between circadian rhythms in healthy and malignant hepatic tissue
and the progression of cancer. In this study we examined expression patterns of a circadian
clock gene, Period 1, in hepatocellular carcinoma (HCC) and healthy host tissues following
photic resetting and timed food restriction in transgenic Perl-luciferase rats.

Subjects and experimentally induced carcinogenesis

Male and female 6-week old transgenic rats bearing a luciferase reporter gene for mPer12°
were subjects in the experiment. Except where noted, all rats were housed in a 12:12 light-dark
cycle (lights on from 0500h-1700h). Animals were administered diethylnitrosamine (DENA)
(N-Nitrosodiethylamine; Sigma N0258-1G) for six weeks in drinking water at a concentration
of 80mg/I for an estimated daily dose of lOmg/ngO. Following the 6-week treatment rats were
allowed 4 days to clear the DENA, then placed in a clean cage and transferred to our behavioral
facility where they participated in the following two experiments.

Experiment I: Restricted feeding

Immediately following DENA treatment, 23 rats were placed on one of 3 feeding regimens:
129 of chow at Zeitgeber Time (ZT) 04:00 (ZT 00:00 = lights-on; ZT 12:00 = lightsoff) (RF
Day); 129 of chow at ZT 16:00 (RF Night), or ad libitum (AL) chow. Rats were fed less food
for the first 3 days of RF to insure they ate all the chow that was provided within a few hours.
Food restriction was continued until rats were sacrificed. Body weights for all animals were
assessed weekly and did not differ statistically among groups (Initial weights [Mean + SEM]:
AL 385 + 219, RF Day 391.9 + 23.3g, RF Night 356.3 + 12.8g; Single factor ANOVA p =
0.45; Final weight measured during the last week all animals were alive: AL 475.3 £ 19.8g,
RF Day 437.4 + 14.99, RF Night 414.5 + 4.4qg; Single Factor ANOVA p=0.08). Rats were
sacrificed for culture preparation at ZT 11:00 if they failed to eat their daily meal (indicating
illness) (n=8; cultures were made from 7 of these rats) or after 9 weeks of restricted feeding,
whichever came first. Fifteen of 23 animals survived until this point of the experiment; of these
15, 4 rats had no macroscopic liver lesions. The remaining rats, including those that were
sacrificed before 9 weeks of RF had elapsed, all had multiple discrete macroscopic liver foci
that were white or gray in color. Histological analysis (Antech diagnostics, Lake Success, NY)
verified that the lesions were hepatocellular carcinoma. Final group sizes were: Ad lib: n=8;
RF Night: n=4; RF Day: n=6 for a total number of 18 rats. Since all rats had multiple foci, at
least 2 hepatoma and healthy liver explant cultures were prepared from each rat. All healthy
tissue explants were taken from the same DENA-treated rats, but were isolated from liver tissue
that appeared macroscopically normal.
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Experiment Il: Experimental Jet-lag

Twenty-six transgenic rats were treated with DENA, and then remained under a 12:12 L:D
cycle with ad-libitum food and water for 10 weeks. Of the 26 initial animals, 6 were removed
from the protocol early due to health concerns. The 20 healthy rats that remained were then
transferred to our behavioral facility and placed on a shifted light-dark cycle to simulate jet-
lag conditions. Nine rats were housed in a 6h-delayed light-dark cycle (lights on between 1100h
and 2300h), accomplished by lengthening the light-period by 6 hours on the day of tranfer.
Separately, eight rats were housed in an advanced light-cycle (lights on between 2300 and
1100h) accomplished by decreasing the dark-period by 6 hours on the day of transfer. Only
one phase-shift was performed for each rat in these groups. The remaining three rats remained
in the pre-shift light regime. Subgroups of rats were then sacrificed at ZT 1100 on the first,
third or sixth day in the new (or unshifted) light cycle in order to track the resetting of the
circadian rhythm in both tumors and healthy liver. One rat of these 20 (Phase-delayed group)
had no macroscopic lesions. The remaining 19 all had multiple foci. At least 2 tumors and 2
adjacent pieces of healthy liver were explanted into culture from each rat.

Assessment of PER1 gene expression

Rats were sacrificed by decapitation under CO, anesthesia. Liver was exposed and samples of
both healthy liver and hepatocellular carcinoma were removed and placed in chilled Hank's
basic salt solution containing HEPES buffer and antibiotics. Small (1-2 mmz) slices of these
tissues were made with scalpels and placed on a culture membrane (Millicell-CM
PICMORGH50) in a 35mm dish containing culture medium (DMEM [Sigma D2902]
supplemented with B27 [2%; Gibco 15630-088], 10 mM HEPES buffer [Gibco 15630-088]
and antibiotics) containing 0.1 mM luciferin [Promega E1602]. While the explants were not
analyzed histologically, they were macroscopically homogeneous such that hepatoma cultures
contained only tissue that was of a consistent color and texture. The dishes were sealed with
cover glass and vacuum grease and placed into a Lumicycle bioluminescence recording
apparatus (Actimetrics, Evanston 1) housed inside an environmental chamber held at 35.5°C.
Measurements of bioluminescence (1 min. duration) were made every 10min for a minimum
of 4 days.

To characterize the circadian rhythms in healthy liver and HCC explants, a detailed analysis
of the waveforms was performed for tissues harvested from animals that were not subjected to
experimental manipulation (ad-libitum-fed rats in Experiment I and unshifted rats in
Experiment 11, pooled). Briefly, a detrending algorithm (DTRNDANL) was applied to remove
the considerable mean (baseline drifting) and variance (damping oscillatory amplitude)
nonstationarities consistently encountered in the observed experimental data. Then FFT-NLLS
analysi526* 27 was applied. This analysis permits assignment of values to parameters
characterizing the period and amplitude of circadian oscillation exhibited by the data sets. Next,
we applied a comparative analysis by FFT-NLLS of the oscillatory amplitude among
sequentially isolated 24-hour subseries of the detrended data, followed by analysis of the rate
of amplitude decay. This measure of amplitude decay, or damping rate, indicates the number
of elapsed hours in vitro during which the rhythm reached or exceeded an amplitude of 30%
of that measured on the first cycle 28,

These analyses resulted in means and 95% confidence limits for period, initial amplitude and
rate of amplitude decay for each tissue culture. Variance-weighted averagingzg, followed by
Welch's t-test was then used to determine if there were differences between tumors and healthy
liver tissue with respect to these rhythmic parameters.

The phase of the circadian rhythm in luciferase-reported mPerl gene expression was
determined by first detrending (subtraction of the 24h running mean from the raw data) then
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smoothing (2h running mean) the time-series dataZ3: 25, The first peak in the bioluminescence
data after the initial 24h in culture was used as the phase marker (Fig. 1A). In our experience
data from the first 24h in culture are inconsistent due to masking by the exponential decay of
initial bioluminescence. All cultures were included in the phase analysis.

Damped circadian rhythms of PER1-promoter-driven luciferase (Perl-luc) activity were
detected in both healthy liver and hepatocellular carcinoma (HCC) explants (Figure 1A).
Analysis of the rhythms measured in tissues from ad-libitum fed (control) rats revealed that
the initial rhythmic amplitude was lower in the tumor explants than in healthy liver (Fig. 1B).
Furthermore, the period of the oscillation was shorter in tumors (23.6 £ 0.36h in healthy tissue
vs. 19.7 £ 0.55h in HCC explants; Welch's t-test p< 0.0001; Fig. 1B) However the rate at which
the amplitude of the rhythm decayed, or damped, in vitro was not significantly different
between the tissue types. To increase the sample size at least 2 cultures were made from
hepatomas and normal liver from each rat. Therefore the results reflect data from a variety of
tumor sizes and from tissues originating in all 5 lobes of the liver. Results did not appear to
differ as a function of tumor size or tissue source, however the data were insufficient for
statistical analysis using these independent variables.

The phase of peak Perl-luc expression during ad-libitum feeding occurred during the middle
of the night in both HCC and healthy liver explants (Fig. 1A; Group phase data summarized
in Fig. 2B). If food was restricted to a single daily meal at ZT 1600 (4h after lights-off), Per1-
luc expression in tumor explants peaked about 3h earlier than did healthy liver (Fig. 2A) In
contrast Per1-luc expression in tumor explants from rats fed at ZT 0400 (4h after lights-on)
peaked late in the light phase, about 3h later than did healthy liver tissue from the same animals.

Figure 3 shows peak phases Per1-luc expression for tissues explanted from rats that have been
exposed to 1, 3 or 6 days of an advanced (Fig. 3A) or delayed (Fig. 3B) light cycle. In contrast
to the phase differences we observed in day or night food-restricted rats, no significant
differences were detected in the rate at which HCC and healthy host liver reset to the shifted
light schedule.

DISCUSSION

In this study we demonstrate that induced hepatocellular carcinoma maintains the capacity to
generate circadian rhythms of Period 1 gene expression. While diurnal (24h) rhythms in cell
division in tumors are well-documented (for review see30 and 12), most of those rhythms were
measured in tumors ex vivo (i.e. in tissue from animals killed at different times around the
clock). While it is critically important to understand how rhythms in tumors interact with the
host, it is also important to study the molecular clock in the tumor in isolation from other
circadian oscillators in the organism. Such an approach may reveal important alterations in
circadian control of cell divisionl or other functions. To our knowledge our study represents
the first demonstration of endogenous circadian rhythmicity in a primary tumor. Furthermore,
spontaneous tumors that have occasionally arisen in our colony of Perl-luc transgenic rats
(mammary adenosarcoma, mammary fibroadenoma, and lymphosarcoma) also express
circadian rhythms in vitro (data not shown).

The analysis of rhythms generated by HCC, as measured via a luciferase reporter in vitro,
revealed two differences between HCC and healthy liver. First, the mean period of the rhythm
was shorter for tumors than for healthy liver by nearly 4h. This finding suggests that the
transformation of healthy tissue to malignancy may have effects on the molecular mechanisms
generating circadian rhythmicity. In support of this possibility, Nagoshi and colleagues 31
suggested that cell division may influence circadian period by transiently up- or down-
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regulating the Per and Cry circadian clock proteins during mitosis. It is possible that, even in
the absence of serum in our media, the HCC explants are dividing in vitro. If this cell division
occurred consistently during the phase of the cycle in which Per and Cry degradation occurs,
a shorter circadian period might result.

The second change we observed was that initial rhythmic amplitude was reduced in tumors
compared with healthy liver. We interpret this result with caution, however, since amplitude
in vitro can be affected by several variables, including the exact size and shape of the explant.
However if amplitude differences we observe in vitro reflect systematic biological alteration,
it could arise as a result of reduced coupling among tumor cells, or as a result of a decreased
oscillatory amplitude in individual liver cells. The fact that damping rate is similar between
the tissue types suggests that while differences exist in the rhythmic parameters, hepatoma still
possesses a robust circadian clock.

Cell division is regulated by the circadian clock. First reported by Scheving32’ 33 in the 1970s,
mitotic activity in the rat and mouse Gl tract and cornea occurs with a circadian rhythm. Human
oral34 and rectal3>: 36 mucosa also divide rhythmically. Furthermore key stages in the cell
cycle correlate with rhythms in clock gene expression. For example in humans, G; correlates
with peak expression of hperl, and M phase correlates with peak hbmall expressionz! 3. One
potential mechanism for such regulation (elucidated in regenerating liver) is that Cyclin B1-
Cdc2 kinase, a regulator of mitosis, is linked to the clock mechanism through rhythmic
expression of wee1ll Specifically, it is suggested that the CLOCK/BMAL1 heterodimeric
transcription factor, a rhythmically active and critical component of the core clock mechanism,
binds to one or several of 3 E-box elements that are located upstream but near weel. The
increased transcriptional activity that results causes the up-regulation of WEE1 kinase, which
then phosphorylates the Cyclin B1-Cdc2 complex kinase, inhibiting its activity during the
phase of the cycle in which CLOCK/BMALL1 is active.

Interestingly circadian regulation of cell division is found widely in organisms as diverse as
cyanobacteria37v 38 and zebrafish39. Abnormal or absent gating of cell division is one
mechanism by which alterations in circadian regulation may affect tumor development. It is
tempting to speculate that some cancers have abnormal rhythms, or are poorly regulated by
the organisms' central circadian system. In our case, it appears that the molecular machinery
necessary for the generation of rhythms is largely intact in rat hepatoma. However the
sensitivity of the tumor to external signals does appear to be altered.

Our study shows that the phase of peak Perl-luc expression in HCC is not different from that
in healthy host liver under normal feeding conditions. Daytime restricted feeding caused phase-
shifts of this peak in both healthy and malignant tissue. Most importantly, while the peak phase
in healthy liver differs by 11.5h in day versus night-fed groups of animals, the phase of HCC
tissue explants differed by only 6.3 hours among the same groups of animals. Therefore tumor
tissue is far less sensitive to the phase-resetting stimulus of restricted feeding than is healthy
liver. This important result is consistent with the results of a study by Lakatua and
coIIeagues40 showing that restricted feeding reset the rhythm in DNA synthesis in healthy
colon, but not in a transplanted Harding-Passey melanoma. While the sensitivity of the HCC
to restricted feeding was reduced relative to normal liver, the response to light was not changed.
The trajectory of phase-resetting after an advanced or delayed light-dark cycle revealed that
HCC and healthy liver are equally responsive to light induced circadian signals. Therefore it
appears that the differential response to RF is specific to that modality and that the molecular
circadian clock mechanism in this malignant tissue is largely intact and otherwise functioning
normally.
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Wou, Filipski and colleagues recently demonstrated that daytime food restriction can inhibit
tumor development in mice inoculated with Glasgow osteosarcomal9 24, Nighttime food
restriction also inhibited tumor progression, but to a much lesser extent. This finding helped
to differentiate between two competing explanations for the long-reported effects of caloric
restriction on cancer: reduced caloric intake per se (as reviewed int ) versus time of feeding.
The authors of the study suggested that both caloric restriction and the temporal restriction of
food intake to the light-phase act to inhibit tumor growth. The mechanisms responsible for
these effects are unknown. However our results suggest one possible mechanism for alterations
of tumor development by daytime food restriction. In day-fed rats HCC peaked 3h later than
healthy tissue while in night-fed rats the tumors peaked 3h earlier. Some specific phase
relationships between tumors and host may promote tumor proliferation, and other phase
relationships may support host-mediated defense against the cancerous tissue. Although our
study did not address the rate of tumor development, future experiments will address this
hypothesis by combining feeding schedules with assessment of molecular rhythms in tumor
and host tissue while tracking the rate of tumor development.

The goal of chronomodulated chemotherapy is to adjust the temporal pattern of drug delivery
to improve the toxic-therapeutic ratio. Adjustment of drug dosage by time-of-day may serve
two independent purposes: 1) To reduce doses at circadian times when healthy tissue is most
susceptible to drug-induced toxicity and 2) To increase doses during circadian times at which
the tumor is most susceptible to the effects of the drug. Clinical control over phase and
amplitude of circadian rhythms in peripheral organs and tumors has the potential to
dramatically improve outcomes in patients receiving chronotherapy. In this study we have
shown that timed meals exert phase control over both healthy host liver and cancer, and that
meal timing alters the phase-relationship between tumor and host. It should be possible to
design feeding regimes that differentially affect host and tumor rhythms and thereby allow
drug administration at circadian times that minimize toxic side-effects to healthy tissue while
maximizing therapeutic effects on the tumor.
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Fig. 1.

Bioluminescence measured in vitro from healthy liver and hepatocellular carcinoma tissue
explants isolated from a PER1-LUC transgenic rat. A. Detrended bioluminescence counts
smoothed with a 2h running average. The beginning of the record is the time of lights-on on
the day of sacrifice, and the lighting cycle for that day is indicated by the white and shaded
bars. The rat was killed about one hour before lights-off (ZT 11:00). B. Variance-weighted
mean values for initial amplitude, circadian period and damping rate of healthy liver and
hepatocellular carcinoma explants measured in vitro. Amplitude, in bioluminescence counts,
is plotted on the left axis, while period and damping rate, in hours, are plotted on the right axis.
* p<0.0001; Two-tailed Welch's t-test. Healthy n=14; Tumor n=21.
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Fig. 2.

A. Examples of detrended bioluminescence records made from an HCC and healthy liver
explant both taken from a rat fed at ZT 1600 (night-fed). The arrows indicate the peak that was
used for phase analysis. B. Mean (x SEM) peak phase in vitro for HCC (Open triangle) and
healthy liver (closed circle) explants from rats fed ad-libitum, at ZT 0400 (RF Day), or at ZT
1600 (RF Night). The arrows indicate the mealtime for the restricted fed groups. White and
dark bars on the bottom of the chart indicate the alternating light-dark cycle. Each datapoint
indicates results from a minimum of 9 (RF Night) and a maximum of 21 (Ad-libitum) cultures.
* p< 0.025.
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Zeitgeber time

Photic resetting of healthy liver (closed circles) and HCC (open triangles). Mean + SEM peak
phase is shown for rats that have undergone a 6h phase delay (A), or a 6h phase advance (B)
and then been killed for assessment of the circadian phase on either the first, third or sixth day
in the new lighting conditions. The number of cultures that contribute to each datapoint are
shown in the right margin (healthy, tumor). The hatching indicates the dark phase of the lighting
cycle. The target, shown by a star, represents the theoretical phase of the tissue after the shift
has been completed. It is calculated by adding or subtracting 6h from the baseline phase.
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