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Fluoropyrimidines induce cytotoxicity, in part, by inhibit-
ing the proliferation-coordinated enzyme thymidylate syn-
thase (TS), which is essential for DNA synthesis. Tumor TS
levels are clinically predictive of post-surgical tumor recur-
rence and of response to fluoropyrimidine chemotherapy.
Fluoropyrimidine drug toxicity and efficacy each vary repro-
ducibly in humans and animals, depending upon their circa-
dian timing. In vivo, normal tissues and some tumor tissues
exhibit circadian coordination of cellular proliferation. We
therefore asked whether TS activity is coordinated rhythmi-
cally throughout the day in the normal proliferative tissues
most damaged by fluoropyrimidine drugs. To assess tissue
and time of day TS activity differences, we harvested normal
tissues from female mice living on a 12:12 hr light:dark sched-
ule at each of 6 different equispaced times throughout a 24 hr
cycle and measured TS catalytic activity. We observed up to
10-fold differences in vivo in TS activity among different nor-
mal tissue types, roughly paralleling their proliferative state
and relative fluoropyrimidine sensitivity. In normal tissues
most damaged by fluoropyrimidines (bone marrow, small
intestinal mucosa and oral mucosa/tongue), TS activity varies
up to 2-fold throughout each day. In bone marrow, the cir-
cadian pattern of TS activity parallels the circadian rhythm in
proliferation in this tissue. This circadian organization of TS,
one of the primary fluoropyrimidine targets in normal tis-
sues, probably contributes in vivo to the time of day differ-
ences in the toxic-therapeutic ratio of circadian-timed fluoro-
pyrimidine drug therapy. Int. |. Cancer 88:479-485, 2000.
© 2000 Wiley-Liss, Inc.

5-fluorouracil (5-FU) most prominently causes cellular toxicity
by inhibiting TS (thymidylate synthase; methylenetetrahydrof

late:deoxyuridine-5monophosphate  C-methyltransferase;

2.1.1.45), although effects upon RNA also occur (Pinedo a

1989; Schevinget al., 1983; Smaalaneét al., 1991; Woodet al.,
1998). Cytokinetic coordination throughout the day has also been
demonstrated for a limited number of human cancers (Hrushesky
et al., 1998; Kleveczet al., 1987; Smaalanét al., 1993).

The extent of toxicity of S-phase, cell cycle-specific, cytotoxic
drug often depends upon the size of the proliferative fraction
within the target tissue as well as the capacity of the tissue or host
to anabolize and catabolize the drug. The activities of anabolic
enzymes for fluoropyrimidine drugs are organized throughout each
day in normal rodent tissues including uridine phosphorylase (Urd-
Pase, EC 2.4.2.3) (el Kouet al., 1990), orotate phosphoribosyl-
transferase (OPRTase, EC 2.4.2.10) (Nageibal., 1993) and
thymidine kinase (TK, EC 2.7.1.21) (Zhareg al., 1993). The
activity of the rate-limiting enzyme for fluoropyrimidine catabo-
lism, dihydropyrimidine dehydrogenase (DPD, EC 1.3.1.2) in nor-
mal tissues (Daheet al., 1991; Naguibet al., 1993) and the
clearance of 5-FU (Harrist al., 1989, 1990) are circadian time-
dependent in rodents and humans. The cancer patient to cancer
patient consistency of the circadian time structure of 5-FU catab-
olism is unclear at this time (Harrist al., 1990; Takimotoet al.,
1999). If this circadian organization is variable, it cannot easily
explain the 2- to 8-fold time of day-dependent differences in 5-FU
toxicity found in randomized clinical trials. Therefore, we hypoth-
esized that the circadian organization of TS availability may also
be relevant. We investigated whether TS activity varies rhythmi-
cally throughout each day in normal tissues that limit fluoropyri-
midine use, including bone marrow, gastrointestinal mucosa and

etween TS activity and circadian proliferation patterns in the
ne marrow.

gal mucosa/tongue. We concurrently determined the relationship

Peters, 1988). TS is essential fie novothymidylate production

and, thereby, DNA synthesis. TS activity increases with cell pro-

liferation (Jehret al., 1985; Maley and Maley, 1960; Navalgrund MATERIAL AND METHODS
et al., 1980; Pestalozzt al., 1995). TS expression in some typesanimal study design

of human cancer (protein and mRNA levels) correlates inversely - o
with in vivo fluoropyrimidine responsiveness and with the likeli- Female CDF, mice (11-15 weeks) were maintained on a 12 hr

hood of cure following surgical resection (Johnstenal., 1994, 9ht (sleep phase) and 12 hr dark (activity phase) cycle with food
1995; Leichmaret al., 1997; Lenzet al., 1995, 1998). ' " and water freely available. Twenty-four-hour time is referred to as

Ubiquitous circadian organization has meaningful biomedich urs after light onset (HALO). Circadian-timed tissue samples
LS L . ‘Were obtained from individual mice at one of 6 equispaced times
implications (Hrushesky, 1994). Both toxicity and antitumor eﬁ':g:oughout a 24 hr cycle by using six parallel groups of mice in

cacy of 5-fluorouracil (5-FU), one of the most commonly use . X )
anticancer drugs worldwide, depend reproducibly upon the time lfferent rooms, each with a 12:12 hr "ght'df?“k cycle staggergd by
e time of light onset. In one study, normal tissues from individual

day at which this drug is given to experimental animals and hum . X
beings (Wood and Hrushesky, 1996). In randomized, controll@C€ (N = 2-23) were procured at a single time of day (early
clinical trials, circadian-optimized fluorodeoxyuridine (FdUrdfCctivity, 14 HALO) to examine tissue differences in TS activity.
treatment of patients with metastatic kidney cancer and circadiaff/© circadian studies were performed (study 1=r8 mice/time
optimized 5-FU/leucovorin/oxaliplatin chemotherapy of patient%f day; study 2, n= 15 mice/time of day) with bone marrow and
with metastatic colon cancer diminishes gastrointestinal toxici§fnall intestinal mucosa, and in one circadian study tongue sam-
by 4- to 8-fold and marrow toxicity by 2- to 4-fold (Hrushesky Ples, procured at each of 6 equispaced times throughout a 24 hr
al., 1990; Levi et al.,1997; von Roemeling and Hrushesky, 1990)¢ycle at 2, 6, 10, 14, 18 and 22 HALO.

Circadian-optimized fluoropyrimidine-based cancer therapy repro-

ducibly doubles the objective tumor-response frequency for o )

tients with metastatic colon cancer’(lieet al., 1997). Studies of *Correspondence to: Patricia A. Wood, Research Service (151), Dorn

normal human and rodent proliferative tissues, which are prongg;%rgné_ﬁ]ﬁglirspl;/ltﬁcciggevvgggé%n?gg%gggr\l/ers Ferry Road, Columbia, SC

nent targets of fluoropyrimidine toxicity, demonstrate that larger
proportions of cells are undergoing DNA synthesis and mitosisat
specific times within each day (Bjarnaseiral.,1999; Buchiet al., Received 3 April 2000; Revised 5 June 2000; Accepted 13 June 2000
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Fertility cycle determinations 40 _

To determine the fertility cycle phase of each mouse at sacrifice,
serial daily vaginal smears on the 4 days prior to sacrifice and ) T
immediately prior to sacrifice were obtained, fixed and stained
with hematoxylin and thiazine (Diff Quick, Baxter, Deerfield, IL).
Serial daily readings of cellular ratios and abundance of cornified ] T
epithelial cells, polymorphonuclear cells and noncornified epithe-
lial cells on each slide were used to classify smears into 1 of 4 5
estrous cycle stages (proestrus, estrus, metestrus or diestfE
(Allen, 1922).

TS Act
(pmol/mi

Tissue handling

The proximal 8 cm of the small intestine, the cecal pouch of the —_
colon and the stomach were removed and flushed with 20 ml of 44 |
ice-cold Hank’s balanced salt solution (HBSS), cut longitudinally
and spread luminal side up on a glass microscope slide. Mucosal
preparations of these organs were obtained by scraping the in- I i
verted segments with another glass slide. Bone marrow cells were M
obtained from both femurs of each mouse by removing the femoral  © . /t
ends, flushing the cavities with ice-cold HBSS and pooling the Marrow  Colon Smint Stomach Ovary Uterus Liver Tongue
cells from 2 femurs. Whole organs such as liver, tongue, uterus and TISSUE
ovary (trimmed of fat) were recovered. Tissues were stored ) . .

—80°C. Frozen tissues were thawed and homogenized in fixedr'IGURE 1 — Thymidylate synthase (TS) activity varies nearly 10-fold

o _ ; In different tissues of female CJp, mice measured at a single time of
volumes of ice-cold 200 mM TRIS-HCI, pH 7.4 with 100 mMggy. Values are mean TS ca%alytic activity standard error in

NaF, 20 mM beta-mercaptoethanol and a protease inhibitor cogk’ 000« g supernatants of tissues € 2—23 mice) harvested during
tail (Boehringer Mannheim, Mannheim, Germany) by mechanicgie early activity phase (14 hr after light onset, HALO). Stomach,
homogenization using 30 complete strokes with a glass dourgigall intestine and cecal colonic samples are mucosal preparations,
homogenizer. The homogenates were centrifuged at 4°C vdtile those of the liver, tongue, uterus, ovary and bone marrow are
12,000 g for 10—20 min, the supernatant fluid recovered, anghole-organ preparations.
protein content determined by the dye binding method of Bradford
(Bradford, 1976).

Statistics

TS catalytic assay Variance among mean values across more than 2 groups (e.g., 6

TS catalytic activity was determined using a tritium releasémes of day) were contrasted using one- or two-way analysis of
assay by the method of Armstrong (Armstrong and Diasio, 198¢§riance (ANOVA). Circadian time patterns were also analyzed
with modifications. TS activity was determined on freshly prefor the presence and shape of a significant 12 hr, 24 hr and
pared 12,008 g tissue supernatants in a final volume of |50 simultaneous 12 plus 24 hr rhythm using cosinor analysis (Halberg
with 35 pl 200 mM TRIS-HCI, pH 7.4, 100 mM NaF, 20 mM €t al.,1972). This analysis uses the least squares method to fit one
beta-mercaptoethanol, protease inhibitorg| 6f cofactor solution ©F more cosine functions to the raw data. The rhythm weighted
(6.5 mM tetrahydrofolic acid, 65 mM NaHCQ65 mM formalin, average value (mesor), double amplitude of the rhythm (predicted
0.25 M beta-mercaptoethanol and 40 mM sodium ascorbate, ﬁﬁak to trough difference), acrophase (times of day predicted when
7.0) and 10ul of 50 M {5-3H}-2'-deoxyuridine 5-monophos he maximum daily values are most likely to occur) are derived
phate (20 Ci/mmol; Moravek Biochemical, Brea, CA) and 25 mnrom this nonparametric analysis. Correlations among variables
CMP. Samples were incubated in triplicate at 37°C. At 2 tim@/as tested by linear regression analysis{RPearson correlation
points, the radioactivity in the acid-soluble fraction, after acigCefficient,p-values). Depicted values are the mearone stan-
charcoal treatment, was determined. Background counts were cfifd €ror for grouped data from individual tissues derived from
sistently less then 5% of total input counts and standard deviati Hglv[gual (T'(f[e t(“: 8”—17_m|_(;_e/ cw::aolag ggne group). Results are
of triplicate determinations were less then 15%. considered statistically significant pf < 0.05.

Western blot analysis RESULTS
Cyclin E levels were determined by Western blot analysis of tHeeliable measurement of TS activity in small tissue samples
12,000< g supernatants of bone marrow samples (@ual.,  we adapted a TS catalytic assay for small sample size and

1991). Equal of amounts of supernatant protein were separatedifyestigated the variation in tissue TS activity with overall known
PAGE and transferred to PVDF membranes (Laemmli, 197@jfferences in tissue proliferation by surveying several tissues in
Towbin et al., 1979). The remaining protein binding sites weréemale CLJF, mice at one time of day. TS activity in murine
blocked (5% dry milk, 10 mm Tris, pH 7.4) and washed withissues is reproducibly measured with mean values (95% confi-
TBS-0.25% Tween. Cyclin E was detected using 1:500 dilution efence intervals) for bone marrow of 34.8 (29.5, 40.2), small
rabbit polyclonal anticyclin E antibody (Santa Cruz, Santa Cruitestinal mucosa 11.8 (9.7, 13.8) and tongue 2.2 (2.0, 2.5) pmol/
CA). Following binding of a 1:20,000 dilution of a peroxidasemin/mg protein when measured at a single time of day (early
conjugated secondary antibody (Pierce, Rockford, IL), the sigrattivity, 14 HALO). TS activity among different tissue types
was developed by chemiluminescent detection (Pierce Super Sigries up to 10-fold (Fig. 1).

nal kit). Quantitation was done by densitometric scanning. Sam- ] o S ] )

ples are expressed as a ratio to a common standard sample rufgadian coordination of TS activity in normal proliferative

all gels. Equivalency of protein loading was assessed by actifSues

content (rabbit polyclonal anti-actin antibody; Sigma) using the In 2 studies, TS activity was measured throughout a full 24 hr
method of multiple antigen detection (Krajewséi al., 1996). circadian cycle in each of 3 normal tissues that usually limit the
Pellets from these bone marrow homogenates contained littleddse of fluoropyrimidine therapy, e.g., the bone marrow, small
any, cyclin E staining material. intestinal mucosa and the (oral mucosa) tongue. Small intestinal
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mucosa TS activity varies 2-fold throughout the day from mini-
mum values of 6.5- 1.5 and 9.5t 0.9 pmol/min/mg to maximum
values of 12.3+ 1.4 and 20.2t 2.9 pmol/min/mg. Time of day
differences in small intestinal TS are significant by analysis of
variance with a common time of day for maximum values in
mid-daily activity phase (Table I). Cosinor analysis, concurrently
fitting 12/24 hr periods, supports the existence of a small 12 hr
component and a more robust 24 hr component with peak values
predicted at 18:45 HALO (mid-activity phase) and a second minor
peak at 7:00 HALO (mid-sleep phase; Table 1, Fig. 2).

From a single study (study two), TS activity was also quanti-
tated in another alimentary tissue, the tongue, from the same mice
whose TS rhythms in bone marrow and small intestinal mucosa
had been defined. Tongue TS activity varies nearly 2-fold through-
out the day from a minimum of 2.2 0.1 to a maximum of 4.1
0.5 pmol/min/mg in a single study. Time of day differences in
tongue TS are significant by analysis of variance and cosinor
analysis with both robust 12 hr and 24 hr components, which are
best modeled by a simultaneous 12/24 hr period fit (Table I, Fig.
2). Maximum daily values occur both in late sleep (9:00 HALO)
and again in late activity (21:00 HALO).

Bone marrow TS activity varies nearly 2-fold throughout the
day from a minimum of 31.6- 5.9 and 24.5- 5.0 pmol/min/mg
to a maximum of 42.6t 2.4 and 50.6+ 4.9 pmol/min/mg. These
time of day differences in bone marrow TS are significant by
analysis of variance. Cosinor analysis supports the presence of a
rhythm in both studies for a 12 hr period fit and for the simulta-
neous fit of 12/24 hr periods with maximum daily values in late
sleep (9:30 HALO) and again in late activity (23:00 HALO) (Table
I, Fig. 2). There are no differences throughout the day in tissue
supernatant protein yield for each tissue, bone marrow cell number
or organ wet weight.

From the results of the 2 studies combined, using simultaneous
12/24 hr period fits, the daily pattern of variation in TS activity is
fairly similar in the bone marrow and oral mucosa with 2 peaks
each day in late sleep and late activity (Fig. 2). The small intestinal
mucosa shows a slightly different circadian pattern of TS activity
with one more predominant peak each day in the late activity
phase. All 3 tissues show near maximal levels of TS in the late
activity phase of the circadian sleep-wake cycle. Other times of
day demonstrate divergence of TS activity patterns among these
tissue types.

Fertility cycle effects upon TS activity

Pooled results from the 2 studies of the bone marrow and small
intestinal mucosa were assessed by two-way analysis of variance
for both circadian effects (6 times of day) and estrous cycle stage
(4 cycle stages) effects upon TS activity (24 cells with sample size
range of 3—-11 per group). The time of day effects upon TS activity
were highly significant in each tissup € 0.05). The phase of the
estrous cycle had no effect upon TS activity in bone marrow or in
small intestine. There was no significant interaction between the
time of day and stage of the estrous cycle.

Covariation of bone marrow TS activity and proliferation
throughout the day

Cyclin E is known to be required and rate limiting for entry of
cells into S phase of the cell cycle. The expression of cyclin E has
been shown to peak at the S phase transition and decay rapidly
during early S phase (Duliet al., 1992; Koff et al., 1992). The
circadian variation in cyclin E protein content, used as a marker of
G,/S phase, was quantitated by Western blot analysis in the same
bone marrow preparations from study two. A 5-fold variation
throughout the day in bone marrow cyclin E protein content was
observed (Fig. 3, ANOVAp = 0.034). The rhythm in bone
marrow cyclin E protein is best described by a simultaneous 12/24
hr period fit by cosinor analysip (= 0.016) with peak values in
the middle of the sleep phase (6:00 HALO) and again in the middle
of the activity phase (17:00 HALO). These 2 peaks in bone
marrow cyclin E content precede the 2 TS activity peaks by several

TABLE | —THYMIDYLATE SYNTHASE ACTIVITY IN NORMAL PROLIFERATIVE TISSUE THROUGHOUT THE DAY

Analysis

Time of day (HALO) TS activity (pmol/min/mg)

Ratio

Cosingr-Yalues) Peak times

ANOVA

Activity phase

Sleep phase

change

Study

Tissue

12/24 hr (HALO)

24 hr

12 hr
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20.0 - Small Intestine TS coordination of bone marrow proliferation throughout the day. The
circadian rhythm in bone marrow TS, with 2 peaks in activity per

p < 0.001 day (9:30 and 23:00 HALO), co-varies with these rhythms in
proliferation with the best correlation being with the percent S-
phase fraction of the marrow (linear correlation of mean marrow
TS activity and mean percent S phase at each circadian time, R
0.960,p = 0.0023).

- -t
(3] ~
[=] [$)]

| 1

TS Activity
(pmol/min/mg)
N
[4)]
i L

DISCUSSION

-y
o
o

1

Ten-fold differences in TS activity characterize different normal
- tissues. Tissue TS activity roughly parallels the proliferative ac-
y tivity reported for these tissues with higher TS being associated
4 , with tissues with higher S-phase fraction (Buetsal., 1983) and
Sleep ' the relative sensitivity of that tissue to 5-FU damage. In each tissue
that is sensitive to fluoropyrimidine drug effects, TS activity varies
5.00 nearly 2-fold within each day. In the bone marrdmvvivo, the
. Tongue TS circadian pattern in TS activity tightly parallels the circadian
rhythm in the proportion of these cells in S phase of the cell cycle
p < 0.001 and is preceded in time by a similar rhythm in the-& phase
marker cyclin E protein content. The basis for the circadian vari-
ation in TS activity may therefore be explained, in part, by the
circadian coordination of tissue proliferation. These data are the
first to demonstrate the circadian coordination of a medically
important cytotoxic drug target, TS activity, in each of the target
tissues that limit the achievable 5-FU dose intensity. This circadian
organization of the primary 5-FU molecular target is likely to
explain, at least in part, why fluoropyrimidine timing, within the
2.08 day, determines its toxic-therapeutic ratio yLet al., 1997).
b1 Fertility cycle-stage effects on 5-FU toxicity have been reported
— (Hrusheskyet al.,1999; Wood and Hrushesky, 1997). We did not,
however, see significant effects of estrous cycle stage on TS
activity in the bone marrow or small intestinal mucosa. Our sample
55 7 size and the distribution of estrous stages across all times of day,
1 Bone Marrow TS however, are not entirely balanced, therefore, further studies are
50 p < 0.001 warranted in order to confirm this lack of effect of fertility cycle
4 stage upon TS activity in these 2 tissues.

In vitro differences in TS activity of 30% to 100% have been
associated with 2- to 8-fold differences ind{concentrations of
5-FU or FdUrd (Johnstoet al., 1992; Juet al., 1998). Thereby,

40 7 these 2-fold circadian TS differences seenvivo may easily

1 explain the 2- to 8-fold circadian differences in 5-FU toxicity seen
35 in randomized clinical trials. Furthermore, in clinical studies com-
paring groups of cancer patients whose tumors respond to 5-FU
| with those who do not, mean differences in tumor TS values
30 (FAUMP  [5-fluoro-2 deoxyuridine-5monophosphate]  ligand
> binding, TS protein or TS mRNA) have most consistently been on
the order of 2- to 4-fold (Johnstoet al., 1995; Leichmaret al.,
1997; Lenzet al., 1995). It remains to be determined whether the
absolute tissue levels of TS activity and/or the extent of TS
inhibition by 5-FU and/or the subsequent extent of TS protein
induction following 5-FU will best predict and more fully explain

tissues of CDF, mice. Mean values of TS activity standard errors) the circadian differences in normal and tumor tissue fluoropyrimi-
are shown at each of 6 different times of day in the small intestindin® Sensitivity.
mucosa and bone marrow from 2 studies and tongue from 1 study. Thé’revious studies, botim vitro andin vivo systems, have dem-
predicted curves ang-values from cosinor analysis are shown foronstrated increasing fluoropyrimidine resistance with increased TS
simultaneous 12/24 hr period fit. These normal tissues show up detivity under spontaneous or nondrug pressured conditions. How-
2-fold differences in TS 'aCt|V|ty _throughout the day with 2 peak§ver, there does not appear to be a simp|e 1to 1l re|a’[ionship
observed, often unequal in magnitude, per 24 hr cycle. between relative differences in TS activity and differential sensi-
tivity to fluoropyrimidine drugs in these settings nor with time
hours. The percentage of bone marrow cells in S phase of the agllo circadian studies reported here (Chu and Allegra, 1996).
cycle, by flow gated DNA content in this same strain of femal@lthough the exact basis for this complex relationship has yet to be
CD,F, mice, varies significantly throughout the day with a lowefully defined, possible explanations might include the secondary
amplitude of 1.2- to 1.3-fold differences. Peak values in boreffects of translational and post-translational controls over TS
marrow S phase fraction are seen in the late sleep phase (10atfvity levels and potential contributions of non-TS-based mech-
HALO) and again in the late activity phase (22:10 HALO, Fig. 3)anisms (DNA, RNA effects) of fluoropyrimidine toxicityn vivo,
The 2 daily peaks in S phase predominance of the bone marrow #re relationship between the level of tissue drug target and that of
preceded in time, by about 4 to 5 hr, by the two peaks in th&G the tissue drug effect may also be complex because of different cell
phase marker cyclin E protein, both of which support the circadidappes with differing characteristics within the same tissue.
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Ficure 2— TS activity throughout the day in normal proliferative
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Circadian coordination of S phase has been demonstrated in
genetically diverse humans in tissues of the bone marrow, rectal
mucosa and oral mucosa with persistence of the circadian prolif-
eration rhythm even in the fasting state (Bjarnasoral., 1999;
Buchi et al., 1991; Smaalancet al., 1991). Cell cycle-specific
protein markers, such as cyclin E, in oral mucosa of genetically
diverse human beings (Bjarnasen al., 1999), and as demon-
strated here in mouse bone marrow, also vary throughout the day.
Based upon these clinical findings, our current work and the
proliferation-dependent coordination of TS gene expression, one
would expect proliferative tissues in humans to demonstrate cir-
cadian coordination of TS activity. Preliminary studies in human
oral mucosa demonstrate a circadian rhythm in TS activity that
also parallels the circadian rhythms in-S phase markers and
support this conclusion (Bjarnasehal.,1999, 2000). Whether the
circadian TS patterns in normal tissues from tumor-bearing hosts
are similar to or differ from the circadian patterns of TS in normal
tissues from nontumor-bearing hosts is not known. It is not clear to
what extent these findings are generalizable to tumor tissues in
preclinical rodent models and spontaneous human cancers. More
limited numbers of studies demonstrate that some murine and
human cancers, in fact, do maintain circadian coordination of
DNA synthesis and cellular division (Hrusheslet al., 1998;
Kleveczet al., 1987; Smaalaneét al., 1993).

Seasonal rhythms in not only reproductive functions but also in
nonreproductive tissue function have been described in rodents
and humans. Those relevant to our current work include human
seasonal susceptibility to the hematopoietic toxicity of chemother-
apy (Hrushesky, 1982) and the seasonal effects upon the overall
levels and the circadian pattern or phasing of circadian rhythms in
parameters of tissue DNA synthesis in bone marrow and gastro-
intestinal tissue in rodents and humans (Haual.,1984; Laerum
et al., 1988; Sotherret al., 1995). Our 2 studies were not per-
formed at the exact same time of the year, therefore it is possible
that some of the variability between our studies might reflect
seasonal effects upon TS circadian patterns. Seasonal effects on
these circadian tissue TS activity patterns can only be evaluated by
completing many more of these studies at equi-spaced times
throughout each of several years.

Differences among tissues in their circadian patterns of TS
activity, such as we observed here in the mouse, might be ex-
plained by the known differences among normal tissue circadian
S-phase patterns. Thus different normal tissues, in the mouse and
in human beings, can be expected to and do demonstrate different
times of day for peak values in DNA synthesis. The control of TS
gene expression is complex and occurs at multiple levels including
transcriptional, post-transcriptional and translational mechanisms
(Chuet al., 1991; Johnson, 1994). It is not known at what level
these circadian differences in TS activity are controlled. Much of
the work describing the control of TS gene expression has been
done in cell linesin vitro. Our data demonstrate that circadian

Ficure 3—(a) Bone marrow samples were analyzed for both TS
activity and cyclin E protein content (Western blot analysis) in sam-
ples from study 2 and in an additional study in §pmice for S-phase
fraction (DNA content by flow cytometry, modified from Woetl al.,
1998). Values are the means standard error. The predicted curves
andp-values from cosinor analysis are shown for simultaneous 12/24
hr period fit. The 2-fold daily variation in bone marrow TS activity
parallels a 20% to 30% difference in the daily rhythm in bone marrow
S-phase fraction, as supported by linear regression of mean values of
the 2 endpoints at each time of day £R0.96,p = 0.0023) and similar
predicted times of day for peak values by cosinor analysis. Bone
marrow cyclin E protein content varies 5-fold throughout the day with
the times of day of peak values, predicted by cosinor analysis, just
preceding in time those for bone marrow TS activity and S-phase
fraction. ) A Western blot of bone marrow samples (2 samples at
each time of day except for 1 sample for 22 HALO) stained for cyclin
E and then reprobed and stained for actin as a loading control.
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dynamic control may be used to better understandithgivo ing the toxicities of each of these important new drugs as well as
control of this critical gene. 5-FU.
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