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Circadian disruption or induction in cancer therapy

Outline of this talk

• The circadian timing system

(circadian biomarkers and molecular clocks)

Ci di di i• Circadian disruption

(cancer processes and treatments)(cancer processes and treatments)

• Circadian induction

( host and cancer clocks)

http://rbc.vjf.inserm.fr

• Conclusions



Circadian physiology
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Circadian disruption or induction in cancer therapy

Circadian timing system
in health and diseases

• Rhythms in behavioral, cognitive, sensory, muscular,
cardiovascular, respiratory, immune, renal, hepatic, GI,, p y, , , p , ,
hormonal,… functions
• Circadian/circannual disease patterns• Circadian/circannual disease patterns
• Treatment timing for cancer, CNS, cardiovascular,

i t h t l i hi t i direspiratory, rheumatologic, psychiatric,…diseases

http://rbc.vjf.inserm.fr

→Relevance for all medical specialties



Circadian disruption or induction in cancer therapy

The Circadian Timing System
Circadian timing

systemThe Circadian Timing System system

The temporal coordination
of metabolism and proliferation

SCN

Ci dip
along the 24 hours
represent a major task of

Circadian
physiology

p j
the mammalian circadian system,
that is achieved through Molecular clocksg
its organization
in a hierarchical manner.

http://rbc.vjf.inserm.fr



The Circadian Timing System, a coordinator of life processes

Circadian Timing system

Environment Sleep/
wakefulness

Suprachiasmatic 
NucleiDay/night
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pattern
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Circadian clocks in 
peripheral organs



Molecular circadian clocks

• 12 specific clock genes12 specific clock genes
• transcription/translation feedback loops

ll li ll• all mammalian cells
• controls

o cell division cycle, DNA repair, apoptosis
metabolism dr g deto ificationo metabolism, drug detoxification

http://rbc.vjf.inserm.fr
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apoptosis
CDK4/6
Cyc D

CDK2
Cyc E

Okyar & Lévi, Trends in Cell Cycle Research,
K. Yoshida ed., Res. Signpost (2008), Chapt 15

CellCell cyclecycle



Coordination of detoxification by the circadian timing system

http://rbc.vjf.inserm.frLévi & Schibler, Annu Rev Pharm Toxicol 2007



Circadian disruption or induction in cancer therapy

• The circadian timing system

(circadian biomarkers and molecular clocks)(circadian biomarkers and molecular clocks)

• Circadian disruptionp

(cancer processes and treatments)

• Circadian induction

(cancer and host clocks)(cancer and host clocks)

• Conclusions

http://rbc.vjf.inserm.fr
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Circadian disruption in mice
BiomarkersModel
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Chronic jet lag

FilipskiFilipski JNCI 2002, Canc. Res. 2004, JNCI 2005, Canc. Causes Control 2006JNCI 2002, Canc. Res. 2004, JNCI 2005, Canc. Causes Control 2006
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Circadian disruption in mice

24‐h cosine model of liver molecular clock
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Circadian disruption on cancer progression in mice

Survival

SCN ablation vs sham CJL vs LD12:12

LDLD

P<0.001

P<0 001
SCN* CJL

P<0.001

http://rbc.vjf.inserm.fr

Time (days after tumor inoculation)
Lévi et al.  Proc CSHLS 2007, 72



Circadian disruption : Clock gene mutation in DD

Tumor progression
Glasgow osteosarcoma

Circadian physiology (DD)
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Li et al., Soumis



Circadian disruption: cell cycle genes in liver (mRNA)
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DEN hepatocarcinogenesis in mice on LD12:12 vs chronic jet lag
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N of microscopic tumors/liver



DEN effects on SCN biomarkers

Control Control
Body temperatureRest‐activity

DENDEN DEN

http://rbc.vjf.inserm.fr



Relevance of experimental circadian disruption
for malignant processesg p

SCN ablation
h l

Disruption of
Chronic jet lag
Constant light

• circadian physiology
• host molecular clocks

Per2, Clock mutations
host molecular clocks

Genomic instability
Accelerated cell cyclingAccelerated cell cycling

Accelerated cancer growth
Increased cancer incidence

http://rbc.vjf.inserm.fr

Increased cancer incidence

Filipski et al. JNCI 2002, 2005; Cancer Res 2004; Fu et al. Cell 2002 ; Gery et al. Cancer Cell 2006



Breast, colorectal or prostate cancers:

increased risk in shift workers

• 13 studies (7 of airline cabin crew 6 other night shift workers• 13 studies (7 of airline cabin crew , 6 other night shift workers
• Aggregate estimated risk:  1.48 (95% CI, 1.36–1.61)
• Female airline cabin crew: SIR: 1.44 (95% CI, 1.26–1.65)( , )
• Female night workers : RR: 1.51 (95% CI, 1.36–1.68)

“Studies on night shift work and breast cancer risk collectively show an increased breast

http://rbc.vjf.inserm.fr

Studies on night shift work and breast cancer risk collectively show an increased breast 
cancer risk among women. Publication bias is unlikely to have influenced the results.”



…About 15–20% of the working population in Europe and the USA is 
engaged in shift‐work that involves night work, which is most 
prevalent (above 30%) in the health‐care, industrial manufacturing, 
mining, transport, communication, leisure, and hospitality sectors.

Among the many different patterns of shift‐work, those including 
nightwork are the most disruptive for the circadian clock….nightwork are the most disruptive for the circadian clock….

…the Working Group concluded thatg p
“shift‐work that involves circadian disruption is 
probably carcinogenic to humans” (Risk level 2A)

http://rbc.vjf.inserm.fr

probably carcinogenic to humans  (Risk level 2A)

http://monographs.iarc.fr/http://oncology.thelancet.com Vol 8 December 2007 



Circadian disruption in cancer patients

Performance status (WHO)
Able to carry out normal activity without restriction00
Restricted in physically strenuous activity
but ambulatory and able to do light work.

II
Ambulatory and capable of self-care
but unable to carry out any work.
Up and about >50% of waking hours

IIII
Up and about >50% of waking hours

Capable of only limited self-care,
confined to bed or chair > 50% of waking hoursIIIIII confined to bed or chair > 50% of waking hours

Completely disabled. Cannot carry on any self-care.IVIV
http://rbc.vjf.inserm.fr

Totally confined to bed or chairIVIV



Circadian disruption in cancer patients

• Performance status (PS) : the main prognosticPerformance status (PS) : the main prognostic 
variable of survival across all cancers.

• PS is based on a subjective rating of the 
patient’s daily activities by the physician.

• Health‐related Quality of Life through 
ti t t d ti i lpatient‐rated questionnaires also appears as 

an independent prognostic factor of survival.

http://rbc.vjf.inserm.fr

p p g



Circadian disruption in cancer patients:
relations with symptoms and quality of life

Circadian Timing system
HR‐QoL

Environment Sleep/
wakefulness

HR QoL
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NucleiDay/night

S i l

wakefulness p

Social
Familial
Meals Rest‐activity 

Fatigue
PSPS

Hormonal 
rhythms

Meals y
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http://rbc.vjf.inserm.fr

Circadian clocks in 
peripheral organs



Rest-activity monitoring

Rythme circadienRythme circadien
d’activité et ded’activité et ded activité et de d activité et de 

repos évalué par repos évalué par p pp p
actimétrieactimétrie• Piezo‐electric accelerometer

• Count of accelerations per min

• « Continuous » recording for« Continuous » recording for   
days or weeks

• Zero‐crossing vs PIM mode 7:007:00 7:007:0023:0023:00 23:0023:00

http://rbc.vjf.inserm.fr

• Zero‐crossing vs PIM mode

• Quantified parameters (r24, I<O)

7:007:00 7:007:0023:0023:00 23:0023:00

Time (clock hours)Time (clock hours)



Variable interindividual patterns in rest‐activity rhythm
in cancer patients (metastatic colorectal cancer)
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Relation between rest‐activity cycle and QoL (EORTC)
192 patients with metastatic colorectal cancer

http://rbc.vjf.inserm.frMormont et al. Chronobiology Intern 2002



The days and nights of cancer patients: a guide for optimal treatment

http://rbc.vjf.inserm.fr



24‐h rest‐activity rhythm, independent prognostic factor
of survival in patients with metastatic colorectal cancer
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http://rbc.vjf.inserm.fr

Prior chemotherapy
Paul Brousse hospital

No prior chemotherapy
EORTC (9 centres, 4 countries)

Mormont et al. Clin Cancer Res 2000; Rich et al . Clin Cancer Res 2005; Innominato et al. In prep.

and in metaanalysis in 500 pts with metastatic GI cancer



Potential mechanisms of cancer‐associated circadian disruption
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apoptosis

Cell division cycle

Levi et al. Cold Spring Harb Symp Quant Biol. 2007, 72 : 465‐475.



Circadian disruption in tumors

Transcriptional rhythms of clock genes

Rev‐erbα, Per2 and Bmal1
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Clock genes mRNA expression
in human lung cancerg

hPer1hPer1

http://rbc.vjf.inserm.fr

(N=33 patients)

Gery et al. Mol. Cell 2006



Clock genes expression in human cancers

http://rbc.vjf.inserm.frOkyar & Lévi, Trends in Cell Cycle Research, 2008



PER2 protein expression in colorectal cancer

Patients with metastatic colorectal cancer
Multicenter trial

Tumor PER2
Multicenter trial
198 primary tumors before any chemo
IHC in triplicate (% labelled tumor cells)

0% 100%

IHC in triplicate (% labelled tumor cells)
Anti‐PER1, anti‐PER2, anti‐PER3

0% 100%

16 716.7

17.8
19.5P=0.013

http://rbc.vjf.inserm.fr

PER2 expression Median survival (months)

Iacobelli et al. Proc ASCO 2008



Circadian disruption or induction in cancer therapy

• Toxicities and efficacy of anticancer treatments can 
be significantly reduced with appropriate timing

• Chronotherapeutics consist in the adaptation of  
i d d li i di h hanticancer drug delivery to circadian rhythms

o Timingo g

o Chronomodulated delivery

http://rbc.vjf.inserm.fr



Dosing time dependencies in experimental models

Oxaliplatin in B6D2F1 mice
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Chronomodulated chemotherapy
Dosing time dependency in
5‐FU & oxaliplatin toxicities & efficacyp y

Chronomodulated 5‐FU‐LV‐oxaliplatin (ChronoFLO)

4 PM 4 AM 4 PM 4 PM4 AM 4 AM 4 PM 4 AM 4 PM 4 AM

vs constant rate
278 pts (no prior chemo)

vs opposite chronoFLO
114 pts (prior chemo)

Severe toxicity (gr 3‐4) 14% vs 76% 16% vs 80%

http://rbc.vjf.inserm.fr

Major tumor responses 51% vs 30% 30% vs 12%        
Lévi et al.  Cancer 1992; JNCI 1994; Lancet 1997; Adv Drug Deliv Rev 2007; Phil Trans Royal Soc [A] 2008



Gemcitabine‐induced circadian disruption according to drug timing 
(mice)( )

Least toxicity Highest toxicity

http://rbc.vjf.inserm.frLi et al. J Biol Rhythms 2007



Circadian disruption or induction in cancer therapy
(cancer patient)

Circadian disruption (rest activity rhyhtm)

( p )

Circadian disruption (rest‐activity rhyhtm)
on docetaxel chemotherapy

Subjective 
fatigue

http://rbc.vjf.inserm.frINSERM E 0354



Circadian disruption (rest‐activity rhythm)
on irinotecan chemotherapy (cancer patient)on irinotecan chemotherapy (cancer patient)

R24 = 0,48048

R24 = ‐0,04

http://rbc.vjf.inserm.fr



Circadian disruption on chemotherapy
(rest‐activity rhythm in 20 cancer patients)

Autocorrelation r24 Dichotomy I<O Circadian amplitude

(rest activity rhythm in 20 cancer patients)

before during after before during after before during after

th th

http://rbc.vjf.inserm.fr

Median and 25th ‐ 75th quartile of the parameters distributions;
p from Wilcoxon for treatment effect <0.001 for each circadian parameter
Iurisci et al. In preparation



Circadian disruption or induction in cancer therapy

• The circadian timing system

(circadian biomarkers and molecular clocks)(circadian biomarkers and molecular clocks)

• Circadian disruptionp

(cancer processes and treatments)

• Circadian induction

(cancer and host clocks)(cancer and host clocks)

• Conclusions

http://rbc.vjf.inserm.fr
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Seliciclib induction of molecular clock in tumor (GOS)
Reverbα → Per2 →   Bmal1
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0 3 6 9 12 15 18 21 24

Iurisci et al. Cancer Res 2006

Circadian time (h)



Per2 gene delivery as a novel therapeutic intervention for 
treatment of cancer

Intratumor delivery of Per2 had significant antitumor
ff t i C57BL/6 i t l t d ith L i leffects in C57BL/6 mice transplanted with Lewis lung

carcinoma. It inhibited PCNA expression and induced
t i ( l h )apoptosis. (Hua et al Cancer Gene Ther, 2007 June 22).

0 01p<0.01

http://rbc.vjf.inserm.fr



Re‐inforcement of circadian timing system
(meal timing at light –MTL)

Circadian Timing system Tumor progression
Physiology

Body temperature curve Glasgow osteosarcoma

e 
( °
C)

36 5
37

37,5
38

Body temperature curve g

n = 5

n = 26

m
pe

ra
tu
re

34,5
35

35,5
36

36,5

t (
g)Ad lib

F di

n = 5

n = 5 n = 16

Te

33,5
34

34,5

0 4 8 12 16 20 24

Molecular clock PO3 adenocarcinomaor
 w
ei
gh
t

MTLFeeding p < 0.001

nd
an

ce

Molecular clock
Per2 mRNA in liver Tu

m
o

n = 21

el
at
iv
e 
ab

u n = 20

n = 2‐4/point

http://rbc.vjf.inserm.frTime (days after tumor inoculation)

Re

Circadian Time (h)
Wu et al., Life Sci;. 2004

Li et al., Soumis

p = 0.01

/p



Circadian disruption or induction in cancer therapy

Pharmacologic treatment of circadian disruption

Morning glucocorticoids in NSCLC patients

MOYMOY 104 8104 8 ±± 25 525 5 >> 93 893 8 ±± 38 238 2 0 260 26

ParametersParameters CorticotherapyCorticotherapy (6)(6) No No corticotherapycorticotherapy (17)(17) pp

MOYMOY 104.8104.8 ±± 25.525.5 >> 93.893.8 ±± 38.238.2 0.260.26

R24R24 0.3880.388 ±± 0.1810.181 >> 0.2870.287 ±± 0.1490.149 0.0890.089

MOIMOI 91.7791.77 ±± 6.456.45 >> 78.7678.76 ±± 28.3628.36 0.140.14

MIOMIO 92.8892.88 ±± 5.495.49 >> 82.4582.45 ±± 29.5629.56 0.2050.205

http://rbc.vjf.inserm.frC. Focan, personal communication



Circadian disruption or induction in cancer therapy

Pharmacologic treatment of circadian disruptiona aco og c t eat e t o c cad a d s upt o

Gefitinib (TKI) in NSCLC patientsGefitinib (TKI) in NSCLC patients

– 10 patients treated with gefitinib (250 mg daily) 

– 4 patients treated with chemotherapy as controls

http://rbc.vjf.inserm.frIurisci et al, JCO 2007



Chemotherapy (4 ti t ) Gefitinib(10 patients)

Circadian disruption or induction in cancer therapy

Chemotherapy (4 patients)  Gefitinib(10 patients)

http://rbc.vjf.inserm.frIurisci et al, JCO 2007



Erlotinib (TKI) on the rest‐activity rhyhtm of  a NSCLC patient
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Hypothetical relations between circadian timing system,
toxicity and efficacy of anticancer treatments

Circadian physiology
Rest‐activity

y y

y
Body temperature

Hormones & cytokines
Feeding pattern

Toxicity Coordinated

Feeding pattern

Toxicity peripheral clocksAnticancerAnticancer drugdrug

Drug
d t ifi ti

Predictable
i l i i

detoxification

http://rbc.vjf.inserm.fr

optimal timing Tumor inhibition



Circadian disruption or induction in cancer therapy

• The circadian timing system

(circadian biomarkers and molecular clocks)(circadian biomarkers and molecular clocks)

• Circadian disruptionp

(cancer processes and treatments)

• Circadian induction

(cancer and host clocks)(cancer and host clocks)

• Conclusions

http://rbc.vjf.inserm.fr

Co c us o s



Circadian disruption or induction in cancer therapy

Conclusions & perspectives

• Down regulation of tumor growth by the circadian• Down regulation of tumor growth by the circadian
timing system

• Implications for cancer prevention and treatments

• The circadian timing system: a potential target to beg y p g
shielded or reinforced in  cancer therapy

http://rbc.vjf.inserm.fr
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Network of Excellence
Biosimulation, a new tool for drug development

Temporal genomics for
tailored chronotherapeuticstailored chronotherapeutics

The time dimension in
functional genomics

GENES AT WORK
ON TIME

Torino

http://rbc.vjf.inserm.fr

functional genomics
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