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Introduction: Circadian Rhythms

« Circadian = around 24 hours.

« Example of the circadian rhythm in mice:
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Rest-activity rhythm in mice Body temperature in mice
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Introduction: Circadian Rhythms

Time-scheduled delivery regimen for Metastatic Colorectal Cancer

Administration Scheme currently used by Francis Lévi's INSERM team U 776 (Villejuif):

5-FU
600 - 1100
mg/m?2/d

\ - Folinic

A/ N\ Acid
300

2:00 ‘e~ gmg/m?/d

16:00 Time (local h) 04:00

Infusion over 5 days every 3 week

Chronotherapeutic schemes of infusion of the drug have been designed for the
mouse, and then adapted for the human.
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Introduction: Circadian Rhythms

Results of chronotherapeutics versus constant administration

. Infusion flow
Metastatic colorectal cancer

(Treated with Folinic Acid, 5-FU, Oxaliplatin) CONSTANT CHRONO

Toxicity:

Oral mucositis gr 3-4 74%

Neuropathy gr 2-3 31%

Responding rate: 30%

Chronotherapy improves the responding rate to treatment and
decreases the toxicity compared to constant infusion of the drugs.
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Introduction: Circadian Rhythms

Question:

Can such drug delivery schedules be improved ?
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1. Irinotecan

Pharmacokinetics/Pharmacodynamics
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1. Irinotecan Pharmacokinetics/Pharmacodynamics
2. Studying Irinotecan in cell culture

3. Decrease in Intracellular Concentration: Acquired
Resistance ?

4. An Extended Model including Circadian Rhythms P h arm aCO kl n eti CS Of I ri n Otecan

CPT11,
Irinotecan(CPT11) is a pro-drug, i.e. it has to be
CES activated into SN-38 which is 1000-fold more
efficient . This reaction is catalysed by
Carboxylesterases(CES).
SN38,,
UGT1A1 SN-38 is then glucuronided into which is
inactive. This reaction is catalysed by the enzyme
UGT1AL.
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1. Irinotecan Pharmacokinetics/Pharmacodynamics
2. Studying Irinotecan in cell culture

3. Decrease in Intracellular Concentration: Acquired
Resistance ?

4. An Extended Model including Circadian Rhythms P h arm aCO kl n eti CS Of I rl n Otecan

CPT11,, # CPTll\

Cltransporters

CES CPT-11, SN-38 and SN-38G are
transported outside of the cell by ATP-
Binding Cassette (ABC) transporters,

SN38_,, @ SN38_ which are active efflux pumps.

UGT1A1l

~—
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2. Studying Irinotecan in cell culture
3. Decrease in Intracellular Concentration: Acquired
Resistance ? . .
4. An Extended Model including Circadian Rhythms P harm aCOdyn amICS Of I rl notecan

Irinotecan is an inhibitor of Topoisomerase |

The Topoisomerase | is an enzyme that:

. Wraps the supercoiled DNA :
B Cuts one strand so that the DNA can relax
. Reconnects broken strands
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http://en.wikipedia.org/wiki/Image:Topoisomerase_I.png
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2. Studying Irinotecan in cell culture
3. Decrease in Intracellular Concentration: Acquired
Resistance ? . .
4. An Extended Model including Circadian Rhythms P harm aCOdyn amICS Of I rl notecan

Irinotecan is an inhibitor of TOP1:

Irinotecan

.

. Irinotecan prevents TOP1 from
reconnecting the broken strands of the
DNA, creating reversible ternary complexes

TOP1/DNA/Irinotecan.
RepDSB \
o
. The collision between those complexes .
and the replication fork or the transcription m@@\w [ b

mechanism creates double-stranded | 5
breaks, which can be lethal for the cell. %
ﬂ"

Lagging strand
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1. Irinotecan Pharmacokinetics/Pharmacodynamics 12

2. Studying Irinotecan in cell culture

3. Decrease in Intracellular Concentration: Acquired
Resistance ?

4. An Extended Model including Circadian Rhythms S u m m ary

CPT11_, CPT11;, DNA TOD
ABCjtransporters
CES

DNA/TOP1
Complex

Reversible Complex

UGT1Al
Replication,
Transcription

Double-Stranded Brey

Cell Cycle Arrest / Apoptosis
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1. Studying Irinotecan in cell culture
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1. Irinotecan Pharmacokinetics/Pharmacodynamics
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2. Studying Irinotecan in cell culture

3. Decrease in Intracellular Concentration: Acquired

Resistance ?
4. An Extended Model including Circadian Rhythms Ce I I C u Itu re
Experiments on Caco-2 cells (human epithelial colorectal
adenocarcinoma cells) have been performed.
A Petri Dish Caco-2 cells under microscope

The cells stick to the bottom
of the dishes.

The extracellular medium is
added on top of the cells
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1. Irinotecan Pharmacokinetics/Pharmacodynamics

2. Studying irinotecan in cel culture Detection of CPT11 and its metabolite by
3. gggir:;iién?lntracellular Concentration: Acquired ng h PeI’fOI‘m ance qu U|d
4. An Extended Model including Circadian Rhythms Ch romato g r‘ap h y(H PL C)

What we theoretically detect:
« CPT11 OUT = CPT11 in the extracellular medium

« CPT11IN =CPT11 in the intracellular medium+ CPT11 trapped in
complexes with Topoisomerase I.

e SN38 OUT = SN38 in the extracellular medium

« SN38IN = SN38in the intracellular medium+ SN38 trapped in
complexes with Topoisomerase I.
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2. Studying Irinotecan in cell culture

3. Decrease in Intracellular Concentration: Acquired
Resistance ?

4, An Extended Model including Circadian Rhythms N O S N 38 |S d ete Cted by H P LC

CPT1L,, CPTiL, DNA TOD
ABCjtransporters \ /

DNA/TOP1
Complex

“

Reversible Complex

Replication,
Transcription

\ Double-Stranded Brey

Cell Cycle Arrest / Apoptosis
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1. Irinotecan Pharmacokinetics/Pharmacodynamics 17

2. Studying Irinotecan in cell culture

3. Decrease in Intracellular Concentration: Acquired
Resistance ?

4. An Extended Model including Circadian Rhythms C PTl 1 |S n Ot CytOtOX|C for CaCO'Z Cel IS

CPT1L,, CPTiL, DNA TOD
ABCjtransporters \ /

DNA/TOP1
Complex

“

Reversible Complex

Replication,
Transcription

\ Double-Stranded Brey

Cell Cycle Arrest ?
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3. Decrease In Intracellular Concentration:

Acquired Resistance ?
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2. Studying Irinotecan in cell culture

3. Decrease in Intracellular Concentration: Acquired
Resistance ?

4. An Extended Model including Circadian Rhythms Experl me ntal resu |tS

CPT11 OUT 100uM CPT11 OUT 40puM CPT11 OUT 10pM
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Irinotecan Pharmacokinetics/Pharmacodynamics 20

Studying Irinotecan in cell culture

Decrease in Intracellular Concentration: Acquired
Resistance ?

An Extended Model including Circadian Rhythms Decrease In Intracellular Concentration

« Possible Explanation for Those Results: Induction of ABC transporters.

« Pgpisinducible by SN38 in HUH7 cells (human hepatocellular

carcinoma cells) : cf. Takeba et al., Irinotecan-Induced Apoptosis Is Inhibited by

Increased P-Glycoprotein Expression and Decreased p53 in Human Hepatocellular
Carcinoma Cells, Biol. Pharm. Bull. 30(8) 1400—1406 (2007)

P<0.01
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Studying Irinotecan in cell culture

Decrease in Intracellular Concentration: Acquired
Resistance ?

An Extended Model including Circadian Rhythms Decrease In Intracellular Concentration

« CPT11 activates the nuclear factor NFkappaB (cf. Bottero et al. Activation of

Nuclear Factor B through the IKK Complex by the Topoisomerase Poisons SN38 and Doxorubicin: A
Brake to Apoptosis in HeLa Human Carcinoma Cells, CANCER RESEARCH 61, 7785-7791, November
1, 2001))

« Pgpisinduced by the nuclear factor NFkappaB (cf. zhou et al. NF-kB-mediated

Induction of mdrlb Expression by Insulin in Rat Hepatoma Cells, THE JOURNAL OF BIOLOGICAL
CHEMISTRY Vol. 272, No. 24, Issue of June 13, pp. 15174-15183, 1997)

« Proposition of a Model:

~N

CPT11,, CPT11,

ABCltransporters Directly?

Via DNA Damgge?

‘IIIIII

Nuclear Factor/

\_
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2. Studying Irinotecan in cell culture
3. Decrease in Intracellular Concentration: Acquired
Resistance ? ] .
4. An Extended Model including Circadian Rhythms M ath e m atl Cal M Od e I | n g

Construction of an ODE-based model:

« One equation for each variable. CPT1L,,

. Example: the equation for [CPT11__]:

d[CPT11,y: . Verrepr[ABC][CPT11;,]
[ = ] = ﬁkuptakeCPT[C- PT1154t] + R,e;c;c; - E:Z?: + [CPT11;iy]
Rate of change  Uptake Efflux
over time
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2. Studying Irinotecan in cell culture

3. Decrease in Intracellular Concentration: Acquired
Resistance ?

4. An Extended Model including Circadian Rhythms M ath e m atl Cal M Od e I | n g

ODE-based Model:

gicE UL ABC|[CPT11
CPTllOUt CPTllln % = —kuptakeCPT[C'PT]]out] + K Eff( PT[ v i[[c‘PT] :n]]
effCPT Vi s
ABCJtransporters ‘ » i
: d[C PT]]in] o Vout effCPT/"an[ABC][CPT]]in]
—————— = KuptakeoPT [CPT1164t] — — :
; " Vin —HCEL 4 [CPT114y]
d[NF] [CPT11;,]"
= — kanF[NF
Nuclear Factor/ i R+ ORI ~ kv INF
d[ABC
[ — ] = kjapc + kina[NF]| — kgapc[ABC]

INSTITUT NATIONAL
DE RECHERGHE centre de recherche

EN INFORMATIQUE . ‘ PARIS - ROCGQUENCOURT

ET EN AUTOMATIQUE




Irinotecan Pharmacokinetics/Pharmacodynamics
Studying Irinotecan in cell culture

Decrease in Intracellular Concentration: Acquired
Resistance ?

An Extended Model including Circadian Rhythms M ath e m atl Cal M Od e I | n g

Conservation Law: the total quantity of CPT11 is conserved

Tout + NMin = ng = CPT 114y (t = 0) out
CPT11pytVour + CPT115Viy, = 1o
no — CPT11;,Vin

oul

System of equation to be solved:

d[CPT11; i Vereo Vin[ABC|[CPT11;
M = kupt‘akeCPT(CO/l"'m - CPT]li'n) - eff;(; PT(/:P::I[ ][ ”1]
dt G{/{n + [CPT] ]i'n-]
dINF COPT11;, ™
[dc l = K""[ ,_m} —— —kanr[NF]
n F[CPT1l,)"
d[ABC
[ i I kfapc + kina[NF] — kaapc[ABC]
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Irinotecan Pharmacokinetics/Pharmacodynamics

Studying Irinotecan in cell culture

Decrease in Intracellular Concentration: Acquired

Resistance ?

An Extended Model including Circadian Rhythms

Extracellular Concentration {ug/mi)

Intracellular Concentration {ua/mi)

CPT11 OUT 100pM
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Time (hours)

CPT11 IN 100pM

0 6 12 18 24 30 36 42 48
Time (hours)

Mathematical Modeling

CPT11 OUT 40uM
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CPT11 OUT 10uM
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CPT11IN 10pM
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2. Studying Irinotecan in cell culture
3. Decrease in Intracellular Concentration: Acquired
Resistance ? ] .
4. An Extended Model including Circadian Rhythms M ath e m atl Cal M Od e I | n g

« Conclusion: the suggested model is able to reproduce the
experimental data.

« Work in progress to confirm our hypothesis:

Measurements of CPT11 Intracellular/Extracellular concentration
with inhibitor of ABC transporters (Verapamil).

Measurements of Pgp mRNA level over time of exposure.
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4. An Extended Model including

Circadian Rhythms
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Irinotecan Pharmacokinetics/Pharmacodynamics 28

Studying Irinotecan in cell culture

Decrease in Intracellular Concentration: Acquired EXpenmentaI reSUH'_S on CaCO-Z Ce”S

Resistance ?

An Extended Model including Circadian Rhythms

« Seric shocks (ie. exposing cells to a large amount of nutrients during 2
hours) synchronize the circadian clock of the cells which oscillate in
synchrony.

« Topoisomerase | and UGT1A1 have circadian rhythms in Caco-2 cells

[ARN]/[36B4] (Arbitrary Units)

Zeitgebez;‘ Time (hours) *

« Others have found circadian rhythm for Topoisomerase | (cf. Circadian
regulation of mouse topoisomerase | gene expression by glucocorticoid
hormones, Y. Kuramoto and al., Biochemical Pharmacology, 2006)
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2. Studying Irinotecan in cell culture

3. Decrease in Intracellular Concentration: Acquired
Resistance ?

4. An Extended Model including Circadian Rhythms I\/I ath e m ati Cal I\/I Od e I i n g

CPT1L,, CPTiL, DNA TOD
ABCjtransporters
CES

DNA/TOP1
Complex

Reversible Complex

UGT1Al
Replication,
Transcription

‘_% Double-Stranded Brey

Cell Cycle Arrest / Apoptosis
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2. Studying Irinotecan in cell culture

3. Decrease in Intracellular Concentration: Acquired
Resistance ?

4. An Extended Model including Circadian Rhythms I\/I ath e m ati Cal I\/I Od e I i n g

CPT11_, CPT11,

DNA TO;I\\
ABCjtransporters
CES
SN m SN38, \

Reversible Complex

|

Cell Cycle Arrest / Apoptosis

UGT1A1
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3. Decrease in Intracellular Concentration: Acquired

Resistance ?

4. An Extended Model including Circadian Rhythms I\/I ath e m ati Cal I\/I Od e I i n g

System of Equations:

d[CPT 116yt

dt

d[CPT11;,)

dt

d[SN380ut]

dit

d[SN38;y]

dit

d[SN38G]

dt

d[COMPL)

. dt
Resistance 3

\F

Circadian Rhythm <

h dt

dlUGT1A1]

Verrepr[ABC][CPT11,,)
Kepforr ‘{i’l’:f + Vour[CPT11;5,]
VersopT[ABCI[CPT11;,] opr—sn[CPT11y,]

!
O EPT Tlaae] = e - :
V'i'n KeffC‘PT + l'"'i'n[c PTI]'in] KCPT—SN + [C PT]]'in}

ﬁkuptakeOPT[C‘PT] ]ouf} +

kuptakeCPT

Versn[ABC]SN38;,]
KeffSN 1{2—? o 1”out[SN38m1
" Yout ;¢ Ve rsn[ABC][SN38;y] Vepr-sn[CPT11,]
uptakesN = [SN38oue] = =7 " [EN38i] = Kopr—sw+|CPT ]
in effSN in in CPT-S8N in
Ven -snalUGT][SN38:]
a Ksn_sng +[SN38in]
Vsn-sng[UGT][SN38in]  Verrsna[ABC][SN38G]
Ksn-snG + [SN38i,]  Keffsng + Vin[SN38G]

—k'upfakeSN [SNssout} +

— kfo[TOP[SN38in](DN Ator — [COMPL) + kro[COMPL]

kfc[TOPL][SN38;n](DNAtot — [COMPL]) — krc[COMPL]

[SN38in|™

iR [N
K7, +[SN38;,]" L]

kfapc + king * [NF] — kgapc[ABC)

2
krrop(1+ fTOPwS(%U — ¢T1op))) — karop[TOP1]

—kfe[TOP1][SN38in](DN Ator — [COMPL)) + krc[COMPL]

2
krver(l+ GUG'T'('OS(?:“ —¢ver))) — kaveT[UGT]
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2. Studying Irinotecan in cell culture

3. Decrease in Intracellular Concentration: Acquired
Resistance ?

4. An Extended Model including Circadian Rhythms I\/I ath e m ati Cal I\/I Od e I I n g

Parameters for TOPI and UGT1A1 have been chosen to fit the data
obtained in Caco-2 cells:

[TOP1 mRNAJ{36B4] (Arbitrary Unit)
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2. Studying Irinotecan in cell culture

3. Decrease in Intracellular Concentration: Acquired
Resistance ?

Mathematical Modeling

4. An Extended Model including Circadian Rhythms

Simulation: chosing the right circadian time to expose cells

Exposition in phase with TOP1

Exposition out of phase with TOP1

2 T 2 T
15F B 15F B
1 _\/\/\ i TOP 1 1 /\/\/ i
05 e e e L UGT 1AL 05 e T e
0 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1
0 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48
40 1 CPTout a0} 1
20 B 20 B
0 6 12 18 24 30 36 42 43 0 6 12 18 24 30 36 42 43
0.02 T T T T T T T T 0.015
| SN38,,.,.l |
0.01 B
SN38in 0.005F B
0.005 B :
0 Q\ B —ee . . . 0
0 6 12 18 24 30 36 42 43
0.08 0.08
0.06 . . D.O06F .
Reversible
0.04 B | 0.04+ i
0.02 com p ex 002F B
0 1 1 1 1 1 1 1 1 0
0 6 12 18 24 30 36 42 43 0 6 12 18 24 30 36 42 43

Time (hours})
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Conclusion and future work

The decrease in CPT11 intracellular accumulation over time may be
explained by the induction of ABC transporters. Further work is in
progress to validate this hypothesis.

Circadian rhythms of ABC transporters are being studied.

Data about SN38 glucuronidation and about formation of reversible
complexes are needed.

This study at the cell population scale may then be integrated into a
Whole-Body approach leading to potential improvements in the
administration of Irinotecan to patients.
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