
lar, little is known for sure about what it is
about night work that may be increasing
cancer risk.

Well-respectedadvocacygroupsadvise
caution.OliviaMarks-Woldman, head of
Policy and Campaigns at Breast Cancer

Gotta get that rhythm
Circadian timing systems and cancer

� Anna Wagstaff

I
nMarch2009, theDanishnational
boardof industrial injuries became
the first in the world to recognise
night shift work as a work-related
hazard for breast cancer. Thedeci-

sionwas provisional – each casehas to be
examined and adjudicated individually –
but it was enough to ensure payments of
between 30,000 and one million Danish
kroner (4,000–134,500 euros) to 38 of
the 75 women who applied for compen-
sation.Successful applicantshad typically
workednights at least onceaweek for20–
30 years and had no other obvious raised
risk factors for breast cancer. Night shift
was defined as at least seven hours’work,
including thewholeperiod frommidnight
until five o’clock in themorning, either as
a permanent or rotating shift.

The Danish decision on compensa-
tioncameas a surprise tomanyworking in
the field of cancer. It is true that since
December2007, theWHOInternational
Agency for Cancer Research (IARC) has
included “shiftwork that involves circa-

dian disruption [disruption of the body’s
normal biological rhythms]” in its list of
“probable” carcinogens.However, the epi-
demiological evidence for the effects of
night work on the risk of cancer remains
less than conclusive (see box). In particu-
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The role of circadian rhythms in cancer hit the headlines this year because of growing evidence that

night shift workmay increase the risk of breast cancer. But could a better understanding of the role

of disruption to the daily rhythms that regulate the behaviour of cells open up new possibilities for

treatment? One group of researchers has been arguing this case for decades.

Anestimatedone in fiveworkers inEurope
does some form of shift work, concen-
trated in healthcare, industry, transporta-
tion, communications and thehospitality
sector.Epidemiological evidence for a link
between nightworking and breast cancer
hasbeenbuildingoverdecades, fromstud-
ies on nurses, flight attendants, radio and
telegraph operators and other occupa-
tional groups.Astudyof78,562USnurses,
for instance, found36%higher incidence
of breast cancer over a 10-year follow-up
thanwouldnormally havebeenexpected.
However,questionshavebeenraisedabout

whether the increased riskmightbedue to
other (confounding) factors. Patterns of
childbirth, for instance, areknowntoaffect
cancer risk and are also likely to differ
betweennight shift anddayworkers.Alco-
hol consumption is known to behigher in
some occupational groups than others.
Night work may require less activity than
daywork – also a known risk factor.
No guidelines exist – even in Denmark –
onhowtomitigate thepossible increase in
cancer risk, because too little is known
aboutexactlywhat it is about shiftwork that
might be causing it.

Shift work and breast cancer



Care in theUK, stressed that age, gender
and family history remain the major risk
factors. “There is some evidence to show
that reduced melatonin levels, as a result
of nightworking,may increase awoman’s
risk of developingbreast cancer, however,
this is one of many contributing life style
elements, such as diet and exercise, that
could increase an individual’s risk.”

The US National Breast and Ovar-
ian Cancer Center gave a similar
response. “The risk associated with
nightshift work needs to be reviewed in
the context of other known modifiable
risk factors for which there is strong
evidence, such as alcohol consumption
and postmenopausal weight gain.”

The Director of the Breast Cancer
Institute in New South Wales, John
Boyages, went so far as to call the Danish

decision “puzzling”, andsaid theyhad“gone
out on a limb”. So far, no other national
authority has followedDenmark’s lead.

The Danish decision has, however,
been welcomed by some – not least by
a small and determined network of
lab and clinical researchers who have
spent decades studying the link
between the body’s 24-hour biological
clocks and cancer.

Specifically, they are interested in the
role that faultymolecular timeclocksmay
play in driving the erratic behaviour of
cancer cells. As these molecular clocks
take their cues from thebody’s overall cir-
cadian timing system – the one that gov-
erns feelingsleepyatnightandactive in the
day – it could make sense that if the cir-
cadian timing system isdisrupted,molec-
ularclockscouldgetconfused, and the risk

of cancer could then be raised.
Francis Lévi, amedical oncologist at

the Paul Brousse hospital in Villejuif,
and head of theCircadian Rhythms and
Cancer unit at the French medical and
health research unit INSERM, has been
researching this topic since 1975. In line
with the IARCposition, he argues that it
is probably not nightwork per se that
heightens cancer risk so much as the
disruption caused by rotating shifts.

“When you shift the circadian time
structure by eight hours, it takes about
three days to adjust the rest/activity
rhythm. If you change shift every three
days, youdon’thave time toadjust yourcir-
cadian time structure. But if you change
your shift everyweek, youarealways in the
middle of adjustment, and this has been
shown to bemore disruptive.”
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Quite how this disruption links to cancer
remains to be proved, but there is strong
evidence to show that disrupted time
clocks can affect apoptosis – the mecha-
nism by which cells stop dividing after
DNA damage. Research by Loning Fu
and colleagues from the human genetics
departmentatBaylorCollegeofMedicine,
Houston (Fu et al Cell 111:1055), has
shown that mice lacking the Per2
gene – key to controlling their circadian
system – are prone to cancer. “We found
that the response of normal cells toDNA
damage is timedependent in a live organ-
ism.When thecircadian gene ismutated,
the cells become resistant to radiation-
induced apoptosis,” said Fu. Indeed
molecular clocks arenowknown toplay a
role in most of the cell processes that are
key for cancer, including cellular prolifer-
ation, DNAdamage sensing and repair.

As a doctor, Lévi’s interest in all this
focusesnot somuchoncancerprevention,
butonhowunderstanding the roleofdaily
rhythm, and the loss of daily rhythm, in
cancer cells can help us treat the disease.
Until recently, the bulk of this work has
centredonthe techniqueofchronotherapy
– timing the administrationof anti-cancer
treatments to do minimum damage to
healthy cells and maximum damage to
malignant cells.

AN INTRIGUING CONCEPT
The conceptual underpinning of cancer
chronotherapy can be traced back to the
early 20thcentury,with thediscovery that
cell division inhealthyproliferating tissue
doesnotoccurat random,butaccording to
adaily rhythm. Inhumans,most cells syn-
thesise DNA near the middle of the day;
most cells undergomitosis near thebegin-

ning of the night. Then in the 1970s evi-
dencebegan to emerge fromanimal stud-
ies that cell division in tumours tends not
to follow the normal circadian rhythm. It
either follows no rhythm at all, synthesis-
ing DNA and undergoing mitosis at ran-
dom,or it shadows thenormal rhythm,but
out of phase with cell division in normal
proliferating tissue–principallybonemar-
row, gut, oralmucosa and skin.

This latter finding opened up the
intriguing possibility that the delivery of
cytotoxic medicines – which aim to kill
cells that are dividing – could be timed to
coincidewith a period in the cycle of nor-
mal cellswhen they are least vulnerable to
damage, while still being able to damage
the cancer cells.

In 1975, Lévi, then a young medical
student, opted to write his thesis on cir-
cadian rhythms incancer treatments.This
was virgin territory: “I’m probably among
the very few to have had this idea at that
time,” he says. He went on to become
oneof thegreatpioneersof chronotherapy.

Heandhis colleagues startedbyprov-
ing the concept in mice, using 5-fluoro-
uracil (5-FU), an antimetabolite that kills
cells by interfering with the process of
DNAsynthesis – the so-calledS-phase of
the cell cycle. Mice are nocturnal ani-
mals and well-regulated cells in normal
proliferatingmouse tissue tend tobe in the
S-phase during the middle of the night,
with very littleS-phase activity in theearly
morning, when they rest. Sure enough,
they found that apotentially lethal doseof
5-FU was tolerated between three and
eight times better when the drug was
delivered in theearlymorningcompared to
themiddle of the night.

Different anti-cancerdrugswork indif-

ferent ways, and each has its own optimal
time of administration. “There are now40
agents onwhichwehave information from
animal studies ondifferences in toxicity as
a function of circadian timing,” says Lévi.
“We also have information of large differ-
ences in efficacy for 28 of these drugs.”
Encouragingly andperhaps surprisingly, in
90%of thedrugs they tested for toxicity and
efficacy, the timeof least toxicity coincides
with the time of greatest efficacy.

The reasons for this happy coinci-
dence remain unclear. “We have won-
dered about this for a long time,” he says.
“There are two possible reasons. Where
tumour cells are no longer synchronised,
andare living at their ownpace, ifwehit at
the best tolerated time, we can increase
the dose and be evenmore effective. The
alternative possibility is that the tumour
sensitivitywindow is out of phasewith the
normal cells, so if we hit at a time normal
cells tolerate best, cancer cells are in the
phasewhen they tolerate it more poorly.”

INTO THE CLINIC
The real test of any therapy is what it can
do in the clinic, and here too chronother-
apy has shown some impressive results,
particularly in patients with metastatic
colorectal cancer. IndeedLévi can claim
some responsibility for the introduction of
oxaliplatin, one of the most common
cytotoxics in use today, which his teamat
the Paul Brousse rehabilitated after its
manufacturer had consigned it to the
‘failed drug’ cupboard on the grounds
that it was too toxic.

“We first worked with oxaliplatin in
1987 in experimental mice, long before
the drugwas approved. In the late 1980s,
the company that owned oxaliplatin
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Molecular clocks are now known to play a role in

most of the cell processes that are key for cancer



decided itwas too toxic todevelop further,
so the drug was completely stopped. We
were the only ones at this time who
wanted toworkwith thisdrug.Weshowed
that if we gave oxaliplatin in the animals
near themiddle of the activity thatwould
correspond to around4.00pminhumans,
the drug was safe and effective.

“Then we did clinical studies that
showed the same was true in humans.
We compared constant-rate infusion ver-
sus chronomodulated infusion of oxali-
platin with peak delivery at 4.00pm. We
showed it was much safer than flat infu-
sion.Andwewere the first to showtheeffi-
cacy of oxaliplatin with 5FU and

leucovorin (LV), inphase I, II and III trials
totalling more than 2000 patients with
colorectal cancer.”

The results in 1992, long before
approval of this oxaliplatin, were encour-
aging. In a first phase II single-institution
trial, 93patients, 46ofwhomhad received
previous chemotherapy,were treatedwith
the chronomodulated combination of
5-FU–LVandoxaliplatin for fivedaysevery
threeweeks. The5-FU–LVwas adminis-
teredduring sleep,withmaximumdelivery
at 4.00 am; the oxaliplatin during the day,
maximum delivery at 4.00 pm. This new
treatment achieved a 58% response rate,
almost four times higher than that pro-

duced by the conventional daily bolus of
5-FU–LV (Lévi et al, Cancer 1992).

Two subsequent studies involving278
previouslyuntreatedpatients showed that
administering 5-FU–LV and oxaliplatin
using a chronomodulated insteadof a flat-

rate administration reduced the
incidenceof severemucositis five-
fold,halved the incidenceof func-

tional impairment from
peripheral sensoryneu-
ropathy and reduced

the incidence of grade 4
toxicity requiring hos-
pitalisation by three-
fold. It also increased
the objective response

rate to the cancer
chemotherapy, from 29%
to 51% (Lévi et al, Adv
Drug Deliv Rev 2007).

INTO THE MOLECULAR ERA
With the progress in molecular imaging
techniques, researchers are now able to
explore the mechanisms by which the
body’s circadian timing system regulates
the molecular clocks of individual cells.
Fifteen ‘clock genes’havenowbeen iden-
tified, every one of themhas been shown
to function abnormally in tumours.

Intriguingly, research from Canada is
now revealing that, while the 15 genes
that are largely responsible for circadian
time keeping are very similar in men and
women, only 10% of the genes whose
transcription is controlledby thesemolec-
ular clocksare thesame inbothsexes.This
findinghelpsexplaina recent,unexpected,
observation, that while the chronomodu-
lated regimens used in metastatic col-
orectal cancer patients have delivered
marked survival benefit for men, women

Using a chronomodulated instead of a flat-rate

administration reduced the severe mucositis cases fivefold
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5-fluorouracil (5-FU) is an antimetabolite that kills dividing cells by
interfering with the process of DNA synthesis, which occurs during the
‘S-phase’ of the cell cycle. In healthy human beings, the proportion of
S-phase cells rises and reaches a maximum near 16.00 daily in
proliferating tissue such as bone marrow and oral mucosa. In tumour
cells, this rhythm is either lost altogether or it can become out of phase
with healthy cells, offering a window of opportunity for hitting cancer cells
at a time point when healthy cells are least vulnerable
Source: Lévi et al. Implications of circadian clocks for the rhythmic delivery of cancer therapeutics.

Phil Trans Royal Soc 366:3583, © Royal Society 2008

THE RATIONALE FOR CHRONOTHERAPY



have tendednot tobenefit at all, or even to
doworse thanonconventional treatments.

The search is now on for other indi-
vidual differences – genetic polymor-
phisms, lifestyles, biological rhythms
– that may impact on the circadian
behaviour of cells, opening up the
prospect of personalised chronotherapy.
This is the focus of a major project,
TEMPO(temporal genomics for tailored
chronotherapeutics), which is funded
by the EU to the tune of €2.7 million.

Anewtwisthasnowbeenadded to the
story with the discovery that it may be
possible to reset broken molecular time
clocks. “We are working with a kinase
inhibitor that inhibits thecell cycle, andwe
have found that this drug can induce a
functional molecular clock in a tumour
where it was previously defective. And
when you induce a functional molecular
clock, the tumour grows much more
slowly,” says Lévi.

One possibility being investigated
would be to find a way to reset chaotic
tumour cell clocks so that the normal 24-
hourcell-cycle is restored,butoutofphase
with that ofnormal cells, in order to create
the perfect conditions for administering
anti-cancer drugs in away thatmaximises
both efficacy and tolerability.

INTO THE MAINSTREAM?
Despite thegrowingevidence fromclinical
and animal studies andmolecular biology
labs, circadian timing systems and
chronotherapy remain on the margins of
both clinical research and practice. The
Paul Brousse hospital routinely uses
chronotherapy to treat patients with
metastatic colorectal cancer, but the tech-
nique has not yet spread beyond a small
number of interested centres. This might

havebeenunderstandable, saysLévi, in the
dayswhenbothdoctors andpatientswould
havebeen required to getup in themiddle
of the night to administer the treatments.

Today, however, combinations of up to
four drugs can be delivered by dedicated
pumps, inwhat is called a sinusoidal pat-
tern– starting slow, peaking in themiddle
and tailing off at specified timepoints – all
in the comfort of the patient’s ownhome.
Lack of interest from pharmaceutical
companies could be part of the problem,
says Lévi – the need for a specific tech-
nology could conflict with their aim of
maximising their market. When oxali-
platinwas finally submitted formarketing
approval, henotes, thecompanychosenot
to use the chronomodulated administra-
tion protocol that had been so important
in its development.

But even among clinical researchers,
chronotherapy remains a bit of a niche
area. An international cooperative group
has now been established – the
Chronotherapy Group – which involves
some50centres in12countries including
Canada, China and the USA. Yet main-
stream clinical research continues to
largely ignore the potential importance of
the time-of-day factor. “I think the major
problem is conceptual,” says Lévi. “We
see things as static. We examine genes at
a single timepoint.Wemeasure themitotic
index at a single time point, andwe think
that by doing that we have a good picture
ofwhat is goingon.Toaccept this iswrong
is very difficult.”

Given that biostatisticians are already
strugglingwith the task ofmaking sense
of themassive amount of data nowavail-
able, for instance, fromamicroarray, it is
perhaps understandable that the
prospect of having to deal with four or

fivemicroarrays, taken at different times
of day, to get the full picture, might put
people off. However, a lot of work is
nowgoing into developingmathematical
modelling thatwould beneeded tomake
this work.

Signs are nowemerging that this is an
approach to cancerwhose timemayhave
have finally come. “Over the past year
therehas clearly been renewed interest in
the circadian timing approach, partly
because of the accumulation of so much
basicmechanism data,” says Lévi.

The recognition by IARC that circa-
dian timing has a probable connection to
breast cancer also gave an important
endorsement of their work – as Vincent
Cogliano, who leads IARC’s work on the
evaluationofcarcinogenic risks tohumans,
acknowledges.

“Wewere struckbyhow this evidence
is accumulating and by the consistency
between the animal studies and some of
the human studies. I think the IARC
monograph really put a spotlight on this
area and brought it into themainstream.

“The scope of my programme is to
evaluate hazards. But when you see that
the time of day for administering a
chemotherapeutic agent affects its effec-
tiveness, that’s further evidence that there
is some kind of a daily cycle of when car-
cinogeniceventshappen, andwhen things
happen tocells, and that’s probablypart of
the mechanism by which shift work is
affecting cancer risk.”

Léviwouldnowwelcomegreater inter-
actionwith the clinical research commu-
nity. “There aremanymedical oncologists
withwhomwework, but this issue of cir-
cadian timing in cancer therapyhasnever
yet been really debatedas I think it should
be, and I do regret it.”
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“We measure the mitotic index at a single time point,

and think we have a good picture of what is going on”


